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Introduction

Transition and rare earth metals as well as their oxides represent a large class of ma-

terials and exhibit an enormous variety of chemical, structural, magnetic, electronic

and transport properties, giving rise to rich physics and a vast number of potential

applications. Emergent phenomena, such as superconductivity, magnetism or multi-

ferroicity, are the hallmark of many-body systems, and yet to unravel their nature

remains one of the challenges in state-of-the-art condensed-matter physics.

These drastic effects are accompanied by phase transitions, for instance from one

magnetic state to another one (antiferromagnetic / ferromagnetic / paramagnetic) or

metal-to-insulator transitions. Collective ordering phenomena occur, mediated by a

complex interplay of the structural order parameters and the electron’s orbital, charge,

and spin degrees of freedom, which frequently obscures the underlying physics. These

phase transitions lead to significant changes in the underlying electronic structure

of the compound in question. Thus, a careful study of the electronic properties is of

utmost importance for understanding the above mentioned complex ordering phenom-

ena.

Furthermore, in low dimensional systems, where at least one of the three dimensions

is intermediate between those characteristic of atoms/molecules and those of the bulk

material, generally in the range 100 nm or below, the dimensional constraint gives

rise to size effects, which can significantly change the electronic structure and hence

the overall properties of the material in question. A careful characterization of the

magnetic and electronic structure is of interest also with respect to potential future

applications in various fields such as spintronics, novel magneto resistive devices, e.g.

magnetic tunnel junctions, advanced materials for anodes in batteries, or improved

nanoparticles for applications in biological labeling and imaging.

This habilitation thesis is dedicated to the comprehensive electronic and magnetic

1



Introduction

structure characterization of a number of transition-metal and rare-earth- based ma-

terials showing collective ordering or coupling phenomena on different length scales

and dimensions and is based on selected publications which can be attributed to three

different subject areas.

In the first chapter, publications [H1-H4] deal with the electronic and partly mag-

netic structure of different rare earth (4f) and transition metal (3d) oxides. Firstly,

the electronic structure of the ternary oxide scandates REScO3 (RE = Pr, Nd, Sm,

Eu, Gd, Tb, and Dy) [H1,H2], which are interesting due to their high dielectric con-

stant k and their suitability to serve as substrates for highly strained ferroelectric thin

films, for instance. Furthermore, the interplay of spin and orbital moments with the

lattice parameters across structural phase transitions in the colossal magneto resis-

tance manganites La1−xSrxMnO3 [H3] is investigated. Finally, we study the magnetic

ground state of the charge frustrated, two dimensional layered, and magneto electric

compound LuFe2O4 [H4].

The second chapter is devoted to (two-dimensional) magnetite thin films and

Fe3O4/NiO - bilayers with thicknesses less than 100 nm. Such thin films and bi-

layers are of significant interest for future applications in the field of spintronics or

as building block of novel magnetic tunnel junctions. However, for the optimization

of such potential all oxidic devices as mentioned above, detailed characterization and

understanding of the underlying structural, chemical, electronic, and magnetic prop-

erties of the thin films and the interfaces, e.g., between magnetite and the substrate

or the antiferromagnetic NiO are indispensable. Therefore, we studied the underlying

structural, chemical, electronic, and magnetic properties of a number of Fe3O4/NiO

bilayers grown in MgO (001) and Nb-doped SrTiO3 (001) [H5], as well as thermally

induced interdiffusion of Ni2+ ions out of NiO into Fe3O4 ultrathin films resulting in

off-stoichiometric nickel ferrite-like thin layers [H6].

The third and final chapter is dedicated to zero-dimensional nanomaterials, i.e. all

three dimensions are measured within the nanoscale (below 100 nm). NaREF4 (RE:

rare earth) nanoparticles, which have attracted increasing interest in recent years for

applications in biological labeling and imaging, photodynamic therapy and drug de-

livery, photovoltaics, photonics and security labeling, are the topic of the first part of

this chapter. In the framework of this chapter core-shell systems composed of a β-
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NaEuF4 core and a β-NaGdF4 shell, with respect to their structural, chemical, optical

and magnetic properties were studied [H7]. The second section is about magnetic

molecules, which contain a finite number of interacting spin centers (e.g. paramag-

netic ions), thus providing ideal opportunities to study basic concepts of magnetism.

In such magnetic molecules, spin coupling between paramagnetic transition-metal ions

is mediated via bridging ligand atoms, leading to a variety of interesting fundamen-

tal properties such as intramolecular exchange interactions or magnetic anisotropy.

Iron-based magnetic polyoxometalates with {Mo72Fe30}- and {W72Fe30}-core [H8],

as well as a number of star-shaped molecules with intriguing magnetic properties,

have been characterized in the framework of this habilitation thesis by means of X-ray

Magnetic Circular Dichroism (XMCD) in conjunction with SQUID-measurements and

suitable theoretical approaches [H9-H12].
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Electronic and magnetic properties of

selected three dimensional 3d and 4f

single crystals

1.1 The ternary oxides REScO3 (RE = Pr, Nd, Sm,

Eu, Gd, Tb, and Dy)

Dielectric and ferroelectric ”d0-perovskites” like BaTiO3, LaTiO3 or SrTiO3 are sub-

ject to intense research activities due to their remarkable dielectric properties and the

possibility to control the electrical polarization, which is a required pre-requisite for

constructing a ferroelectric memory (FeRAM) [1, 2]. Studying these materials signif-

icantly changed our fundamental understanding of electron correlation effects within

the last three decades. Basically, transition-metal oxides can be classified into two

type of insulators: Mott-Hubbard insulators (whose band gap is ruled by the repulsive

interaction potential Udd between the 3d electrons), and charge transfer insulators,

in which the energy between the filled ligand p bands and the unoccupied upper 3d

states (∆pd) dominates the band gap [3]. In this relation, two issues of interest may

be outlined: i) by analyzing detailed trends in the band gap variation, try to learn

more about the nature of correlation in the material(s) in question; ii) use the detected

trends for tailoring the optical band-gap in wide-gap oxidic insulators to desired values

for possible applications – e.g., as a high-k gate dielectric, or a transparent conducting

oxide [4]. Among a number of other wide gap oxides, the scandates of type REScO3

(RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy) are particularly promising candidates for

replacing SiO2 as the gate dielectric (due to potentially reduced gate leakage currents)

[5–8]; moreover they can be used as a model system for applications in the terahertz

regime [9]. Furthermore, in particular DyScO3 and GdScO3 belong to the best avail-
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Electronic and magnetic properties of selected three dimensional 3d and 4f single crystals

able thin film substrates concerning the growth of highly strained thin ferroelectric

films [10, 11]. A reduction of the band-gap between DyScO3 and SrTiO3 has been pre-

dicted [12], and GdScO3 supports have been used to control the magnetic anisotropy

via a strain mediated tailoring of the oxygen coordination environment in a SrRuO3

layer [13] and to create a periodic array of flux closures in ferroelectric PbTiO3 films,

mediated by tensile strain of the used GdScO3 substrate [14]. In order to understand

the complex properties and the interaction of the scandates at the interface with other

materials, a comprehensive study of the electronic structure is indispensable. How-

ever, only quite a few information is available, in particular Delugas et al. [8] carried

out ab initio investigations on DyScO3; Luckovsky et al. [6] published some oxygen

X-ray absorption spectra. Therefore, we performed a detailed and systematic elec-

tronic structure invesitgation of REScO3 (RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy)

with emphasis on complementary x-ray spectroscopic approaches in combination with

ab initio electronic structure calculations [H1,H2].

The ternary 4f -3d oxides REScO3 crystallize in space group Pbnm (no. 62) corre-

sponding to an orthorhombic perovskite structure with a ≈ b ≈
√

2ap, and c ≈ 2ap

(where ap is the cubic perovskite cell parameter), and four formula units per units per

cell [15] (c.f. Table 1.1).

PrScO3 NdScO3 SmScO3 EuScO3 GdScO3 TbScO3 DyScO3

a (Å) 5.6118(1) 5.5809(1) 5.5343(1) 5.5109(1) 5.4862(1) 5.4654(1) 5.4494(1)

b (Å) 5.7802(1) 5.7765(1) 5.7622(1) 5.7565(1) 5.7499(1) 5.7292(1) 5.7263(1)

c (Å) 8.0276(1) 8.0072(1) 7.9674(1) 7.9515(1) 7.9345(1) 7.9170(1) 7.9132(1)

Table 1.1: Lattice parameters of RScO3 determined by Liferovich et al. [15]

Fig. 1.1 presents a schematic plot of the orthorhombic perovskite structure. Due to

their congruent melting behavior, the high quality REScO3 (RE = Pr, Nd, Sm, Eu,

Gd, Tb and Dy) bulk single crystals investigated here have been grown from the melt

by the conventional Czochralski technique by R. Uecker, Institute for Crystal Growth,

Berlin [10, 16].

X-ray spectrocopic techniques based upon the interaction of light with matter belong
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1.1 The ternary oxides REScO3 (RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy)

a

b

c
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[001]
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ScO6

Figure 1.1: Representation of the orthorhombic REScO3 crystal structure;
also indicating the GdFeO3-like distortion of the perovskite structure [17].

to the most powerful tools to probe the electronic structure of atoms, molecules and

solids of all kinds. Here, we probed the electronic structure of REScO3 by a set of

complimentary x-ray spectroscopic techniques in the soft x-ray regime (mainly x-ray

absorption near edge spectroscopy (XANES) across the O K, Sc L2,3 and rare earth

M4,5 edges and corresponding (normal) x-ray emission spectroscopy ((N)XES)). These

two complementary approaches are now explained in brief.

Fig. 1.2 displays schematic illustrations of the x-ray absorption and the x-ray emission

process, respectively. In x-ray absorption spectroscopy (c.f. Fig. 1.2 left), the absorp-

tivity of a material as function of incident x-ray energy hν is probed [20], i.e. the energy

of the exciting photons is tuned across the desired absorption edge [21]. During x-ray

absorption, an electron is excited into the unoccupied states (see arrow marked with

1 in Fig. 1.2 left), leaving a core hole. Recombination of the excited electron or an

electron out of the valence band (2) occurs at an ultrafast femto- or attosecond time

scale, which is followed by secondary excitation processes, either by Auger electrons

or fluorescence (photons). According to the dipole selection rule for photon-excited

transitions the angular quantum number is changed by 1 (∆l = ±1) while the spin is
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Electronic and magnetic properties of selected three dimensional 3d and 4f single crystals

Figure 1.2: Schematic representation of x-ray absorption spectroscopy (XAS)
(left) [18] and (normal) x-ray emission spectroscopy (XES) [19].

conserved (∆s = 0). In case of transition metal compounds, XAS is often performed

across the ligand K and transition metal L edges. In case of the ligand, e.g. O K edges

(O 1s (L = 0) → O 2p (L = 1) transition) the resulting XA-spectra reflect a part

of the unoccupied density of states, or the conduction band. Contrary, the transition

metal L2,3 XA-spectra are often dominated by atomic and short range multiplet ef-

fects. Hence, XAS across the transition metal L2,3 edges leads to information about

the local chemical structure of the transition metal ion in question as well as about its

local coordination and crystal field, including potential charge transfer effects between

transition metal ion and the ligand.

X-ray absorption spectra can be measured by different detection techniques. Ultrathin

samples, often grown on membranes, can be probed in transmission, for bulk samples

often the drain current caused by the emission of Auger electrons is taken, which is

known as total electron yield (TEY). If one measures only electrons in a certain en-

ergy range, e.g. by means of a channeltron, one measures the partial electron yield

(PEY). These detection methods are rather surface sensitive, whereas detecting the

emitted photons by a photodiode leads to bulk sensitive XA-spectra in total fluores-
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1.1 The ternary oxides REScO3 (RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy)

cence yield (TFY). If the photons are discriminated by energy dispersive gratings and

then collected by x-ray emission or CCD detectors, one gets spectra in partial fluo-

rescence yield (PFY). Whereas the FY modes can be used to measure also (highly)

insulating samples, in particular transition metal L and rare earth M edge spectra

recorded in FY detection mode may suffer from strong self absorption and saturation

effects, which lead to broadening and modifications of the spectral shape and altering

of peak ratios, for instance [22, 23]. Ligand K-edge spectra are less affected by sat-

uration effects. A special bulk sensitive detection mode can be utilized if thin films,

heterostructures or multilayers are grown on luminescating substrates such as MgO,

Al2O3, or MgAl2O4. Here, the visible light escaping from the substrate can be probed

in transmission geometry by, e.g., using a GaAs photodiode. This way it may be

possible to compare the surface sensitive XAS (TEY mode) with the bulk sensitive

results from the luminescence yield (LY) [24]. in The XA-spectra can be formally

divided into two parts. The approach discussed in the framework of this thesis can

be also called near edge x-ray absorption spectroscopy (NEXAFS) or x-ray absorption

near edge structure (XANES). Here. the excitation of an electron into the unoccupied

states across a desired edge is probed. The other approach is called extended x-ray

absorption fine structure (EXAFS). The EXAFS region is located at photon ener-

gies well above the corresponding XANES threshold, where the electron is emitted

into the continuum and its scattering with the environment of the absorber leads to

characteristic features comprising information about the local structure.

Emission of the excited electron well above an absorption threshold into the con-

tinuum is also a prerequisite for normal x-ray emission spectroscopy (NXES) (c.f.

Fig. 1.2 right). The x-ray emission can be analyzed element-selective and reflect the

partial densities of states, convoluted by lifetime broadening [25]. In combination

with valence band x-ray photoelectron spectroscopy (XPS) or ultraviolet photoelec-

tron spectroscopy (UPS), NXES is a powerful tool to investigate the occupied density

of states of a compound in question, in particular in correlation with ab initio elec-

tronic structure calculations. If x-ray emission is measured resonantly, i.e. across a

absorption edge, so called resonant x-ray emission spectroscopy (RXES) may be used

to tackle resonant inelastic x-ray scattering (RIXS) features, e.g. local charge trans-

fer excitations or optical weakly accessible bands such as dd-transitions of transition

metal cations in transition metal oxides [20, 26].

Since REScO3 are highly insulating crystals, we performed the XAS in TFY mode,
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Electronic and magnetic properties of selected three dimensional 3d and 4f single crystals

the (photon-in, photon-out) (N)XES spectra are not affected by charging effects. In

particular, we utilized a combination of oxygen K-edge XAS and (N)XES to probe

the occupied partial and unoccupied density of states and to determine the band gap

of these ternary oxides in dependence of the rare earth.

Figure 1.3: O K XAS (green) and O K XES (blue) of DyScO3. LDA+U
(Local Density Approximation + ”Hubbard U”) calculations (grey) below
experimental data were convoluted with 0.7 (XES) and 0.4 eV (XAS) Gaus-
sian to consider experimental broadening (black) [H1,H2].

Fig.1.3 displays the O K edge XAS and O 2p → O 1s XES of DyScO3 as an example.

The spectra of the other REScO3 crystals were performed under equivalent conditions.

For reasons of comparison the energies of the O K XAS and XES were shifted by

530 eV, i.e. the binding energy of the O 1s XPS peak. This combination is a good

approach to specify band gaps of wide gap charge transfer insulators as REScO3, since

the band gap is formed by Sc 3d and RE 5d states hybridized with O 2p. A further

advantage is that these experiments can be performed under the same conditions in

a rather short time for various samples. The band gaps were determined by extract-

ing the calculated highest occupied and lowest unoccupied states from the calculated

spectra. This prevents a wrong determination of the gap due to some states present

near Fermi energy which stem from defects. The slope of these lines (represented by
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1.1 The ternary oxides REScO3 (RE = Pr, Nd, Sm, Eu, Gd, Tb, and Dy)

PrScO3 NdScO3 SmScO3 EuScO3 GdScO3 TbScO3 DyScO3

this work 5.7 eV 5.6 eV 5.6 eV 5.7 eV 5.8 eV 6.1 eV 5.9 eV

Cicerrella[27] 5.7 eV 5.5 eV 5.4 eV 5.2 eV 5.6 eV 5.3 eV

Lim et al. [5] 5.5-6.0 eV 6.5 eV

Afanasev et al. [28] 5.6 eV 5.7 eV

Lucovsky et al. [6] 5.8 eV

Table 1.2: Band gaps of rare-earth scandates (in eV) as found in this work
[H2] (the upper line) in comparison with previously reported values. Since
we applied the identical equivalent experimental conditions, the relative
error bars are ± 0.1-0.2 eV; the absolute error could be larger.

the orange lines in Fig. 1.3) was used to derive the band gaps of the other crystals.

Since for GdScO3 and SmScO3 ab initio electronic structure calculations were also

performed, the above described approach could be cross checked, ensuring a uniform

determination of the band gap for each REScO3 crystal. Hence, we obtain a rather

good approximation of the band gap with this combination of XAS and XES at the

oxygen K edge.

Table 1.2 compares the results obtained from the applied combination of XAS and

XES with previously reported values stemming from different approaches, i.e. ultravi-

olet absorption [27], ellipsometry measurements [5, 6], and a combination of internal

photoemission and photoconductivity measurements [28]. While the ellipsometry ex-

periments of Lim et al. yield partly significantly higher values for the band gap com-

pared to the XAS-XES combination [5], UV absorption [27] indicates slightly lower

values for the band gap. Overall decent to very good agreement is achieved compared

to the other experiments. Interestingly, the obtained band gap variation does not

follow typical structural differences of REScO3 as function of the rare earth ion. First,

we want to point out that the most basic structural parameters (lattice constants a

and/or c or unit cell volume) are monotonically decreasing with larger RE ion [15]. We

can also exclude that the band gap variation correlates with the Goldschmidt factor,

also known as tolerance factor: a larger RE-ion leads to a lower tolerance factor. A

direct correlation to the Sc-O-Sc bond angles is not found as well. Finally, from Sc

L2,3 XAS, changes in local symmetry or crystal field can be neglected, and are unlikely
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Electronic and magnetic properties of selected three dimensional 3d and 4f single crystals

the reason for the observed changes of the optical band gap.

Pr Nd Sm Eu Gd Tb Dy
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Figure 1.4: Sc-O mean distance of REScO3 in comparison with the experi-
mental band gaps [H2]. The structural parameters have been extracted
from Liferovich et al. [15].

Interestingly, we find a clear correlation of the Sc-O mean distance which can be

qualitatively established (Fig. 1.4). For a qualitative discussion of this finding it is

important to consider that the RE 4f states are split much larger than the band gap

and do not participate in the build up of the latter. Hence, the band gap seems to be

dominated by the strength of the O 2p - Sc 3d interaction, inversely following a non-

trivial variation of the Sc-O mean distance, rather than from structural parameters

as briefly discussed above. A remarkable observation is that a Sc-O mean distance

variation of up to 0.4% leads to tenfold ”amplified” band-gap variation of 4.2%. In

conclusion, we demonstrated that the optical band gap of the ternary oxides REScO3

is dominated by the strength of the O2p - Sc 3d interaction. For this the GdFeO3-like

distortion of the perovskite, influencing the mean Sc - O distances, plays a major role.

The unusual result that relative Sc-O mean distance variations lead to tenfold ampli-

fied variations of the optical band gap values may stimulate further complementary

experimental and theoretical work on this class of materials.

For a more detailed study of the electronic structure of REScO3 (RE = Pr, Nd, Sm,

Eu, Gd, Tb, and Dy) including a combinatoral x-ray spectroscopic approach, mag-

netic measurements, neutron and x-ray diffraction analysis, and theoretical LDA+U
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1.2 The colossal magneto resistance manganites La1−xSrxMnO3

electronic structure calculations the interested reader is referred to publications [H1]

and [H2].

1.2 The colossal magneto resistance manganites

La1−xSrxMnO3

Hole doped manganese oxides with the perovskite structure and composition

RE1−xAxMnO3 (where RE and A denote a trivalent rare earth atom and a diva-

lent alkaline earth metal atom, respectively) display a remarkably rich phase diagram

as a function of temperature, magnetic field and doping that is due to the complex

interplay of charge, spin, orbital and lattice degrees of freedom. This competition of

different phases on the nanoscale has been the subject of many studies during the last

decade [29–31]. The variety of properties is often due to different localization of 3d

electrons giving rise to intra atomic correlation effects of varying strength. Moreover,

the orbital degeneracy compatible with a given crystal space group can be lifted by

Jahn-Teller distortions. In a cubic crystal the Jahn-Teller distortion leads to a lower-

ing of the symmetry and, thus, a splitting of the eg level. Its occupation, determined

by doping and energetic position, strongly influences the hybridisation between the

Mn 3d and the O 2p states, which in turn is crucial for the colossal magnetoresistance

(CMR), a huge negative change in the electrical resistance induced by an applied mag-

netic field [32, 33], observed in these compounds. CMR effects can be significantly

stronger than the giant magneto resistance (GMR) effect observed in a number of

multilayers and superlattices comprising an alternating stack of ferromagnetic and

non-magnetic metallic layers (Peter Grünberg and Albert Fert, Physics Nobel Prize

2007) [34, 35]. Furthermore, the superparamagnetic limit might be pushed to higher

storage density by the use of nanostructured La1−xSrxMnO3 as read head in hard

disks [36], moreover La0.7Sr0.3MnO3 is of interest for magnetic tunnel junctions due

to its nearly 100% spin polarization (half metallic ferromagnetism) and a high Curie

temperature of around 350 K [37, 38].

The long-standing double exchange (DE) model provides a qualitatively correct ap-

proach of the CMR effect in manganites [39]. In order to develop also an improved

quantitative understanding, several theoretical and experimental results have been

performed and more complex, although not necessarily mutually exclusive, mecha-
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Electronic and magnetic properties of selected three dimensional 3d and 4f single crystals

nisms such as short range ordered Jahn-Teller distortions in the local environment of

the magnetic atom with resulting electron localization and polaron formation [40, 41],

charge and orbital ordering [42], and phase separation [43, 44] have been discussed.

The band structure of LaMnO3 and La1−xAxMnO3 (A=Ca, Sr, Ba) has been also stud-

ied theoretically by several local spin density approximation (LSDA) studies [45, 46].

A number of experimental spectroscopic techniques, such as x-ray absorption spec-

troscopy (XAS), x-ray photoelectron spectroscopy (XPS), or angle resolved photoe-

mission spectroscopy (ARPES) and have been applied to La1−xAxMnO3 (A=Ca,

Sr) [37, 47]. In a recent ARPES study Lev et al. found that the rhombohedral

distortion influences the CMR via affecting the electron hopping and hence the double

exchange in La1−xSrxMnO3 [48].

Here, we study the magnetic properties of La1−xSrxMnO3+δ (x=0.12±0.02, 0.17±0.02,

and 0.36±0.02; δ close to 0) single crystals by means of SQUID magnetometry and

XMCD at the Mn L2,3 edges [H3]. Since its discovery in the late 1980’s by Schütz

et al. [49] and the development of the so called sum rules [50, 51] nowadays this

technique is widely used to tackle the magnetic properties of novel materials. This

stems partly from the growing availability of tunable, polarized, high brilliance X-

rays, i.e. synchrotron radiation, and partly from the fact that XMCD offers a unique

possibility to analyze the magnetic moments element specifically as well as separated

into their spin and orbital contributions. Since the XMCD approach has been used for

the magnetic characterization of many materials in the framework of this thesis it will

be introduced briefly. Following the dipole selection rules, the spin is conserved during

the absorption process. For XMCD circularly polarized light is used which means

∆ml = ±1. In combination with the spin orbit splitting of core levels (j = l ± s),

preferentially either majority or minority spin carriers are excited to unoccupied states

in dependence of the light helicity [52].

Fig. 1.5 displays a scheme of possible 2p → 3d transitions when excited with right

circularly (σ+) light. Out of the 2p3/2 (2p1/2) states preferentially spin-up (spin-down)

electrons are excited into the unoccupied 3d levels (| ml,ms >) (c.f. upper line in

Fig. 1.5), that contribute to the respective | mj > states according to the Clebsch-

Gordon coefficients. According to Fermis golden rule the absorption coefficients are

proportional to the density of unoccupied states above the Fermi level. Thus, the pho-

toelectron serves as a probe of the spin and orbital polarisation of these states, which

is very important for the investigation and characterisation of magnetic materials and
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1.2 The colossal magneto resistance manganites La1−xSrxMnO3

Figure 1.5: Schematic plot of a transition metal L2,3 edge (2p → 3d) tran-
sition with right circularly polarized light (according to [53]). For right
circularly polarized light the magnetization of the sample is assumed to
be antiparallel to the photon wave vector, allowed transitions follow the
dipole selection rules for σ+ light (∆ms = 0, ∆ml = +1). Reproduced
from Taubitz [18].

their magnetic moments.

Figure 1.6 displays the XMCD spectrum obtained at 80 K and applied magnetic fields

of 0.7 T from La0.87±0.02Sr0.12±0.02MnO3+δ [H3]. Moreover, charge transfer multiplet

calculations assuming a cubic symmetry for the systems are shown as well. For all

samples the same parameters were used, but the mixing of Mn3+ and Mn4+ spectra

was derived from the formal valence state determined by the amount of Sr doping. The

charge transfer from the ligand oxygen to the Mn site (3dnL → 3dn+1L−1) is included

in the calculations. The best agreement with the experiment could be achieved with

amounts of approximately 50% and 30% for Mn4+ and Mn3+, respectively.

The XMCD spectrum shows distinct spectral features at the Mn L3 edge near 643 eV
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Figure 1.6: XMCD spectra of La0.87±0.02Sr0.12±0.02MnO3+δ with 0.7 T applied
magnetic field at 80 K in comparison with charge transfer multiplet (CTM)
calculations [H3].

and the L2 edge around 654 eV. The main L3 edge feature has two shoulders to lower

photon energy (641.5 eV and 640.5 eV). At higher photon energy a broad shoulder is

present (around 645 eV). The main feature of the L2 edge at 653.0 eV has a shoulder

at 654.0 eV and a feature at 641.5 eV. A very small feature appears at 650.5 eV.

The calculations are in overall satisfactory agreement with the experiment, but there

are some notable differences. In the positive circularly polarized spectra the main

peak at 653.5 eV at the Mn L2-edge is underestimated for all samples, whereas the

prepeak located around 651 eV is overestimated in the simulations. Furthermore, the

2p− 3d spin orbit splitting is underestimated approximately by 1 eV. The separation

between the L3 and the L2 edge is caused by the 2p spin-orbit coupling. The Mn L2-

edge prepeak present in the experimental spectra at 651 eV is hardly visible in the

simulations. The prepeak structure of the Mn L3-edge at 641 eV is not completely
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1.2 The colossal magneto resistance manganites La1−xSrxMnO3

rendered. The different mixing of Mn valence states is overestimated by the calcu-

lations in comparison to the experiment. The less pronounced fine structure in the

experiment might be considered due to a metallic character of the samples. However,

it has been demonstrated before for a very similar system, namely La0.7Sr0.3MnO3,

that dynamical screening leads to a superposition of the electronic structure of initial

and final states.[54] Hence, the 2p-hole and the 3d-hole have radial wave functions

which overlap significantly, and the corresponding Mn L2,3 XAS are ruled mainly by

(localized) multiplet effects. Nevertheless, the calculation allows to estimate values for

the crystal field (1.4 eV), and the charge transfer amount (Mn4+: 50%, Mn3+: 30%)

giving the described agreement with the experiment. This leads to averaged 3.9 holes

per Mn ion, which we also used for the sum rule analysis of the experimental spectra.
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Figure 1.7: Total magnetic moment and Mn magnetic moment from XMCD
(top panel), orbital magnetic moment (middle panel), and lattice parame-
ters (those have been extracted from Pinsard et al. [55]) (bottom panel)
La0.87±0.02Sr0.12±0.02MnO3+δ. Extracted from Raekers [56].

Figure 1.7 compares the total and orbital magnetic moment at the Mn site of

La0.87±0.02Sr0.12±0.02MnO3+δ determined from the XMCD spectra, the total magnetic

moment from SQUID measurements with the lattice parameter of La0.875Sr0.125MnO3

from Pinsard et al. [55] on a temperature scale. Three transition temperatures are

marked. From 145 K to 188 K the structural transition from a ferromagnetic or-

thorhombic O′∗ to another orthorhombic paramagnetic O′ phase occurs. During this
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transition the orbital magnetic moment changes from ∼ −0.02 µB/f.u. at 145 K to

∼0.04 µB/f.u. at 188 K. Remarkably, we find a negative orbital moment in the O′∗

phase which is approximately the half of the positive moment in the O′ phase at 188 K.

This may be due to the structural changes and indicates the occupation of orbitals

with different orbital quantum number ml. Which orbitals are occupied in the differ-

ent structural phases cannot be interpreted exactly, because the quantitative value of

the orbital moment is not very reliable due to quenching. Below 145 K another type

of orbital ordering seems to be present than above 145 K. The structural change from

145 K to 188 K (TC) is seen in the lattice parameters and corresponds directly to the

orbital moment. Such complex behavior of the orbital magnetic moment of orbitally

degenerated 3d transition metal ions has been theoretically proposed earlier [57], in-

cluding the possibility of sign reversal of the orbital moment via interaction with the

ligand states in different structural and orbitally ordered or disordered phases [58, 59].

A more detailed discussion of the spin and orbital moments found at the Mn sites of

La1−xSrxMnO3+δ (x=0.12±0.02, x=0.17±0.02, and x=0.36±0.02; δ close to 0), with

special emphasis concerning the spin sum rule correction in combination with charge

transfer multipet simulations can be found in reference [H3].

1.3 The layered multiferroic oxide LuFe2O4

Multiferroic materials exhibit more than one primary ferroic phase simultaneously.

Ferroic degrees of freedom may include long range elastic, electric or magnetic order,

for instance [60]. Since the prominent paper of Hill [61] in the year 2000 multiferroicity

is often referred to the coexistence of a ferroelectric and a magnetic (antiferro-, ferri-,

or ferromagnetic) long range order. If a magnetic field induces an electric field and/or

vice versa the material is also magnetoelectric [60]. Besides studying fundamental

aspects these materials might be also interesting for new device applications.

A number of different mechanisms may lead to the simultaneous appearance of ferro-

electric and long range magnetic order. Some important examples include the lone-

pair mechanism in BiFeO3 [62], ferroelectricity induced via structural instability

(geometrical ferroelectricity) [63], the creation of multiferroic interfaces, e.g.

CoFe/BaTiO3 [64] or Fe3O4/BaTiO3 [65], or by designing multiferroic superlattices

such as (LuFeO3)m/(LuFe2O4)1 [66].
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1.3 The layered multiferroic oxide LuFe2O4

Figure 1.8: Crystal structure of LuFe2O4 with Lu (turquoise spheres), Fe
(orange spheres), and oxygen (small red spheres). The crystal structure
has been visualized using the Vesta software [67], structural data from
Isobe et al. [68].

LuFe2O4 itself exhibits multiferroic behavior which has been associated with an elec-

tric polarization induced via a frustrated charge ordering [69]. LuFe2O4 crystal-

lizes in a trigonal crystal lattice (space group R3̄m) with lattice parameters with

a = 3.4406Å and c = 25.2800Å [68]. The underlying structure consists of W-like

hexagonal Fe2O2.5 and U-like LuO1.5 layers [70] (c.f. Fig. 1.8). It has been proposed

that the long range electric polarization is induced via the W-like lattice building up

a honeycomb lattice below 330 K [69]. Despite LuFe2O4 has been subject to many

investigations the proposed polar nature is still under debate [71, 72]. On the other

side also the magnetic properties of LuFe2O4 are not understood completely. LuFe2O4

exhibits spin ordering below an ordering temperature of TN = 240K [69], however,

different models based on ab initio electronic structure calculations concerning the

spin-charge ordering, leading to the observed magnetoelectric coupling have been pro-
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posed. Whereas one model suggests a
√
3×

√
3 ground state [73], another study finds

a frustrated spin ground state with a ferromagnetic spin ordering [74]. By performing

XMCD across the Fe L2,3 edges of a LuFe2O4 single crystal we could confirm the latter

model [H4]. We also carried out further x-ray spectroscopic investigations by means

of XPS and XES along with theoretical first principles calculations, leading to valuable

information about the correlation strength between the Fe 3d ions and the Lu 4f ions

in LuFe2O4. Further information can be found in reference [H4].
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Figure 1.9: XMCD across the Lu L2,3 edges of LuFe2O4 recorded at a tem-
perature of 150 K and with the crystal c-axis parallel to the e-vector of the
incoming light.

Furthermore, complementary XMCD investigations in the hard x-ray regime including

the Fe K and Lu L2,3 edges have been done (Fig. 1.9). The Fe K edge can be used

to record element specific hysteresis loops, which resemble those measured by SQUID

magnetometry, hence demonstrating that the magnetism of LuFe2O4 is dominated

by the Fe ions [17]. XMCD across the Lu L2,3 edges yields a very small but unam-

biguously measurable dichroic signal. Sum rule analysis determines a spin moment of

-0.018 µb/Lu atom (parallel aligned to the Fe magnetic moments) and an orbital mo-

ment of +0.011 µb/Lu atom, which is opposite in sign compared to the Fe orbital

moment [17].
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Ultrathin iron oxide films

Ferrites with spinel structure of type AB2O4, where A nd B are divalent or trivalent

transition metal cations (depending on the cation distribution on different sub-lattices

also the inverse spinel is possible with identical formal stoichiometry) are of special in-

terest due to a number intriguing magnetic properties such as high Curie temperature

above room temperature and significant saturation moments stemming from a ferri-

magnetic ground state making them potential candidates for a number of applications

in spintronics, electronics but also in the fields of electrocatalysis or as supercapacitor,

for instance. The most prominent example of a ferrite with inverse spinel structure

is magnetite (Fe3O4). This fact stems from various aspects as the high Curie tem-

perature (860 K) for bulk material with a magnetic saturation moment of 4.07µB per

formula unit [75], the Verwey transition taking place at around 120 K for bulk ma-

terial [76, 77], as well as the predicted 100% spin polarization of Fe3O4 [78] making

this halfmetallic material interesting for future spintronic devices such as spin valves

or magnetic tunnel junctions [79, 80]. Consequently, here, we extend the research to

ultrathin films of compound ferrites. These materials attract much attention concern-

ing different aspects of spintronic devices, e.g., spin filters [81], and more recently in

the emerging field of spin caloritronics [82, 83].

The interface between Fe3O4 and substrate, however, has to be very abrupt concerning

both stoichiometry and morphology (roughness) to obtain these properties. Under-

standing the magnetic properties of spinel thin films requires a detailed control of

epitaxial strain as well as its microstructure. Detailed knowledge of the surface mor-

phology is particularly relevant for these thin films, required in advanced applications

such as spin filters or others [85–87]. In addition, the film structure (inverse spinell)

and ordering has to be of high quality with equal distribution of Fe3+ on A and B

sites and Fe2+ exclusively on B sites. It has been demonstrated that the electronic and

magnetic properties of Fe3O4 films can be tailored for strained Fe3O4 films. Strained

Fe3O4 films can be formed using SrTiO3(001) as support due to the lattice mismatch
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Ultrathin iron oxide films

Figure 1.10: Schematic representation of the inverse spinell magnetite
(Fe3O4) unit cell with equal distribution of Fe3+ on the A and B sites
and Fe2+ exclusively on B sites (extracted from [84]).

of 7.5% [8]. Further modifications of the magnetic behaviour of Fe3O4 films can be

obtained if the magnetite film is combined with an antiferromagnetic film (e.g. NiO,

CoO). In this case the hysteresis loop is shifted due to the so-called exchange bias

effect which has been reported for Fe3O4/NiO multilayers [88]. All these interesting

effects rely on the order of the magnetite film structure and its interface. We inves-

tigated the structural properties including strain and morphology of magnetite single

layers as well as Fe3O4/NiO bi-layers in detail [89–91].

1.4 Electronic and magnetic properties of epitaxial

Fe3O4(001)/NiO bi-layers

Besides the structural properties we also studied the electronic and magnetic properties

by employing a set of suitable experimental approaches [H5]. Magnetite thin films

with thicknesses between 5 and 30 nm grown on MgO(001) and SrTiO3(001) supports,

with and without antiferromagnetic NiO buffer layer, have been examined. Magnetic

hysteresis loops recorded with help of the magneto optical Kerr effect (MOKE) reveal
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1.4 Electronic and magnetic properties of epitaxial Fe3O4(001)/NiO bi-layers

strongly enhanced coercive fields and a 45◦ rotation of the magnetic easy axis (〈100〉 in-
plane direction) for all layers investigated in comparison to Fe3O4/MgO(001) (easy axis

along 〈110〉 in-plane direction). Potential reasons include the formation of multiple

domains, the presence of anti phase boundaries and/or a spin flip coupling at the

interface between the oxides which has been investigated before by Krug et al. [92].
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Figure 1.11: XMCD spectrum with corresponding charge transfer simula-
tion of a 33 nm thick magnetite film grown on SrTiO3(001). The overall
simulated result (red) comprises appropriate fractions of the charge trans-
fer simulations performed for Fe2+ (octahedral) and Fe3+ (octahedral and
tetrahedral) shown in the lower panels. For more details see [H5].

To clarify the electronic structure and valence states in the interface near region hard

x-ray photoemission spectroscopy (HAXPES) under variation of excitation energy has

23



Ultrathin iron oxide films

been performed on some samples, showing a bit of Fe3+ excess towards the surface

near layers, in particular in case of thin layers below ∼10nm thickness. Valence band

spectra taken at different excitation energies lead to the result of a lack of Fe t2g down

states in case of Fe3O4/NiO interface.

XAS and XMCD across the Fe L2,3- and Ni L2,3-edges carried out in the surface sen-

sitive total electron yield exhibit a very weak Ni dichroic signal which is an indication

for the absence of a NiFe2O4 interlayer, as this should lead to an enhanced dichroic

signal at the Ni L2,3 edges. Fe L2,3 spectra confirm a lack of Fe2+ ions at the surface

of the films with thicknesses of the magnetite layer up to around 10-12 nm found also

by the Fe 2p HAXPES measurements. Above this thickness there we find cationic

distributions much closer to the optimal Fe3O4 stoichiometry, with a general tendency

of some excess of octahedral coordinated trivalent iron ions. The cationic distributions

have been extracted from the XMCD spectra with help of corresponding charge trans-

fer multiplet simulations [23]. Fig. 1.11 presents one example. A detailed analysis can

be found in publication [H5].

1.5 High quality NixFe3−xO4 thin films produced via

diffusion

Dependent on the rather different values for the bandgap available in literature,

NiFe2O4 and CoFe2O4 are a semiconducting or insulating ferrimagnet with inverse

spinel structure which are discussed as part of magneto electric heterostructures [4, 93],

for instance. The spin dependent band gap enables the use of NiFe2O4 ultrathin films

as building blocks in novel spin-filter devices [94, 95]. The spin filter performance, how-

ever, depends on both, the stoichiometry and the structure of the ultrathin NiFe2O4

films since these properties determine their magnetic properties. These aspects are

also of great importance for application of ultrathin NiFe2O4 films in the field of

spincaloritronics where they serve as supports for ultrathin metallic films (e.g., Pt

films or other metals with large spin orbit coupling) which are used to detect spin

currents [96]. Another well promising approach to influence the underlying proper-

ties is tuning the chemical composition, and hence cationic distribution and inversion

parameter, by synthesizing thin films of type NixFe3−xO4. Indeed, NixFe3−xO4 thin

films prepared by reactive co-sputtering showed a tunable electric conductivity and
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1.5 High quality NixFe3−xO4 thin films produced via diffusion

a lower saturation magnetization with increasing Ni content [97]. Often pulsed laser

deposition (PLD) is used to grow NiFe2O4 films [98] while reactive molecular beam

epitaxy (RMBE) is also used for other ferrite films [96].
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Figure 1.12: Element- and site-specific XMCD hysteresis loops of the Ni
L3 and Fe L3 intensities of an intermixed Ni1−xFe3−xO4 thin film after a
sequence of post deposition annealing steps. For more details see text and
[H6].

Recently, we demonstrated an alternative pathway to form ferrite films on SrTiO3(001).

Starting with an Fe3O4/NiO bilayer, we formed NFO by post deposition annealing

(PDA) due to interlayer diffusion [H6]. For this purpose, Fe3O4/NiO-bilayers were

grown by RMBE onto SrTiO3(001) supports and then mounted into the HAXPES

experimental chamber at beamline I09 of the Diamond synchrotron radiation facility.

The experimental setup allowed annealing up to 800◦C and recording LEED patterns

between the post deposition steps, which were carried out in a molecular oxygen back-

ground atmosphere of 5· 10−6 mbar at 400◦C, 600◦C, and 800◦C. LEED patterns

confirm the disappearance of the superstructure typical for magnetite, soft and hard

x-ray photoelectron spectroscopy performed after each annealing step are used to de-

termine the cation distribution from the Fe 2p and Ni 2p spectra. These results were
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complemented by XRR and XRD analysis confirming the intermixing of the initial

NiO and Fe3O4 layers. X-ray magnetic circular dichroism (XMCD) experiments in

combination with multiplet calculations were used to analyse the cation distribution

on the different lattice sites. Finally, element and site specific XMCD-hysteresis loops

demonstrate the antiferromagnetic coupling of the octahedral and tetrahedral coordi-

nated Fe3+ ions, which is mediated via superexchange interaction, (c.f. Fig.1.12) for

the intermixed Ni1−xFe3−xO4 thin film, and an overall open hysteresis with a coercive

field typical for high quality NiFe2O4 thin films grown by pulsed laser deposition [97]

and NiFe2O4 bulk crystals [99]. In summary, paper [H6] demonstrates the possibility

to synthesize Ni1−xFe3−xO4 thin films of high crystallographic quality by thermal inter-

diffusion of distinct Fe3O4/NiO-bilayers grown on SrTiO3(001), which might be used

to tailor Ni1−xFe3−xO4 thin films with desired stoichiometry and bad gap, respectively.
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Zero dimensional nanomaterials:

NaREF4 (RE = Rare Earth) and

magnetic molecules

1.6 The nanoparticles NaREF4 (RE = Eu and Gd)

The exact knowledge of the inherent electronic effects at the interface of inorganic

core/shell nanoparticles is of utmost importance as they can be applied to multiple

applications in catalysis, optics and magnetism [100]. In particular, rare earth (RE)

based nanoparticles of type NaREF4 have attracted a lot of attention in the last few

years due to their upconverting luminescent properties [101]. These particles have

a number of superior luminescent, electronic and chemical properties making them

highly promising candidates for quantum dots or (medical) magnetic resonance imag-

ing [102]. However, a combination of multiple functions and properties not obtain-

able in individual materials or nanoparticles is highly desirable. Nearly monodisperse

nanocrystals of sodium rare-earth metal fluorides (NaREF4), in particular NaYF4 and

NaGdF4 are thoroughly investigated for biolabeling applications and for magnetic

resonance imaging (MRI), since they also exhibit high chemical stability and good

optical transparency over a wide wavelength range [103, 104]. In particular, NaGdF4

exhibits a high magnetic moment due to the seven unpaired electrons in the ground

state (8S7/2). Since there is a relatively large energy gap between the ground state

and the lowest excited level (6P7/2) the luminescence is taking place in the ultravio-

let regime. On the other hand the Eu3+-ion shows pure red emission in many host

materials such as NaEuF4, if the concentration of Eu3+-ion is high enough, since this

leads to quenched multiphonon relaxation except those stemming from the 5D0 level

[H7]. Since trivalent europium ions are usually in a low spin ground state, hence
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carrying no magnetic moment, a combination with NaGdF4 particles, e.g. by doping

of Eu3+ ions into NaGdF4 could be an interesting approach to combine the magnetic

properties of NaGdF4 with the high quantum yield of the Eu3+ ions in the red spec-

tral region. However, at lower Eu3+ concentrations, also other transitions at lower

wavelengths are observed, lowering the efficiency of the red emission significantly.

Therefore, β-NaEuF4/NaGdF4 core-shell nanocrystals with narrow size distribution

have been synthesized and thoroughly studied as to their structural, optical, chemical,

and magnetic properties.

Figure 1.13: (A) Bright field (BF), (B) and high angular annular dark field
(HAADF) HR-TEM images of 20 nm NaEuF4/NaGdF4 core-shell nanopar-
ticles with a 3 nm NaEuF4 core and 8 nm NaGdF4 shell. (C) Scanning
transmission electron microscope-electron energy loss spectrscopy (STEM-
EELS) images of 22 nm NaEuF4/NaGdF4 core-shell nanoparticles with a
18 nm NaEuF4 core and 2 nm NaGdF4 shell. (D) STEM-EELS images of
20 nm NaEuF4/NaGdF4 core-shell nanoparticles with a 3 nm NaEuF4 core
and NaGdF4 shell and false color maps of Eu (green), Gd (red), F (orange)
and O (blue) concentration.

The morphology of the nanoparticles was characterized by transmission electron mi-
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1.6 The nanoparticles NaREF4 (RE = Eu and Gd)

croscopy (TEM). The images were recorded by Jan Neethling using a double Cs cor-

rected JEOL ARM 200F transmission electron microscope at the Centre for HRTEM,

Nelson Mandela Metropolitan University, Port Elizabeth, South Africa. The nanopar-

ticles are nearly monodisperse and either close to spherical in shape [H7]. High

resolution imaging shows the particles to be crystalline with interplanar spacings, the

HAADF imaging of the particles showed indications of a core-shell type structure in

some nanoparticles (c.f. Fig. 1.13 A and B). However, it appears that parts of the

small core (3 nm) and hence fractions of the Eu3+-ions have been released into the

NaGdF4-shell. In particular the STEM-EELS mapping of the 18 nm NaEuF4 core

nanoparticles with a 2 nm NaGdF4 shell (Fig. 1.13C) exhibits good indication of the

desired core shell structure.

X-ray powder diffraction and electron paramagnetic resonance (EPR) measurements

confirm the HRTEM results, luminescence spectra of the nanoparticles with large core

only exhibit emission intensities at 591, 614 and 691 nm corresponding to 5D0 →7 F1,
5D0 →7 F2, and

5D0 →7 F4 intra-4f shell transitions [H7]. Another focus is set to

the characterization of the magnetic properties. Here, we find a butterfly shaped hys-

teresis loop for the nanoparticles comprising a 3nm NaEuF4 core. This effect can be

qualitatively explained by Monte Carlo simulations based upon the Heisenberg model

considering magnetic anisotropy at the interface between the NaEuF4 core and the

surrounding NaGdF4 shell. We also performed element specific XMCD experiments

across the Eu M4,5- and Gd M4,5-edges. A small but distinct negative XMCD stem-

ming from the Eu ions is found for both, pure NaEuF4 and 18 nm NaEuF4 core /

2 nm NaGdF4 shell particles, the Eu moments are aligned parallel to those of Gd.

The Eu moment can be assigned to a rather small Eu2+-fraction present as well as to

weak Eu3+ magnetism in case of the pure NaEuF4 nanoparticles. For the core-shell

particles only weak Eu3+ XMCD-signal could be detected. For a deeper analysis of

the multifunctional β-NaEuF4/NaGdF4 core-shell nanoparticles the interested reader

is referred to reference [H7].
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1.7 Electronic and magnetic properties of various

Single Molecular Magnets

1.7.1 Iron-based magnetic polyoxometalates of type

{(M)M5}12FeIII30 (M = MoV I, WV I)

Polyoxometalates (POMs) are polyatomic ions, where metal ions are bridged with

oxygen atoms, building up clusters [105, 106]. These clusters are usually built up by

molybdenum and tungsten in their highest oxidation state (VI). Possible applications

of POMs include the usage as heterogeneous catalyst [107] or the possibility to tune

their electronic and magnetic interactions [108].

?

Figure 1.14: Left: Scheme of {Mo72Fe30}-acetate, the molecule is shown in
the ball and stick representation. The Fe atoms (red) carry the magnetic
moments and are ordered on an icosidodecahedral surface (indicated by the
yellow lines). Mo atoms (turquois) are also present at the ball surface and
interconnected by oxygen atoms (green). The crystal structure visualisation
has been made employing the Mercury software [109], using the crystallo-
graphic data made available by Müller et al. [110]. Right: Magnification
of a part of the icosidodecahedral arrangement of the Fe atoms, illustrating
the triangular lattice leading to frustrated magnetism and competing spin
phases in Fe30-molecules.

Here, in particular the giant neutral Keplerate-type molecules with {Mo72Fe30} and

{W72Fe30} core exhibit a number of intriguing magnetic properties. The 30 FeIII

ions are symmetrically placed on an icosidodecahedral surface, building a mesoscopic
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1.7 Electronic and magnetic properties of various Single Molecular Magnets

kagomé lattice, especially at low temperatures [111], leading to competing spin phases

in a frustrated magnetic system [112] (c.f. Fig. 1.14).

In paper [H8] we address two different aspects and close two gaps in knowledge as

to the {Mo72Fe30} and {W72Fe30} molecules. Firstly, we made use of element specific

XAS across the O K edge of the molecules, which reflects the unoccupied density

of states, and compared the O K XAS with first-principles electronic structure cal-

culations. We found a good agreement between the experimental results with the

calculations leading to the conclusion that there is almost no band gap but Fe t2g

states near Fermi energy, hence both molecules are semi-metallic. Sum rule analysis

of Fe L2,3-XMCD recorded on {W72Fe30} yields a bit lower magnetic moment (∼52

µb/f.u.) compared to SQUID measurements (∼60 µb/f.u.). A comprehensive discus-

sion of potential reasons for this discrepancy can be found in [H8]. One reason might

be a beginning x-ray photoinduced photoreduction process of the Fe3+-ions towards

Fe2+, which is also indicated by charge transfer multiplet simulations of the Fe L2,3-

XAS and XMCD, suggesting 85% to be trivalent and 15% to be bivalent, although

we reduced the photon flux to 1-2% of the full flux (∼1012 photons per second) of

beamline 8.0.1, Advanced Light Source, Lawrence Berkeley Laboratory, to minimize

potential radiation damage effects.

 

Figure 1.15: Left: Fe 2p3/2 core level spectra of {Mo72Fe30}-acetate, each
scan took approximately 10 minutes. Right: ratio of percentages of Fe2+

and Fe3+ estimated from the corresponding binding energies.

Secondly, we investigated the soft x-ray-induced Fe3+ to Fe2+ photoreduction in more
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detail. X-ray photoelectron spectroscopy performed with a monochromatized Al anode

(Eexc = 1486.6 eV) indicates a gradual transition from a pure Fe3+ state to Fe2+ over

time (c.f. Fig. 1.15). The 3+ and 2+ fractions (Fig. 1.15, right panel) were roughly

estimated by the ratio of the peaks present at the corresponding binding energies

(709.4 eV for Fe2+, 710.6 eV for Fe3+). More detailed information was extracted

from systematic investigation of the observed shift x-ray induced Fe3+ to Fe2+ pho-

toreduction by means of x-ray absorption spectroscopy across the Fe L2,3-edges [H8].

{Mo72Fe30} and {W72Fe30} molecules with different ligands (charge neutral acetate

and SO2−
4 were investigated. The percentages of bivalent and trivalent Fe ions were

analyzed by full multiplet simulations after each XAS-scan, which lead to qualitative

similar results compared to the Fe 2p3/2 XPS results shown in Fig. 1.15 but significant

more precise results compared to the rather superficial analysis carried out with the

x-ray photoelectron spectra. An exponential Fe3+ to Fe2+ photoreduction is found

for both, the acetate and the SO2−
4 ligands, however, the photoreduction rate is con-

siderably lower in case of molecules with the negatively charged SO2−
4 ligands. One

potential reason maybe that the negative charge builds up a negative repulsive po-

tential, slowing down the electron-transfer towards the Fe3+ ions. More details as the

experiments and the theoretical approaches can be found in reference [H8].
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1.7.2 Magnetic ground-state studies of star-shaped Single

Molecule Magnets

Magnetic, molecular materials comprising nanosized building blocks are of special

interest for chemists and physicists seeking new molecule-based materials. In par-

ticular, new molecule-based magnets are, among others, candidates for high density

storage devices in quantum computing. Since the discovery of the famous Mn12-Ac

cluster 25 years ago [113], a number of different molecular magnets, leading to a rich

variety of intramolecular exchange interactions or magnetic anisotropy have been dis-

covered [114–116]. One of the most interesting class of molecules exhibiting single

molecule magnet (SMM)-behavior are the so-called star-shaped molecules, i.e. the

core comprises one central ion and three peripheral ions. Besides others, star-shaped

molecules with Cr4-core [117], a Mn4-core [H9], a Fe4 core [118], a Ni4 core [119], or

the spin-frustrated CrMn3-complex [H10] have been synthesized and characterized.

More recently, star-shaped macrocyclic complexes with Cu3Tb core [120–122] which

show slow relaxation of magnetization, a prerequisite for SMM behavior, have been

synthesized. Complexes comprising both, 3d transition metal and 4f rare earth ions,

are investigated intensely in the last few years [122, 123]. In particular, TbIII and

DyIII ions are of special interest due to their high single ion anisotropies [124]. Here,

we show the magnetic properties, investigated by means of XMCD of some of the

above mentioned star-shaped molecules in more detail.

1.7.2.1 Star-shaped molecules with transition metal cores

In contrast to most other transition metal ions, manganese ions are often charac-

terized by ground states with high magnetic moments. Manganese based complexes

comprising Jahn-Teller distorted Mn-ions are highly promising candidates for high-

spin molecules [125]. Hence, a number of molecules comprising up to 84 manganese

ions have been synthesized [126], displaying huge spin ground states and magneto-

anisotropy. On the other side, hexanuclear manganese complexes showed higher block-

ing temperatures and open magnetic hysteresis [127], which are prerequisites for ap-

plications like ultra-dense magnetic data storage. For a better understanding of the

magnetic coupling mechanisms on the inter-atomic length scale, we performed compre-

hensive experimental and theoretical studies on two star-shaped manganese-containing

high spin molecules [H9, H10].
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Figure 1.16: Left: Schematic representation of the star-shaped molecule
with MnII

4 core, the antiferromagnetic coupling of the central ion with the
outer ions leads to an overall ferrimagnetic coupling with high saturation
moment [H9]. Right: The replacement of the central ion by Cr leads to
an intriguing interplay of strong anisotropy and frustration in a chemically
very similar molecule [H10]. The crystal structure visualisation has been
made employing the Mercury software [109], using the crystallographic data
made available by Khanra et al. [128].

3d transition metal based molecules with star-shaped core often exhibit ferromagnetic

coupling, i.e. the interaction between the nearest-neighbor transition metal ions is

antiferromagnetic, leading to an effective ferromagnetic coupling of the outer ions

(c.f. Fig. 1.16, left), making star-shaped molecules highly interesting candidates in

the context of synthesizing high-spin molecules. A molecule comprising four divalent

manganese ions leads to a very large net moment of 10µb/f.u. [H9]. Another interesting

option to influence the magnetic properties of star shaped molecules is to replace the

central ion by another transition metal, that means bringing single-ion anisotropy and

frustration into chemically very similar molecules. Magnetic frustration in magnetic

molecules can lead to: i) non-trivially degenerated ground state [129], ii) low lying

non-magnetic excitation leading to iii) jumps and/or plateaus in magnetization curves

[112, 130]). We investigated very intriguing consequences by replacing the central

manganese ion by chromium, leading to a (CrMn3) core (see also right panel of Fig.

1.16) [H10].
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Figure 1.17: Top: Cr 2p core-level XPS of the CrMn3 molecule. The corre-
sponding spectrum of trivalent Cr2O3 is also shown. Bottom: Comparison
of the experimental XMCD spectra of the Mn4 and the CrMn3 molecules.
Both spectra were performed in an magnetic field of 5T and at a tempera-
ture of 5K.

To elucidate the magnetic properties element specific, we employed XMCD to the

Cr L2,3 (the CrMn3-molecule) and Mn L2,3 edges (both molecules). As to the Cr,

the Cr 2p core level XPS resembles that of Cr2O3 as to the binding energies of

Cr 2p3/2 and Cr 2p1/2, indicating trivalent Cr ions (c.f. Fig. 1.17, top panel), whereas

for manganese a divalent Mn2+ valence state is found (not shown here). The interested

reader is refereed to references [H10,[131]] for further details.

Looking at the XMCD a small negative XMCD-signal is recorded at the Cr3+ edge,
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which indicates that there is no significant contribution of the Cr ions compared to

Mn [H10] at T = 5 K and in an external magnetic field of B = 5 T strength, which

is a rather astonishing result at first glance. A second highly interesting result is the

obviously relative high orbital contribution to the Mn magnetic moment in case of

the CrMn3-molecule, as reflected in the non-vanishing integral of the XMCD signal

(Fig. 1.17, bottom panel) [H10]. In contrast, the Mn2+ ions of the (chemically very

similar) Mn4 molecule carry no or a neglectable orbital magnetic moment, as expected

for divalent Mn ions (3d5 configuration) [H9]. This result is supported by the fact

that high field EPR measurements yielded a gyromagnetic g-factor of 2.05 [128], hence

indicating a positive orbital angular momentum. Furthermore, these XMCD-results

can, in conjunction with Heisenberg simulations, explain the magnetization curve of

the CrMn3 molecule recorded by SQUID. At low fields up to around 2 T the Cr

moments appear to be aligned antiparallel to the Mn moments, at 14 T ferromagnetic

ordering with an overall saturation moment of 18 µb/f.u. is found [H10]. These results

can be regarded as an example of strong anisotropy and frustration probed by XMCD.

Finally, electronic structure calculations (density functional theory) confirm that the

spins of the central ion, and not of one of the outer ions, are aligned anti-parallel to

those of the other ions in the magnetic ground state (at T = 0 K and B = 0 T) for

both, the Mn4 and the CrMn3 molecule. More details about our comprehensive work

of the Mn4 and CrMn3 molecules can be found in references [H9] and [H10].

Besides the Mn-based molecules we also probed a very similar iron-based star-shaped

complex by means of complementary x-ray spectroscopic approaches. This specific Fe

based single-molecule magnet with exact chemical formula C30H66Fe4N6O12, H2L = N -

methyldiethanolamine, is of particular interest due to a number of intriguing progress

in terms of deposition on a gold surface, exhibiting an open magnetic hysteresis loop

at low temperature [132] and quantum tunneling of the magnetization by employing

suitable ligand chemistry [133]. Our work is motivated by the fact that there are some

different reports as to the Fe valence state, both predominantly Fe2+ [134] and Fe3+

[132] valence states have been found in previous works.

Therefore, we performed a comprehensive study of the Fe4 molecule by means of

XMCD and XPS. For the XMCD experiments, the intensity of the incoming x-rays

was reduced to 1% or less of the full intensity of the undulator based SIM-beamline of

the Swiss Light Source, Paul Scherrer Institute. Under these conditions a pure Fe3+
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of the sample with 1% beamline flux (bottom, olive), after 6h of exposure
(center, dark blue), and the XAS on a fresh spot with 100% beamline flux
(top, wine).

valence state is found [H11]. Furthermore, sum rule analysis in conjunction with

charge transfer multiplet simulations yields a saturation moment of almost exactly

10 µb/f.u. at a temperature of 0.6 K and an external magnetic field of 6.5 T, hence

confirming earlier SQUID results and the ferromagnetic ordering of the four Fe3+ ions,

which is analogous to that found for the Mn4 molecule [H9]. When recording XAS

across the Fe L2,3 edges with full intensity of the beamline, a pure Fe2+ valence state is

found already after one XAS-scan (c.f. Fig. 1.18). Hence, one has to lower the intensity

of the incoming beam drastically to avoid radiation damage on this Fe4 based complex,

the sensitivity is significantly higher than that found for the Fe30 molecules [H8]. We

also could investigate the Fe3+ to Fe2+ x-ray induced transition by performing Fe

2p XPS core levels and analyzing the Fe 2p3/2 binding energies and charge transfer

satellites with help of suitable reference spectra as function of recording time [H11].
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1.7.2.2 Element specific determination of macrocyclic 3d-4f complexes with

Cu3Tb core

Here we investigate the internal magnetic structure of the propylene linked macro-

cycles [CuII
3 TbIII(LPr)(NO3)2(MeOH)(H2O)2](NO3)·3H2O (nickname Cu3Tb(L

Pr)),

and its butylene linked analogue, [CuII
3 TbIII(LBu)(NO3)2(MeOH)(H2O)](NO3)·3H2O

(nickname Cu3Tb(L
Bu)). These two molecules are rare examples of complexes com-

prising transition metal and rare earth ions prepared with a macrocyclic ligand which

exhibit well promising indications of single molecule magnet behavior [120, 121]. Fig.

1.19 presents the structure of the propylene linked complex with CuIITbIII core. In

order to proof the ferromagnetic coupling indicated by SQUID and to record element

specific magnetization curves, XMCD across the Cu L2,3 and Tb M4,5 edges of both

complexes was performed in external fields up to 13.5 T.
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Figure 1.19: Structure of the tetrametallic 3d − 4f macrocyclic complex
Cu3Tb(L

Pr)[120]. Turquise: the central TbIII ion; dark orange: CuII ions.
The molecule structure visualisation has been made using the Mercury
software [109].

The top panels of Figure 1.20 display the dichroic XA-spectra, the resulting XMCD

signals and their integrals for the Cu3Tb(L
Pr) complex performed at B = 13.5 T

and T = 3 K. One can clearly see the ferromagnetic coupling of the moments of the
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outer copper ions with that of the central terbium ion. Also the bivalent Cu and the

trivalent Tb valence states can be unambiguously identified by the multiplet structure

of the XAS. We also performed sum rule analysis yielding a particular high orbital

contribution to the Tb moment. The results determined for the overall magnetic

properties are in line with SQUID results for both complexes, if the exact value of the

spin-quadrupole coupling is known, which is in particular important for 4f lanthanide

ions, Tb in the current case. A detailed discussion of the sum rule analysis, also

employing suitable complementary ligand field simulations, can be found in reference

[H12].
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Figure 1.20: Top: Dichroic XA-spectra across the Cu L2,3 (left) and Tb
M4,5 (right) edges of Cu3Tb(L

Pr). The resulting XMCD signals and their
integrals are also shown. The experiments were performed at B = 13.5
T and T = 3 K. Bottom: Element specific magnetization curves of the
Cu3Tb(L

Pr) complex recorded at the Cu L3 and Tb M5 resonances at
temperatures of 5 K and 10 K.

Finally, we were able to record element specific magnetization curves of the Cu3Tb(L
Pr)
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molecule at temperatures of 5 K and 10 K (c.f. Fig. 1.19 bottom). Whereas the con-

tribution of the Cu ions to the overall magnetic moment of the molecule becomes sig-

nificantly lower with increasing temperature, the Tb moment remains constant within

the accuracy of the experiment. This result reflects a weak coupling between the 3d

Cu and the 4f Tb ions in the Cu3Tb(L
Pr) complex [H12].

In summary, it has been demonstrated that x-ray spectroscopic approaches are a very

useful tool to investigate the chemical and magnetic properties of magnetic molecules.

For instance, the results obtained by x-ray crystallography and integral magnetometry

approaches can be substantially extended by the element and chemical sensitive infor-

mation that can be extracted from core level XPS and XAS measurements. As shown

for the molecules with Fe30 and Fe4 core, a lot of attention has be paid concerning the

investigation of any potential beginning of x-ray induced damage effects if working

with these metallo-organic complexes [H8, H11]. On the other side, if carried out

carefully, x-ray induced changes like the studied Fe3+ to Fe2+ photoreduction can be

investigated in detail [H8, H11].

XMCD in the soft x-ray regime covering the transition metal L2,3 and rare earth M4,5

edges has been employed to tackle the internal magnetic structure of some molecules in

question. This technique enables not only to extract the magnetic properties element

specific but also separated into the spin and orbital contribution to the overall mag-

netic moment via the already mentioned sum rules. We could determine an unusual

high Mn orbital moment for the Mn2+ ions in the Mn3Cr molecule [H10] and success-

fully characterize the chemical and magnetic properties of a number of other single

molecule magnets with star shaped core [H9, H11, H12] at low temperatures. We

also performed element specific magnetization curves for 3d− 4f macrocyclic Cu3Tb

molecules revealing a weak 3d− 4f coupling in these complexes [H12].
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In the framework of this habilitation thesis a number of 3d transition metal and 4f rare

earth compounds ranging from highly insulating ternary oxides of type REScO3 via

ferrite thin film to single molecule magnets have been studied by means of complemen-

tary x-ray spectroscopic approaches. In combination with structural investigations,

magnetic measurements and suitable theoretical calculations a detailed picture of the

electronic and magnetic structure of the materials in question could be developed.

In particular, photoelectron spectroscopy (PES) enables to study the chemical com-

position as well as the valence states of the constituents of a compound. Furthermore,

PES is a probe of the total occupied density of states (tDOS). Soft x-ray absorption

spectroscopy is very sensitive to the local ligand field and the valence state of a 3d tran-

sition metal and rare earth ion, extending this technique to XMCD opens an avenue

for an element-specific investigation of the magnetic properties. Here, in particular

with respect to the magnetic molecules experiments in the sub-Kelvin regime are of

utmost interest to probe the internal magnetic structure of potential single molecule

magnets even closer to the ground state [135].

Whereas XAS across ligand K edges (e.g. OK edge) is a tool to obtain partial informa-

tion about the unoccupied density of states, x-ray emission spectroscopy (XES) yields

the partial, element specific, occupied density of states. A combinatorial approach of

O K edge XAS and (non-resonant) XES can be used to obtain information about the

band gap in insulating oxides. During the last 10-15 years, resonant inelastic x-ray

scattering (RIXS) in the soft x-ray regime has become a powerful approach to probe

electron-hole excitations. In particular the spectral resolution has been improved from

around 1 eV to the sub 10 meV range for transition metal L edge spectra [136], enabling

the detailed study of d−d- or f −f -excitations, spin-flip transitions, magnons or even

phononic excitations in complex correlated materials. This development will be sup-
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ported by the emergence of diffraction-limited synchrotron radiation sources (DLSR)

delivering a highly focused, very intense light beam with extremely high brilliance.

The tight focal spot will enable x-ray spectroscopic experiments with significantly im-

proved spectral resolution and on the sub-µm lateral scale. Even nano-focussed novel

operando approaches to study emergent states and their underlying phase transitions

in transition metal oxides and other complex materials are coming into sight [137].

The same accounts for imaging approaches such as greatly improved Photoelectron

Emission Microscopy (PEEM), Scanning Transmission X-ray Microscopy (STXM), or

coherent x-ray imaging approaches (for example ptychographic imaging in forward

direction or under Bragg condition) [138].

Besides intensity, tunability, and brilliance the time structure of the synchrotron radi-

ation is increasingly used to investigate structural phase transitions or magnetization

dynamics by stroboscopic pump-probe experiments. The next generation sources for

ultrashort (femtosecond to attosecond timescale) and extremely intense x-ray pulses

are realized by means of free electron lasers (XFELs). An alternative approach is the

variable pulse length storage ring planned at the BESSY II storage ring which will

provide simultaneously pulses of 15 ps and 1.7 ps length [139], hence closing the gap

between the DLSR and the ultrashort pulses produced by the XFELs.

These sources lead to entire new opportunities to investigate the structural, elec-

tronic or magnetic phase transitions in complex new advanced materials, e.g. by

means of time-resolved diffraction, spectroscopic or imaging experiments which may

include both, single shot and stroboscopic techniques [140]. For instance, one can

think about tackling the dynamics of phase transitions in CMR-manganites, high Tc-

superconductors, multiferroic materials or magnetic molecules on the ultrafast time

scale with unprecedented precession, leading to new knowledge of emergent states and

cooperative ordering phenomena poorly understood up to now.
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mura, A. Scholl, D. Stender, C. W. Schneider, C. Bernhard, F. Nolting, and L. J.

Heyderman. Spatially resolved strain-imprinted magnetic states in an artificial

multiferroic. Phys. Rev. B, 86:014408, 2012. doi: 10.1103/PhysRevB.86.014408.

[5] S.-G. Lim, S. Kriventsov, T. N. Jackson, J. H. Haeni, D. G.Schlom, A. M. Bal-

bashov, R. Uecker, P. Reiche, J. L. Freeouf, and G.Lucovsky. Dielectric functions

and optical bandgaps of high-K dielectrics for metal-oxide-semiconductorfield-

effecttransistors by far ultraviolet spectroscopic ellipsometry. J. Appl. Phys., 91:

4500–4505, 2002. doi: 10.1063/1.1456246.

[6] G. Lucovsky, J. G. Hong, C. C. Fulton, Y. Zou, R. J. Nemanich, H. Ade, D. G.

Schlom, and J. L. Freeouf. Spectroscopic studies of metal high-k dielectrics:

transition metal oxides and silicates, and complex rare earth/transition metal

oxides. phys. stat. sol. (b), 241:2221–2235, 2004. doi: 10.1002/pssb.200404938.

[7] H. M. Christen, G. E. Jellison, I. Ohkubo, S. Huang, M. E. Reeves, E. Cicerrella,

J. L. Freeouf, Y. Jia, and D. G. Schlom. Dielectric and optical properties of

49



References

epitaxial rare-earth scandate films and their crystallization behavior. Appl. Phys.

Lett., 88:262906, 2006. doi: 10.1063/1.2213931.

[8] P. Delugas, V. Fiorentini, A. Filippetti, and G. Pourtois. Cation charge anoma-

lies and high-kappa dielectric behavior in DyScO3: Ab initio density-functional

and self-interaction-corrected calculations. Phys. Rev. B, 75:115126, 2007. doi:

10.1103/PhysRevB.75.115126.
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J. Wollschläger, S. Francoual, J. Strempfer, A. Gupta ans M. Meinert, G. Ger-

hard, D. Meier, and G. Reiss. Static Magnetic Proximity Effect in Pt/NiFe2O4

and Pt/Fe Bilayers Investigated by X-Ray Resonant Magnetic Reflectivity. Phys.

Rev. Lett., 115:097401, 2015.

[84] Florian Bertram. The structure of ultrathin iron oxide films stud-

ied by x-ray diffraction. PhD Thesis, Universität Osnabrück, 2013.

URL https://repositorium.ub.uni-osnabrueck.de/handle/urn:nbn:de:

gbv:700-2013060310882.

[85] J. A. Moyer, S. Lee, P. Schiffer, and L. W. Martin. Magnetically disordered phase

in epitaxial iron-deficient Fe3O4 thin films. Phys. Rev. B, 91:064413, 2015. doi:

10.1103/PhysRevB.91.064413.

[86] G.S. Parkinson. Iron oxide surfaces. Surf. Sci. Rep., 71:272–365, 2016. doi:

10.1016/j.surfrep.2016.02.001.

[87] S. Hwang, Q. Meng, P.-F. Chen, K. Kisslinger, J. Cen, A. Orlov, Y. Zhu, E.A.

Stach, Y.-H. Chu, and D. Su. Strain Coupling of Conversion-type Fe3O4 Thin

58



References

Films for Lithium Ion Batteries . Angew. Chem.: Int. Ed., 56:7813–7816, 2017.

doi: 10.1002/anie.201703168.

[88] C. Gatel, E. Snoeck, V. Serin, and A. R. Fert. Epitaxial growth and magnetic ex-

change anisotropy in Fe3O4/NiO bilayers grown on MgO(001) and Al2O3(0001).

Eur.Phys. Journ. B, 45:157–168, 2005. doi: 10.1140/epjb/e2005-00073-y.

[89] T. Schemme, O. Kuschel, F. Bertram, K. Kuepper, and J. Wollschläger. Struc-
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The electronic structures of SmScO3, GdScO3, and DyScO3 are investigated by means of x-ray photoelec-
tron spectroscopy, x-ray emission spectroscopy �XES�, and x-ray absorption spectroscopy �XAS�. A strong
hybridization between Sc 3d and O 2p is found, and a contribution of the rare-earth 5d states to this hybrid-
ization is not excluded. The band gaps of the compounds are determined by combining XES and XAS
measurements. For SmScO3, GdScO3, and DyScO3 the band gaps were determined to be 5.6, 5.8, and 5.9 eV,
respectively. Magnetization versus temperature measurements reveal antiferromagnetic coupling at 2.96
�SmScO3�, 2.61 �GdScO3�, and 3.10 K �DyScO3�. For DyScO3 a Rietveld refinement of a 2 K neutron-
diffraction data set gives the spin arrangement of Dy in the Pbnm structure �Shubnikov group: Pb�n�m��.
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I. INTRODUCTION

Perovskites of the type RMO3, where R3+ represents a
trivalent rare-earth metal and M is a trivalent or mixed-valent
transition-metal ion, exhibit an enormous variety of physical
properties.1 During the last decade the so-called manganites
have attracted much attention due to their unusual magnetic
transport phenomena resulting in the colossal magnetoresis-
tance �CMR� effect.2,3 These compounds are also promising
candidates for various potential applications, e.g., for hard
disk drive reading heads or in the rapidly growing field of
magnetic random access memory �MRAM�. On the other
hand, ferroelectric perovskites such as KTaO3, KNbO3,
LiNbO3, or BaTiO3 have been subjected to intense studies
due to their unusual dielectric properties and the possibility
to switch the electrical polarization.4 This leads to the idea
that information can be also stored using the electrical polar-
ization state of a ferroelectric material �FeRAM�.5,6 A prac-
tical realization of such devices demands to prepare high
quality thin films with thickness of the micron scale in order
to operate switches at few volts whereas the coercive volt-
ages in these materials are at the order of kV per centimeter.
These materials may also be used in somewhat related appli-
cations mentioned above, such as the next-generation semi-
conductor components �to replace the SiO2 gate dielectric�.
With the continued scaling of the gate oxide to below 2 nm,
leakage currents due to tunneling became very high. There-
fore it is necessary to increase the thickness of the gate di-
electrics without reduction in the associated capacitance.
This can be achieved with materials which exhibit a high
dielectric constant k. Lucovsky et al.7 found that increases in
k are generally accompanied by decreases in the optical band
gap Eg, the conduction-band offset energy with respect to Si
EB, and the effective electron tunneling mass meff.

7 Hence

the adjustment of the electronic band structure plays an im-
portant role in tuning the high-k materials.7 In the last years
a number of high-k compounds were observed.8 The ternary
oxide scandates SmScO3, GdScO3, and DyScO3 are promis-
ing candidates to serve as high-k dielectrics in future
applications.9,10 Furthermore these materials are utterly inter-
esting substrates for the production of highly strained ferro-
electric thin films. Thin ferroelectric films often show strong
epitaxial strain effects, e.g., the change in critical tempera-
tures, crystal structure, and thus ferroelectric properties as a
consequence to the growth on a substrate with defects or
different lattice parameters. These strains can deteriorate the
required thin-film properties but also be used to control and
optimize the desired ferroelectric properties if one finds a
suitable high quality substrate. During the last few years the
family of scandates such as SmScO3, GdScO3, or DyScO3
has bridged the gap of suitable substrates, thus widening the
scope for strain tailoring of the films and allowing to explore
experimentally some of the desired predictions and
properties.6,11–13 Very recently it has been shown that
SrTiO3 /DyScO3 multilayers can be also used for modulation
of the permittivity in terahertz range.14

Due to all the above-described experimental progress and
potential applications, proper theoretical approaches to de-
scribe and predict the variety of properties in ferroelectric
materials such as the scandates are highly desirable. Hence,
these materials are subject to numerous first-principles stud-
ies for almost two decades now. Such calculations within
density-functional theory �DFT� offer a very powerful possi-
bility to describe the structural, magnetic, and electronic
structures of ferroelectrics in deep detail. However, there are
some known limitations and inaccuracies. In particular in
presence of rare-earth 4f orbitals, the widely used local den-
sity approximation �LDA� and, to some extent, also the gen-
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eralized gradient approximation �GGA� lead to a qualita-
tively incorrect description of the 4f energy placement. A
related problem is that the structural properties, due to
wrongly estimated localization of the 4f states, are often de-
scribed improperly. There are a number of approaches in
order to minimize or overcome these limitations. Some
works include a Hubbard U parameter in order to consider
the Coulomb repulsion between the highly localized 4f elec-
trons. Some very recent works apply hybrid exchange func-
tionals that combine fixed amounts of Hartree-Fock and
LDA or GGA functionals to rare-earth oxides as CeO2 or
ferroelectric oxides such as BaTiO3.15,16

Concerning the scandates, up to now only some electronic
structure calculations for DyScO3 have been reported.17

From the experimental point of view only a few ultraviolet
ellipsometry data, x-ray absorption spectroscopy �XAS� data,
and a combination of internal photoemission and photocon-
ductivity studies are available up to now.7,18,19 However, in
order to achieve a proper description of the electronic prop-
erties of rare-earth-based ferroelectric oxides �such as the
scandates investigated here� a comparison with suitable ex-
periments is of utmost importance. The techniques of x-ray
photoelectron spectroscopy �XPS�, XAS, and x-ray emission
spectroscopy �XES� are powerful tools of unique precision in
order to directly probe the total and partial densities of states
�tDOS and pDOS, respectively� of ferroelectric
materials.20–22 Therefore we perform a detailed electronic
structure investigation of SmScO3, GdScO3, and DyScO3 by
combining the complementary experimental techniques of
XPS, XES, and XAS. We compare our experiments with
first-principles electronic structure calculations. Furthermore
we probe the magnetic structure of these samples by means
of a superconducting quantum interference device �SQUID�
and neutron powder diffraction.

II. EXPERIMENTAL AND THEORETICAL DETAILS

High quality SmScO3, GdScO3, and DyScO4 single crys-
tals were grown by the conventional Czochralski technique
by Uecker et al.23 The XAS and XES on these samples were
performed at room temperature at beamline 8.0.1 at the Ad-
vanced Light Source, Berkeley, California, USA, using the
soft x-ray fluorescence �SXF� end station of the University of
Tennessee at Knoxville.24 Linearly polarized light with po-
larization in the horizontal plane was incident on the sample
whose surface was in the vertical plane. The emission was
measured along the electric vector of the incident light in the
horizontal plane, that is, at a scattering angle of 90°. This
geometry minimizes diffuse elastic scattering from the sur-
face since the Brewster angle in the soft x-ray range is usu-
ally very close to 45° so that the reflectivity for p� light is
very close to zero. The light was incident at 30° to the
sample normal. Photons with an energy of 65–1400 eV were
provided to the end station via a spherical 925 lines/mm
grating monochromator. The rare-earth 4f→3d, Sc 3d→2p,
and O 2p→1s XES were obtained with a 1500 lines/mm,
10-m-radius grating. The excitation energies for the x-ray
emission �XE� spectra were set to 420.2 eV for the Sc L2,3
edge and to 542.1 eV for the O K edge. The rare-earth M4,5

edges were exited with 1141 �Sm�, 1260 �Gd�, and 1360 eV
�Dy�. Since the SXF detector cannot analyze photons with
energies over 1000 eV, the latter spectra were recorded in
second order of the spectrometer. The overall resolution of
the beamline plus spectrometer was set to around 0.7 eV for
the oxygen and scadium spectra and to around 1 eV for the
rare-earth XES. The resolution can be obtained from the full
width at half maximum �FWHM� of the corresponding elas-
tic recombination peaks. Absorption was measured in total
fluorescence yield with a channeltron. The entrance and exit
slits were set to 40 �m resulting in an overall resolution of
0.4 eV.

The XPS valence bands �VBs� were recorded at the De-
partment of Physics, University of Osnabrück, Germany, us-
ing a PHI 5600ci multitechnique spectrometer with mono-
chromatic Al K�=1486.6 eV radiation with FWHM
=0.3 eV. The overall resolution of the spectrometer is 1.5%
of the pass energy of the analyzer; 0.45 eV in the present
case. The spectra were calibrated using the line of adsorbed
carbon �C1s=285.0 eV� as a reference. Since RScO3 �R
=Sm,Gd,Sc� are insulators the sample surfaces were neu-
tralized with a constant electron current from a soft electron
gun during the measurements in order to compensate charg-
ing effects. For clean surfaces the samples were cleaved and
measured in ultrahigh vacuum ��10−9 mbar�.

Magnetization versus temperature measurements have
been performed by means of a superconducting quantum in-
terference device �SQUID� �Quantum Design magnetic prop-
erty measurement system �MPMS� XL� at the Institute for
Ion Beam Physics and Materials Research, Forschungszen-
trum Rossendorf.

Neutron powder diffraction of the compound DyScO3
taken in a cylindrical vanadium container �diameter of 8mm�
was recorded with the focusing diffractometer E6 at the Ber-
lin Neutron Scattering Center �BENSC�. The E6 diffract-
ometer is equipped with a horizontally and vertically bent
monochromator consisting of 105 pyrolytic graphite crystals
�20�20�2 mm3� mounted on a 15�7 matrix leading to a
relatively high flux at the sample position. The incident
wavelength was 2.442 Å. The data were collected at 2 and
300 K. The integration of the Debye-Scherrer rings measured
on a two-dimensional �2D� detector resulted in intensity ver-
sus scattering angle 2� for each temperature. Crystal �mag-
netic� structure was further analyzed by Rietveld refinements
employing the program GSAS.25 An absorption correction for
the cylindrical sample was carried out using GSAS for which
a wavelength-dependent coefficient of 1.138 was used. A
smoothly varying background was defined by extrapolating a
fixed number of background points.

The electronic structure calculations were performed with
the �linearized� full-potential augmented plane wave
method—see, e.g., Ref. 26—of the density-functional theory,
as implemented in the WIEN2K code.27 For the exchange-
correlation potential, we used the generalized gradient ap-
proximation in the form of Perdew-Burke-Ernzerhof.28,29 In
order to describe the effects of intra-atomic correlation be-
yond the conventional LDA or GGA treatment, we have
taken into account the spin-orbit interaction and orbital-
dependent potential, notably LDA+U �Ref. 30� �or rather
GGA+U in our case�, specifically in the “LDA+U�SIC�”
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flavor of the WIEN2K implementation, with the correction
added in the 4f shell of a rare earth. Even as the U and J

values in the LDA+U formalism can be, in principle, esti-
mated from first-principles calculations,31 it is a more prac-
tical routine to use them as adjustable phenomenological pa-
rameters. In the present context, we were guided by the
placement of occupied �majority-spin� R 4f states in the
x-ray �photo�emission spectra, relative to other valence-band
states. This sole criterion was, however, conflicting with the
�experimentally founded� condition to have the band gap free
from the minority-spin 4f states. In order to satisfy this sec-
ond criterion, we preferred to use somehow elevated U val-
ues that resulted in a slightly overbonded majority-spin R 4f

states. Our values of choice are U=0.6 Ry �8.2 eV� for
Gd 4f and U=0.8 Ry �10.8 eV� for SmScO3 and DyScO3 as
used in the following discussion �in part giving the reference
to the results obtained with other U values as well�. The J

value was kept equal to 0.05 Ry �0.68 eV�. The calculations
were done in antiferromagnetic ordering which is explained
in detail in Sec. III. These calculations are compared with
experimental results of paramagnetic phase. In the compari-
son between the calculated tDOS and XPS results �Fig. 4� we
present ferromagnetic calculations with U=0.4 Ry addition-
ally to the antiferromagnetic calculation with U=0.6, 0.8 Ry.
The rare-earth 4f states shift with the U value. The smaller U

values give the right energy positions of occupied 4f states in
the valence band but a too low �within the band gap� place-
ment of their vacant counterparts. The nominal �as deter-
mined� crystal structure was used32 �4 f.u./unit cell, all rare-
earth positions being equivalent�. The densities of states
�DOSs� have been calculated with the k mesh 3�2�2 over
the Brillouin zone and have been smeared in the following
figures for a more clear comparison with experimental spec-
tra.

III. RESULTS AND DISCUSSION

A. Magnetic properties

First we want to discuss magnetic properties by means of
magnetic measurements. Magnetization versus temperature
SQUID measurements are presented in Fig. 1. We expected
the materials SmScO3, GdScO3, and DyScO3 to exhibit simi-
lar magnetic order such as the corresponding rare-earth

�3+� oxides, i.e., antiferromagnetism at low Néel tempera-
tures. E.g., for Dy2O3, this temperature is 1.2 K.33 Note that
discussions about the kind of magnetic ordering in GdScO3
occurred in the past.34 By our measurements basically the
transition temperature of the substrates were obtained prior
to neutron-diffraction measurement. The field-cooled M-T
curves were measured at a field H determined by �0H

=0.5 T. The field was applied parallel to the single crystal
surface. Cusps typical for the onset of antiferromagnetic or-
der occur at 2.96 �SmScO3�, 2.61 �GdScO3�, and 3.10 K
�DyScO3�. While the former two substrates exhibit Brillouin-
type behavior in the high-temperature range �not shown�, the
latter deviates significantly, exhibiting a large plateau �Fig. 1,
inset�. The peak for GdScO3 is much broader than for the
other samples. Moreover, GdScO3 exhibits a much larger
magnetization and thus behaves similar to Gd2O3.34

Exemplarily, DyScO3 was investigated with respect to its
microscopic magnetic structure by means of neutron diffrac-
tion. The room-temperature �300 K� data set could be in-
dexed with an orthorhombic lattice with space group Pbnm.
In the 2 K data set several peaks in addition to those present
in the 300 K data were observed �Fig. 2�. These peaks could
be indexed with the propagation vector k=0 and are due to
the antiferromagnetic arrangement of the spins of Dy in the
low-temperature magnetic structure of DyScO3. Of the four
possible spin arrangements of the antiferromagnetic type
only that with the magnetic group symmetry �Shubnikov
groups: Pbnm� and Pb�n�m�� explains the presence of all the
peaks of the 2 K data set. Symmetry analysis of the arrange-
ment of the spin of Dy in the Pbnm structure of DyScO3
indicates the following two possibilities. The first possibility
is that the spin components of Dy belong to G mode with y

component and A mode with x component �representation
�8� and in the second possibility G mode with x component
and A mode with y component �representation �5�.35 A
Rietveld refinement of the 2 K neutron-diffraction data set
gives a good fit only with the second possibility �Shubnikov
group: Pb�n�m��. In Fig. 2 the crystal structure and the mag-
netic structure �spin arrangement� of DyScO3 at 2 K are
shown.

B. Calculated densities of states

Here we want to describe the calculated densities of states
for three systems, obtained in true orthorhombic distorted
perovskite structure �Fig. 3�. Instead of the experimentally
established noncollinear ferromagnetic structure depicted
�for DyScO3� in Fig. 2, we considered its most straightfor-
ward collinear simplification, with spin moments of R cen-
ters set antiparallel between the nearest neighbors �both in
the ab plane and along the c axis of Fig. 2�. As the R mag-
netic moments are quite localized �and really negligible, be-
low 0.01 �B, on Sc and O sites�, the plotted partial DOS of
the antiferromagnetic structure are practically indistinguish-
able from those in the ferromagnetic phase, which are used
for comparison with room-temperature experiments.

It should be noted that we used the U value for the
LDA+U calculation of 0.6 Ry for GdScO3 and 0.8 Ry for
SmScO3 and DyScO3. Its detailed tuning can be subjected to
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measurement was performed under an applied flux of �0H=0.5 T
after cooling from 300 K in the same field. The magnification factor
is indicated. The inset shows the high-temperature range for
DyScO3. The constant M offset at 300 K has been subtracted.
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careful analysis and argument. As stated above, we chose a
compromise between the position of R4f states in the va-
lence band and the need to the band gap free of the R4f

states. Emphasizing a typically ”semiempirical” character of
the U values in practical calculations, we note that the ex-
amples are known where the U values have been evaluated
over a range of rare-earth compounds. E.g., Larson et al.36

cited a range of U values gradually varying from 7.47 �CeN�
to 10.94 eV �LuN� in a row of rare-earth nitrides. Our values
are close to those cited in Ref. 36, with a noticeable differ-

ence that we were primarily guided by the criteria named in
Sec. II. Summarizing the results over different U, we note
that the larger U values, understandably, move the �vacant�
minority-spin 4f states out of the band gap, as desired.

However, this happens at the expense of lowering the
majority-spin Dy 4f well below its experimentally expected
position. This problem illustrates the shortcoming and crude-
ness of the LDA+U approach: with a single tunable param-
eter it is difficult to accommodate the correct placement of 4f

states relative to the valence band involving other atoms, and
an introduction of further tunable U parameters �e.g., for
Sc 3d and O 2p states� would sacrifice physical transparence.

With this in mind, we note in Fig. 3 that occupied R4f

states are �intentionally� placed just below the valence band,
which is formed predominantly by O 2p, with a small ad-
mixture of R5d and Sc 3d in the range between 0 and
−3 eV. However, due to the orbital-dependent potential
taken into account, the 4f peak remains narrow only for Gd
�around −6 eV� with its half-filled shell, whereas for Sm
�from −4.5 to −7 eV� and Dy �from −4.5 to −8.5 eV� it
reveals a system of energy levels, yielding a non-negligible
hybridization with the valence band �majority-spin states�
and the conduction band �minority-spin states�. Apart from
the details of this hybridization, the Sc 3d partial DOS and
the R5d DOS are almost identical throughout the three com-
pounds �occupied: from 0 to −4 eV; unoccupied: 4.5–10
eV�. For the comparison with the experimental data �Figs.
4–6� the Fermi level is shifted by �−2.5 eV into the band
gap. That the experimental Fermi level lies in the calculated
gap can be due to a very small amount of defects.

C. X-ray spectroscopic experiments and discussion

Next we want to discuss the XPS valence-band spectra of
SmScO3, GdScO3, and DyScO3 �Fig. 4�. The experiments
are compared with the results of ab initio band-structure cal-
culations, namely, the total density of states from a GGA
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calculation which gives the best agreement with the experi-
ment. The excitation �N-1 electrons� during the XPS process
is not included in the calculations �N electrons�. Hence the
localized states at �−30 and �−20 eV in the calculations
are located closer to the Fermi level than in the XPS mea-
surement. Moreover, the multiplet effects are not included.
The valence-band region is constituted by R 4f , 5p, 5d and
Sc 3p, 3d, 4s and O 2p, 2s states. These states have different
photoionization cross sections, which should be taken into
account for weighting the corresponding DOS contributions
to yield the simulated spectrum. Specifically, we took the
relative photoionization cross-section values, corresponding
to the excitation energy of 1486.6 eV, from Scofield.37 The
weights tabulated therein, which refer to each respective
electronic shell as a whole, were normalized to a single elec-
tron and then multiplied with partial densities of states and
with the number of atoms of each type in the unit cell, giving
the calculated spectral intensity which is compared to the
experiment. Then the calculated total density of states was
convoluted with a 0.45 eV Gaussian and a 0.5 eV Lorentzian
for experimental and lifetime broadening, respectively.

The valence-band region of SmScO3 is composed of eight
distinct features, a–h. Features a, b, and c at −3.5, −5.0, and

−7.5 eV on the energy loss scale are followed by a shoulder
d at −9.5 eV. The O 2p states are located from −3 to −5 eV,
while the Sm 4f multiplet is found in features b, c, and d.
The next group of features �e, f, and g� is located at −19.5,
−21.5, and −24.5 eV. In this region the O 2s states take
place around −23 eV and the Sm 5p multiplet reaches from
−19 to −25 eV. At −30.5 eV feature h appears which cor-
responds to Sc 3p states. The experiment is very well repro-
duced by the calculation with U=0.4 Ry besides the inten-
sities of Sm 4f multiplet features b, c, and d. For U

=0.8 Ry the calculated Sm 4f states are less splitted and
appear too far away from the Fermi level.

The XPS valence-band region of GdScO3 also consists of
eight features, a–h. The four features close to the Fermi level
are a, b, c, and d at −4.0, −5.5, −7.5, and −8.5 eV. The O 2p

states are located from −3 to −5.5 eV �a and b�, while the
Gd 4f states are relatively localized from −7.5 to −8.5 eV �c
and d�. Features e and f are located at −20.0 and −22.0 eV,
followed by relatively small feature g at −26.5 eV. The O 2s

states are at around −22 eV, and the Gd 5p multiplet reaches
from −18 to −26 eV. Sc 3p feature h takes place at
−30.5 eV. Features a–d close to the Fermi level are in very
good agreement with both calculations. The intensities of
features e and f are reversed in the calculation with respect to
experiment, whereas the g and h features are reproduced
well.

Finally the XPS valence-band DyScO3 consists of nine
features, a–i. Features a, b, and c are located at −4.5, −7.0,
and −9.0 eV, followed by a shoulder at −13.0 eV �d�. From
−3 to −5 eV the O 2p states take place. The Dy 4f multiplet
is comprised of features b, c, and d. Features e, f, and g take
place at −18.5, −20.5, and −23.0 eV. O 2s states are located
at around −22 eV. Sc 3p feature i at −30.5 eV has prepeak
h at −27.5 eV. The Dy 5p multiplet reaches from −18.5 to
−27.5 eV. The three features a, b, and c near the Fermi level
are reproduced by the calculation with U=0.8 Ry a little bit
too far away from the Fermi level, but the calculation with
U=0.4 Ry is in perfect agreement. Multiplet feature d is
missing in calculations. Features e, f, and g are calculated as
two separated peaks. Feature i and prepeak h are in very
good agreement with the calculation. In general the shape of
the XPS measurement is reproduced by the calculations in a
satisfactory way. However, there are some differences in de-
tail. The comparison for GdScO3 and DyScO3 shows a dif-
ference at the group of features around −20 eV. The com-
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parison of the states closer to the Fermi level reveals
differences for SmScO3 by rendering the rare-earth 4f mul-
tiplet in position and splitting. Also the DyScO3 calculations
with U=0.8 Ry show the 4f states shifted away from the
Fermi level. The position of the rare-earth 4f states is influ-
enced by the choice of the U parameter. Other differences
arise from the fact that the calculations did not include mul-
tiplet effects which are more important for rare-earth atoms
than for oxygen and scandium atoms.

Now we turn to a detailed comparison between XPS
valence-band, XES, and pDOS of the calculations. In the left
panel of Fig. 5 the XE spectra of Sm M4,5, O K, and Sc L2,3
are displayed with corresponding partial DOS from the
GGA+U calculations. Below the XPS valence-band spectra
of RScO3, the rare-earth 4f multiplet calculations of Lang et

al.38 are plotted. These calculations are using the Russel-
Saunders spin-orbit coupling scheme for comparison with
XPS valence-band spectra of trivalent rare-earth metals.
Comparable calculations were done by Gerken.39 The XE
spectra have been plotted on a common energy scale with the
XPS valence band by using corresponding XPS core level
binding energies for calibration �Sm 3d: 1109.5 eV; O 1s:
530.0 eV; and Sc 2p: 401.5 eV�. The M4,5 XE spectrum con-
sists of Sm 4f features from −2 to −11 eV with a maximum
at −6 eV. The calculated partial DOS has four features from
−7 to −10 eV. This multiplet structure is better rendered by
the multiplet calculation of trivalent Sm 4f states, which also
shows the main peak at −5 eV.

The O K XE spectrum has two features at −3.0 and
−5.0 eV. These features agree with the calculated O 2p

states. The −5.0 eV feature is due to hybridization of O 2p

and Sc 3d levels. The Sc L2,3 XE spectrum is comprised of
three features at −3.0, −5.0, and −8.0 eV. The −3.0 eV is
due to the hybridization between O 2p and Sc 3d, and the
−5 eV feature is the main feature of Sc 3d levels. The third
feature at −8.0 eV is not covered by the calculation because
it is due to the spin-orbit splitting of Sc 2p of �4 eV. But
this cannot completely explain the shape and energetic posi-
tion of this feature. It is not clear if there is another feature
due to an interaction between Sc and Sm which might be a d

state coupling that was formerly found for complex
oxides.7,8,32

Also the XE spectra of GdScO3 are compared with the
XPS valence-band and pDOS calculations �Fig. 5, middle

panel�. The calculation of trivalent Gd 4f multiplets from
Lang et al.38 is plotted below the XPS valence-band spec-
trum. XPS core level energies have been used to get a com-
mon energy scale �Gd 3d: 1189.5 eV; O 1s: 530.0 eV; and
Sc 2p: 401.5 eV�. The Gd M4,5 XE spectra are comprised of
an intense feature at −8.0 eV with a shoulder at −6.0 eV.
The main feature is rendered by the band-structure calcula-
tion as Gd 4f states. This is also in comparison with the
multiplet calculation of trivalent Gd 4f states. The O K XES
has a O 2p main feature at −3.5 eV with a shoulder at
−5.0 eV which is due to hybridization between O 2p and
Sc 3d. The calculations show O 2p levels around −5 eV.
The Sc L2,3 XE spectrum consists of three features: a Sc 3d

feature at −5.0 eV with a shoulder at −3.5 eV, which is due
to hybridization between Sc 3d and O 2p, and a small shoul-
der from −7.5 to −10 eV which is due to spin-orbit splitting
of the Sc 2p��4 eV�. As discussed before an interaction be-
tween Sc and Gd is possible but weaker than for SmScO3.
The calculation shows the Sc 3d features at −3.5 and
−5.0 eV, but the feature around −9 eV is missing.

In the right panel of Fig. 5 the XES experiments of
DyScO3 are shown, along with the band-structure-calculated
partial densities of states. The common energy scale is
achieved by use of the XPS core level energies �Dy 3d:
1296.0 eV; O 1s: 530.0 eV; and Sc 2p: 401.5 eV�. Multiplet
calculations of trivalent Dy 4f states38 are plotted below the
XPS VB spectrum. The Dy M4,5 XE spectra are comprised of
four Dy 4f features at −5.0, −7.0, −9.0, and −13.0 eV. The
three features from −5.0 to −9.0 eV are calculated with
lower energy, and the feature at −13.0 eV is missing in the
calculation which is due to not included multiplet effects. In
the O K XE spectrum the O 2p main feature at −3.5 eV with
a Sc 3d hybridization shoulder from −5.0 to −7.0 eV is in
perfect agreement with the calculation. The Sc L2,3 spectrum
consists of a peak at −5.0 eV with a shoulder at −3.5 eV
and a smaller peak at −8.0 eV. As discussed for the other
samples the −8.0 eV peak is due to the spin-orbit splitting of
Sc 2p. The interaction between Sc and Dy might be smaller
than for SmScO3 but larger than for GdScO3. The calculation
renders the peaks at −3.5 and −5.0 eV.

Apart from the appearance of R 4f states, the electronic
structures of SmScO3, GdScO3, and DyScO3 are very simi-
lar. The 4f levels, dominating the valence band, are located
at −7.5 eV for Gd. For the Sm and the Dy compounds the
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FIG. 6. �Color online� OK XAS �blue� and XES �red� of SmScO3, GdScO3, and DyScO3. LDA+U calculations below experimental data
were convoluted with 0.7 �XES� and 0.4 eV �XAS� Gaussian for experimental broadening. The calculated unoccupied states are shifted
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R 4f levels are more multiplet splitted in the range from −6
to −10 eV for Sm and from −5 to −9 eV for Dy. The band-
structure calculations show some difference to the R 4f states
due to multiplet splitting of 4f states. This is visible by com-
paring multiplet calculations for trivalent rare-earth 4f states
with the experimental data.

The O and Sc states for which multiplet splitting is less
important are in good agreement with the band-structure cal-
culations. At around −5 eV there are O 2p states which are
hybridized with Sc 3d. An interaction between Sc and R at-
oms might be present in the Sc L2,3 XE spectra at around
−8 eV. Such a hybridization was found for DyScO3 and
GdScO3 by Lucovsky et al.7 and for AScO3 perovskite alloys
by Halilov et al.40

Now we want to discuss the unoccupied states with help
of O 1s x-ray absorption �XA� spectra and calculated O
pDOS convoluted with a 0.4 eV Gaussian for experimental
broadening �Fig. 6�. The XA spectra are shifted by the bind-
ing energy of the O 1s XPS peak �530 eV� for comparison
with the calculations. In the range of 1–20 eV unoccupied
Sc 3d states and R 5d states hybridized via oxygen are
present.7 Three intense features are assigned to Sc 3d at 4 eV,
Dy 5d at 14 eV, and a Sc R mixed d state at 7.5 eV. At 5 and
11 eV smaller features are visible which are due to splitting
of the main features by an uniaxial crystal distortion.

Finally we want to determine the band gaps of the
samples by combining the O 1s XA spectra and the O K XE
spectra �Fig. 6�. The DOS from the first-principles calcula-
tions is also shown for comparison. There are different meth-
ods in literature to obtain band gaps which are comparable
with the method that is used here. Very similar is the ap-
proach made by Dong et al.,41 where the onset of the O 1s
XAS and O K edge XES peaks was taken to determine the
band gap of ZnO. Another possibility is given by Hüfner et
al.42 where the band gap of NiO is determined between
Fermi level of XPS and maximum of the first peak of a
bremsstrahlung isochromat spectroscopy �BIS� spectrum.
The advantages of XAS and XES compared with band-
structure calculations are that a small density of states at the
edge of the band gap are taken into account, the experiments
are made under very similar conditions in a short time range,
and the precise relative calibration of XAS and XES. A dis-
advantage is the element-specific band gap, but due to the
delocalization of the O 2p electrons this method is appli-
cable.

As the band gap is formed by rare-earth 4f , 5d, and scan-
dium 3d states hybridized with O 2p, the LDA+U correction
“naturally” increases the band gap, as is known from many
ab initio studies of correlated oxides. The values of band
gaps resulting from band-structure calculations should not be
taken too seriously because of empirical adjustment of the U

value. Still, it is comfortable, having proceeded from, prima-
rily, the adjustment of the 4f peak positions in the XP spec-
tra, to arrive at values for the band gaps which are in the
range of the results from optical experiments. Also the shape
of the calculations is in very good agreement with the shape
of the XAS and XES experiments. This yields the conviction
that the overall description of the underlying band structure
is correct.

In Fig. 6 the band gap of the calculations is enlarged by
shifting the unoccupied states �1.4 eV for SmScO3, 1.6 eV

for GdScO3, and 1.5 eV for DyScO3� to achieve perfect
agreement with the XA spectra and the XE spectra. To de-
termine the band gap in the experiment the highest occupied
and the lowest unoccupied states of the enlarged calculations
are used so one can overcome the too small band gap of the
calculations. The calculated and experimental values are
compared with ultraviolet absorption results,18 ellipsometry
measurements,7,43 and a combination of internal photoemis-
sion and photoconductivity measurements19 in Table I. The
values determined by XAS and XES are slightly higher than
the results from UV spectroscopy from Cicerella,18 but the
agreement with Lucovsky et al.7 and Afanas’ev et al.19 is
very good. Ellipsometry measurements of Lim et al.43 for
GdScO3 give higher results for the band gap than other meth-
ods, while the transmission spectrum in the same paper show
the absorption onset below 6 eV, which is in agreement with
the present results.

This partly different results can be understood if one takes
into account the differences of the techniques and their inter-
pretation. The band gap is defined as the energetic difference
between the highest occupied and the lowest unoccupied
level in the ground state. In experiments the initial state is
usually the ground state, while the final state differs for vari-
ous techniques. For XPS and XES the final state is a N-1
electron state where one electron has left the atom. During
the XAS process the electron stays in the atom and the final
state is a N electron state. A different charge of the final
states in XPS and XAS processes implies a need to introduce
a correction in order to permit a superposition of both in the
common energy scale. The correction becomes larger the
more “dense” the core states are. Consequently the differ-
ence �correction� is large in R 4f but negligible in O 2p

�weak localization� and in Sc 3d �empty d shell�, the states
which essentially flank the band gap.

IV. CONCLUSIONS

In conclusion the electronic structure of SmScO3,
GdScO3, and DyScO3 is investigated with XPS, XAS, XES,
and band-structure calculations �WIEN2K�. Magnetism versus
temperature measurements reveal antiferromagnetic coupling
at 2.96 �SmScO3�, 2.61 �GdScO3�, and 3.10 K �DyScO3�.
For DyScO3 a Rietveld refinement of a 2 K neutron-
diffraction data set gives a spin arrangement of Dy in the

TABLE I. Band gaps of rare-earth scandates from this work
�LDA+U; experiment� in comparison with values from literature.

SmScO3

�eV�

GdScO3

�eV�

DyScO3

�eV�

Cicerella �Ref. 18� 5.4 5.2 5.3

Lim et al. �Ref. 43� 5.5–6.0 6.5

Afanas’ev et al. �Ref. 19� 5.6 5.7

Lucovsky et al. �Ref. 7� 5.8

LDA+U 4.2 4.2 4.4

experiment 5.6 5.8 5.9
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Pbnm structure �Shubnikov group: Pb�n�m��. The XPS va-
lence band is dominated by the R 4f multiplet structure cor-
responding to a trivalent state. XES measurements show that
the oxygen 2p and Sc 3d levels are strongly hybridized. The
rare-earth 5d states may contribute slightly to this hybridiza-
tion. The band gaps of the compounds are determined by
combining XES and XAS measurements. For SmScO3,
GdScO3, and DyScO3 the band gaps were 5.6, 5.8, and 5.9
eV, respectively.
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The electronic structure of rare-earth scandates RScO3 (R: newly studied Pr, Nd, Eu, and Tb, compared

with previously studied Sm, Gd, and Dy) was analyzed by a combined use of O K absorption and emission

spectroscopies and Sc L-edge absorption spectroscopy. This permitted the estimation of band gaps by use of a

method that differed from optical measurements. The band-gap variation over the series in dependence on the rare-

earth ion is analyzed, and a correlation between the Sc-O mean distance and the band gap is found and discussed.
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I. INTRODUCTION

Transition-metal-based perovskites exhibit a vast variety

of unique physical characteristics, e.g., transport proper-

ties. Among the best known examples of such systems

are cuprates with their high-temperature superconductivity),1

manganites (colossal magneto resistance),2 or cobaltates

(displaying rich magnetic phase diagrams and high-spin to

low-spin transitions).3 More recently, superconducting iron

pnictides4 and multiferroic perovskites like BiFeO3 (showing

ferromagnetic and ferroelectric ordering phenomena)5 have

attracted much attention. On the other hand, dielectric and

ferroelectric “d0-perovskites” like BaTiO3, LaTiO3, or SrTiO3

are subject to intense research activities due to their remarkable

dielectric properties and the possibility to control the electrical

polarization, which is a required prerequisite for constructing

a ferroelectric memory (FeRAM).6 Studying these materials

has significantly changed, within the past three decades, our

fundamental understanding of electron correlation effects.

Basically, transition-metal oxides can be classified into two

type of insulators: Mott-Hubbard insulators (whose band gap is

ruled by the repulsive potential Udd between the 3d electrons)

and charge-transfer insulators, in which the energy between

the filled ligand p bands and the unoccupied upper 3d states

(�pd ) dominates the band gap.7 In this relation, two issues

of interest may be outlined: (i) by analyzing detailed trends

in the band-gap variation, try to learn more about the nature

of correlation in the material(s) in question, and (ii) use the

detected trends to tailor the optical band gap in wide-gap oxidic

insulators to desired values for possible applications, e.g., as

a high-k gate dielectric or a transparent conducting oxide.8

Among a number of other wide-gap oxides, the scandates

of type RScO3 (R = Pr, Nd, Sm, Eu, Gd, Tb, and Dy) are

particularly promising candidates for replacing SiO2 as the

gate dielectric;9–12 moreover, they can be used as a model

system for applications in the terahertz regime.13 Furthermore,

these scandium-based pervovskites belong to the best available

thin-film substrates for the epitaxial growth of high-quality

thin films. This allows a so-called strain tailoring of ferroelec-

tric, ferromagnetic, or multiferroic perovskite thin films by

choosing different RScO3,14–17 including a prediction of the

band-gap reduction at the interface of DyScO3 and SrTiO3.18

A sophisticated description of the electronic structure is of

utmost importance to understand complex properties of RScO3

itself and its interaction to other materials. However, only a

limited knowledge about their electronic structure has been

available until now. Delugas et al.12 performed ab initio
investigations on DyScO3, and Lucovsky et al.10 published

some oxygen x-ray absorption spectra. Raekers et al. published

a work on the electronic structure of SmScO3, GdScO3, and

DyScO3.19 To our knowledge, this was the only work so far

which combined x-ray spectroscopic techniques with ab initio
electronic structure calculations. In the present work, our aim is

to extend the electronic structure studies on the RScO3 series

onto further rare-earth scandates, namely PrScO3, NdScO3,

EuScO3, and TbScO3. We focus on discussing the variation of

the optical band gap in dependence of the rare-earth ion R in

these charge-transfer compounds.

II. EXPERIMENTAL AND THEORETICAL DETAILS

High-quality RScO3 (R = Pr, Nd, Sm, Eu, Gd, Tb, and

Dy) bulk single crystals have been grown from the melt

by the conventional Czochralski technique because of their

congruent melting behavior.14,20 Due to their exceptionally

high melting temperature (>2000 ◦C) and the occurrence of

spiral formation, these crystals required very carefully adjusted

growth conditions. Thus, bulk crystals 18–33 mm in diameter

and about 50 mm in length were obtained in high perfection

[e.g., the rocking curve mapping of the 220 reflection of a

square 0.5-inch DyScO3 wafer showed an average full width

at half maximum (FWHM) of 20 arcsec].

The x-ray absorption spectroscopy (XAS) and x-ray

emission spectroscopy (XES) experiments on these samples

were performed at room temperature at beamline 8.0.1 at the

Advanced Light source (Berkeley, California, USA), using the

soft x-ray fluorescence (SXF) end station of the University

of Tennessee at Knoxville.21 Linearly polarized light with

horizontal plane was incident on the sample, whose surface

was in the vertical plane. The emission was measured along

the electric vector of the incident light in the horizontal plane,

155124-11098-0121/2012/86(15)/155124(5) ©2012 American Physical Society
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FIG. 1. (Color online) O K XAS (green) and XES (blue) of PrScO3, NdScO3, SmScO3, EuScO3, GdScO3, TbScO3, and DyScO3. LDA + U

calculations (black) below experimental data were convoluted with 0.7 (XES) and 0.4 eV (XAS) Gaussian for experimental broadening. The

calculated unoccupied states are shifted upward by 1.4 eV for SmScO3, 1.6 eV for GdScO3, and 1.5 eV for DyScO3.

that is, at a scattering angle of 90◦. This geometry minimizes

diffuse elastic scattering from the surface, since the Brewster

angle in the soft x-ray range is usually very close to 45◦, so

the reflectivity for p light is very close to zero. The light

was incident at 30◦ to the sample normal. Photons with the

energy of 65 to 1400 eV were provided to the end station

via a spherical 925 lines/mm grating monochromator. X-ray

absorption at the Sc L2,3 and O K edges was measured in

total fluorescence yield with a channeltron. The entrance and

exit slits of the spherical grating monochromator were both

set to 40 μm, resulting in an overall resolution of 0.4 eV.

The O 2p→1s x-ray emission spectra were obtained with a

1500 lines/mm, 10-m radius grating. The excitation energies

for the x-ray emission spectra were set to 539.6 eV for the

O K edge, which corresponds to the first XAS minimum after

the two main peaks. The overall “beamline-plus-spectrometer”

resolution was estimated to be of about 0.7 eV for the oxygen

spectra. The resolution can be obtained from the width of the

corresponding elastic recombination peaks at FWHM.

III. RESULTS AND DISCUSSION

Figure 1 shows the O K XAS and x-ray emission spectra

for all compounds, whereby the spectra of SmScO3, GdScO3,

and DyScO3 have been extracted from Raekers et al.19 The

O K x-ray absorption spectra were shifted by the binding

energy of the O 1s XPS peak (530 eV) in order to enable

an easier comparison of the results. The corresponding

O K x-ray emission were shifted by an equal amount on the

energy scale. To get the band gaps without resorting to new

first-principles calculations, we extrapolated the theoretical

highest occupied and lowest unoccupied states by lines in

the spectra of SmScO3, GdScO3, and DyScO3.19 This was

done because the measurements show some states near the

band gap which in fact stem from defects. The slope of

these lines was used to get the band gaps of the other four

samples, which were all measured under equivalent conditions.

More details of this specific procedure can be found at

Raekers et al..19 By using these lines in combination with the

measurements, we got the band gaps listed in Table I without

TABLE I. Band gaps of rare-earth scandates (in eV) as found in the present work (the upper line) in comparison with previously reported

values. Since we applied the identical equivalent experimental conditions, the relative error bars are ±0.1–0.2 eV; the absolute error could be

larger.

PrScO3 NdScO3 SmScO3 EuScO3 GdScO3 TbScO3 DyScO3

Experiment 5.7 5.6 5.6 5.7 5.8 6.1 5.9

Cicerrella22 5.7 5.5 5.4 5.2 5.6 5.3

Lim et al.9 5.5–6.0 6.5

Afanas’ev et al.23 5.6 5.7

Lucovsky et al.10 5.8
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considering the states which are induced by crystal defects.

They are in good agreement with band gaps which were

determined by other methods, like ellipsometry,9,10 ultraviolet

absorption,22 or a combination of internal photoemission

and photoconductivity.23 The applied combination of x-ray

absorption spectroscopy and x-ray emission spectroscopy at

the O K edge leads to good approximations for wide-gap

charge-transfer insulators, since a relatively weak density of

states close to the highest occupied states and/or the lowest

unoccupied can be probed with a relatively precise calibration

of the spectra.

To further confirm the nature of charge order, we plotted

the Sc Lα and the O Kα x-ray emission spectra of SmScO3,

GdScO3, and DyScO3 in Fig. 2, calibrated to the binding

energy scale (adapted from Ref. 19). The O K x-ray emission

spectra reflect wide O 2p bands for these compounds. The

shoulders of the Sc Lα x-ray emission spectroscopy and

O K x-ray emission spectroscopy are aligned with the main

peaks of the O K and Sc Lα , respectively. This indicates

strong 3d-2p hybridization, the highest occupied states being

dominated by occupied O 2p, similar to recently reported

results on ZnF2
24 or on late transition-metal dicyanamides.25

On the other side, the lowest unoccupied states are ruled by

unoccupied Sc 3d hybridized with empty O 2p, as discussed

in some previous works.10,19

Moreover, structural differences may be a potential reason

for the observed band-gap variation, since the �pd value

substantially depends on the metal-oxygen-metal (M−O−M)

angle, which is, in turn, closely related to the size of the rare-

earth ion R.26 A larger rare-earth ion in general leads to a lower

tolerance factor (also called Goldschmidt factor) and, hence, to

an increasing deviation from the ideal 180◦ M−O−M bond an-

FIG. 2. (Color online) Experimental O K (blue) and Sc L2,3

(green) XES spectra of SmScO3, GdSco3, and DyScO3 (extracted

from Raekers et al.19).

FIG. 3. (Color online) Sc L2,3 XAS spectra of RScO3.

gle. This decreases the p-d electron hopping, usually resulting

in a larger band gap. In Fig. 4 we present a number of structural

parameters of RScO3 extracted from Liferovich et al.27 along

with a plot of the experimentally determined band gaps.

The electronic structure of the systems in question is, in

a nutshell, that of “conventional,” “ionic” perovskite-type

oxides: The formal valences are compensated R3+Sc3+O2−

3 ,

so the Sc 3d and R 5d states form the conduction bands

and O 2p—the valence band. In reality (as typical for many

perovskites), the bonding is partially covalent, so a non-

negligible, albeit small, admixture of O 2p can be established

in the conduction band, and that of Sc 3d—in the valence

band. This is evidenced by first-principles calculations (see

also Fig. 6 of Raekers et al.19) and by the present experimental

outcome.

We enter now a somehow more detailed discussion of the

band-gap changes summarized in Table I. Figure 3 shows

the Sc L2,3 x-ray absorption spectra of all RScO3 crystals.

The spectra consist of four main peaks labeled a–d. Peaks a

and b are the main features of the L3 edge, whereas the L2 edge

comprises peaks c and d. The main features of all spectra are

quite similar between themselves and to those of the related

compound LaScO3.28 The peaks a and c can be related to dipole

allowed transitions into the unoccupied Sc 3d t2g-like states;

the peaks b and d represent the empty eg-like states. However,

we want to note that the energy splitting between peaks a

and b (c and d) does not, in general, not even for d0 systems,

correspond directly to the crystal field parameter 10Dq,29 even

if the latter is somehow involved in this interplay. The energy

splitting measured between peaks a and b (c and d) as well as

TABLE II. Measured interpeak distances (in eV ± 0.2 eV) in the

Sc L2,3 XAS spectra of Fig. 3.

a–b c–d a–c b–d

PrScO3 1.9 1.8 4.3 4.2

NdScO3 2.0 1.9 4.3 4.2

SmScO3 2.0 1.9 4.4 4.3

EuScO3 1.9 1.9 4.2 4.2

GdScO3 2.0 2.0 4.4 4.4

TbScO3 1.9 2.0 4.2 4.3

DyScO3 1.9 2.0 4.3 4.4
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FIG. 4. (Color online) (a) Tolerance factor (Goldschmidt factor)

for RScO3, (b) Sc−O−Sc bond angles of RScO3, (c) distances

between Sc and the two oxygen spectra, and (d) Sc−O mean distance

and experimental band gaps. All structural parameters have been

extracted from Liferovich et al..27

between peaks a and c (b and d) are summed up in Table II.

No major differences within the experimental resolution are

found, indicating a quite similar local crystal field environment

of the ScO6 octahedra in all the RScO3 crystals. Therefore,

the changes in local symmetry or crystal field strength are not

likely to be the reason for the observed changes of the optical

band gap. Besides the tolerance factor [Fig. 4(a)] and the

Sc−O−Sc bond angles [Fig. 4(b)], we also show the distances

between Sc and the two oxygen sites, O1 and O2, respectively

[Fig. 4(c)]. At this point we want to mention that the trend

of the most basic structural parameter of the lattice constant

(a and/or c or unit cell volume), is monotonically decreasing.27

Finally, the Sc−O mean distance is also shown [Fig. 4(d)].

Interestingly, the investigated variation of the band gap does

not correlate with the Sc−O−Sc bond angle for RScO3. On

the other hand, a clear correlation between the band gap and

the Sc−O mean distance can be qualitatively established. For

a simple discussion of this finding, two aspects are important:

(i) the “native” Sc 3d states are not partially occupied, so

no Jahn–Teller effect comes about to induce the distortion

of the ScO6 octahedra; (ii) the R 4f states are split much

larger than the band gap and do not “contaminate” the edges

of the latter. The band gap is, therefore, primarily influenced

by the strength of the O 2p–Sc 3d interaction that moves

the barycenters of the valence band and the conduction bands

apart, from which, further, the (half-) width of each of these

bands must be subtracted. As it seems, the band widths are

not markedly dependent on structure parameters of individual

compounds, whereas the band gap (revealing, as it seems,

the strength of O 2p–Sc 3d interaction) inversely follows a

nontrivial variation of the mean Sc−O distance, as R changes;

see Fig. 4. A remarkable observation is that the variations

of bond length of ±0.4% give rise to “amplified” band-gap

variations of ±4.2%.

Apparently, the real trend is much richer in details, because

the deformation of ScO6 octahedra is accompanied by non-

negligible variations of Sc−O−Sc bond lengths (see Fig. 4).

However, the latter do not fall onto any noticeable trend in the

electronic structure. Also, as mentioned before, no obvious

correlation exists with the size of the R ion.

IV. CONCLUSIONS

The band gaps determined by x-ray absorption spec-

troscopy and x-ray emission spectroscopy give data which are

in good agreement with different results from the literature.

The GdFeO3-like distortion of the perovskite structure plays a

key role in the formation of the band gap, because the Sc−O

distances are influenced by the distortion. Our unusual finding

that relative variations of bond length along the row result

in tenfold amplified variations of the band-gap values will

hopefully stimulate additional theory efforts on this class of

materials.
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Abstract

The colossal magnetoresistance manganites La0.87±0.02Sr0.12±0.02MnO3+δ ,

La0.78±0.02Sr0.17±0.02MnO3+δ , and La0.66±0.02Sr0.36±0.02MnO3+δ (δ close to 0) were

investigated by using soft x-ray magnetic circular dichroism (XMCD) and magnetometry.

Very good agreement between the values for the average Mn magnetic moments determined

with these two methods was achieved by correcting the XMCD spin sum rule results by means

of charge transfer multiplet calculations, which also suggest a charge transfer of ∼50% for

Mn4+ and ≃30% for Mn3+. The magnetic moment was found to be localized at the Mn ions

for x = 0.17 and 0.36 at 80 K and for x = 0.12 in the temperature range from 80 to 300 K. We

discuss our findings in the light of previously published data, confirming the validity of our

approach.

(Some figures may appear in colour only in the online journal)

1. Introduction

X-ray magnetic circular dichroism (XMCD) is one of the most

versatile techniques for the study of the internal magnetic

structure of magnetic materials. This stems from its element

specificity as well as the unique possibility to separate spin

and orbital contribution to the magnetic moment by applying

9 Present address: Department of Physics, University of Osnabrück, D-49069

Osnabrück, Germany.

the sum rules developed by Thole [1] and Carra [2]. In order
to extract quantitative accurate results, core level spin–orbit
coupling and core–valence exchange interactions have to be
taken into account [3, 4]. The fundamental issue behind the
correction factor is that assumptions used for the orbital sum
rule are not fulfilled for the L edges of 3d systems. The reason
is that the orbital sum rule implicitly assumes pure L3 and L2

edges. Due to the large 2p3d overlap integrals (a.k.a. multiplet
effects), the L3 and L2 edges mix the 2p3/2 and 2p1/2 character
and the orbital sum rule breaks down. To correct for the error

10953-8984/12/435602+07$33.00 c© 2012 IOP Publishing Ltd Printed in the UK & the USA
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in the sum rule, an alternative procedure is used: (1) the

spectrum is fitted with calculations; (2) the orbital moment for

the theoretical ground state is determined; (3) the orbital sum

rule is applied to the calculated spectra; (4) the error in the

orbital sum rule is determined. Therefore, we do not actually

use a correction factor, but rather a different procedure to

determine the orbital moment. This procedure avoids the

error in the orbital sum rule due to multiplet mixing of the

j-character. These multiplet effects are critical in case of 3d

transition metal oxides, in particular for 3d4 systems the error

of the spin sum rule is very large [4]. Since many 3d4 systems

exhibit intriguing magnetic properties, e.g. are Cr based

ferromagnetic semiconductors [5] or magnetic molecules [6],

SrFeO3 based perovskites [7, 8], and in particular the

manganese based colossal magnetoresistance perovskites

RE1−xAxMnO3 (where RE and A denote a trivalent rare earth

atom and a divalent atom, respectively) [9–11]. Developing a

better understanding of the precise internal magnetic structure

of such materials and their interfaces [12–17] is of utmost

importance.

Here we study a 3d4 and a CMR model system,

namely La0.87±0.02Sr0.12±0.02MnO3+δ , La0.78±0.02Sr0.17±0.02

MnO3+δ , and La0.66±0.02Sr0.36±0.02MnO3+δ (δ close to

0) by means of XMCD, conventional magnetometry and

multiplet simulations including corresponding spin sum rule

correction. We demonstrate and validate the spin sum

rule correction method developed by Piamonteze et al [4]

for the particular delicate case of a 3d4 system leading

to excellent agreement between the results obtained with

different methods. Furthermore we compare our results

with previously published data [13, 18], demonstrating that

previously observed and reported differences using different

methods may be resolved by our approach.

2. Experimental and theoretical details

Single crystals of La0.87±0.02Sr0.12±0.02MnO3+δ , La0.78±0.02

Sr0.17±0.02MnO3+δ , and La0.66±0.02Sr0.36±0.02MnO3+δ were

grown in air by floating-zone method and details can be found

in the work of Shulyatev et al [19]. Electron microprobe

analysis at different points of the samples reveals a potential

deviation from the nominal cation stoichiometry of around

2%, the growth or fritting in air leads to an oxygen content

close to 3. A slightly increased oxygen concentration cannot

be excluded. The XMCD measurements were performed at

beamline 4.0.2 at the Advanced Light Source in Berkeley,

California [20, 21], using the eight-pole electromagnet. The

experiments were performed within a temperature range of

80–300 K and an external magnetic field of 0.7 T, which

was aligned along the c-axis of the crystals. The polarity of

the field was flipped at each data point measured. Spectra

were taken in total electron yield (TEY). The x-ray incident

angle was chosen 90◦ to the sample normal in order to

minimize potential self-absorption and electron yield satu-

ration effects. Magnetization measurements were performed

with a commercial superconducting quantum interference

device (SQUID) magnetometer (Quantum Design MPMS

Figure 1. XMCD spectra of La0.87±0.02Sr0.12±0.02MnO3+δ with
0.7 T applied magnetic field at 80 K in comparison with charge
transfer multiplet calculations.

XL) at the High Magnetic Field Laboratory, Helmholtz-

Zentrum Dresden-Rossendorf. The charge transfer multiplet

calculations were performed using the TT-multiplet code [22,

23]. The Slater integrals and the spin–orbit couplings were

calculated in spherical symmetry and reduced to 80% of the

calculated values. Then an octahedral crystal field (10Dq)

and an external magnetic field of µBH = 0.05 eV along the

z-direction were applied. Finally charge transfer states were

considered. In order to enable a direct comparison between

experiment and simulation, the calculated spectra have been

normalized to 90% circular polarization by considering the

transitions which can only be excited with a linear polarization

vector with 10% weight. Furthermore, the calculated spectra

have been convoluted with the overall experimental resolution

(lifetime broadening plus spectrometer resolution).

3. Results and discussion

Figures 1–3 display the XMCD spectra obtained at

80 K and applied magnetic fields of 0.7 T from

La0.87±0.02Sr0.12±0.02MnO3+δ , La0.78±0.02Sr0.17±0.02Mn

O3+δ , and La0.66±0.02Sr0.36±0.02MnO3+δ . Moreover, charge

transfer multiplet calculations assuming a cubic symmetry

for the systems are shown as well. For all samples the same

parameters were used, but the mixing of Mn3+ and Mn4+

spectra was derived from the formal valence state determined

by the amount of Sr doping. The charge transfer from the

ligand oxygen to the Mn site (3dnL → 3dn+1L−1) is included

in the calculations. The best agreement with the experiment

could be achieved with amounts of approximately 50% and

30% for Mn4+ and Mn3+, respectively.

2
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Figure 2. XMCD spectra of La0.78±0.02Sr0.17±0.02MnO3+δ with
0.7 T applied magnetic field at 80 K in comparison with charge
transfer multiplet calculations.

The XMCD spectra show distinct spectral features at the

Mn L3 edge near 643 eV and the L2 edge around 654 eV.

The main L3 edge feature has two shoulders to lower photon

energy (641.5 and 640.5 eV). At higher photon energy a broad

shoulder is present (around 645 eV). The main feature of

the L2 edge at 653.0 eV has a shoulder at 654.0 eV and a

feature at 641.5 eV. A very small feature appears at 650.5 eV.

It is very similar for all three samples, but the intensities are

slightly different. The feature at 654.0 eV is higher for the

sample with a Sr concentration of x = 0.12 than for the sample

with x = 0.36. The shoulder at 640.5 eV is slightly more

pronounced for the sample with x = 0.36 than for the other

two.

The calculations are in overall satisfactory agreement

with the experiment, but there are some notable differences.

In the positive circularly polarized spectra the main peak at

653.5 eV at the Mn L2 edge is underestimated for all samples,

whereas the prepeak located around 651 eV is overestimated

in the simulations. Furthermore, the 2p–3d spin–orbit splitting

is underestimated approximately by 1 eV in the simulations.

The separation between the L3 and the L2 edge is caused

by the 2p spin–orbit coupling. In many papers it is assumed

that the 2p spin–orbit coupling has its atomic value. However,

looking more closely into this issue there are many cases

where the experimental difference between the L3 and the

L2 edge differs from the theoretical value. The issue is

complicated by the fine structure of the L3 and L2 edges,

which makes it difficult to determine the L3–L2 splitting

precisely. The clearest case is Cu(II), where both the L3 and

Figure 3. XMCD spectra of La0.66±0.02Sr0.36±0.02MnO3+δ with
0.7 T applied magnetic field at 80 K in comparison with charge
transfer multiplet calculations.

the L2 edge contain a single peak. Experimental values for

the 2p spin–orbit splitting range between 19.2 and 20.4 eV,

against the theoretical value of 20.3 eV [24]. It is important to

notice that the 2p spin–orbit coupling does not play a role in

the further discussion of the spin and orbital moment. Instead

the 3d spin–orbit coupling is at stake here and is a crucial

aspect.
The Mn L2 edge prepeak present in the experimental

spectra at 651 eV is hardly visible in the simulations. The

prepeak structure of the Mn L3 edge at 641 eV is not

completely rendered by the calculation. The different mixing

of Mn valence states is overestimated by the calculations

in comparison to the experiment. The less pronounced

fine structure in the experiment might be considered

due to a metallic character of the samples. However, it

has been demonstrated before for a very similar system,

namely La0.7Sr0.3MnO3, that dynamical screening leads to

a superposition of the electronic structure of initial and

final states [25]. Hence, the 2p-hole and the 3d-hole have

radial wavefunctions which overlap significantly, and the

corresponding Mn L2,3 XAS are ruled mainly by (localized)

multiplet effects. Nevertheless, the calculation allows us

to estimate values for the crystal field (1.4 eV), and the

charge transfer amount (Mn4+: 50%, Mn3+: 30%) giving

the described agreement with the experiment. This leads to

averaged 3.9 holes per Mn ion, which we also used for the

sum rule analysis of the experimental spectra. Furthermore,

the nonresonant part of the spectra was subtracted by two step

functions following the approach of Chen et al [26].
For La0.87±0.02Sr0.12±0.02MnO3+δ , La0.78±0.02Sr0.17±0.02

MnO3+δ , and La0.66±0.02Sr0.36±0.02MnO3+δ XMCD spectra

3
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Table 1. Spin and orbital magnetic moment of La0.87±0.02Sr0.12±0.02MnO3+δ , La0.78±0.02Sr0.17±0.02MnO3+δ and
La0.66±0.02Sr0.36±0.02MnO3+δ at various temperatures and with 0.7 T applied magnetic field extracted from XMCD spectra.

T (K) Mspin (µB) Morb (µB)

La0.87±0.02Sr0.12±0.02MnO3+δ 80 1.91 0.03 ± 0.01
La0.78±0.02Sr0.17±0.02MnO3+δ 80 2.21 0.02 ± 0.01
La0.66±0.02Sr0.36±0.02MnO3+δ 80 1.82 −0.02 ± 0.01

140 1.54 −0.02 ± 0.01
150 1.50 0.00 ± 0.01
160 1.38 0.01 ± 0.01
180 0.91 0.04 ± 0.01
200 0.36 0.01 ± 0.01
220 0.18 0.01 ± 0.01
250 0.08 0.01 ± 0.01
300 0.05 0.02 ± 0.01

were measured at temperatures between 80 and 300 K in

applied magnetic fields of 0.7 T. The Mn L2,3 XMCD

spectra are plotted in figure 4. Above 180 K, the dichroism

decreases significantly with temperature and nearly vanishes

at 220 K while its shape is not changing. In table 1 the

spin and orbital magnetic moments extracted using the sum

rules are summarized. Since we already used a geometry

minimizing self-absorption we did not correct the spectra

for electron yield saturation effects. We want to point out

that for other transition metal oxides, like Fe2O3 or Fe3O4

very different values for the electron escape depth have

been reported [27, 28], which may influence any potential

self-absorption correction in a crucial way.

Theoretically, the orbital sum rule is accurate, and we

found only small orbital moments between −0.02 and 0.04

µB per Mn atom; similar absolute values have been reported

before [12]. Hence the major contribution to the overall

magnetization comes from the spin moment. In particular for

the x = 0.12 sample a sign change of the orbital moment

seems to be present at 160 K, which may correspond to a

structural phase transition and a subsequent change of the

orbital occupation of the 3d eg level. Such complex behavior

of the orbital magnetic moment of orbitally degenerated

3d transition metal ions has been theoretically proposed

earlier [29], including the possibility of sign reversal of

the orbital moment via interaction with the ligand states

in different structural and orbitally ordered or disordered

phases [30, 31]. However, on the other hand in many other

systems a clear correlation between the spin and the orbital

moment has been observed, suggesting at least a reduction

of the orbital moment of one order of magnitude (while S is

reduced by about two orders). Hence more experiments, in

particular similar experiments with opposite helicity will be

necessary to ultimately exclude the possibility of any spectral

artifacts, e.g. like ‘offsets’ in the XMCD signal.

In figure 5 the magnetometry data are compared with the

magnetic moments at the Mn atoms determined by XMCD

and the sum rules. Since the spin sum rule is sensitive to a

number of multiplet effects and core–valence interactions for

3d4 systems as Mn3+ ions, we employed the spin sum rule to

our multiplet simulations first in order to derive the correction

factor accounting for these effects [4]. Following the approach

described by Piamonteze et al we find spin sum rule correction

Figure 4. XMCD signals of La0.87±0.02Sr0.12±0.02MnO3+δ with
0.7 T applied magnetic field at various temperatures from 80 to
300 K (a), integrals of three selected XMCD spectra (140, 150, and
180 K), demonstrating the sign reversal of the orbital moment (b).

factors of 0.6405 for Mn3+ and 0.6075 for Mn4+. Employing

these correction factors we find an almost perfect agreement

between the overall moments derived from the XMCD sum

4
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Figure 5. Comparison of magnetic moments of La0.87±0.02

Sr0.12±0.02MnO3+δ (a), La0.78±0.02Sr0.17±0.02MnO3+δ (b), and
La0.66±0.02Sr0.36±0.02MnO3+δ (c) determined by SQUID and
XMCD. The XMCD results were corrected as described in the text.

rules and the magnetometry result (see figure 5). Note that the

3d spin–orbit coupling (ls coupling) was reduced to 25% in

the charge transfer multiplet simulations. A 3d-ls coupling of

100% leads to an error of around 10% of magnetic moments

calculated from the XMCD spectra. Obviously, the Mn3+

(3d4) configuration is in particular sensitive to the 3d-ls

coupling, since the spin sum rule correction factor is strongly

reduced with 100% 3d-ls coupling (0.5462), whereas the

correction factor for Mn4+ ions remains almost unchanged

(0.6066) compared to 25% 3d-ls coupling.

The magnetic moment derived from XMCD data can

also be corrected following a second approach developed

by Teramura et al [3]. Using that approach for Mn L edge

XMCD has been very successful in deriving the magnetic

moment in Mn based magnetic molecules [32]. The factor for

Mn4+ and Mn2+ are 0.68 and 0.587, respectively. We have

approximated the factor for Mn3+ as a linear combination of

the factors for 2+ and 4+. We have also taken into account the

charge transfer for Mn4+ and Mn3+ as used in the multiplet

calculations. This approach leads within 1% deviation to the

same results as the correction factors estimated from our

multiplet simulations.

In figure 5(a) the magnetization of La0.87±0.02Sr0.12±0.02

MnO3+δ , La0.78±0.02Sr0.17±0.02MnO3+δ , and La0.66±0.02

Sr0.36±0.02MnO3+δ is shown for temperatures from 1.8 to

300 K in fields of 0.7 and 5 T. The magnetic moment at

the Mn atoms determined by XMCD at temperatures from

80 to 300 K at 0.7 T is also presented for comparison.

With the corrections mentioned above an almost perfect

agreement between magnetometry and XMCD could be

achieved. The Curie temperature TC = 177 K determined

by Dabrowski et al [33] is also in agreement with our

results. The comparison between magnetometry and XMCD

at 80 K and 0.7 T for La0.87±0.02Sr0.12±0.02MnO3+δ ,

La0.78±0.02Sr0.17±0.02MnO3+δ , and La0.66±0.02Sr0.36±0.02

MnO3+δ is presented in figures 5(b) and (c), respectively. Here

very good agreement between magnetometry and XMCD was

achieved by the corrections mentioned above confirming the

validity of our approach. We want to mention that we did not

consider potential contributions from the other elements to the

total magnetic moment here. Other XMCD studies on very

similar samples revealed only low contributions of the oxygen

atoms [12] and a small spin moment of less than 0.1 µB/La

atom [34].

The maximal magnetization of the La0.87±0.02Sr0.12±0.02

MnO3+δ , La0.78±0.02Sr0.17±0.02MnO3+δ , and La0.66±0.02

Sr0.36±0.02MnO3+δ samples for a temperature of 1.8 K and an

applied field of 5.0 T is 3.31 µB/f.u. for x = 0.12. This value

seems to be too small in comparison with a simple atomistic

‘spin-only guess’ for a completely ferromagnetic orientation

of the spins, which gives 3.88 µB/f.u. with 12% Mn4+ (3 µB)

and 88% Mn3+ (4 µB). For x = 0.17 we found for the same

conditions 3.57 µB/f.u. which is larger than for x = 0.12, but

again smaller than the theoretical value of 3.83 µB/f.u. For

x = 0.36 the experiment is with 3.53 µB/f.u. much closer

to the ‘spin-only guess’ with 3.64 µB/f.u.. Our results for

x = 0.12 and 0.17 are in better agreement with neutron powder

diffraction measurements [33] giving ≃3.4 µB and ≃3.5 µB

for similar Sr concentrations. The too small values could

be explained with cation deficiency and a slightly too high

oxygen content which leads to lower magnetic moments [35],

but also to a change of the Curie temperature. However, these

results demonstrate that the influence of cation deficiency and

oxygen content to the saturation magnetization is not larger

than 15%.

With 3.1 oxygen atoms/f.u. and ≃3.6 µB/Mn Bukowski

et al [35] found a decreasing TC by more than 20 K for a

sample with x = 0.185. In the case of our sample with x =

0.17 we would achieve a transition temperature TC < 260 K,

which would be observed by our magnetization measurements

(see figure 5, middle panel). Another explanation is given by

Pinsard et al [36] finding a spin canting in a sample with

x = 0.125 by means of neutron powder diffraction. This effect

is explained with a strong coupling of Jahn–Teller distortion,

ferromagnetic ordering and transport properties. For a higher

Sr concentration the Jahn–Teller distortion becomes smaller

5
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and the difference of the magnetization to the theoretical

completely ferromagnetic ordered magnetization disappears.

Such a spin canting was also observed by neutron powder

diffraction by Xiong et al [37] in this Sr concentration range.

They found the angle between spin and c-axis for x = 0.11◦

to be ≃ 77◦. For x = 0.165 40◦ and for x = 0.185◦ ≃ 15◦

were determined. Our samples with low Sr concentration

are in the range of the coupling between structural and

magnetic properties (0.11 ≤ x ≤ 0.185) and the canted spin

configuration leads to lower magnetizations than expected for

a completely ferromagnetic spin orientation.

Finally we want to compare our results with similar

XMCD studies reported in literature. Koide et al [13]

performed a concentration dependent XMCD study on a series

of La1−xSrxMnO3+δ polycrystals. They found discrepancies

of 30–40% between the moments derived from the XMCD

signal and their SQUID results. Applying our correction

factors for Mn3+ and Mn4+ the error reduces to 10–15%.

Whereas the spin sum rule results reveal markedly too low

moments, they are too high if one includes the correction

factors. The remaining discrepancy may be due to a

somewhat inaccurate estimation of the number of holes (they

estimated the error to be approx. 10% [13]) and due to

inaccuracies stemming from the extraction of the moments

from reference [13]. Nevertheless, the discrepancy between

the magnetic moments probed by SQUID and XMCD reduces

markedly for all samples with one exception (x = 0.4). Hence,

our spin sum correction factor obviously also improves the

results of other measurements performed earlier on similar

manganite systems. On the other side Park et al [18]

probed an La0.3Sr0.7MnO3 thin film by means of XMCD

and SQUID. Also they find differences between bulk and

surface magnetism, which however is shown to be related to

intrinsic properties of the film, e.g. surface stress or finite size

effects. However, also for thin film systems, especially if they

comprise more than one magnetic element, the application of

a spin sum rule correction factor could be of advantage, as

already motivated in the introduction.

4. Conclusions

In summary, the average magnetic moments for the com-

pounds La0.87±0.02Sr0.12±0.02MnO3+δ , La0.78±0.02Sr0.17±0.02

MnO3+δ , and La0.66±0.02Sr0.36±0.02MnO3+δ (δ close to 0)

were determined using SQUID measurements and XMCD

using the spin sum rule correction approach by Piamonteze

et al [4] and Teramura et al [3], taking into account the influ-

ence of charge transfer. With this combination of experiments

and theory we demonstrate that the spin sum rule correction

approach is applicable for the particularly delicate case of

3d4 systems, since the spin sum rule error is extremely large

for these systems. For the samples with x = 0.12 and 0.17,

indications for a canted spin configuration are found. The

good agreement of the magnetic moment measured by SQUID

magnetometry and that determined from XMCD for the

single crystalline samples of La0.87±0.02Sr0.12±0.02MnO3+δ ,

La0.78±0.02Sr0.17±0.02MnO3+δ , and La0.66±0.02Sr0.36±0.02

MnO3+δ indicates that the magnetic moment is, to a large

extent, localized at the Mn ions at 80 K. For x = 0.12, the
localization is observed in the temperature range from 80 to
300 K.
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Electronic and magnetic properties of the charge ordered phase of LuFe2O4 are investigated by means of

x-ray spectroscopic and theoretical electronic structure approaches. LuFe2O4 is a compound showing fascinat-

ing magnetoelectric coupling via charge ordering. Here, we identify the spin ground state of LuFe2O4 in the

charge ordered phase to be a 2:1 ferrimagnetic configuration, ruling out a frustrated magnetic state. An

enhanced orbital moment may enhance the magnetoelectric coupling. Furthermore, we determine the densities

of states and the corresponding correlation potentials by means of x-ray photoelectron and emission spec-

troscopies, as well as electronic structure calculations.
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Multiferroic transition metal oxides, i.e., compounds in
which more than one ferroic phase coexist, have gained enor-
mous attention during the last few years.1–4 Besides a num-
ber of perovskites and related compounds,2,5,6 the charge
frustrated layered compound LuFe2O4 has attracted intense
interest due to its fascinating ferroelectric and magnetoelec-
tric properties.7,8 LuFe2O4 has a rhombohedral crystal struc-

ture �space group R3̄m�. The underlying layered structure
consists of W-like hexagonal Fe2O2.5 and U-like LuO1.5

layers.9 The W layers comprise two triangular nets of Fe

ions; the resulting electric polarization is induced via a frus-

trated charge ordering of Fe2+ and Fe3+ ions on the resulting

honeycomb lattice below 330 K.10–12 Below 240 K a long-

range ferrimagnetic order sets in.7 The fact that the ferroelec-

tricity is caused by correlated electrons from the Fe ions

leads to unusual properties and unique capabilities of

LuFe2O4. A large response of the dielectric constant by ap-

plying small magnetic fields has been found, opening a pos-

sible route for future devices.8 Phase transitions from the

charge ordered �CO� phase have been very recently associ-

ated with a nonlinear current-voltage behavior and an

electric-field-induced phase transition, which might be of in-

terest for potential electric-pulse-induced resistive switching

applications.13,14

The large magnetoelectric coupling has been attributed to

an intricate interplay between charge and spin degrees of

freedom with the crystal lattice and external electrical and

magnetic fields to some extent on a short-range order.15–19

However, there is still some confusion about the nature of

spin-charge coupling in LuFe2O4. In particular a model find-

ing a �3��3 CO ground state20,21 is challenged by simula-

tions implying that the electrical polarization in LuFe2O4 is

due to spin-charge coupling and a spin frustrated magnetic

ground state in a chain CO state.22,23 On the other hand the

first model finds a ferrimagnetic spin ground state where

Fe2+ and 1/3 of Fe3+ make up the majority spin, and 2/3 of
Fe3+ make up the minority spin.

X-ray magnetic circular dichroism �XMCD� is a very
powerful tool to investigate the internal magnetic structure of
the compound in question, including the unique possibility to

separate the magnetic moments into their spin and orbital

contributions. We applied XMCD to the Fe L edge in the

charge ordered phase around 270 K and compare these re-

sults to corresponding full multiplet calculations. Further-

more, we performed x-ray photoelectron spectroscopy �XPS�
and x-ray emission spectroscopy �XES� studies of the va-

lence band. These results are compared to first-principles

band-structure calculations in order to determine the Cou-

lomb repulsion correlation strength between the Fe 3d and

Lu 4f ions in LuFe2O4. High-quality single crystals were

grown using a four-mirror floating zone furnace, as described

elsewhere.24

Core levels and valence band were recorded by means of

XPS, using a PHI5600ci multitechnique spectrometer with

monochromatic Al K� radiation with an overall resolution of

about 0.3 eV. The XMCD, XAS, and XES measurements

were performed at beamlines 4.0.2 and 8.0.1 at the Advanced

Light Source in Berkeley, California. In order to get a sample

surface free of contamination the crystal was cleaved in situ

just prior to the XPS and XMCD experiments. In case of the

bulk sensitive XES the sample was rinsed with isopropanol

before mounting the sample into the transfer chamber. The

ab initio electronic structure calculations were performed us-

ing the �linearized� full-potential augmented plane-wave

method25 of the density-functional theory, as implemented in

the WIENK2K code.26 The Fe L2,3 XAS and XMCD are com-

pared to full multiplet simulations which were carried out

with the TT-multiplets program package.27,28

Figure 1 displays the Fe 2p XPS of LuFe2O4 along with

the spectra of reference compounds, namely, FeO �Fe2+�,

PHYSICAL REVIEW B 80, 220409�R� �2009�

RAPID COMMUNICATIONS

1098-0121/2009/80�22�/220409�4� ©2009 The American Physical Society220409-1



LiFeO2 �Fe3+�, and a 1:1 superposition of both reference

spectra, representing a result for a nominally Fe2.5+ based

oxide since XPS is significantly more sensitive to the elec-

tronic configuration �charge transfer� than to the local sym-

metry. All spectra were recorded directly after cleaving the

samples in ultrahigh vacuum in order to avoid any surface

contamination. The Fe 2p3/2 peak of LuFe2O4 at 710 eV has

a shoulder at 709 eV, which is due to the mixed Fe valence

state in this compound. The Fe 2p1/2 peak is located at 705

eV. From the chemical shift of the Fe main peaks one cannot

easily determine the valence state of Fe, following the usual

procedure, because of the smallness of the shift. The satel-

lites give better information about the valence state of the Fe

ions. In the Fe2+ reference sample two satellites are present

at 716 and 730 eV. The satellites of the Fe3+ reference are

located at 718 and 732 eV. The LuFe2O4 Fe 2p spectrum

shows clearly the presence of both types of satellites, yield-

ing in fact a very good agreement with the superimposed

�0.5 Fe2++0.5 Fe3+� reference spectrum.

The electronic structure of occupied states was investi-

gated by XPS of the valence band and XES from

Fe 3d→Fe 2p and O 2p→O 1s. The results are presented in

Fig. 2 in comparison with GGA+U calculations, in which

the U value of 0.7 Ry was selected for Lu 4f and

U=0.3 Ry for Fe 3d, guided by the best agreement with the

valence-band XPS in the placement of respective peaks. In

the XPS spectrum two peaks of the Lu 4f multiplet are lo-

cated at −7.5 and −9 eV. The structure from −3 to −6 eV is

distributed to O 2p states hybridized with Fe 3d states,

which is in comparison with the XES spectra of the Fe L and

the O K edges. The small states close to the Fermi level

�from 0 to −1 eV� can be interpreted as highest occupied

Fe 3d �dxy ,dx2−y2� states of the divalent sites in comparison

with band-structure calculations of Xiang and Whangbo.20

The band-structure calculations presented in Fig. 2 are in

excellent agreement with the XES and XPS measurements. It

should be noted that the present calculation ignores charge

ordering and assumes a minimal single unit cell of seven

atoms. We checked that, in agreement with earlier calcula-

tions, a tripled unit cell with different magnetic and charge

states over six Fe sites results in the opening of a band gap.

However, a meaningful identification of all important fea-

tures in the electronic structure is already possible on the

basis of the single-cell calculation. The states close to the

Fermi level in the XPS valence band can be identified as

highest occupied Fe 3d states. Remarkable agreement is ob-

tained between the XPS and the calculation in the range from

−5 eV to the Fermi level as can be seen in the 30 times

enlarged spectra in the top of Fig. 2. The strong hybridization

between Fe 3d and O 2p becomes clear if one compares the

peak structures of the calculated density of states of these

states where the most intense Fe 3d states are located at −6

and −7 eV and the most intense O 2p states are located at

−3.5 and −4.5 eV. Here, it is very clear that the states at

higher binding energy ��−6 eV� have a d character and the

states at �−4 eV have a p character, as was found in Ref. 29

for KTaO3 and KNbO3. For two pronounced peaks identified

with Fe 3d states at −7 and −6 eV, the lower is primarily

formed by dz2 and dxy +dx2−y2 states, of which the latter do

equally contribute to the peak at −6 eV. This upper peak is

otherwise built by the dxz+dyz states. This agrees with the

results of Xiang et al. In our calculation, the hybridization

between Fe 3d and O 2p states seems slightly stronger than

in previously published works; this strength must to some

extent depend on the U value used. Note that the above la-

beling of the 3d orbitals is only approximative in the struc-

ture in question, as the spin and orbital diversification and

related distortions would reduce the symmetry. The results

give rise to different combinations of d orbitals—see Khom-

skii and Kugel.30

The hybridization between Fe 3d and O 2p states, a priori

important for holding together the W layer, does not result in

a substantial delocalization of magnetic moments, thus justi-

fying our single-ion multiplet calculations. It can be con-

cluded that magnetic density from Fe sites is only slightly

spilled onto O in the W layer, not onto �equally close� O in

the U layer. Note that this effect must be in fact somehow

overestimated in the present calculation because of the fer-

romagnetic structure assumed, and in the genuine spin-

charge mixed structure the localization of magnetic moments

on the Fe sites should be stronger.

In Fig. 3 the XMCD spectra of the Fe L edge, measured in

total electron yield �TEY� mode at �150 K, are presented in

FIG. 1. �Color online� Fe 2p XPS of LuFe2O4, FeO �Fe2+ ref-

erence�, and LiFeO2 �Fe3+ reference�.

FIG. 2. �Color online� XPS valence band, Fe L edge, and O K

edge XES in comparison with GGA+U calculations.
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the upper part of the graph, with ligand multiplet calculations

in C3i symmetry plotted in the lower part of the graph for

comparison. The sample was cleaved at an ambient pressure

of around 5�10−5 mbar and a temperature of around 80 K

�nitrogen precooling� before being transferred into the he-

lium cryostat with a pressure of around 5�10−8 mbar. The c

axis of the LuFe2O4 single crystal was aligned parallel to the

external applied magnetic field �6 T�.
The Fe2+ and Fe3+ peaks of the L3 edge are located at 708

and 709.5 eV, respectively. The Fe3+ contribution is some-

what higher than 50% �due to the relatively high ambient

pressure during cleaving the sample�, and we had to take into

account an additional Fe3+ contribution in order to get the

best fit to the XAS. A comparison of fluorescence yield to

electron yield XAS measurements, not shown here, revealed

a contribution of the additional Fe3+ signal in the TEY spec-

tra of about 50% compared to the bulk signal. This signal has

been assumed not to contribute to the XMCD signal. The

Fe L2-edge peaks are located at 721 and 723 eV with a shoul-

der at 720 eV. The experimental dichroic signal at the L2

edge is very small, but the calculated dichroism at the L2

edge is in agreement with experiment. The L3 edge shows a

clear dichroism at the Fe2+ peak, whereas a smaller dichro-

ism at Fe3+ is of the opposite sign. This is a clear indication

of all Fe2+ sites being in the majority-spin state, while 1/3 of

the Fe3+ spin being in majority and 2/3 in minority. This

configuration is also used for the multiplet calculations

shown in Fig. 3�b� and gives a very good agreement with the

experiments besides the shoulder at 707 eV, which is over-

estimated by the calculation. In particular the reversal sign in

the XMCD between 708 and 709.5 eV visible in the experi-

mental data is perfectly reproduced by the simulations. We

also calculated a frustrated spin configuration according to
Nagano et al.22 The results are shown in Fig. 3�c�. As one
can see there are significant differences between the mea-
sured spectra and the simulations, indicating that the Fe ions
are not in a spin frustrated ground state.

This nonfrustrated spin configuration results in a

saturation magnetic moment of the spin moment of

4�B− �2 /3�5�B+ �1 /3�5�B=2.33�B / f.u., considering a

purely ionic configuration. The maximal orbital moment for

Fe2+ in a trigonal bipyramidal crystal field and in high spin

state is morb= �2�B / f.u. for the occupation of dxy or dx2−y2.

Fe3+ in high spin state has no orbital moment due to com-

pletely filled spin-up states and completely empty spin-down

states. This results in a maximal total magnetic moment of

mtot=2.33�B / f.u.+2�B / f.u.=4.33�B / f.u. In our experiment

the spin and orbital sum rules give a spin magnetic moment

equal to 1.1�B / f.u. and an orbital moment of 0.76�B / f.u.

The simulated spectra and the expectation values obtained

from the multiplet program were used to calculate a correc-

tion factor of 0.55 for the spin sum rule. The simulated spec-

tra and the expectation values obtained from the multiplet

program were used to calculate a correction factor to the

effective spin sum rule. The correction factor found is 0.55,

which also corrects for the non-negligible value of the mag-

netic dipole term �Tz� found to be 0.1 from the Fe2+ simula-

tions. The relatively high orbital moment can be explained

by the anisotropy induced by the bipyramidal local environ-

ment, and it can be also determined from the multiplet cal-

culation of Fe2+. The orbital moment is the reason for the

spin-lattice interaction, and the magnetic easy axis is set by

the orbital moment, which is fixed in the lattice by the elec-

tron configuration. Thus, this result clearly supports the

model finding a �3��3 CO ground state including signifi-

cant intersheet spin-exchange interactions.20,21

In conclusion, we performed an electronic structure inves-

tigation of the charge frustrated multiferroic LuFe2O4 with

special emphasis on the charge ordered phase at room tem-

perature, leading to a detailed picture of the electronic and

magnetic properties. We identified the electronic states of the

valence band by means of valence-band XPS and XES, and

GGA+U first-principles calculations. Fe L-edge XMCD and

multiplet simulations demonstrate a strong coupling between

the charge order and the magnetic structure of LuFe2O4. Fur-

thermore, the quite large orbital moment found may enhance

the magnetoelectric coupling.
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FIG. 3. �Color online� �a� Fe L edge XMCD performed at 150

K, and �b� and �c� ligand field multiplet simulations considering

different possible spin orderings.
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We study the underlying chemical, electronic, and magnetic properties of a number of magnetite-based

thin films. The main focus is placed onto Fe3O4(001)/NiO bilayers grown on MgO(001) and Nb-SrTiO3(001)

substrates. We compare the results with those obtained on pure Fe3O4(001) thin films. It is found that the

magnetite layers are oxidized and Fe3+ dominates at the surfaces due to maghemite (γ -Fe2O3) formation, which

decreases with increasing magnetite layer thickness. For layer thicknesses of around 20 nm and above, the cationic

distribution is close to that of stoichiometric Fe3O4. At the interface between NiO and Fe3O4 we find the Ni to

be in a divalent valence state, with unambiguous spectral features in the Ni 2p core level x-ray photoelectron

spectra typical for NiO. The formation of a significant NiFe2O4 interlayer can be excluded by means of x-ray

magnetic circular dichroism. Magneto-optical Kerr effect measurements reveal significant higher coercive fields

compared to magnetite thin films grown on MgO(001), and an altered in-plane easy axis pointing in the 〈100〉
direction. We discuss the spin magnetic moments of the magnetite layers and find that a thickness of 20 nm or

above leads to spin magnetic moments close to that of bulk magnetite.

DOI: 10.1103/PhysRevB.94.024401

I. INTRODUCTION

Transition metal oxides display a remarkable variety of

properties as functions of the complex interplay among the

electron charge, spin, and orbital degree of freedom. Among

many other transition metal oxides, as, for instance, perovskite-

based manganites, ferrites, or cuprates, the oldest known

magnetic material, namely magnetite (Fe3O4), is of special

interest in current condensed matter and thin film physics.

This fact stems partly from fundamental aspects as the high

Curie temperature (860 K) for bulk material with a magnetic

saturation moment of 4.07 μB per formula unit [1,2], the

Verwey transition taking place at around 120 K [3,4], as well

as the predicted 100% spin polarization of Fe3O4 [5], and

partly from this material being of special interest for various

applications in medicine, catalysis, and in particular future

spintronic devices such as spin valves or magnetic tunnel

junctions [6–9]. Recent approaches are pointing towards the

synthesis of so-called all-oxide devices, e.g., by epitaxial

growth of Fe3O4 on SrTiO3(001) substrates to obtain the

desired magnetite properties for further incorporation into

Fe3O4/La0.7Sr0.3MnO3 spin valves [10]. Another promising

route to build a full oxide spin valve is to employ exchange

bias between a ferro(i)magnetic and an antiferromagnetic

oxide to manipulate the magnetization state of magnetite [11].

Such an exchange interaction can be realized by coupling of

Fe3O4 with antiferromagnetic NiO in thin film heterostructures

[11–13]. However, for the optimization of such potential all-

oxidic devices as mentioned above, detailed characterization

*kkuepper@uos.de

and understanding of the underlying structural, chemical,

electronic, and magnetic properties of the thin films and the

interfaces, e.g., between magnetite and the substrate or the

antiferromagnetic NiO are indispensable.

The lattice mismatch between magnetite (bulk lattice con-

stant 0.83963 nm) and the doubled MgO bulk lattice constant

(0.42117 nm) is only 0.3%, making MgO an optimal candidate

for epitaxial magnetite growth, which has been demonstrated

many times using various deposition techniques [14–19].

There are quite a few works on Fe3O4/NiO bilayers and

multilayers, mostly grown on MgO, investigating the structural

properties of the heterostructures and the nature of exchange

interaction between magnetite and (the antiferromagnetic)

nickel oxide [13,20–22].

Thin magnetite films grown on SrTiO3(001) allow tuning

the conductivity via Nb doping, which is of interest for some

important applications. Quite a few studies reveal altered

magnetic properties such as a strongly increased coercive

field compared to films grown on MgO [23,24]. Furthermore,

Monti et al. recently report that the magnetic easy axis

points along the in-plane 〈100〉 film directions [25] rather

than the 〈110〉 directions for the easy axis mostly reported

for SrTiO3 [26] and MgO [19,27]. Despite the large lattice

mismatch of −7.5% between the doubled SrTiO3 bulk lattice

constant (0.3905 nm) and magnetite, at least some of the

thin films appear to grow almost relaxed on the SrTiO3(001)

surface [25,28], and hence the reason of the altered magnetic

properties including the role of epitaxial strain and potential

formation of antiphase domain boundaries (APBs) is still

under discussion. As to coupled Fe3O4/NiO bilayers grown

on SrTiO3, up to now only Pilard et al. have reported on

the magnetic properties of the Fe3O4/NiO interface [29].

2469-9950/2016/94(2)/024401(10) 024401-1 ©2016 American Physical Society
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They found evidence for a 1.5-nm-thick NiFe2O4 interfacial

layer. An enhanced interfacial magnetization was also found

by Krug et al., who presented a rather complete study of

the interfacial coupling of ultrathin NiO films grown on

differently oriented Fe3O4 single crystals [30,31].

Since the orientation of the interface is of utmost importance

for the magnetic properties in oxidic thin film systems, we

want to perform a comprehensive study of Fe3O4(001)/NiO

bilayers grown by reactive molecular beam epitaxy (RMBE)

on MgO(001) and Nb-doped SrTiO3(001) substrates, re-

spectively. We investigate the electronic structure and the

chemical composition by means of depth-selective hard x-ray

photoelectron spectroscopy (HAXPES) and x-ray magnetic

circular dichroism (XMCD) at the Fe L2,3 and Ni L2,3 edges.

This complementary x-ray spectroscopic approach, along with

magneto-optical Kerr effect (MOKE) measurements, allows us

to develop a detailed picture of the overall electronic and mag-

netic structure of the magnetite-based bilayers in question. We

compare our results with those obtained on pure magnetite thin

films grown under equivalent conditions on Nb-SrTiO3(001)

and recent investigations reported in the literature.

II. EXPERIMENTAL AND THEORETICAL DETAILS

Preparation of the Fe3O4/NiO heterostructures and in situ

characterization by means of low energy electron diffraction

(LEED) and XPS have been performed in a multichamber

ultra-high-vacuum system. The XPS system is equipped with

a Phoibos HSA 150 hemispherical analyzer and an Al Kα

anode (1486.6 eV), leading to an information depth (∼3-nm

mean free path) of about 5 nm in the case of magnetite. Prior

to thin film deposition the MgO(001) and SrTiO3 (doped with

0.05 wt% Nb) substrates were cleaned by heating them up to

400 ◦C at an oxygen partial pressure of 1 × 10−4 mbar for 1 h.

Afterward the quality of the substrates was checked by LEED.

In the next step NiO layers were deposited under an oxygen

partial pressure of 1 × 10−5 mbar at a substrate temperature of

250 ◦C (in order to prevent any Mg interdiffusion in the case

of MgO) [32]. After checking the quality of the NiO surfaces

by LEED and XPS, the magnetite layers were grown on top

of the NiO films at 250 ◦C and an oxygen partial pressure of

5 × 10−6 mbar. Subsequently LEED and XPS were performed

in situ in order to check the magnetite surface reconstruction

and chemical composition.

Then the samples were transported under ambient con-

ditions for further characterization. MOKE measurements

were conducted with a longitudinal setup and a HeNe laser.

The Kerr rotation was measured with help of a photoelastic

modulator (PEM). For the HAXPES experiments we used the

HIKE endstation of the KMC-1 beamline of the BESSY II

synchrotron facility [33]. Spectra were recorded at photon en-

ergies ranging from 2.2 to 9.6 keV, using the Si double-crystal

monochromator with (111) orientation over the entire energy

range. The samples were aligned at 3◦ grazing incidence to

the incoming x-ray beam. The Scienta R4000 photoelectron

analyzer was normal to the sample surface, and the analyzer

resolotion was set to 0.25 eV. All HAXPES were taken at

room temperature, as well as the XMCD spectra performed

at the Fe L2,3 and Ni L2,3 edges at beamline 6.3.1 of the

Advanced Light Source, Lawrence Berkeley Laboratory. We

TABLE I. Sample abbreviations (used in the text for brevity)

and thin film thicknesses (in parentheses) as determined from x-ray

reflectivity (XRR) experiments.

Sample Substrate Thin film layer(s)

S1 SrTiO3 Fe3O4 (12.3 nm)

S2 SrTiO3 Fe3O4 (21.5 nm)

S3 SrTiO3 Fe3O4 (33.0 nm)

SN1 SrTiO3 NiO (5.0 nm) Fe3O4 (6.2 nm)

SN2 SrTiO3 NiO (9.7 nm) Fe3O4 (9.6 nm)

SN3 SrTiO3 NiO (10.3 nm) Fe3O4 (20.7 nm)

M1 MgO Fe3O4 (20.0 nm)

MN1 MgO NiO (5.2 nm) Fe3O4 (6.1 nm)

MN2 MgO NiO (11.5 nm) Fe3O4 (10.5 nm)

MN3 MgO NiO (8.2 nm) Fe3O4 (21.5 nm)

utilized total electron yield (TEY) as detection mode, which

is mainly sensitive to the surface near region. The external

magnetic field of 1.5 T was aligned parallel to the x-ray beam

and reversed at each energy. The angle between sample surface

and x-ray beam was 30◦. The degree of circular polarization

was about 55%.

For the analysis of the Fe L2,3 XMCD spectra, we performed

corresponding model calculations within the atomic multiplet

and crystal field theory, including charge transfer using the

program CTM4XAS [34,35].

III. RESULTS AND DISCUSSION

The Fe3O4/NiO bilayers were synthesized using the same

setup and using the same growth conditions described very

recently by Schemme et al. [22]; see also the experimental

section. All cleaned MgO(001) and SrTiO3(001) substrates

were checked by means of LEED for the expected (1 × 1)

structure. Subsequently to each layer deposition, the NiO

and magnetite layers were investigated for the typical NiO

(1 × 1) LEED pattern and the characteristic (
√

2 ×
√

2)R45◦)

superstructure for Fe3O4. Ni 2p and Fe 2p XPS core levels

confirm the formation of stoichiometric NiO and Fe3O4

deposited on MgO(001) and SrTiO3(001). These data are

discussed in detail along with a comprehensive structural

analysis elsewhere [36]. Here we only sum up the results for

the layer thicknesses (determined by x-ray reflectivity (XRR))

in Table I in order to report on the thickness dependence of the

electronic structure and magnetic properties.

A. Electronic structure: Hard x-ray photoelectron

spectroscopy (HAXPES)

In this section we want to clarify the chemical properties

of the thin film surfaces and interfaces in detail. HAXPES

measurements have been demonstrated to be a powerful tool

for chemical depth profile and hence the characterization

of buried layers and interfaces [37,38]. All HAXPES

measurements presented in Figs. 1 to 3 are recorded in the

geometry described in Sec. II. The probing or information

depth (ID(95)) is defined as the depth from which 95%

of the photoelectrons of the spectra come from. ID(95)

can be derived by the following equation [39]: ID(95) =
λIMFPcos(α)ln(1 − 95/100). Here α represents the off-normal

emission angle. λIMFP is the inelastic mean free path of the

024401-2
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FIG. 1. Fe 2p HAXPES of samples S1 (a) and S2 (b) recorded at

excitation energies between 2200 and 9600 eV. Reference spectra of

FeO, Fe3O4, NiFe2O4, and Fe2O3 [42] are also shown for comparison.

(c) Fe 2p3/2 core level of samples S1, S2, SN1, and SN2 recorded at

Eexc = 2200 eV.

photoelectrons. We derive λIMFP for the Fe3O4 top layers of

the thin films and bilayers by employing the TTP-2 equation

[40,41] and subsequently use the equation for calculating

ID(95) to estimate the overall information depth. The resulting

information depths for magnetite are denoted in Fig. 1(a)

for each excitation energy, whereas in Fig. 1(b) the overall

resolutions (beamline plus analyzer) of the spectra are given.

Figure 1 displays the Fe 2p spectra performed at excitation

energies between 2200 and 9600 eV of samples S1 and

S2. The spectra have been normalized and rescaled to the

Fe 2p3/2 maximum, so comparison between the spectra is

straightforward. For stoichiometric Fe3O4 one expects the

Fe 2p3/2 binding energy at around 710.6 eV (0 eV on the

relative binding energy scale chosen here) and a structureless

region between the Fe 2p3/2 and the Fe 2p1/2 peaks without

satellite peak as previously reported [43], since the charge

transfer satellites add up in such a way for a mixed valence

state found in Fe3O4. As to sample S1 (12 nm) [Fig. 1(a)]

there appears to be an excess of trivalent ions observed by

means of the more surface-sensitive 2200-eV photon energy.

For Eexc = 2200 eV the typical Fe3+ charge transfer satellite

is also visible at 8.5 eV above the Fe 2p3/2 maximum (see

also gray vertical line, corresponding to a binding energy of

around 719 eV). However, also a pronounced shoulder located

around 2.2 eV at the low binding energy side (corresponding to

708.4 eV binding energy) is present, indicating the presence

of a significant amount of divalent iron ions [44]. We find

no indications of metallic iron, which should manifest itself

at 707 eV and thus 3.6 eV below the Fe 2p3/2 maximum

on the relative binding energy scale chosen here. At higher

excitation energies the Fe3+ charge transfer satellite is not

visible anymore and the overall Fe 2p spectral shape indicates

a stoichiometric 2:1 ratio of Fe3+ to Fe2+ ratio.

For the thicker Fe3O4 film S2 (22 nm), the Fe3+ charge

transfer satellite is less pronounced, while the feature stem-

ming from Fe2+ is more pronounced in the Eexc = 2200 eV

spectrum of S2 compared to that of S1 [see also Fig. 1(c)].

Thus, the excess of Fe3+ in the surface near layers is

significantly reduced in comparison with sample S1. At higher

excitation energies (5100 eV and above) the Fe 2p spectra

of S1 resemble that of magnetite. The Fe2+ characteristic

low binding energy shoulder becomes less visible due to the

limited resolution of the spectra at higher excitation energies

(Eexc = 6600 eV and above). It is also noteworthy that the Fe

2p spectra of sample S2 taken at 8100 and 9600 eV also exhibit

a weak Fe3+ charge transfer satellite, indicating a potential

slight excess of Fe3+ close to or at the interface between the

magnetite thin film and the SrTiO3. No such features are visible

in the corresponding spectra of sample S1.

Very recently, Taguchi et al. reported a very interesting Fe

2p HAXPES feature concerning a magnetite single crystal

[45]. They found a double peak structure of the Fe 2p3/2

peak at higher excitation energies (approx. 6–8 keV) which

is not present in the soft x-ray photoelectron spectra. They

associate this effect with the two distinct Fe species and the

charge modulation at the B site. The results are supported by

complementary experiments on a magnetized 100-nm-thick

Fe3O4 thin film [45]. On the other hand Müller et al. performed

Fe 2p HAXPES with excitation energies of 3–5 keV on 15- to

20-nm-thick Fe3O4 thin films grown on ZnO and MgO [46],

which are very similar to the results presented here. We do

not observe the bulk electronic state found by Taguchi et al.,

who employed excitation energies up to 9600 keV. As to the

beamline and analyzer settings used (cf. Sec. II), the overall

resolution of the spectra taken at Eexc = 8100 eV is ∼1.1 eV

[cf. Fig. 1(b)]. Taguchi et al. obtained spectra with significantly

higher resolution (0.17 eV) at an excitation energy of 7.95 keV

[45]. Hence, this might be one reason for not seeing the double

peak in the spectra presented here, despite the two peaks being

separated by ∼1.5 eV [45]. Another reason for this discrepancy

might be the thin film thickness, as the bulk-like features seem

to be suppressed within a ∼10-nm surface layer [45]. Detailed

investigations of the bulk electronic structure of magnetite thin

films in relation to thin film thickness, substrate, temperature,

and magnetic state under consideration of the overall spectra

resolution would be highly desirable.
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FIG. 2. HAXPE spectra of samples SN1 and SN2 recorded at

excitation energies between 2200 and 8100 eV. (a) and (b) Fe 2p

and Ni 2p HAXPES of sample SN1. (c) and (d) Fe 2p and Ni 2p

HAXPES of sample SN2, reference spectra of NiO [47] and NiFe2O4

[42] are also shown for comparison.

Figure 2 depicts the Fe 2p and Ni 2p HAXPES of samples

SN1 and SN2. Similar to samples S1 and S2, the Fe 2p spectra

show a weak Fe3+ charge transfer satellite at Eexc = 2200 eV

[Figs. 2(a) and 2(c)]. At higher excitation energies the spectra

are identical to that of Fe3O4, even though in particular for

sample SN1 a weak Fe3+ charge transfer satellite is also

present at higher excitation energies, indicating a small excess

of trivalent ions at the interface between Fe3O4 and NiO [47].

The corresponding Ni 2p spectra are overlapped by broad Fe

2s states [Figs. 2(b) and 2(d)]. The overall shape of the Ni 2p

spectra corresponds perfectly to that of NiO. Also the binding

energies of the Ni 2p3/2 and Ni 2p1/2 main lines and the

corresponding charge transfer satellites are typical for Ni2+.

Furthermore all Ni 2p spectra exhibit a prominent feature at the

high binding energy side. The shoulder located 2 eV above the

Ni 2p3/2 maximum [indicated by vertical lines in Figs. 2(b)

and 2(d)] is a specific feature of bulk NiO [48], which has

been associated with a nonlocal screening effect. The double

structure is clearly visible in all Ni 2p spectra, even in the

Eexc = 2200 eV spectrum of sample SN1 due to the small

Fe3O4 film thickness despite the rather poor signal-to-noise

ratio. For sample SN2 there is only the rather broad Fe 2s peak

visible as the information depth is too low to probe the NiO

layer at excitation energy 2200 eV.

The Fe 2p and Ni 2p HAXPES results confirm that stoi-

chiometric Fe3O4 layers are formed on all samples investigated

by HAXPES. Only small traces of Fe3+ excess might be found

at the interface between Fe3O4 and SrTiO3 of sample S2 and

the Fe3O4/NiO interface of sample SN1. At the surface of

all magnetite top layers a certain degree of Fe3+ excess is

found, indicating a potential maghemite (γ -Fe2O3) formation

at the surface. It seems that thinner magnetite layers tend

to enhance γ -Fe2O3 formation or, respectively, increase the

amount of trivalent iron ions in the surface near layers. All

Ni 2p spectra are, independent of the excitation energy, a

quite perfect fingerprint of bulk NiO within the limits of this

experiment. Hence, the formation of a NiFe2O4 interface layer

or considerable amounts of NiFe2O4 islands or clusters can

be excluded. Moreover, no Fe or Ni metallic contributions are

investigated in the HAXPES spectra.

Next we will discuss the occupied total densities of states

(tDOS) along the measured XPS valence band spectra (Fig. 3)

in order to learn details about the electronic structure at the

Fe3O4/NiO interface.

Figure 3(a) depicts the total densities of states of samples

S1, S2, SN1, and SN2 with those of Fe3O4, NiO, and

SrTiO3 single crystals. The latter spectra have been performed

with a laboratory-based monochromatized Al Kα source

(1486.6 eV). The valence band spectrum of sample S2 is very

similar to that of the Fe3O4 single crystal. For sample S1 the

region between 5 and 9 eV shows somewhat more intensity

compared to single-crystal Fe3O4, likely due to contributions

from the SrTiO3 substrate. The valence band spectra of the

double layers SN1 and SN2 are also quite similar to that

of magnetite. However, in particular in the valence band of

sample SN1 there are a few differences in detail. It appears

that feature A almost vanished in the valence band of sample

SN1. As to theory [49,50], this feature stems mainly from t2g

spin-down states of octahedrally coordinated Fe cations. This

trend is confirmed by the spectra taken at Eexc = 3600 eV

[Fig. 3(b)]. Whereas feature A becomes weaker or vanishes

in the XPS valence bands of samples SN1 and SN2, feature

B, representing the (localized) Ni 3d states of NiO becomes
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FIG. 3. HAXPES valence bands of samples S1, S2, SN1, and

SN2 recorded at excitation energies of 2200 eV (a) and 3600 eV (b).

Reference spectra of SrTiO3, NiO [47], and Fe3O4 are also shown for

comparison.

stronger, confirming that also the interface and the underlying

NiO layer is probed. The overall shape of the valence band

spectra becomes different at excitation energy 3600 eV which

is due to the different atomic cross sections at higher energies.

The valence band spectra presented in Fig. 3 recorded at

Eexc = 2200 eV and 3600 eV can be understood as being a

superposition of the electronic density of states of the Fe3O4

thin films, including the interfaces and partly the NiO buffer

layers or the SrTiO3 substrates, respectively. Therefore we

cannot unambiguously discriminate between interface effects

and size effects in the magnetite layer. We want to point out

that a low density of states at the interface between Fe3O4

and NiO has been investigated before by growing ultrathin

NiO layers onto an Fe3O4 single crystal and employing

ultraviolet photoelectron spectroscopy (UPS) [51]. Another

possible reason for the observed behavior is that thinner

Fe3O4 films [e.g., 6 nm (sample SN1)] are different compared

to somewhat thicker magnetite layers as to their electrical

properties [52]. To further elucidate potential influences of

different substrates or the presence of a buffer layer like NiO

on the electronic structure near Fermi energy and hence the
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FIG. 4. Magnetization curves along the substrates [100] and [110]

directions of samples MN3 (top), SN3 (center), and S2 (bottom).

electrical properties, further complementary experiments such

as resistivity measurements are highly desirable.

B. Magnetic properties: MOKE

Figure 4 depicts the magnetization curves for the 〈100〉 and

〈110〉 in-plane magnetic easy and hard directions of samples

MN3, SN3, and S2 probed by MOKE.

First, a significant increase of the coercive field is found

compared to Fe3O4 films on MgO(001) [22]. This accounts in

particular for the samples grown on Nb-SrTiO3(001) substrates

(S2 and SN3). It is also noteworthy that a NiO buffer

layer leads to an increase of the coercive field compared

to corresponding Fe3O4 single layers in case of MgO(001)

substrates but to a decrease of the coercive field in case of

Nb-SrTiO3(001) substrates. Whereas for Fe3O4/MgO(001) the

magnetic in-plane easy axis (high coercive field) are aligned

along the magnetite 〈110〉 direction [19,53,54], the other

samples presented here have 〈100〉 in-plane magnetic easy axis

as concluded from the higher coercive fields in these directions.

The strong increase of the coercive field to around 50 mT in the

easy magnetic direction as well as the rotated magnetic easy

axis along the 〈100〉 in-plane directions have been recently

also reported for thicker magnetite thin films (50–160 nm)

grown by pulsed laser deposition on Nb-SrTiO3(001) [25].

Obviously, a NiO buffer layer between the magnetite layer

and the substrate seems to lead to a 45◦ rotated magnetic easy

in-plane axis independent of the MgO or SrTiO3(001) substrate

compared to Fe3O4/MgO(001). Furthermore, assuming the

one-domain Wohlfahrt-Stoner model, one would expect a
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remanent magnetization Mr of Ms/
√

2 with respect to the

saturation magnetization Ms for a hard magnetic direction

due to geometric reasons. Smaller values of Mr , however,

point to the formation of multiple domains. However, the

remanence is about the same value in easy and hard directions

for all three samples discussed here (cf. Fig. 4). Such an effect

can be also seen for 20-nm thin magnetite films grown on

SrTiO3 (100) and BaTiO3 (100) [54]. Potential reasons for

this behavior concerning the magnetic easy axis rotation and

remanent signal may stem from structural parameters such

as interface structure and roughness or epitaxial strain [55],

or from potential presence of antiphase domain boundaries

(APBs), which may form during epitaxial thin film growth

[25]. Another intriguing potential reason for the magnetic

properties observed here is the fact that Krug et al. investigated

an impact of the interface orientation on the magnetic coupling

in particular in case of the (100) interface between NiO

and magnetite [31]. They found a noncollinear orientation

between the spin axis of the Fe3O4 and the NiO, which they

associated with spin-flop coupling at the interface of ultrathin

NiO films grown on (100)-oriented Fe3O4 single crystals

[31]. A more complete study of the magnetic anisotropy,

e.g., by means of angular resolved MOKE measurements

and ferromagnetic resonance (FMR) experiments, is ongoing

and will be presented elsewhere [36]. Moreover, the closer

investigation of APB formation is an obstacle, and further

work to understand and analyze the role of APBs by means

of high-resolution TEM or LEEM/PEEM experiments during

thin film growth would be desirable for thin magnetite films

and heterostructures [25,31,56–59].

C. Magnetic properties: X-ray magnetic circular dichroism

(XMCD)

Figure 5 presents the Ni L2,3-edge x-ray Absorption (XA)

spectra of sample MN1 recorded at room temperature in an

external magnetic field of ±1.5T with circularly polarized

light. The spectra show only a residual dichroic signal of

0.85%. The TEY detection mode is interface sensitive due to

FIG. 5. Polarization-dependent x-ray absorption spectra per-

formed at the Ni L2,3 edges of samples MN1 along with the resulting

XMCD difference spectrum. The latter has been also multiplied by a

factor of five for better visibility.

the 1/e probing depth [60]. Furthermore, the Ni L2,3-XMCD

should be rather strong in the case of a NiFe2O4 interlayer

formation since in case of ultrathin films or spinel interfaces, a

strongly enhanced magnetic moment due to proximity effects

has been reported [61] and also found for ultrathin Fe3O4(110)

films grown on NiO [30]. Krug et al. could even quantify the

NiFe2O4 interlayer reconstruction to around one monolayer

and deduced the Ni magnetic moments from the sum rules

[30]. In contrast, the very weak Ni L3-XMCD and within

the experimental signal-to-noise ratio vanishing Ni L2-XMCD

(Fig. 5) indicate that there is no substantial formation of a

NiFe2O4 interlayer or clusters at the interface between the

Fe3O4(100) and the NiO layers studied in the present work.

This result confirms the Ni 2p HAXPE spectra of samples

SN1 and SN2, as the corresponding Ni 2p HAXPES results

of SN1 and SN2 indicate charge transfer satellites typical for

NiO.

Turning to the Fe L2,3 edges, Fig. 6(a) depicts the XA

spectra taken at ±1.5T of sample MN1, the resulting XMCD

difference spectrum, and the integral of the XMCD. The lower

panel of Fig. 6 shows the experimental XMCD of MN1 along

with the best fit obtained from an appropriate superposition

of the single-ion charge-transfer multipet simulations plotted

below.

The charge transfer multiplet spectra are calculated in the

following way. In a first step, the Slater integrals and the

spin-orbit couplings are calculated in spherical symmetry.

The d–d and p–d integrals are reduced to 80% of their

atomic value in order to account for screening, whereas the

spin-orbit parameters are not reduced. Then crystal fields of

10Dq = 1.0 eV (Fe2+
oct , Fe3+

oct) and −0.6 eV for the Fe3+
tet using

the crystal field approach of Kuiper et al.[62] as starting point.

An exchange field gμB = 0.03 eV is also applied. In a last

step, charge transfer is considered. We find � = 6.0 eV to

lead to best agreement with the experimental data. We extract

charge-transfer configurations of 89.7% 3d6 plus 10.3% 3d 7L

for Fe2+
oct , 90.4% 3d5 plus 9.6% 3d 6L for Fe3+

oct , and an 89.6%

3d5 plus 10.4% 3d 6L for Fe3+
tet . At the Fe L3 edge the calculated

XMCD exhibits the typical three peaks expected for the inverse

spinel structure of magnetite, indicating the antiferromagnetic

alignment of the octahedrally coordinated Fe2+
oct (feature A)

and Fe3+
oct (C) ions with the tetrahedrally coordinated Fe3+

tet

ions (B). The sum of the three calculated spectra, which may

be shifted as to the energy scale since chemical bonding and

band-like effects are not considered by the localized model

[62], is used to fit the experimental spectra and estimate the

cationic distribution of each magnetite thin film.

Figure 7(a) displays the Fe L2,3 XMCD spectra and the

corresponding fits for all samples discussed in this work.

The cation distributions found are presented in a diagram

[Fig. 7(b)]. We see that the iron cation distribution is

significantly different from ideal magnetite for samples S1,

SN1, and MN1, i.e., those samples with the thinnest iron

oxide layers. These samples exhibit a lack of Fe2+
oct but an

excess of Fe3+
oct . With increasing film thickness of the iron

oxide layers the cation distribution converge towards that

of stoichiometric Fe3O4, whereas a slight excess of Fe3+
oct

ions remains. The excess of Fe3+
oct found in particular in the

thinner films can likely be attributed to maghemite (γ -Fe2O3)

formation. The thickness dependence points to the fact that
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FIG. 6. (a) Polarization-dependent XA spectra performed at the

Fe L2,3 edges of sample MN1 along with the resulting XMCD and its

integral. (b) XMCD difference spectra and corresponding simulated

fit as a result from summarizing the suitable amounts of the charge-

transfer multiplet simulations of Fe2+ ions in octahedral coordination,

and Fe3+ ions in octahedral and tetrahedral coordination, respectively.

the maghemite is located at the thin film surfaces. Such an

effect has been very recently investigated by Fleischer et al.

[19,63], employing Raman spectroscopy. Fleischer et al. found

on uncapped 4-nm Fe3O4 films on MgO(001) that most of

the maghemite formation occurs within days under ambient

conditions and then slows significantly down in the time

FIG. 7. (a) Fe L2,3-XMCD spectra and the corresponding fits

from CTM simulations for all samples investigated in this work. The

average number of holes (nh) per Fe atom as derived from the CTM

simulations is also given in parentheses. (b) Cationic distribution

of the divalent and trivalent iron ions in octahedral and tetrahedral

coordinations as derived from the CTM simulations.

frame of months [63]. As to the samples studied in this work,

series S has been grown around 4 months and series SN and

MN around 2–3 weeks prior to the XMCD experiments. The

HAXPES experiments have been performed quite some time

(over one year) after the thin film synthesis. Our experiments

confirm a potential maghemite formation on the magnetite

surfaces as to the cationic distribution determined from the

XMCD experiments and the HAXPES spectra recorded at

lower excitation energies. This applies in particular to the thin

magnetite layers (∼5 to 10 nm). However, thicker Fe3O4 thin
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FIG. 8. Calculated magnetic spin moments in μB/f.u. from the

XMCD spin sum rule.

films appear to be much more stable also at their surfaces.

This is obvious a couple of months and over one year after

synthesis (see, e.g., Fe L2,3-XMCD analysis of samples S2

and S3 and HAXPES results of sample S2). Furthermore the

total electron yield used to measure the XMCD spectra is

known to be rather surface sensitive in the soft x-ray regime.

For the Fe L2,3 resonances of iron oxides the probing depth has

been estimated to be around 0.8–3 nm [64,65]. As the thinnest

magnetite layers investigated here are around 6 nm (MN1 and

SN1) we can assume that the XA and XMCD spectra stem from

the first few nanometers and are not influenced by the substrate

or the interface to the NiO buffer layer. Hence, we find a

very different rate of maghemite formation within the first few

2–3 nm of the magnetite layers in dependence of the overall

film thickness. Within the limits of the experiment, Fe3O4

layers with thickness� 20 nm exhibit an almost stoichiometric

magnetite cation distribution, independent from the substrate

or the presence of a NiO buffer layer [see also Fig. 7(b)].

Similar results have been recently reported for magnetite thin

films directly deposited in MgO(001) substrates [19].

Next we will discuss the magnetic spin moments deter-

mined by the spin sum rule. We limit our analysis to the

spin magnetic moment which represents approximately 90%

or more of the overall magnetic moment in iron oxides. We

want to note that the orbital moment in magnetite is still

under discussion in the literature [64,66,67], but a precise

determination would require more intricate experiments and

an extended energy range, which are beyond the scope of this

work.

In order to extract the spin magnetic moments we use the

spin sum rule developed by Chen et al. [68]. The number

of holes are determined from the charge transfer multiplet

simulations for each sample. We also account for the core hole

interactions which mix the character of the L3 and L2 edges

[69,70] by considering the spin sum rule correction factors

obtained by Teramura et al. [69]. The spin magnetic moments

are depicted in Fig. 8. One can see that an increasing magnetite

layer thickness results in a higher spin moment. Samples S2,

SN3, and MN3 exhibit spin magnetic moments of 3.3, 3.6,

and 3.8 μB/f.u., respectively. These results (excluding the

orbital magnetic moment) are rather close to the bulk magnetic

moment of Fe3O4 [1]. The thinner films have decreased spin

moments, which might be partly due to maghemite formation

on the very surface layer of these films. However, this cannot

explain in particular the rather low spin moment found for

sample SN1 (which exhibits a very similar cationic distribution

as sample MN1), 1.45 μB/f.u., which is the same value

reported for a 2.5-nm Fe3O4 thin film on BaTiO3 [71]. One

possible reason for this might stem from epitaxial strain [36].

However, as well as sample SN1, also samples SN2 and SN3

show slight tensile strain [36] of less than 1% compared to the

bulk value of Fe3O4 and have spin magnetic moments close

to that found for the respective samples from series MN, and

the latter ones exhibit slight compressive strain [36] of less

than 1% in vertical direction. Another potential reason for

this reduced spin moment might be connected with the higher

roughness of the Fe3O4 layer, which is found to be 0.45 nm

for sample SN1, since all other magnetite layers from series

SN and MN have lower roughnesses of approximately 0.3 nm

[36]. Finally, the formation of antiphase boundaries within

magnetite thin films has been previously attributed to reduced

magnetic moments [10,72]. The spin moment of sample MN1

(3.1 μB/f.u.) is comparable to that very recently reported for

Fe3O4(001) thin films grown on Ag(001) of similar thicknesses

[65]. Except for sample SN1, we find significant higher spin

magnetic moments for our thin films than observed for similar

(001)-oriented Fe3O4 films grown on MgO(001) substrates

[72].

IV. SUMMARY

In summary, we performed a comprehensive electronic

and magnetic structure investigation of thin magnetite films

and Fe3O4(001)/NiO bilayers grown on MgO(001) and Nb-

SrTiO3(001) by means of RMBE. In situ characterization

using LEED and XPS shows formation of epitaxial and

stoichiometric NiO layers and Fe3O4 thin films. Thicknesses

of the NiO layers is varied between 6 and 12 nm and those

of the Fe3O4 layers varied between 5 and 33 nm as to XRR

measurements. Further electronic and chemical properties are

tackled by HAXPES experiments with variable excitation

energy. All thin films appear to comprise stoichiometric

magnetite and NiO in deeper layers and at the interface.

However, thinner Fe3O4 films (below 10 nm) tend to form

Fe3+ on the very surface, likely in form of maghemite. MOKE

magnetization curves show significant increased magnetic

coercive field and that the in-plane magnetic axis are aligned

in 〈100〉 in-plane directions, whereas the remanence has the

same value along the magnetic easy and hard axes. Reasons for

this magnetic behavior might be due to different reasons such

as antiphase domain boundaries (APBs) or spin-flop coupling

at the (100) interface between magnetite and NiO. We employ

element-specific XMCD at the Fe L2,3 edges to tackle the iron

cationic distribution in detail. In agreement with the HAXPES

we find a lack of Fe2+ at the surface of, in particular, the thinner

magnetite layers investigated in the framework of this study.

Thicker films are close to stoichiometric cation distribution

also at their surface and exhibit spin magnetic moments close

to that known from bulk material, whereas thinner samples

(<10 nm) show only somewhat reduced spin moments. The

only exception is the sample with 5-nm NiO and 6-nm Fe3O4
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bilayers grown on Nb-SrTiO3(001) (SN1); here a significantly

reduced spin moment is found.

In conclusion we demonstrate that the interface of ferri-

magnetic Fe3O4 and antiferromagnetic NiO leads to a low

concentration of Fe t2g spin-down states present directly at the

interface. The γ -Fe2O3 formation seems to be less intense on

the surface of thicker (uncapped) magnetite layers (�20 nm)

than found for thin layers even in time frames of several

months to one year under ambient conditions, which might

be interesting for potential applications. The altered electronic

and magnetic properties as the density of states near Fermi

level, magnetic coercive field, and anisotropy deserve further

future investigations. An improved understanding could open

an avenue for tailoring the desired magnetic properties by

choosing an appropriate set of substrate, layer thicknesses,

and preparation parameters.
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[7] V. Drewello, M. Schäfers, O. Schebaum, A. A. Khan, J.

Muenchenberger, J. Schmalhorst, G. Reiss, and A. Thomas,

Phys. Rev. B 79, 174417 (2009).

[8] R. Bliem, E. McDermott, P. Ferstl, M. Setvin, O. Gamba, J.

Pavelec, M. A. Schneider, M. Schmid, U. Diebold, P. Blaha

et al., Science 346, 1215 (2014).

[9] J. M. Byrne, N. Klueglein, C. Pearce, K. M. Rosso, E. Appel,

and A. Kappler, Science 347, 1473 (2015).

[10] J. A. Moyer, R. Gao, P. Schiffer, and L. W. Martin, Sci. Rep. 5,

10363 (2015).

[11] H.-C. Wu, O. N. Mryasov, M. Abid, K. Radican, and I. V. Shvets,

Sci. Rep. 3, 1830 (2013).

[12] A. E. Berkowitz and K. Takano, J. Magn. Magn. Mater. 200,

552 (1999).

[13] C. Gatel, E. Snoeck, V. Serin, and A. R. Fert, Eur. Phys. J. B 45,

157 (2005).

[14] K. Balakrishnan, S. K. Arora, and I. V. Shvets, J. Phys. Condens.

Matter 16, 5387 (2004).

[15] G. E. Sterbinsky, J. Cheng, P. T. Chiu, B. W. Wessels, and D. J.

Keavney, J. Vac. Sci. Technol. B 25, 1389 (2007).

[16] F. Bertram, C. Deiter, O. Hoefert, T. Schemme, F. Timmer, M.

Suendorf, B. Zimmermann, and J. Wollschläger, J. Phys. D:
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Ferrites with (inverse) spinel structure display a large variety of electronic and magnetic properties, making

some of them interesting for potential applications in spintronics. We investigate the thermally induced

interdiffusion of Ni2+ ions out of NiO into Fe3O4 ultrathin films, resulting in off-stoichiometric nickel ferrite–like

thin layers. We synthesized epitaxial Fe3O4/NiO bilayers on Nb-doped SrTiO3(001) substrates by means of

reactive molecular beam epitaxy. Subsequently, we performed an annealing cycle comprising three steps at

temperatures of 400 ◦C, 600 ◦C, and 800 ◦C under an oxygen background atmosphere. We studied the changes

of the chemical and electronic properties as result of each annealing step with help of hard x-ray photoelectron

spectroscopy and found a rather homogeneous distribution of Ni and Fe cations throughout the entire film after

the overall annealing cycle. For one sample we observed a cationic distribution close to that of the spinel ferrite

NiFe2O4. Further evidence comes from low-energy electron diffraction patterns indicating a spinel-type structure

at the surface after annealing. Site- and element-specific hysteresis loops performed by x-ray magnetic circular

dichroism uncovered the antiferrimagnetic alignment between the octahedral coordinated Ni2+ and Fe3+ ions

and the Fe3+ ion in tetrahedral coordination. We find a quite low coercive field of 0.02 T, indicating a rather low

defect concentration within the thin ferrite films.

DOI: 10.1103/PhysRevB.94.094423

I. INTRODUCTION

Iron oxides are of special interest due to a number of
astonishing properties dependent on the Fe valence state
and the underlying crystallographic and electronic structure.
Magnetite (Fe3O4) is among the most studied ferrites due to its
ferrimagnetic ordered ground state with a saturation moment
of 4.07μB per formula unit and a high Curie temperature of
860 K for bulk material [1,2]. This magnetic ground state
is accompanied by half metallicity; that is, only one spin
orientation is present at the Fermi energy [3], making this
material a potential candidate for future spintronic devices
with 100% spin polarization [4,5]. Magnetite crystallizes in
the cubic inverse spinel structure (equal distribution of Fe3+

on A and B sites and Fe2+ exclusively on B sites) with lattice
constant a = 0.8396 nm (space group Fd3m). The oxygen
anions form an fcc anion sublattice.

Often, Fe3O4 thin films are grown on cubic MgO(001)
substrates by various deposition techniques [6–11] since
the lattice mismatch between Fe3O4 and MgO(001) (a =
0.42117 nm) is only 0.3%, comparing the oxygen sublattices.
A severe limit of epitaxial thin-film growth on MgO substrates
is Mg2+ segregation into the Fe3O4 film if the substrate
temperature is above 250 ◦C [12]. Mg-rich interfaces [13]
and Mg interdiffusion have been studied in detail [14], having
significant influence on interface roughness or antiphase
boundaries. Thus, the underlying electronic and magnetic
structure influences the properties of the magnetite thin film in

*jwollsch@uos.de
†kkuepper@uos.de

question or the tunnel magnetoresistance in magnetic tunnel
junctions with magnetite electrodes [15–18].

A potential approach to minimize or suppress Mg seg-
regation, besides rather low substrate temperatures during
magnetite growth, is an additional buffer layer, e.g., metallic
iron [19] or NiO [20] between Fe3O4 and the substrate. This
approach is also of interest with respect to the possibility
of building a full oxidic spin valve making use of the
exchange bias between the ferrimagnetic magnetite and the
antiferromagnetic nickel oxide [20–22].

The usage of other substrates like SrTiO3 could also prevent
Mg interdiffusion. Despite the large lattice mismatch of −7.5%
between the doubled SrTiO3 bulk lattice constant (0.3905 nm)
and magnetite, it is possible to grow epitaxial Fe3O4 films
on the SrTiO3(001) surface [23,24]. In particular, concerning
coupled Fe3O4/NiO bilayers grown on SrTiO3, so far only
Pilard et al. have reported on the magnetic properties of the
Fe3O4/NiO interface [25]. On the other hand, NiFe2O4 thin
films are of huge interest nowadays since they are magnetic
insulators or semiconductors. Therefore, they can be used as
spin filters [26] or for thermal induction of spin currents via
the spin Seebeck effect [27,28]. Furthermore, electrical charge
transport and spin currents can be manipulated by the spin
Hall magnetoresistance using NiFe2O4 thin films adjacent to
nonmagnetic material [29].

Therefore, we study here the possibility to form nickel
ferrite starting with a distinct Fe3O4/NiO bilayer grown on
Nb-doped SrTiO3(001). Knowledge about the modification
of the underlying crystallographic, electronic, and magnetic
structure by Ni interdiffusion is indispensable for potential
applications. We also want to investigate fundamental aspects,
especially of Ni2+ diffusion from a NiO buffer layer into a
Fe3O4 top layer as well as NiO surface segregation through

2469-9950/2016/94(9)/094423(10) 094423-1 ©2016 American Physical Society
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the Fe3O4 film, since knowledge of diffusion processes in
oxides still appears to be quite rudimentary for many systems.

We perform a systematic three-step annealing cycle of
Fe3O4/NiO bilayers after synthesis and simultaneously in-
vestigating surface crystallographic and “bulk” electronic
structure changes by means of low energy electron diffraction
(LEED) and hard x-ray photoelectron spectroscopy (HAX-
PES). Furthermore, we carry out structural analysis before and
after the overall annealing cycle employing x-ray reflectivity
(XRR) and synchrotron-radiation-based x-ray diffraction (SR-
XRD), as well as element- and site-specific x-ray magnetic
circular dichroism (XMCD) after the overall annealing cycle
to analyze the resulting magnetic properties in detail.

II. EXPERIMENTAL DETAILS

Two samples with ultrathin Fe3O4/NiO bilayers on conduc-
tive 0.05 wt% Nb-doped SrTiO3(001) substrates have been
prepared using the technique of reactive molecular beam
epitaxy (RMBE). The substrates have been supplied with a
polished surface and were annealed once at 400 ◦C for 1 h in
an oxygen atmosphere of 1×10−4 mbar prior to deposition.
Afterwards, the chemical cleanness and composition was
proven by XPS, while the crystallinity of the surface was
checked by LEED. Oxide films have been deposited by thermal
evaporation from pure metal rods in low oxygen atmosphere.
During film growth, the substrate was heated to 250 ◦C,
while the oxygen pressure was kept at 1×10−5 mbar for NiO
and 5×10−6 mbar for Fe3O4 to guarantee optimal oxidation
condition. Deposition rates of 0.85 and 4.6 nm/min were used
for the growth of NiO and Fe3O4 films, respectively, which was
controlled by a quartz microbalance adjacent to the source.
One sample was created with a 5.6-nm NiO film (sample A),
and the other was created with a 1.5-nm NiO film (sample B).
Thereafter, 5.5-nm-thick Fe3O4 films were deposited on the
NiO films. Film stoichiometry and surface structure have been
monitored in situ by x-ray photoelectron spectroscopy (XPS)
using Al Kα radiation and LEED, respectively.

The samples were transported under ambient conditions
to the Diamond Light Source (DLS) synchrotron, where the
effects of annealing on the bilayer system were studied at
beamline I09 by heating the samples in three steps at 400 ◦C,
600 ◦C, and 800 ◦C for 20 to 30 min in an oxygen atmosphere
of 5 × 10−6 mbar to avoid reduction or further oxidation of
the sample [30]. Prior to and after the annealing studies XRR
measurements at 2.5 keV photon energy were performed to
determine the film thickness. After each annealing step, the
films were studied in situ by soft x-ray photoemission and
HAXPES to clarify the chemical composition in the near-
surface region and in the bulk region, respectively. In addition,
LEED measurements were performed to check the crystallinity
of the individual layers of the NiO/Fe3O4 bilayer.

For HAXPES an energy of hν = 5934 eV was used,
creating photoelectrons with high kinetic energy, which allows
a higher probing depth compared to soft x-ray photoemission
(hν = 1000 eV).

The information depth DI , from which 95% of the
photoelectrons originate, is defined as

DI (95) = −λ cos ϕ ln(1 − 95/100), (1)

with the inelastic mean free path λ and the off-normal emission
angle ϕ [31]. The maximum information depth for the Fe 2p

core level for HAXPES and soft x-ray photoemission mea-
surements is 22 and 2.5 nm, respectively, estimating λ with the
Tanuma Powell and Penn algorithm (TPP-2M) formula [32].
As the beamline features a two-dimensional photoelectron
detector, which can be operated in an angular mode, pho-
toelectron spectra at different emission angles were acquired,
each with an acceptance angle of ∼7◦.

Subsequently, structural analysis of the annealed films was
performed using SR-XRD, while the resulting film thickness
and layer structure of these films were determined by means
of laboratory-based XRR using Cu Kα radiation. SR-XRD
experiments have been carried out ex situ at PETRA III
beamline P08 (DESY, Germany) using a photon energy of
15 keV. In both cases the measurements were performed
in θ -2θ diffraction geometry. For the analysis of all XRR
experiments an in-house-developed fitting tool based on the
Parratt algorithm [33] and Névot-Croce roughness model [34]
was used. The SR-XRD measurements were analyzed by
calculating the crystal truncation rod (CTR) intensity within
the full kinematic diffraction theory to fit the experimental
diffraction data.

XMCD spectroscopy was performed at the Fe L2,3 and Ni
L2,3 edges with the samples at room temperature at beamline
6.3.1 of the Advanced Light Source, Lawrence Berkeley
Laboratory. We utilized total electron yield (TEY) as the
detection mode. The external magnetic field of 1.5 T was
aligned parallel to the x-ray beam and was switched for each
energy. The angle between the sample surface and x-ray beam
was chosen to be 30◦. The resolving power of the beamline was
set to E/�E ∼ 2000; the degree of circular polarization was
about 55%. For the analysis of the Fe L2,3 XMCD spectra, we
performed corresponding model calculations within the atomic
multiplet and crystal-field theory including charge transfer
using the program CTM4XAS [35,36].

III. RESULTS

A. Surface characterization

In Figs. 1(a)–1(c) the LEED patterns of the cleaned
substrate and the as-prepared NiO and Fe3O4 films are
presented for sample A. Figures 1(d) and 1(e) show the LEED
images recorded after the last annealing step of 800 ◦C for
sample A and sample B, respectively.

After cleaning of the SrTiO3 substrates the LEED pattern
shows very sharp diffraction spots of a (1×1) surface with
square structure and negligible background intensity [see
Fig. 1(a)], indicating a clean (001)-oriented surface with long-
range structural order. Additionally, XPS measurements show
chemically clean substrates without carbon contamination (not
shown here).

The LEED image recorded directly after RMBE of NiO
also exhibits a quadratic (1×1) structure [see Fig. 1(b)], as
expected for the NiO(001) surface unit cell. However, the

pattern is rotated by 45◦ and is ∼
√

2 times larger than the
pattern of the SrTiO3(001) substrate. The broadening
of the diffraction spots is most likely caused by defects due
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FIG. 1. LEED patterns for sample A recorded directly after (a)

preparation of the SrTiO3 substrate, (b) deposition of NiO, (c)

deposition of Fe3O4, and (d) the last annealing step of 800 ◦C. For

comparison, (e) shows the LEED pattern for sample B after the final

annealing step. Marked with red squares are the respective (1×1)

surface unit cells in reciprocal space. The blue square indicates the

(
√

2×
√

2)R45◦ superstructure typical for magnetite.

to relaxation processes induced by the high lattice misfit of
−6.9% for NiO(001) compared to SrTiO3(001).

The LEED pattern of the as-prepared Fe3O4 film [see
Fig. 1(c)] reveals a quadratic (1×1) surface structure with
almost doubled periodicity compared to NiO as the real-space
lattice constant of the magnetite inverse spinel structure is
about twice as large, giving a lattice misfit of only 0.5% for
Fe3O4(001) on NiO(001). Furthermore, additional diffraction
spots of a (

√
2 ×

√
2)R45◦ superstructure can be seen, which

is characteristic of well-ordered Fe3O4(001) surfaces [37–39].
LEED results indicate a cube-on-cube growth for both NiO

and Fe3O4 films. Additionally, the Ni 2p and Fe 2p XPS
spectra recorded directly after preparation of each film (not
shown here) exhibit a characteristic shape for Ni2+ and mixed
Fe2+/Fe3+ valence states, respectively. Thus, combining the
results from XPS and LEED, we can conclude that the as-
prepared films consist of stoichiometric Fe3O4/NiO bilayers.

Figure 2 shows the Fe 2p and Ni 2p core-level spectra of
both samples after transport to DLS under ambient conditions
(sample A) and after each annealing step using soft XPS.

After the first annealing step at 400 ◦C, the Fe 2p peak
shape is similar to that of the untreated sample [see Fig. 2(a)].
No charge-transfer satellites are visible, indicating Fe3O4 stoi-
chiometry and the presence of a mixed oxidation state [40,41].
For both samples, Fe 2p3/2 and Fe 2p1/2 peaks are located
at binding energies of 710.4 (±0.2) and 723.8 (±0.2) eV,
respectively, corresponding to the values for magnetite known
from the literature [40]. Furthermore, no Ni 2p signal is
visible for both samples due to the small information depth,
demonstrating that Ni did not diffuse into the Fe3O4 film and
that the Fe3O4 film was not deconstructed [see Figs. 2(b)
and 2(d)]. Consequently, the first annealing step at 400 ◦C only
removed surface contaminations from the transport, without
effecting the initial layer structure of the sample.

After the annealing step at 600 ◦C, a distinctive satellite
typical for trivalent iron becomes visible between the Fe 2p1/2

FIG. 2. Soft XPS spectra of (a) Fe 2p and (b) Ni 2p regions of

sample A and (c) Fe 2p and (d) Ni 2p regions of sample B after each

annealing step. For sample A the spectra of the untreated sample are

shown exemplarily.

and Fe 2p3/2 peaks for sample A and sample B [see Figs. 2(a)
and 2(c)]. Further, Fe 2p1/2 and Fe 2p3/2 are shifted to binding
energies of 710.9 (±0.2) and 724.4 (±0.2) eV, respectively.
The shift to higher binding energies and the satellite at ∼8 eV
above the main peak confirm the presence of Fe3+ and a
deficiency of divalent iron [40–42].

In contrast to lower annealing temperature, Ni 2p peaks
becomes visible after the 600 ◦C annealing step. Both samples
show an intense Ni 2p signal consisting of two main peaks
accompanied by satellite peaks at ∼7 eV above their binding
energies. The shape of the spectra and, in particular, the
absence of a shoulder on the high-energy side of Ni 2p3/2

indicate that no NiO cluster has been formed at the surface
of both samples [43,44]. The occurrence of such a shoulder
∼1.5 eV above the 2p3/2 peak is reported to be characteristic
of NiO [45,46]. The binding energy of 855.2 (±0.2) eV of the
Ni 2p3/2 peak also confirms the origin of NiFe2O4 and not of
NiO [43,47]. Thus, both iron and nickel spectra obtained after
annealing at 600 ◦C point to the formation of NiFe2O4 at the
near-surface region of both samples as a result of intermixing.

The last annealing step at 800 ◦C influences the peak shape
of neither the Fe 2p nor the Ni 2p spectra of sample B [see
Figs. 2(c) and 2(d)], indicating a complete intermixing of the
two layers already after the annealing at 600 ◦C. However,
for sample A a NiO-specific shoulder on the high-energy side
of Ni 2p3/2 appears [see Fig. 2(b)]. Further, a shift to lower
binding energies takes place, resulting in a binding energy of
854.5 (±0.2) eV for Ni 2p3/2, indicating the presence of NiO at
the surface [43]. Since there is no change in the Fe 2p spectra
for sample A, we conclude that NiO clusters are formed at the
surface of a NiFe2O4-like film.
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FIG. 3. Reflectivity curves and calculations from XRR measure-

ments before and after the annealing experiments (a) for sample A

and (b) for sample B. The insets show the underlying models.

LEED patterns of samples A and B recorded after the
final annealing step are presented in Figs. 1(d) and 1(e). The
diffraction pattern can be attributed to the (001)-(1×1) surface
of nickel ferrite, which shows a lattice constant similar to
that of magnetite [see Fig. 1(c)]. However, the (

√
2×

√
2)R45◦

superstructure indicative of magnetite is not observed after
the final annealing step. Therefore, this result underpins the
formation of nickel ferrite, as concluded before from XPS
where Fe3+ is primarily observed. Furthermore, the LEED
spots of sample A are sharper than the spots of sample B.
We attribute this finding to the formation of a stoichiometric
NiFe2O4 film for sample A, while the ferrite film is less ordered
for sample B, in which the Ni content of the film is too low
(see below). The formation of NiO islands concluded from our
detailed XRR analysis cannot clearly be concluded from the
LEED experiments since the diffraction peaks of the NiO film
coincide with diffraction peaks from the nickel ferrite film due

to the coincidence between the nickel ferrite lattice constant
and the doubled NiO lattice constant.

B. XRR

Figure 3 shows the measured and calculated XRR intensi-
ties obtained at DLS prior to the annealing experiments for both
samples. The XRR intensity obtained from sample A clearly
shows the beating of two layers with almost identical thickness,
while the intensity obtained from sample B points to two
layers with very different thickness. In addition, the data show
well-defined intensity oscillations for both samples, pointing
to a double-layer structure and flat homogeneous interfaces
and films. For the calculation of the intensity distributions and
the exact layer structure a basic model was used, consisting of
a magnetite film on top of a NiO layer on a SrTiO3 substrate
(insets of Fig. 3). In Table I the fit parameters, e.g., dispersion
δ and rms roughness σ , are shown. Here, the obtained values
for the dispersion of the as-prepared samples are within 1% of
corresponding literature values [48].

The measured and calculated XRR intensities of the
annealed samples as well as the model used are also presented
in Fig. 3. For both samples the XRR shows clear intensity oscil-
lations with a changed periodicity compared to the as-prepared
films. Taking into account the electron densities and layer
structures obtained from XRR, this effect can be attributed to
an intermixing of the two initial oxide layers. In the case of
sample A a three-layer model was necessary to describe the
data after annealing [see Fig. 3(a)]. As concluded from the
obtained dispersion δ, the first layer on top of the substrate is
a thin nickel oxide layer, while the second layer is an 8.2-nm-
thick nickel ferrite film [48]. The third layer on top of the nickel
ferrite film consists of an oxide layer with a diluted dispersion
δ and thus a reduced electron density. Taking into account
the NiO formation on top of sample A seen in the soft XPS
spectra, we can attribute the upper layer to NiO segregation to
the surface. The low electron density of this layer indicates a
deconstructed film or island formation on the surface.

For sample B, however, the XRR is modeled with a single
homogeneous 7.1-nm-thick nickel ferrite film on top of the
substrate [see Fig. 3(b)]. For both samples the thicknesses of
the residual films almost coincide with the sum of the initial
thicknesses of the Fe3O4 and NiO films.

The slight increase in the overall thickness can be attributed
to a volume increase of ∼8% due to the formation of nickel
ferrite.

TABLE I. Model parameters used for the XRR intensity calculations, with dispersion δ, surface roughness σ , and film thickness d .

Substrate Layer 1 Layer 2 Layer 3

δ σ (Å) δ σ (Å) d (nm) δ σ (Å) d (nm) δ σ (Å) d (nm)

Sample A

As prepareda 1.48×10−4 2.4 2.15 ×10−4 1.7 5.6 1.65×10−4 3.9 5.5

Annealedb 1.50×10−5 0.1 1.7 ×10−5 6.0 1.4 1.58×10−5 2.0 8.2 1.34×10−5 3.0 1.9

Sample B

As prepareda 1.48×10−4 2.7 2.15 ×10−4 1.9 1.5 1.65×10−4 3.2 5.5

Annealedb 1.50×10−5 0.1 1.58 ×10−5 1.0 7.1

aMeasured at a photon energy of 2500 eV.
bMeasured at a photon energy of 8048 eV.
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FIG. 4. HAXPES spectra of Fe 2p core level at 10◦ off-normal

photoelectron emission after annealing at different temperatures (a)

for sample A and (b) for sample B.

C. HAXPES

In contrast to soft x-ray photoemission, HAXPES mea-
surements allow us to identify the valence states and chemical
properties not only at the near-surface region but with bulk
sensitivity due to higher excitation energy and thus increased
information depth.

Figure 4 shows the HAXPES spectra for the Fe 2p core
level, which is split into the Fe 2p1/2 and Fe 2p3/2 peaks (see
soft XPS spectra, Fig. 2). Spectra recorded after each annealing
step for both samples are presented. The shape of the spectra is
determined by the relative fraction of Fe valence states, which
is used to identify the material composition [40]. After the
initial annealing step at 400 ◦C, there is no satellite peak visible
between the two main peaks, indicating stoichiometric Fe3O4

for both samples. After the second and third annealing steps,
at 600 ◦C and 800 ◦C, respectively, a satellite peak becomes
visible between the two main peaks for both samples. As
it resides on the side of the Fe 2p1/2 peak, it indicates a
deficiency of Fe2+ ions in favor of Fe3+ ions compared to
the initial magnetite stoichiometry. In addition, similar to the
XPS results, an energy shift to higher binding energies can be
seen after the second and third annealing steps, pointing to the
formation of trivalent Fe3+ [40–42]. Thus, this behavior is in
accordance with the results obtained from soft XPS spectra.

Figure 5 shows the photoelectron spectra for the Ni 2p1/2

and Ni 2p3/2 core level of both samples. After the annealing
step at 400 ◦C the main Ni 2p3/2 peak is located at a binding
energy of 854.5 (±0.2) eV, indicating NiO stoichiometry [43].
Further, for both samples, a shoulder on the high-binding-
energy side of the Ni 2p3/2 peak is visible, which is also typical
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FIG. 5. HAXPES spectra of Ni 2p core level at 10◦ off-normal

photoelectron emission after annealing at different temperatures

(a) for sample A and (b) for sample B.

for NiO [43,47]. This shoulder almost completely disappears
after annealing at 600 ◦C for both samples. Biesinger et al. [49]
identified such a peak shape without a shoulder for the
spinel-type material NiFe2O4. In addition, the Ni 2p3/2 peak
is shifted to a higher binding energy of 855.0 (±0.2) eV,
which is comparable to binding energy reported for Ni in
NiFe2O4 stoichiometry [43]. The small mismatch between
the measured value and the literature is due to an overlap
of intensities originating from several layers with slightly
different stoichiometries. In summary, similar to the soft XPS
results, an exchange of Fe2+ ions with Ni2+ ions in the Fe3O4

spinel structure through interdiffusion seems to be likely [50].
For sample B, the peak shape does not change with the next

annealing step at 800 ◦C [see Fig. 5(b)]. However, for sample
A the shoulder on the high-binding-energy side re-appears,
as observed for the initial bilayer system [see Fig. 5(a)].
Additionally, the Ni 2p3/2 peak is shifted to a lower binding
energy, suggesting the formation of NiO-like structures, which
is consistent with the NiO formation at the surface seen in the
XRR and soft XPS measurements.

Furthermore, a quantitative analysis of the photoelectron
spectra was performed to prove the formation of nickel ferrite.
After subtracting a Shirley background, the intensities IFe

and INi of the Fe 2p peaks and the Ni 2p1/2 peak (due to
the overlap with the Fe 2s peak, the Ni 2p3/2 peak has not
been considered) have been numerically integrated. From these
results, the relative photoelectron yield

YNi =
INi/σNi

INi/σNi + IFe/σFe

=
NNi

NNi + NFeC(ϕ)
(2)
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FIG. 6. Relative photoelectron yield at different off-normal

emission angles (a) for sample A and (b) for sample B. The dashed

lines show the calculated intensities using the models obtained from

XRR analysis.

of Ni has been calculated, using the differential photoioniza-
tion cross sections σ reported by Trzhaskovskaya et al. [51].
Newberg et al. [52] derived that this yield is equal to the atomic
ratios but modified with a factor C(ϕ) that depends on the
angle of photoemission (neglecting photoelectron diffraction
effects). The resulting yields from different detection angles
are plotted in Fig. 6. The curves from the data of the first
annealing steps show for both samples a decreasing yield
for higher emission angles, as indicated by the blue dashed
lines. This behavior points to an intact stack of oxide films
due to a longer pathway of the photoelectrons for higher
emission angles. The lines are calculated for a stack of two
separated Fe3O4/NiO films using the thicknesses obtained
from XRR analysis. With the successive annealing steps, the
photoelectron yield from Ni increases, which indicates that
there is diffusion of Ni into the Fe3O4 film and/or Fe into the
NiO film.

Since there is no evidence of NiO in the Ni 2p HAXPES
spectra after annealing at 600 ◦C, a model consisting of a
stoichiometric 8.2-nm-thick NiFe2O4 on top of a 3.4-nm-thick
NiO layer was used for sample A [green dashed line Fig. 6(a)].

With further annealing at 800 ◦C the intensity ratios
[Fig. 6(a)] show a continuous increase of the nickel intensity.
This indicates that more Ni atoms are diffusing/transported
through the nickel ferrite layer to the very surface forming
NiO as detected by XRR and soft XPS measurements. The
photoelectron yield for this annealing step (dashed red line)
was calculated using the layer structure and thicknesses
obtained from the XRR analysis [see inset in Fig. 3(a)]. This
model is based on a stoichiometric 8.2-nm-thick NixFe3−xO4

film with x = 1 between two NiO films. The supposed
segregation behavior of Ni and the formation of NiO at the
surface could be explained by its lower surface energy of
0.863 J/m2 compared to the surface energy of 1.235 J/m2 for
NiFe2O4(001) [53]. Thus, one would expect an inversion of the
initial bilayer ordering with NiO under magnetite. However,
during the diffusion process Ni is partly incorporated in the
initial magnetite film, and stoichiometric NiFe2O4 is formed.
After saturation of the nickel ferrite the residual Ni starts to

form NiO at the surface. In our case, however, this process is
obviously not completed due to kinetic effects, and residual
NiO is still underneath the nickel ferrite.

In the case of sample B one can conclude that a single
homogeneous film was already formed by the interdiffusion
process after the second annealing step. Its stoichiometry does
not change from the second to the third annealing step [see
Fig. 6(b)]. The ratio of Ni and Fe, assuming a complete
intermixing, can be determined from Eq. (2), as then the
angular factor C(ϕ) ≡ 1. The amount of nickel and iron
does not match the ratio of 1:2 for stoichiometric nickel
ferrite and is 1:2.6 for sample B, indicating an excess of Fe
atoms. The experimental data are in good agreement with the
calculated behavior (dashed red line) for a homogeneously
mixed single layer, which is also consistent with the model
obtained from XRR. Thus, the resulting stoichiometry of
sample B is NixFe3−xO4, with x = 0.83.

The simulation of the photoelectron yield does not describe
the measured data in full detail but gives an idea of the possible
course. One limitation is that a model consisting of a stack
of separated homogeneous layers was used. Thus, potential
concentration gradients or clusters are not implemented in
the simulation. Further, effects caused by x-ray photoelectron
diffraction (XPD) are not considered. Nevertheless, the general
trend is described well.

D. SR-XRD

Figure 7 shows SR-XRD measurements and calculated
CTR intensity along the (00L) direction close to the perovskite
SrTiO3(002)P and spinel (004)S Bragg peaks for both samples
after annealing. Here, L denotes the vertical scattering vector
in reciprocal lattice units (r.l.u.) with respect to the lattice
constant of the SrTiO3(001) substrate. Indices P and S indicate

FIG. 7. SR-XRD measurements along the (00L) direction and

calculated intensities. The insets show the layer structures used in the

calculation. The model is similar to that obtained from the analysis

of the XRR (see inset in Fig. 3).
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the bulk notation for perovskite-type and spinel-type unit cells,
respectively.

For both samples a clear peak from the SrTiO3(001)
substrate at L = 2 and a broad Bragg peak originating from
the oxide film around L ≈ 1.87 is observed. The structural
parameters, e.g., vertical layer distances, are determined by
analyzing the CTRs by applying full kinematic diffraction
theory. The structural models obtained from the XRD analysis
coincide with the layer models used for the XRR calculations
of the annealed samples (see insets of Figs. 7 and 3).

For sample A the model consists of a NiFe2O4 layer
between two thin NiO films (see inset in Fig. 7). The distinct
oscillations close to the Bragg peak of the oxide film (Laue
fringes) can be clearly attributed to the nickel ferrite layer,
indicating a well-ordered homogeneous film of high crystalline
quality. The diffracted intensity originating from the NiO
results in a broad peak underneath the Bragg reflection of
the nickel ferrite due to the small film thicknesses of the NiO
films which cannot directly be seen by the bare eye in the
experimental data. Furthermore, the vertical lattice constants
obtained from curve fitting are cNiO = 0.4177 nm for the
NiO films and cNFO = 0.8334 nm for the NiFe2O4 layer.
These results are in good agreement with the bulk values of
abulk

NiO = 0.4176 nm and abulk
NFO = 0.8339 nm, respectively.

For sample B the Laue oscillations completely vanish,
pointing to inhomogeneities within the film [see Fig. 7(b)].
This effect is possibly caused by the excess of Fe atoms in the
film, as observed by HAXPES. However, the peak width is in
accordance with the NiFe2O4 thickness of 7.1 nm. In addition,
the vertical lattice constant cNFO = 0.8304 nm obtained from
the calculations confirms the presence of a strongly distorted
structure of the annealed film since it is notably lower than the
value of bulk NiFe2O4.

E. XMCD

XMCD has been employed after the overall annealing
cycle to analyze the resulting magnetic properties element
specifically after annealing at 800 ◦C. Figure 8 depicts the
XMCD spectra of samples A and B performed at the Fe L2,3

and Ni L2,3 edges, respectively. Both samples show a strong
Ni dichroic signal [see Fig. 7(a)], and in order to extract the
spin magnetic moments we use the spin sum rule developed by
Chen et al. [54]. The number of holes is determined from the
charge-transfer multiplet simulations for each sample. We also
account for the core-hole interactions which mix the character
of the L3 and L2 edges [55,56] by considering the spin sum
rule correction factors obtained by Teramura et al. [55]. We
find a Ni spin moment of 0.51 μB/Ni atom and an orbital
contribution of 0.053μB/Ni atom, summing up to a total Ni
moment of 0.56μB for sample A. In the case of sample B we
derive mspin = 0.91μB/Ni atom, morb = 0.122μB/Ni atom,
and hence a total Ni moment of 1.03 μB/f.u.. The latter value
is rather close to that recently found by Klewe et al. [57] on a
stoichiometric NiFe2O4 thin film.

Turning to the Fe moments, we find strong indications
that our heat and diffusion experiments lead to a NixFe3−xO4

layer or cluster formation in both samples. Since we
obtain mspin = −0.028μB (+0.11μB )/Fe atom and
morb = +0.015μB (+0.007μB )/Fe atom at the Fe sites of

FIG. 8. (a) Ni L2,3-XMCD spectra of samples A and B. (b) Fe

L2,3-XMCD spectra of samples A and B. (c) Experimental Fe L2,3

edge XMCD of samples A and B and the corresponding XTM4XAS

fits with and without considering octahedral coordinated Fe2+ ions.

sample A (sample B), we find very small net contributions to
the overall magnetic moments. In comparison Klewe et al. [57]
found an iron spin moment of around 0.1μB/Fe atom and a
further orbital contribution of around 10%–15% of that value.
This indicates an (almost complete) structural inversion of the
prior bilayer system; that is, the iron ions occupy in equal parts
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octahedral and tetrahedral positions within the crystal. Since
the moments of these octahedrally and tetrahedrally coordi-
nated cations are aligned antiparallel, the moments nearly
cancel each other out in a perfect inverse spinel structure.

Figure 8(c) presents the charge-transfer multiplet calcula-
tions for the single iron cations in octahedral and tetrahedral
coordination as well as the best fits to the experimental Fe
L2,3-XMCD spectra of samples A and B with (red) and
without (blue) considering Fe2+

oct ions. The resulting lattice site
occupancies are 16.3% Fe2+

oct , 32.2% Fe3+
oct , and 51.5% Fe3+

tet

(42.6% Fe3+
oct and 57.4% Fe3+

tet ) for sample A and 24.0% Fe2+
oct ,

31.5% Fe3+
oct , and 44.5% Fe3+

tet (55.6% Fe3+
oct and 44.4% Fe3+

tet )

for sample B when including (not including) Fe2+
oct ions in the

respective fit. The result that, for sample A, over 50% are in
Fe3+

tet coordination as to the calculations also corresponds to the
small negative spin moment determined by the spin sum rule.

From the overall multiplet fits [Fig. 8(c)] one can clearly
see that feature i [Fig. 8(b)] is very small if Fe2+

oct cations are
not explicitly considered in the respective simulations. The
origin of this feature in ferrites with inverse spinel structure
other than magnetite is still not entirely understood [44,57,58].
In Fe L2,3-XMCD spectra of both samples A and B peak
i is significantly smaller than results obtained very recently
for NiFe2O4 thin films grown by pulsed laser deposition
(PLD) [44] but somewhat more intense than it is in the
result of Klewe et al. [57]. Also, their corresponding multiplet
simulation resembles our approach (not considering the Fe2+

oct

sites) rather well. The presence of peak i in the Fe L2,3-XMCD
of sample B can at least partly be explained by the lack of Ni2+

oct

ions as to the HAXPES measurements. Since peak i also occurs
in XMCD experiments on bulk material [58], one can think
about several additional reasons for the presence of some Fe2+

oct

ions. For instance, a small fraction of the Ni ions might be
present in the form of Ni3+ or coordinated on tetrahedral sites
as a result of the interdiffusion process. Despite the fact that
Ni2+ prefers octahedral coordination, even measurements on
NiFe2O4 bulk crystals indicate that a few of the Ni ions are on
tetrahedral sites [58]. Furthermore, oxidation or reduction of
a fraction of the Fe at the very surface of the thin films cannot
be entirely excluded as the probing depth of the total electron
yield is only around 2 nm at the Fe L2,3 and Ni L2,3 resonances
of oxides [58,59].

For sample B we also recorded element-specific hysteresis

loops at the Ni L3 edge and the site-specific loops at Fe L3

resonances for peaks i–iii [see Fig. 8(b)]. Figure 9 displays the

resulting magnetization loops. One can see the ferrimagnetic

ordering between the Fe3+
tet cations and the other Fe and Ni

cations. For all octahedrally coordinated cations we probe

in-plane open magnetization curves, whereas the Fe3+
tet cations

exhibit a closed, paramagnetic magnetization curve. In the

out-of-plane configuration we only probed the Ni sites (see

insets in Fig. 9). Whereas recently reported values of the

coercive field are on the order of Hc = 0.1 T or more for

NiFe2O4 thin films [44,57,60], we find significantly lower

values for hysteresis loops of the octahedrally coordinated

cations [see Fig. 9(b)], although it is difficult to obtain exact

values for Hc as the magnetization curves are pretty flat.

We want to point out rather flat magnetization curves appear

to be typical also for NiFe2O4 epitaxial thin films [61] and

FIG. 9. (a) Element- and site-specific hysteresis loops of the Ni

L3 and Fe L3 intensities of sample B. (b) Expanded view of the

loops near H = 0 T. Insets show the Ni hysteresis loop measured in

perpendicular (out-of-plane) geometry.

nanoparticles [62]. A number of things might be responsible

for the observed discrepancy; a strongly increased Hc might

be caused by exchange-coupled grains [60] or a high defect

density [57], for instance. On the other hand, similar values

for the coercive field measured here have been found for

polycrystalline as well as epitaxial NixFe3−xO4 thin films [61].

The bulk value of NiFe2O4 has been reported to be 0.01 T [62],

which is closer to the values obtained here.

IV. SUMMARY AND CONCLUSIONS

We investigated the modification of the crystallographic,
electronic, and magnetic properties of Fe3O4/NiO bilayers
due to thermally induced interdiffusion of Ni ions out of the
NiO layer into the magnetite film. We annealed two bilayers
[sample A (B) initially comprises 5.6 nm (1.5 nm) NiO and
5.5 nm (5.4 nm) Fe3O4] in three steps of 20–30 min in an
oxygen atmosphere of 5×10−6 mbar. LEED demonstrated

the extinction of the magnetite-specific (
√

2×
√

2)R45◦ su-
perstructure; however, a spinel-like (1×1) surface structure
occurred after the overall annealing cycle.

Structural analysis reveals that the annealing cycles lead
to homogeneous layers of NixFe3−xO4. In the case of sample
A consideration of an additional NiO layer on the surface
and interface leads to the best agreement between calculated
and experimentally observed XRR and SR-XRD results. For
sample B SR-XRD indicates a strongly distorted structure
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with a vertical lattice constant of c = 0.8304 nm, whereas
the vertical lattice constant c = 0.8334 nm of sample A is
close to that of bulk NiFe2O4 (abulk

NFO = 0.8339 nm).
These findings are supported by the soft XPS and HAXPES

experiments. First, the formation of Fe3+ upon annealing at
600 ◦C is confirmed by the shape and binding energy positions
of the Fe 2p core level spectra. Further annealing at 800 ◦C
does not cause any changes in the Fe 2p spectra. Second,
for sample B the shape and binding energy of the Ni 2p

spectra indicate the formation of an inverse spinel ferrite,
whereas in the case of sample A NiO characteristic features
first diminish after annealing at 600 ◦C and then reappear
after the entire annealing cycle at 800 ◦C. Due to surface
sensitivity soft XPS analysis clearly reveals the occurrence of
Ni2+ in NiO stoichiometry in the near-surface region after the
last annealing step. Further, HAXPES analysis shows also an
increasing amount of Ni2+ ions. This may be associated with
the much thicker initial NiO layer of sample A, leading to Ni
diffusion to the sample surface. We assume that NiFe2O4 is
formed on top of the residual NiO film after the annealing
step of 600 ◦C, as observed in the soft XPS and HAXPES.
However, further annealing at 800 ◦C results in segregation
and formation of NiO on top of a well-ordered stoichiometric
NiFe2O4 of high crystalline quality. Thus, the nickel ferrite is
saturated by Ni if the ferrite assumes NiFe2O4 stoichiometry.
The residual Ni attempts to form NiO on top of the nickel
ferrite due to its lower surface energy compared to the surface
energy of nickel ferrite [53]. This process, however, is not
completed in our case, probably due to kinetic effects.

Furthermore, we determined a Ni:Fe ratio of 1:2.6 for
sample B and thus a resulting stoichiometry of Ni0.83Fe2.17O4.
This is in accordance with the weak crystalline quality of
sample B seen in the XRD measurements.

We employed XMCD to study the internal magnetic
properties of the thin films resulting from the Ni interdiffusion
process. In excellent agreement with complementary charge-
transfer multiplet simulations, we found a strong increase of
the Fe3+

tet coordinated cation fraction (around 50%) compared
to stoichiometric Fe3O4, resulting in very small Fe net mag-
netic moments as determined from the experimental XMCD
data by applying the sum rules. The magnetic properties after
the annealing cycle are in both samples dominated by the
contribution of the Ni2+ ions, which exhibit magnetic moments
of 0.56μB/f.u. (sample A) and 1.03μB/f.u. (sample B). The
latter value corresponds quite well to the value very recently

reported for a stoichiometric NiFe2O4 thin film [57]. The lower
value found for sample A can be explained by the formation of
(antiferromagnetic) NiO-rich islands or clusters at the surface
of the sample which contribute to the Ni L2,3-XAS signal
but not to the corresponding XMCD. Finally, element-specific
hysteresis loops performed on sample B show a rather small
in-plane coercive field. This is a further indication of the
formation of a magnetically well ordered NiFe2O4-like thin
film by means of thermal interdiffusion of Ni2+ ions into
magnetite from Fe3O4/NiO bilayers.

In conclusion we presented a comprehensive study of epi-
taxially grown Fe3O4/NiO heterostructures and their structural
evolution due to Ni interdiffusion as a consequence of three
distinct thermal annealing steps. A multitechnique approach
tackling the structural, chemical, electronic, and magnetic
properties leads to a rather complete and conclusive picture
which is also in good agreement with corresponding model
calculations. We have demonstrated that it is possible to
synthesize NixFe3−xO4 thin films with compositions close
to stoichiometric NiFe2O4 with high crystalline quality by
thermally induced intermixing of distinct Fe3O4/NiO bilayers
grown on Nb-doped SrTiO3(001). If the initial Fe3O4 and
NiO thin-film thicknesses can be controlled precisely, one
may obtain NixFe3−xO4 thin films with tunable band gap
employing this approach, which might be of interest for several
applications, e.g., in the field of spintronics (spin valves) or for
experiments concerning the spin Hall magnetoresistance [29]
and the spin Seebeck effect [27,28]. Thus, additional transport
effects based on either charge or spin currents can be amplified
or suppressed depending on the band gap properties of the
NiFe2O4-like material.
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Characterization of multifunctional β-NaEuF4/
NaGdF4 core–shell nanoparticles with narrow size
distribution†
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The properties of β-NaEuF4/NaGdF4 core–shell nanocrystals have been thoroughly investigated. Nano-

particles with narrow size distribution and an overall diameter of ∼22 nm have been produced with either

small β-NaEuF4 cores (∼3 nm diameter) or large β-NaEuF4 cores (∼18 nm diameter). The structural pro-

perties and core–shell formation are investigated by X-ray diffraction, transmission electron microscopy

and electron paramagnetic resonance, respectively. Optical luminescence measurements and X-ray

photoelectron spectroscopy are employed to gain information about the optical emission bands and

valence states of the rare earth constituents. Magnetic characterization is performed by SQUID and X-ray

magnetic circular dichroism measurements at the rare earth M4,5 edges. The characterization of the

core–shell nanoparticles by means of these complementary techniques demonstrates that partial inter-

mixing of core and shell materials takes place, and a significant fraction of europium is present in the

divalent state which has significant influence on the magnetic properties. Hence, we obtained a combi-

nation of red emitting Eu3+ ions and paramagnetic Gd3+ ions, which may be highly valuable for potential

future applications.

1 Introduction

NaREF4 nanoparticles (RE: rare earth) have attracted increas-
ing interest in recent years for applications in biological
labeling and imaging,1–20 photodynamic therapy and drug
delivery,21–26 photovoltaics,27–30 photonics31–33 and security
labeling.34–36 Frequently, nanocrystals with core–shell struc-
ture are synthesized, since a shell of inert material increases

the quantum yield of a luminescent particle core by decreasing
energy losses on the particle surface.37–39 Particles containing
one or more shells of the doped material furthermore allow us
to spatially separate the dopant ions with different functional-
ities and to control the migration of energy within such
structures.40–49 For lanthanide ions emitting in the red and
near infrared spectral regions, fluoride host materials are of
particular interest because the very low phonon frequencies of
fluoride lattices decrease the probabilities of multiphonon
relaxation processes, resulting in high quantum yields. One
example is the Eu3+ ion, displaying pure red emission in many
host materials, because all transitions except those from the
5D0 level are quenched due to multiphonon relaxation. In the
fluoride host, however, also transitions from the higher 5D1,
5D2 and 5D3 levels are observed provided that the concen-
tration of the Eu3+ dopant is low. At higher concentrations,
however, cross-relaxation between adjacent Eu3+ in the lattice
leads to quenching of the 5D1,

5D2 and
5D3 transitions in these

materials, too. Trivalent gadolinium, on the other hand, is
characterized by a relatively large energy gap between the
ground state (8S7/2) and the lowest excited level (6P7/2).

21 Impor-
tantly, this excited level is situated in the ultraviolet spectral

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
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region, i.e. well above the emitting 5D0,
5D1,

5D2 and
5D3 levels

of Eu3+. A NaGdF4 shell around a NaEuF4 core can therefore
improve the luminescence efficiency of the core. Moreover, the
lattice mismatch between the core and the shell is very low
due the very similar lattice constants of NaGdF4 and NaEuF4.
In addition to their interesting optical properties, europium
and gadolinium have remarkable magnetic properties. Owing
to their seven unpaired electrons, Gd3+ ions in the ground
state can, for instance, efficiently alter the relaxation times of
the surrounding water protons and are therefore the basis of
the most commonly used contrast agents in magneto reso-
nance imaging.50 While gadolinium ions usually form the oxi-
dation state III+, europium compounds can contain either Eu3+

or Eu2+ ions, or both. Trivalent europium in the ground state
(7F0, S = 3, L = 3, J = 0) has no magnetic moment while divalent
europium has seven unpaired electrons in the ground state
(8S7/2, S = 8, L = 0, J = 7/2). Interestingly in some trivalent com-
pounds formation of divalent europium states on the surface
was observed.51,52 Moreover, Kachkanov et al. detected an opti-
cally induced magnetic moment of Eu3+ ions in GdN.53

In this work, we synthesized core–shell systems composed
of a β-NaEuF4 core and a β-NaGdF4 shell. This structure has
two advantages. Firstly, the influence of different surrounding
media on the β-NaEuF4 core can be minimized or entirely
removed. Secondly, the combination of red emitting Eu3+ ions
and paramagnetic Gd3+ ions is highly valuable.

The nominal size is the expected size based on the used
materials respectively precursor particles. We use a number of
complementary methods to evaluate the structure of β-NaEuF4/
NaGdF4 core–shell particles and to study their electronic and
magnetic properties. Detailed knowledge of these properties is
indispensable to compare the results with those of Eu3+ doped
β-NaGdF4 nanoparticles and to further optimize the core–shell
system in question. Structural properties and core–shell for-
mation are determined by means of X-ray powder diffraction
(XRD) and high resolution transmission electron microscopy
(HR-TEM). Core–shell formation is further investigated by elec-
tron paramagnetic resonance (EPR) and optical luminescence
spectroscopy. Chemical and electronic properties with special
emphasis on the Eu and Gd valence states are determined
employing X-ray photoelectron spectroscopy (XPS), whereas
magnetic characterization is performed with a superconduct-
ing quantum interference device (SQUID) magnetometer. The
measured magnetization curves are analyzed by means of
Monte Carlo based Heisenberg simulations. Finally we per-
formed element specific X-ray magnetic circular dichroism
(XMCD) at the Eu M4,5 and Gd M4,5 edges to gain a complete
picture of the internal magnetic structure of the multifunc-
tional β-NaEuF4/NaGdF4 core–shell nanoparticles.

2 Results and discussion
2.1 Total scattering measurement and PDF analysis

Fig. 1 shows the pair distribution functions (PDFs) for both
core–shell samples as well as the 22 nm β-NaGdF4 nanocrystals

doped with 1% Eu. The two samples containing low Eu and
high Gd concentration (20 nm β-NaEuF4/NaGdF4 core–shell
nanoparticles (NPs) with a 3 nm β-NaEuF4 core, 22 nm
β-NaGdF4 nanoparticle (NP) doped with 1% Eu) exhibit very
similar PDFs that differ significantly from the core–shell
sample with the 18 nm β-NaEuF4 core. Comparing the two
core–shell samples (20 nm β-NaEuF4/NaGdF4 core–shell nano-
particles with a 3 nm β-NaEuF4 core, 22 nm β-NaEuF4/NaGdF4
core–shell nanoparticles with an 18 nm β-NaEuF4 core) we can
clearly identify shifts of the peak positions in the PDF (corres-
ponding to atom–atom distances). Note that the structures of
bulk β-NaEuF4 and β-NaGdF4 are quite similar and the differ-
ences in bond distances between the different atoms are thus
expected to be small. In order to enhance the visibility of the
structural differences we calculated the differences between
the corresponding PDFs, given as ΔG(r) in Fig. 1. One can
clearly see that the difference between the PDF of the 20 nm
β-NaEuF4/NaGdF4 core–shell nanoparticles with a 3 nm
β-NaEuF4 core and the 22 nm β-NaGdF4 NP doped with 1% Eu
is very small, resulting in very weak features in the ΔG(r). A
core–shell nanoparticle with a small β-NaEuF4 core thus exhi-
bits almost the same structure as a nanoparticle doped with
1% Eu, indicating that the structural relaxation is similar for
these two cases. In other words, from the PDF analysis alone it
is impossible to distinguish between the structure of the core–
shell NP and a homogeneously doped NP. In contrast, the
difference of the two PDFs (ΔG(r)) of the two core–shell
samples is much more pronounced. Almost all peak positions
are affected and the shifts are more pronounced for larger
atom–atom distances r. In order to investigate this result in
more detail we performed simulations of the PDFs based on
pure crystalline, spherical 22 nm β-NaGdF4 and β-NaEuF4
nanocrystals. The results are shown in Fig. 2. The distances
are slightly shorter in the β-NaGdF4 nanoparticle as expected
from the smaller lattice parameters. We observe a good agree-
ment between the simulated peak positions in the PDF for the

Fig. 1 Comparison of atomic PDFs in real space, G(r) for 20 nm

β-NaEuF4/NaGdF4 core–shell nanoparticles with a 3 nm β-NaEuF4 core

and ∼8.5 nm β-NaGdF4 shell, 22 nm β-NaEuF4/NaGdF4 core–shell nano-

particles (NPs) with an 18 nm β-NaEuF4 core and 22 nm β-NaGdF4 nano-

particle (NP) doped with 1% Eu and their differential PDFs.
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two pure nanoparticles and the experimentally determined
PDF. The peaks are broader in the experimental PDF, which is
due to a lower resolution of the experiment, but also due to
the fact that in the core–shell nanoparticles we expect some
strain and defects as well as a not perfectly spherical shape.
We don’t expect a significant impact of the particle-size distri-
bution on the PDF since the size distributions are rather
narrow, e.g., the β-NaEuF4/NaGdF4 (3 nm core) nanoparticles
exhibit a size distribution of 16.8 nm ± 5% (see Table 1),
corresponding to particles ranging from 16 nm to 17.7 nm. If
the structural difference (e.g. distances between first neigh-
bours) between two such nanoparticles is well below the
resolution of 0.138 Å, there will be no visible effect on the
experimental PDF. For illustration one can compare the two
simulated PDFs for the 22 nm β-NaGdF4 and β-NaEuF4
particles given in Fig. 2, where the difference in the first neigh-

bour distances between the pure Gd and the pure Eu sample is
of the order of 0.02 Å, which is at the limit of visibility in the
G(r). Structural differences between two identical nano-
particles differing only by 5% in size would therefore not be
detected in the experiment. As a first conclusion we can state
that a β-NaEuF4/NaGdF4 core–shell nanoparticle with a 3 nm
β-NaEuF4 core exhibits approximately the same structure as a
slightly Eu-doped β-NaGdF4 nanoparticle and its main struc-
tural parameters are those of the β-NaGdF4 structure.
β-NaEuF4/NaGdF4 core–shell nanoparticles with an 18 nm
β-NaEuF4 core on the other hand resemble the corresponding
pure β-NaEuF4 structure. Due to the limited resolution of the
experiment a more detailed modelling, e.g. to investigate the
core–shell interface, is currently not possible. High-resolution
electron microscopy investigations were carried out for further
characterisation of the nanoparticles.

2.2 TEM-HRTEM

The morphology of the nanoparticles was characterized by
transmission electron microscopy (TEM). It can be seen that
the particles are nearly spherical or slightly elongated and
retain the initial morphology of the precursor core particles
(Fig. 3). Inter-planar spacings were measured using fast
Fourier transform (FFT) analysis of the HRSTEM images. Inter-
planar spacings with distances 0.29 nm, 0.18 nm and 0.16 nm
were measured. These match very closely to the theoretical
values for the (1,1,0), (0,0,2) and (1,1,2) planes respectively.
Because the lattice constants between the core and the shell
are similar, no significant differences are observed. Fig. 4(a)

Fig. 3 TEM images showing (top) general morphology and (bottom)

high-resolution images of the (a) 18 nm β-NaEuF4 NP and (b) 22 nm

β-NaEuF4/NaGdF4 NP with a 2 nm β-NaGdF4 shell around the 18 nm

β-NaEuF4 core. The insets show the fast Fourier transforms (FFTs) of

HR-TEM images.

Fig. 2 Comparison of observed PDFs for 20 nm β-NaEuF4/NaGdF4
core–shell nanoparticles with a 3 nm β-NaEuF4 core and ∼8.5 nm

β-NaGdF4 shell and 22 nm β-NaEuF4/NaGdF4 core–shell NPs with an

18 nm β-NaEuF4 core and calculated PDFs of 22 nm β-NaGdF4 and

β-NaEuF4 spheres with the corresponding differential PDFs (spectra are

normalized to the first peak).

Table 1 Sample label, nominal size and size distribution determined by

transmission electron microscopy (TEM) analysis (Fig. S2 and S4)

Samples Nominal size Size (from TEM)

NaEuF4/NaGdF4 (3 nm core) 20 nm 16.8 nm ± 5%
NaEuF4/NaGdF4 (18 nm core) 22 nm 23 nm ± 3.8%
NaGdF4:1% Eu 22 nm 25.4 nm ± 4%
NaEuF4 (3 nm) 3 nm Not evaluable
NaEuF4 (18 nm) 18 nm 19.7 nm ± 4.2%
NaGdF4/NaEuF4 (3 nm core) 20 nm 20.2 nm ± 3.9%
NaEuF4:1% Gd 22 nm 24.5 nm ± 5.4%
NaGdF4 (3 nm) 3 nm Not evaluable
NaGdF4 (22 nm) 22 nm 25.6 nm ± 5.8%
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shows the high-resolution bright field scanning transmission
electron microscopy (BF STEM) images of the core–shell nano-
particles with an 18 nm β-NaEuF4 core and a 2 nm β-NaGdF4
shell and (b) the corresponding high-angle annular dark field
(HAADF) image.

The HAADF HRSTEM image of the 22 nm β-NaEuF4/
NaGdF4 core–shell NPs with an 18 nm β-NaEuF4 core and
2 nm β-NaGdF4 shell in Fig. 4(b) does not show significant
variation within the nanoparticle.

The STEM-EELS mapping of the 22 nm β-NaEuF4/NaGdF4
core–shell NPs with an 18 nm β-NaEuF4 core and 2 nm
β-NaGdF4 shell (Fig. 4(c)) shows according to the colour map
(inset) evidence of a core shell structure with Eu (green) in the
center and Gd (red) on the surface.

2.3 Luminescence

The optical properties of the β-NaEuF4 core and β-NaEuF4/
NaGdF4 core–shell nanocrystals were studied by photo-
luminescence spectroscopy. As expected, excitation at the
7F0,1 →

5L6 transition of Eu3+ at ∼394 nm results in Eu3+ emis-
sion for all nanoparticles containing Eu3+ ions (Fig. 5). In all
cases the highest emission intensities are recorded at ∼591,
614 and 696 nm corresponding to the 5D0 →

7F1,
5D0 →

7F2
and 5D0 →

7F4 intra-4f shell transitions of Eu3+ respectively.54

These transitions are characteristic for luminescent materials
containing Eu3+ ions and are, for instance, also observed for

the β-NaGdF4 nanocrystals doped with 1 mol% of Eu3+. Fig. 5
shows, however, that the emission spectrum of such weakly
doped particles displays additional lines between 450 nm and
580 nm, caused by transitions from the higher excited 5D3,

5D2

and 5D1 levels of Eu3+ to its 7FJ ground state multiplet. These
emission lines are very weak in materials containing Eu3+ in
high concentrations, since cross-relaxation between adjacent
Eu3+ ions is known to quench the luminescence from these
states. The 5D3,

5D2 and 5D1 emission lines are therefore
characteristic for Eu3+ ions having no Eu3+ neighbors in the
crystal lattice and display negligible intensity, for instance, in
the case of β-NaEuF4 core particles (Fig. 5).55,56 Fig. 5 shows,
however, that after the formation of the NaGdF4 shell, the

5D3,
5D2 and 5D1 emission lines appear in the spectrum of the
core–shell particles. This indicates that some Eu3+ ions are
released from the β-NaEuF4 core and incorporate into NaGdF4
during formation of the shell. The figure also shows that the
transitions from the higher 5D states are much less intense for
core–shell particles with 18 nm cores indicating that the
number of Eu3+ ions released decreases with increasing core
size. This observation is in accord with the lower surface-to-
bulk ratio of 18 nm core particles compared to 3 nm core par-
ticles, since the release of Eu3+ ions should be proportional to
the total surface area of all core particles. To further substanti-
ate this result, we have investigated the core–shell particles
containing Gd3+ by EPR spectroscopy.

2.4 Electron paramagnetic resonance spectroscopy

In general, the EPR spectrum of Gd3+ ions (S = 7/2) is charac-
terized by the Zeeman interaction with a g-value ≈2 and exhi-
bits significant contributions from zero-field splitting. The
mean distance between two adjacent Gd3+ ions in the crystal
lattice is reflected in the broadness of the EPR spectrum that

Fig. 5 Normalized emission spectra of 3 nm β-NaEuF4, 20 nm

β-NaEuF4/NaGdF4 NPs with a 3 nm core, 22 β-NaGdF4 NP doped with

1% Eu, 18 nm β-NaEuF4 and 22 nm β-NaEuF4/NaGdF4 NPs with an

18 nm β-NaEuF4 core. The spectra were recorded under 394 nm exci-

tation of the Eu3+ ions (7F0,1 →
5L6). All particles consist of hexagonal

phase (β-phase).

Fig. 4 High resolution scanning transmission electron microscopy

bright field (HRSTEM-BF) image of (a) 22 nm β-NaEuF4/NaGdF4 core–

shell NPs with an 18 nm β-NaEuF4 core and 2 nm β-NaGdF4 shell and (b)

the corresponding high-angle annular dark field (HAADF) high resolution

scanning transmission electron microscope (HRSTEM) image. And (c)

scanning transmission electron microscope-electron energy loss

spectroscopy (STEM-EELS) survey image and colour map of Eu (green)

and Gd (red).
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increases with increasing Gd concentration due to dipolar and
isotropic exchange interactions between the ions, as observed
in Fig. 6 for 3 nm β-NaGdF4 particles (green spectrum).57 A
similar broadening due to Gd3+–Gd3+ interactions has been
observed for NaYF4/NaGdF4 core–shell nanocrystals, even if
the shell of NaGdF4 is as thin as 1 nm.58 In the study pre-
sented here we investigated core–shell particles with signifi-
cantly thicker shells, consisting of a small 3 nm β-NaEuF4 core
and an ∼8.5 nm thick β-NaGdF4 shell. Since the EPR signal of
such particles would be fully dominated by the broad spec-
trum of the undiluted Gd3+ ions in the shell, we used core–
shell nanocrystals with inverted composition in the EPR
measurements, i.e., 3 nm β-NaGdF4 core particles with an
∼8.5 nm β-NaEuF4 shell. In Fig. 6, the EPR spectrum of these
core–shell particles (red line) is compared with the EPR spec-
trum of β-NaEuF4 nanocrystals doped with 1% Gd3+ (blue line)
and the EPR spectrum of 3 nm β-NaGdF4 core particles (green
line). Note that all spectra are normalized at maximum signal
height as indicated by the scaling factors given in the figure.
The highest scaling factor was used for the NaGdF4 core par-
ticles as the strong interaction of the Gd3+ ions in these par-
ticles leads to strong broadening of their EPR signal (green
line). The lowest scaling factor was used in the spectrum of the
weakly doped β-NaEuF4:1% Gd particles. This spectrum exhi-
bits a dominating narrow EPR signal (peak-to-peak width,
ΔBpp ≈ 10 mT) in the g = 2 region and additional contributions
at higher g-values (lower magnetic fields), the latter indicating
the presence of Gd3+ ions at sites with different symmetries
and/or crystal fields compared to the bulk sites. Since we used
rather large NaEuF4:1% Gd particles with a diameter of 22 nm,
the contribution from surface Gd3+ sites, however, is almost
negligible in this case. The additional contributions therefore
indicate that the Gd3+ dopant ions are not homogeneously dis-

tributed inside the particles as observed before.58 Finally, the
high scaling factor used for the β-NaGdF4/NaEuF4 core–shell
nanocrystals shows that their EPR signal is much weaker than
the signal of the doped β-NaEuF4:1% Gd particles, although
both samples contain europium and gadolinium in the same
molar ratio of 99 to 1. The much lower intensity is in accord
with the core shell structure, since the signal of the Gd3+ ions
in the core is expected to be strongly broadened. Similar to the
doped β-NaEuF4:1% Gd particles, however, the normalized
EPR spectrum of the core–shell particles also displays a narrow
signal at g ≈ 2.0 characteristic for isolated or weakly interacting
Gd3+ ions. Since this signal is even narrower (ΔBpp ≈ 3 mT)
and of higher relative intensity compared to the doped
β-NaEuF4:1% Gd particles, it indicates the presence of highly
diluted (≪1%) Gd3+ ions in the β-NaEuF4 shell. Komban et al.

concluded from the EPR data for NaYF4:Gd core–shell particles
that the shell structure grows from dissolved precursor par-
ticles and that most likely also Y3+ ions are released from the
surface of the core-precursors during the reaction.58 The EPR
data for the β-NaGdF4:Eu core–shell particles shown in Fig. 6
indicates that these nanocrystals are formed in a similar way
and therefore support the conclusions drawn above from
luminescence spectroscopy.

2.5 Chemical properties, core level XPS

We employed core level XPS to investigate the chemical states
of the Eu and Gd ions of the nanoparticles and core–shell
systems in question. Fig. 7(a) displays the Gd 3d X-ray photo-
electron spectra of the core–shell and pure β-NaGdF4 (3 nm
diameter) nanoparticles. The corresponding spectrum of a
GdF3 single crystal52 is also shown for comparison. For all
samples the Gd 3d5/2 and 3d3/2 core level binding energies are
located at 1187.5 eV and 1219.5 eV, respectively. All the spectra
show no distinct satellite features between the 3d5/2 and 3d3/2
main peaks indicating the absence of any metallic Gd
contributions.59

Fig. 7(b)–(d) show the Eu 4d (and Gd 4d (Fig. 7(d))) spectra
of pure β-NaEuF4 (3 nm and 18 nm (Fig. 7(b) and (c))) and the
β-NaEuF4/NaGdF4 core–shell nanoparticles with an 18 nm
β-NaEuF4 core (Fig. 7(d)). The Eu 4d XPS of the 3 nm β-NaEuF4
nanoparticles comprises three distinct features located at
129.9 eV (A), 137.4 eV (B), and 143.4 eV (C). Features B and C
can be attributed to the Eu3+ 4d5/2 and Eu3+ 4d3/2 states,
whereas the lower binding energy peak A represents the Eu2+

4d5/2 states,52 whereas the Eu2+ 4d3/2 states are overlapping
with the Eu3+ 4d5/2 states and not visible as distinct features in
the corresponding Eu 4d spectra. We de-convolute these
spectra using Gaussian/Lorentzian line profiles. In the case of
the β-NaEuF4/NaGdF4 core–shell nanoparticles (18 nm
β-NaEuF4 core) this de-convolution approach is extended to
the Gd3+ 4d5/2 and Gd3+ 4d3/2 states, assuming a pure trivalent
Gd valence state in accordance with the results presented in
Fig. 7(a). With the fitting approach described we are able to
determine the Eu cation distribution of the nanoparticles
investigated here. One can already see by the naked eye that
the 3 nm β-NaEuF4 nanoparticles comprise the highest

Fig. 6 Normalized EPR spectra of 20 nm core–shell particles com-

posed of a 3 nm β-NaGdF4 core and an ∼8.5 nm β-NaEuF4 shell (red),

22 nm β-NaEuF4 NPs doped with 1% Gd (blue) and 3 nm β-NaGdF4 pre-

cursor particles (green). Due to the large width of the EPR spectrum of

the precursor particles it has a significantly lower intensity compared to

the other spectra and consequently displays more noise when the

spectra are normalized to the same signal height (scaling factors: blue,

×1; red, ×10; green, ×11). The asterisk denotes an impurity signal of the

microwave cavity present in all spectra at 175 mT.
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amount of Eu2+ ions, we find the Eu valence state in this
sample to be composed out of 30% Eu2+ and 70% Eu3+ ions.
The Eu2+ fraction is significantly reduced for the other two
samples, we find fractions of 20% Eu2+ for the 18 nm
β-NaEuF4 nanoparticles and 18% Eu2+ for the β-NaEuF4/
NaGdF4 core–shell nanoparticles, respectively. We assume that

this result can be likely due to the different surface to bulk
ratios of the samples as the formation of divalent Eu should
predominantly occur at the surface (interface) of the sample,
since a similar effect has been reported by Burian et al. on
different EuF3 surfaces and interfaces.52

2.6 Electronic and magnetic properties

In order to elucidate further the magnetic properties all over
the nanocrystals superconducting quantum interference
device (SQUID) magnetometry measurements were performed.

Fig. 8(a) and (b) show thermomagnetic curves M(T ) of the
precursor particles of pure β-NaGdF4 and β-NaEuF4 respecti-
vely. In the case of β-NaGdF4 particles, the M(T ) dependences
fulfill the Curie law but with small deviation that is clearly
demonstrated in the M × T (T ) curves. For pure Curie law (i.e.
M ∼ 1/T ), the M × T (T ) dependence should be a flat line, while
the observed linear deviation indicates temperature indepen-
dent component of magnetization which, in our case, can be
attributed to some blocked magnetic moments of Gd. In the
case of β-NaEuF4 particles, the thermomagnetic curves are
typical as for Eu3+ ions, showing the so-called van Vleck para-
magnetism which is relatively weak and temperature indepen-
dent. At low temperatures, below 20 K, traces of classical
paramagnetic behavior are observed, i.e. sharp increase in
magnetization with decreasing temperature. This effect is
caused by an expected contribution of Eu2+ ions that pose
magnetic moment and follow the Curie law. The possible
origin of the Eu2+ presence is a surface valence transition,
typical for nanoparticles containing Eu.

Fig. 8(c) shows hysteresis loops, determined at 2 K, for (i)
pure β-NaEuF4 and β-NaGdF4 precursor particles, (ii) 22 nm
β-NaGdF4 nanocrystals doped with 1% of Eu and (iii)
β-NaEuF4/NaGdF4 core–shell particles. Generally, the β-NaEuF4
samples (3 nm and 18 nm) are paramagnetic. However, for the
β-NaEuF4 3 nm nanocrystals some saturated component is
detected which confirms the presence of magnetic Eu2+ ions.
This answers the expectation of Eu2+ formation on the surface,
consequently due to the large bulk to surface ratio in the
18 nm nanocrystals no signal is detectable. The pure β-NaGdF4
precursor particles, β-NaEuF4/NaGdF4 core–shell particles with
the 18 nm β-NaEuF4 core and 22 nm β-NaGdF4 nanocrystals
doped with 1% Eu are paramagnetic with saturation magneti-
zation as expected from the literature.60 Surprisingly the
β-NaEuF4/NaGdF4 core–shell nanocrystals with the 3 nm core
show a butterfly shaped hysteresis loop. A similar behavior was
recently found in rare earth based single molecular magnets.61

The explanation of the hysteresis loop for the β-NaEuF4/
NaGdF4 core–shell particles with the 3 nm β-NaEuF4 core can
be some magnetic anisotropy. Accounting the fact that for
22 nm β-NaGdF4 and 3 nm β-NaGdF4 samples the effect of hys-
teresis broadening was not observed one may propose a model
in which the anisotropy exists at the interface between a mag-
netic shell and a non-magnetic core.

In order to confirm this hypothesis Monte Carlo simu-
lations were performed. The simulations are based on the
Heisenberg model and the so-called simulated annealing, as

Fig. 7 Normalized XPS spectra of: (a) Gd 3d-core level of β-NaEuF4/

NaGdF4 core–shell nanoparticles with 18 nm and 3 nm β-NaEuF4 cores,

3 nm pure β-NaGdF4 nanoparticles, and a GdF3 single crystal52 as a

reference. (b) Eu 4d-core level of pure 3 nm β-NaEuF4 nanoparticles,

de-convoluted into Eu2+ and Eu3+ fractions. (c) Eu 4d-core level of pure

18 nm β-NaEuF4 nanoparticles, de-convoluted into Eu2+ and Eu3+ frac-

tions. (d) Eu 4d-core level of β-NaEuF4/NaGdF4 core–shell nanoparticles

with an 18 nm β-NaEuF4 core. Eu and Gd spectra are partly overlapping,

and are de-convoluted into Eu2+, Eu3+ and Gd3+ contributions.
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described by Ziółkowski and Chrobak.62 The analyzed particle
consists of a spherical magnetic shell (7 nm in diameter) and
a nonmagnetic core (3 nm). In the magnetic net, spin S = 3.5,

exchange integral parameter J = 0 and radial magnetic
anisotropy coefficient K = kBT. Fig. 9 depicts the spin configur-
ations for different applied magnetic fields from 0 T to 10 T.

Fig. 8 Thermomagnetic M(T ) curves measured in μ0H = 0.1 T of (a) β-NaGdF4 and (b) β-NaEuF4 particles and (c) hysteresis loops of pure β-NaEuF4
and β-NaGdF4 precursor particles, 22 nm β-NaGdF4 nanocrystals doped with 1% Eu and β-NaEuF4/NaGdF4 core–shell particles at 2 K.

Fig. 9 Spin configurations (central section) for the simulated particles in the fields of 0 T, 1 T, 2 T, 6 T and 10 T (scales in nm) and the simulated hys-

teresis loops (the first quadrant) for the particle.
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The resulting average spin in the direction of magnetic
field (i.e. magnetization of the particle) as a function of
increasing and decreasing field is presented in Fig. 9. As
shown, this part of simulated hysteresis loop also reveals the
butterfly shape. It should be underlined that good qualitative
agreement with experimental data could be obtained only with
the assumption of the surface anisotropy. The performed simu-
lations including an influence of dipolar interactions, magnetic
frustrations, weak ferro and antiferro couplings do not bring sat-
isfactory results. Finally, one can conclude that the magnetiza-
tion processes of β-NaGdF4 nanoparticles can be affected by
anisotropy that leads to the appearing of butterfly shaped hys-
teresis loops and deviation from the Curie law (see Fig. 8(a)).

In order to tackle the internal magnetic structure of
selected β-NaEuF4 and the β-NaEuF4/NaGdF4 core–shell nano-
crystals with an 18 nm β-NaEuF4 core in detail we performed
X-ray magnetic circular dichroism (XMCD) at the Gd and Eu
M4,5-edges. XMCD is a very powerful tool to determine the
magnetic properties of a compound in question valence and
element specific.

Fig. 10 presents the Eu M4,5-edge X-ray absorption spectro-
scopy (XAS) and XMCD spectra of the β-NaEuF4/NaGdF4 core–
shell nanocrystals with an 18 nm β-NaEuF4 core along with the
Gd M5-edge of the 2 nm β-NaGdF4 shell. The Gd M5-edge exhi-
bits a large dichroic signal (∼20%) of negative sign and a
typical Gd3+ multiplet structure.63

In contrast the Eu M4,5-edge XMCD shows a rather weak
negative dichroism of ∼2% at the M5 edge. However, this
measured dichroic signal is significantly stronger than
expected according to the SQUID data of the pure β-NaEuF4
and β-NaGdF4 nanoparticles. Here the maximum recorded
magnetization (see Fig. 8(c)) of the β-NaEuF4 nanocrystals is
less than 1% compared to the β-NaGdF4 nanocrystals of same
size. Since both, Eu and Gd M5 exhibit negative signs the net
moments are parallelly aligned to each other. Fig. 10(b) dis-
plays the Eu M4,5-edge XA- and XMCD spectra of the core–shell
nanoparticles with those of pure 3 nm β-NaEuF4 nanoparticles.
The XPS spectra (see section 2.5) reveal an increased amount
of divalent Eu ions which is also reflected in the X-ray absorp-
tion- and XMCD spectra of this sample. The M5 edge XMCD of
the 3 nm β-NaEuF4 nanoparticles is dominated by two distinct
features located at 1128 eV and 1131 eV, which can be attribu-
ted to Eu2+ and Eu3+ contributions to the XMCD signal.64 In
the case of the core–shell nanocrystals the intensity of the
XMCD at 1128 eV is much less pronounced, which is in
accordance with the XPS results indicating a significantly
lower Eu2+ fraction compared to the 3 nm β-NaEuF4 nano-
particles. The XMCD peak at 1132 eV can be presumed as
being due to Eu3+ ions with a total magnetic quantum number
J ≠ 0, since Eu3+ in its magnetic ground state with J = 0 would
produce no dichroic signal at all. On the other hand, Eu2+ ions
are in a J = 7/2 ground state, leading to a “spin only” moment
of 7μB per Eu ion. This means that already quite a small frac-
tion of uncompensated moments originating from Eu2+ ions
may lead to a significant contribution to the overall Eu
M4,5-edge XCMD signal. As we have already pointed out the

overall dichroic Eu signal is much higher than expected from
the SQUID magnetometry data. One potential reason is that
the Eu3+-signal stems from ions in the 7F2 ( J = 1) state. This is
likely populated via the excitation of the probing X-ray beam
during the XMCD measurement. Note that 4f intrashell tran-
sitions into the 7F2 also dominate the luminescence spectra
presented in Fig. 5. A similar effect has been reported by
Kachkanov et al.53 for Eu3+ doped GaN layers. It seems that

Fig. 10 (a) Gd M5 and Eu M4,5-edge XAS and XMCD of the β-NaEuF4/

NaGdF4 core–shell nanocrystals with an 18 nm β-NaEuF4 core. (b) Eu

M4,5-edge XAS and XMCD of the β-NaEuF4/NaGdF4 core–shell nano-

crystals with an 18 nm β-NaEuF4 core and the pure 3 nm β-NaEuF4
nanoparticles. (c) Eu M4,5-edge XMCD spectra in comparison with the

corresponding atomic multiplet calculations of the 7F2 Eu3+ and the 8S7
Eu2+ final states. The simulated spectra have been extracted from Kach-

kanov et al.
53 The experiments have been performed under an external

magnetic field of B = 6 T and with the samples at a temperature of 6 K.

Spectra are offset vertically for clarity.
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β-NaEuF4 based nanocrystals and core–shell systems could be
another example of a material in which the magnetic state can
be altered by light excitation. In order to investigate this highly
interesting effect in more detail future experiments by means
of magneto optical SQUID and/or XMCD measurements in
luminescence yield would be desirable.

3 Conclusions

We synthesized β-NaEuF4/NaGdF4 core–shell nanoparticles
with narrow size distribution and an overall size of around
22 nm diameter. The particles contained either a small
β-NaEuF4 core with a diameter of only ∼3 nm or a large
β-NaEuF4 core with a diameter of ∼18 nm. Structural PDF ana-
lysis of the XRD measurements shows differences in peak posi-
tions between the both core–shell samples, although the
differences in bond distance between the different atoms of
bulk β-NaEuF4 and β-NaGdF4 are small. Comparison with
simulation based on pure crystalline, spherical β-NaEuF4 and
β-NaGdF4 nanoparticles point out that the β-NaEuF4/NaGdF4
core–shell nanoparticle with a 3 nm β-NaEuF4 core exhibits
structural parameters of β-NaGdF4 structure, whereas
β-NaEuF4/NaGdF4 core–shell nanoparticles with an 18 nm
β-NaEuF4 core resemble the β-NaEuF4 structure. HR-TEM
images reveal core–shell formation for the β-NaEuF4/NaGdF4
core–shell nanoparticles with an 18 nm β-NaEuF4 core. The
Eu3+ photoluminescence and Gd3+ ESR spectra both indicate
that rare earth ions of the small 3 nm particle cores were
released during shell growth and incorporate into the shell
material. In contrast the system with the large β-NaEuF4 core
does not exhibit additional peaks in the Eu3+ luminescence
spectra indicating that only a small number of Eu3+ ions are
present in the NaGdF4 shell. As to the Eu and Gd valance
states, X-ray photoelectron-core level spectroscopy reveals sig-
nificant fractions of Eu2+ ions in the β-NaEuF4 precursors as
well as the β-NaEuF4/NaGdF4 core–shell nanoparticles with an
18 nm β-NaEuF4 core. Larger β-NaEuF4 nanoparticles and sur-
rounded by the β-NaGdF4 shell reduce the Eu2+ fraction in
agreement with results reported for EuF3 thin film surfaces
and interfaces.52 The presence of Eu2+ in the β-NaEuF4 nano-
particles as well as in the core–shell systems is confirmed by
SQUID magnetometry. M(T ) curves of the β-NaEuF4 precursors
exhibit a sharp increase in magnetization below 20 K stemm-
ing from Eu2+ ions since only the Eu3+ ions contribute a
weak van Vleck paramagnetism. In the case of the core–shell
system with 3 nm β-NaEuF4 core we find a butterfly-shaped
hysteresis loop which is known for single molecular magnets,
for instance. This result could be reproduced by Heisenberg
model simulations of a magnetic sphere comprising a non-
magnetic core. XMCD at the Eu and M4,5 edges demonstrates
the parallel alignment of Gd and Eu moments in the core–
shell nanoparticles with a large β-NaEuF4 core. The magnetic
properties are dictated by the paramagnetic Gd3+ ions in the
surrounding β-NaGdF4 shell. However, both the Eu2+ and Eu3+

ions contribute to the overall magnetic properties of the

system. In particular the Eu3+ contribution is much higher
than expected from the weak van Vleck paramagnetism. This
might be due to the fact that the exciting X-rays populate the
J = 1 state of Eu3+ via 4f transitions which can be also seen in
the optical spectra. In future studies the core–shell formation
with small β-NaEuF4 cores will be further optimized, also to
investigate the interesting butterfly shaped magnetic hysteresis
in more detail. The fact that the magnetic state of Eu3+ might
be altered by external light excitation is another interesting
aspect which may be investigated by SQUID experiments
under optical light excitation or XMCD using luminescence
yield as the detection mode. Finally the multifunctionality of
the β-NaEuF4/NaGdF4 core–shell nanoparticles could be
further improved, e.g. by transition metal doping into the
β-NaEuF4 core and/or the β-NaGdF4 shell. In summary we have
successfully synthesized and carefully characterized multi-
functional β-NaEuF4/NaGdF4 core–shell nanoparticles combin-
ing intense red optical emission from the Eu3+ ions with the
paramagnetic properties stemming mainly from the Gd3+ ions.

4 Experimental
4.1 Materials

Sodium oleate (82%, Sigma-Aldrich), sodium fluoride (99%,
Sigma-Aldrich), ammonium fluoride (98%, Sigma-Aldrich),
oleic acid (90%, Alfa Aesar), 1-octadecene (90%, Alfa Aesar)
and hydrated rare-earth chlorides of EuCl3 and GdCl3 (99.9%,
Treibacher Industrie AG) were used as received.

Rare-earth oleates. The rare-earth oleates were prepared as
given in the literature.65 In a typical synthesis of europium
oleate 60 mmol europium chloride and 180 mmol sodium
oleate were dispersed in 120 ml ethanol, 80 ml water and
210 ml hexane. The resulting turbid solution was heated for
14 h under reflux (at about 60 °C). The resulting transparent
organic phase containing the europium oleate was separated
at room temperature and the hexane was removed with a
rotary evaporator, yielding europium oleate. Gadolinium oleate
was prepared analogously.

Synthesis of cubic phase precursor nanocrystals. The syn-
thesis of the sub-10 nm particles of α-NaREF4 (RE = Eu, Gd) is
based on the reaction of rare-earth oleates and NaF in a
mixture of oleic acid and 1-octadecene, similar to the pro-
cedure given by Liu et al.66 In our case, rare-earth oleate and
sodium fluoride were used in a molar ratio of 1 to 8. Oleic acid
and 1-octadecene were added to the 1 to 8 mixture of rare-
earth oleate and NaF (10 ml of each solvent per 1 mmol of
rare-earth oleate) and the mixture was degassed in a vacuum
Schlenk-line 100 Pa) for 1 h at 100 °C under stirring. The setup
was three times subjected to vacuum and then refilled with
nitrogen before the reaction mixture was heated at 200 °C.
After 60 min at 200 °C and slow nitrogen flow the stirred solu-
tion was allowed to cool to room temperature. The excess of
sodium fluoride was removed by centrifugation. The clear
supernatant was mixed with an equal volume of ethanol
leading to precipitation of the nanoparticles, which were
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separated by centrifugation. The particles were purified by
redispersing the precipitate in hexane (3 ml hexane per
1 mmol of rare-earth oleate), followed by precipitation with
ethanol and separation of the particles by centrifugation.

Synthesis of hexagonal phase precursor nanocrystals. Hexa-
gonal phase precursor particles of NaREF4 were prepared by
dispersing the corresponding rare-earth oleate and sodium
oleate in a molar ratio of 1 : 2.5 in oleic acid and 1-octadecene
(10 ml of each solvent per 1 mmol of rare-earth oleate) fol-
lowed by degassing at 100 °C for 1 h under vacuum (100 Pa) in
a Schlenk-line. Subsequently, 4 mmol ammonium fluoride per
1 mmol of rare-earth oleate was added at 100 °C to the clear
yellowish solution under nitrogen flow. The vessel was three
times subjected to vacuum and then refilled with nitrogen
(vacuum applied for 5 seconds only) and the stirred solution
was subsequently heated at 200 °C for 60 min under slow
nitrogen flow. After cooling to room temperature an equal
volume of ethanol was added to the solution, resulting in pre-
cipitation of the precursor particles. The particles were separ-
ated by centrifugation and purified as given above for the
cubic phase precursor nanocrystals.

Growth of the final product particles. We used a method
published earlier by the group of one of the present authors.67

Product particles with different final sizes were obtained by
varying the molar ratio of hexagonal and cubic phase precur-
sor particles. In a typical synthesis, 3.76 mg β-NaEuF4 and
1.28 g α-NaGdF4 precursor particles were re-dispersed in a
solvent mixture consisting of 10 ml of oleic acid and 10 ml of
1-octadecene. The mixture was then heated at 100 °C for
60 min under vacuum and stirring. After the vessel was three
times subjected to vacuum and then refilled with nitrogen, the
solution was heated to 320 °C under nitrogen flow. After the
desired reaction time, in this case 40 min, the reaction was
stopped and the solution was cooled down to room tempera-
ture. After adding 60 ml of a 1 : 2 mixture of hexane and
ethanol, the precipitate was separated from the solution by
centrifugation. The precipitate was purified two times as given
above for the precursor particles. The synthesis procedure for
all NaREF4 product particles was the same.

4.2 Experimental methods

The total scattering X-ray measurements were performed on
the high energy scattering beamline P02.1 at PETRA III (DESY,
Hamburg, Germany). The data sets were collected using a high
energy monochromatic beam (59.875 keV, λ = 0.20707 Å) and a
Perkin Elmer flat panel detector placed at 303 mm from the
samples. The wavelength and the sample to detector distance
have been determined by using a LaB6 NIST standard. The
used experimental setup allows to collect total scattering data
over a sufficiently high momentum transfer (Q ∼ 22.72 Å−1)
corresponding to a d spacing of 0.138 Å. We note here that the
total scattering measurements have been conducted under the
same experimental conditions for all the studied samples. The
collected data were then corrected for experimental effects
(absorption, multiple scattering, polarization, Compton scat-
tering and Laue diffuse scattering) and the scattering signals

from the air and the experimental set up were measured inde-
pendently under exactly the same conditions as the samples
and subtracted as a background in the data reduction pro-
cedure. For obtaining the experimental atomic pair distri-
bution function G(r) by a direct sine Fourier transformation of
the resulting total scattering structure function S(Q), the data
were truncated at a finite maximum value of Qmax = 18.13 Å−1

beyond which the signal-to-noise ratio became unfavourable.
All data processing was done using Fit-2D68 and PDFgetX369

software.
A double Cs corrected JEOL ARM 200F transmission elec-

tron microscope operated at 200 kV was used for the analysis
in the study. High angle annular dark field (HAADF) scanning
transmission electron microscopy (STEM) was used along with
electron energy loss spectroscopy (EELS) Spectrum Imaging
(SI) using the DualEELS™ mode on the Gatan GIF Quantum
965 ERS™ spectrometer fitted on the microscope as well as
EDS using an Oxford XMax 80 SDD.

Fluorescence spectra of the nanocrystals were recorded with
a Fluorolog 3-22 spectrometer (Jobin Yvon) equipped with
double monochromators for both channels.

The EPR spectra of the sample were recorded with a home
made X-band EPR spectrometer (9 GHz) equipped with a
dielectric resonator (DM5) (Bruker Biospin, Rheinstetten,
Germany). The microwave power was set to 1.0 mW, the B-field
modulation amplitude was 0.3 mT.

The XPS measurements were performed using a PHI 5600CI
multitechnique spectrometer with monochromatic Al Kα =
1486.6 eV radiation of 0.3 eV at full width at half-maximum.
The overall resolution of the spectrometer is 1.5% of the pass
energy of the analyzer, 0.88 eV in the present case. The XPS
measurements were performed at room temperature.

The XAS and XMCD measurements were performed at the
Beamline for Advanced Dichroism (BACH) at the Elettra Syn-
chrotron Facility.70 The samples were mounted into a cryostat
equipped with a 6.5 T superconducting magnet, the sample
stage was connected to a pumped helium cryostat, reaching a
base temperature of around 6.0 K during the experiments pre-
sented here. The measurements at the Gd and Eu M4,5 edges
have been recorded under external magnetic fields of 6 T in
the total electron yield mode.

The FC–ZFC and hysteresis loop measurements were per-
formed at the A. Chełkowski Institute of Physics, University of
Silesia, Katowice, Poland, with the use of SQUID magneto-
meter (MPMS XL7 Quantum Design). All measurements have
been performed in the 2 K–300 K temperature range up to 7 T
magnetic field.
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Electronic structure and soft-X-ray-induced

photoreduction studies of iron-based magnetic

polyoxometalates of type {(M)M5}12Fe
III
30

(M = MoVI, WVI)

Karsten Kuepper,*a,b Christine Derks,b Christian Taubitz,b Manuel Prinz,b Loïc Joly,c

Jean-Paul Kappler,c Andrei Postnikov,d,e Wanli Yang,f Tatyana V. Kuznetsova,g

Ulf Wiedwald,a Paul Ziemanna and Manfred Neumannb

Giant Keplerate-type molecules with a {Mo72Fe30} core show a number of very interesting properties,

making them particularly promising for various applications. So far, only limited data on the electronic

structure of these molecules from X-ray spectra and electronic structure calculations have been available.

Here we present a combined electronic and magnetic structure study of three Keplerate-type nano-

spheres—two with a {Mo72Fe30} core and one with a {W72Fe30} core by means of X-ray absorption spec-

troscopy, X-ray magnetic circular dichroism (XMCD), SQUID magnetometry, and complementary

theoretical approaches. Furthermore, we present detailed studies of the Fe3+-to-Fe2+ photoreduction

process, which is induced under soft X-ray radiation in these molecules. We observe that the photoreduc-

tion rate greatly depends on the ligand structure surrounding the Fe ions, with negatively charged

ligands leading to a dramatically reduced photoreduction rate. This opens the possibility of tailoring such

polyoxometalates by X-ray spectroscopic studies and also for potential applications in the field of X-ray

induced photochemistry.

1. Introduction

Polyoxometalates (POM) make a fascinating class of inorganic
compounds which, in a sense, closes a gap between “conven-
tional” transition-metal (TM) oxides and molecular magnets.
They link, by mediation of oxygen, the TM atoms together into
structures in which quite strict rules govern the emerging
short-range order. Other than imposing a crystal-type period-
icity, these rules of chemical bonding may give rise to huge
molecules of fancy shapes and beautiful sophistication.1 Such
entities may further be connected into a molecular crystal,

allowing variations depending on the particularly used “glue”
of solvent molecules. The measurable electronic, magnetic or
vibrational properties of polyoxometalates are, however, pri-
marily shaped by the physics within individual molecular
units, weakly coupled between themselves.

Possible “use” of POMs, beyond the chemist’s professional
satisfaction and the general aesthetical reward, leaves space to
fantasy, e.g. in the sense of confinement/transport of smaller
molecules or in staging/tuning magnetic interactions. The
latter aspect underlines the closeness of POMs to metallo-
organic molecules, or molecular magnets, in view of similar
mechanisms (and strength) of interatomic magnetic coupling,
and, generally, of the chemical bonding involved. Even if the
bare POM carcase is typically free of “conventionally organic”
carbon or nitrogen, they are frequent members of auxiliary
details keeping the POM molecule together.

Although POMs have been a subject of study for some time
by a number of groups worldwide, e.g., 2–7 we emphasize the
long-term efforts by the group of Achim Müller in Bielefeld, to
which we owe the introduction into the subject and the syn-
thesis of systems used in our present study.

In particular, the giant neutral Keplerate-type molecules,
{Mo72M30} (M = FeIII, CrIII, VIV, and LnIII), show a number of
intriguing properties making them extremely promising,
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potential candidates for various applications and models, i.e.
quasicrystals8 and water exchange in minerals.9 Recently, a
remarkable self-recognition phenomenon, leading to separate
blackberry-type structures of the {Mo72Fe30} and {Mo72Cr30}
molecules in dilute solutions, has been reported.10 Moreover,
such types of Keplerates with 30 transition-metal ions (e.g.,
FeIII or CrIII), symmetrically placed on an icosidodecahedral
surface, are model compounds for a mesoscopic magnetic
kagomé lattice at low temperatures.11–13 In particular, the mag-
netic properties of the neutral {Mo72Fe30} molecule (formula
of the compound: [Mo72Fe30O252(CH3COO)10{Mo2O7(H2O)}-
{H2Mo2O8(H2O)}3(H2O)91]·ca. 150H2O ≡ 1 ≡ 1a·ca. 150H2O)
have been investigated in a number of experimental and theoreti-
cal studies, including notably magnetic ones.12–17 Also, recently, a
{W72Fe30}-type cluster (formula of the compound Na6(NH4)20-
[FeIII(H2O)6]2[{(W

VI)WVI
5O21(SO4)}12{(Fe(H2O))30}(SO4)13(H2O)34] ca.

200H2O ≡ 2 ≡ Na6(NH4)20[Fe
III(H2O)6]2·2a·ca. 200H2O), where

molybdenum atoms of the pentagonal units are replaced by
tungsten ones, has been reported.18 While the 30 FeIII ions in
this anion form a spherical network based on corner-shared
triangles as in the {Mo72Fe30} molecule, there are differences
in detail. First, the electron delocalization of the 3d electrons
of the FeIII ions is somewhat weaker than those in 1, resulting
in a weakened antiferromagnetic Fe–Fe interaction in 2 in
comparison with that in 1. Second, there are significant differ-
ences in the chemistry of the ligands. The {W72Fe30} cluster 2
contains 25 SO4

2− instead of the 10 acetate ligands in 1, with
the consequence that 2 is negatively charged (1 is neutral). A
{Mo72Fe30} cluster with SO4

2− ligands has also been syn-
thesized (formula of the compound Na9K3[K20⊂MoVI70-
FeIII30O252(SO4)24(H2O)75]·ca. 140H2O ≡ 3 ≡ Na9K33a·ca.
140H2O).

19

The magnetic properties of metallo-organic complexes are
of common interest due to the ongoing miniaturization of
future memory devices. So-called single molecular magnets
and related metallo-organic compounds are one potential
vision for active functionals in future devices.

In the present study, we probe two of POM systems by
different tools of X-ray spectroscopy. Such tools, especially
when applied in combination and supported by first-principle
calculations, are powerful in revealing information about dis-
tribution of electronic states and chemical bonding. Regarding
the Fe30-based Keplerate-type compounds described above, no
X-ray spectroscopic study of the electronic and chemical struc-
tures is available to date. Furthermore, X-ray magnetic circular
dichroism (XMCD) at transition metal L edges is an advanced
technique since it enables one to determine spin and orbital
magnetic moments separately.20

One important issue which arises in this relation is poten-
tial “radiation damage”. X-ray-induced photochemistry, investi-
gated by means of soft XAS, has been reported for two Fe-
based metallo-organic complexes.21–24 These studies
addressed potential mechanisms for the photo-oxidation/
photoreduction/ligand-photolysis effects, which could also
have been induced by the cleavage of chemical bonds between
the transition metal and ligands for different reasons.

Soft XAS in the total electron yield (TEY) mode has a
probing depth of a few nanometers only, suggesting that many
secondary electrons are generated, which may play an impor-
tant role in explaining the radiation-damage effects. Further-
more, it has been demonstrated that the damage effects can
be retarded by the presence of “electron reservoirs” via mole-
cule–substrate interactions.23 George et al.22 have reported
that the observed X-ray induced photochemistry depends not
only on the Fe valence but also on the ligand structure. This
leads to the question of whether, and how, the X-ray induced
“damage” effects in metallo-organic complexes can be “tai-
lored” by means of their coordination chemistry. This offers
an interesting alternative view onto X-ray-induced photochemi-
stry as an opportunity to learn more about hitherto uncharac-
terized metal sites, rather than a cause of undesirable
potential damage. However, a detailed spectroscopic study of
chemical and electronic structures of metallo-organic com-
pounds requires care, and one always has to consider potential
soft-X-ray-induced modifications at both the transition metal
and the ligand sites.

This paper aims to address two gaps in knowledge. First,
because we wanted to investigate the topic of soft-X-ray-
induced photoreduction in Fe-based metallo-organic com-
plexes, we performed a detailed XAS study (in dependence of
the overall photon flux) at the Fe L2,3 edges and the OK edge of
1, 2, and 3. We report a tendency toward Fe3+ to Fe2+

photoreduction in all three molecules, although this process
was significantly slower for molecules 2 and 3. This obser-
vation might be related to the presence of negatively charged
SO4

2− ligands. These results also demonstrate the possibility
that (soft) X-rays can be used as an active, rather than passive,
probe of metallo-organic complexes.

Second, we performed a detailed study of the electronic and
magnetic properties by means of soft XAS and XMCD in com-
bination with first-principles electronic-structure calculations
and charge-transfer multiple simulations.

2. Experimental and theoretical procedures

We probed the Fe3+-to-Fe2+photoreduction of the two Mo72Fe30
molecules (1 and 3) by means of Fe L2,3 edge XAS, using the
total electron yield (TEY), at the Russian–German Beamline
(RGBL) at BESSY II. We used the full flux of the dipole beam-
line and recorded a series of Fe L2,3 edge XAS on different
spots on both molecules, with the samples being at room
temperature. Each scan was completed in approximately
14 min.

A comparable XAS study (also using TEY as detection
mode) of the W72Fe30(SO

4−) (2) and Mo72Fe30(Ac) (1) was
carried out at room temperature at the Advanced Light Source,
beamline 8.0.1, using the X-ray fluorescence end station of the
University of Tennessee at Knoxville.25 Photons with energies
of 500–750 eV were provided to the end station via a spherical
925-lines per mm-grating monochromator. The undulator-
based beamline delivers a flux on the order of 1012 photons s−1
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at Fe L edge photon energies around 700 eV. In order to
minimize radiation damage effects, we used the high energy
flank of the undulator gap to reduce the incoming photon flux
to around 5–10% of the maximum photon flux for the first
scan on each fresh sample spot. Each scan was completed in
approximately 8 min.

The XMCD experiments were performed at the surface and
interface microscopy (SIM) beamline of the Swiss Light Source
(SLS). We used the 7 T cryomagnetic TBT-XMCD end station,
working with a 3He–4He dilution setup in order to reach base
temperatures of around 0.7 K.26 The sample with W72Fe30 core
(2) was pasted on carbon tape before connecting the sample
holder to the cryostat coldfinger. The spectra were recorded
using the total electron yield (TEY). The undulator-based
beamline delivers a flux on the order of 1012 photons s−1 at
Fe L edge photon energies of around 700 eV. In order to
minimize radiation damage effects, we tuned the beamline
optics in order to reduce the incoming photon flux to around
1–2% of the maximum photon flux.

Magnetization measurements were performed with a
Quantum Design MPMS SQUID magnetometer.

First-principles density-functional calculations were per-
formed by the SIESTA method,27,28 which uses norm-
conserving pseudopotentials in combination with numerical
atom-centered strictly confined basis functions. Exchange-
correlation potential was taken after the generalized gradient
approximation (GGA) in the formulation of Perdew–Burke–
Ernzerhof.29

The molecule (neutral Fe30Mo72-acetate, or (6-)-charged
Fe30W72-sulfate) was placed in a cubic simulation cell having a
36 Å edge, preventing an overlap of basis functions across the
cell boundary with the molecule’s spurious replicas. Basis
functions were generated by the split-norm technique, the
standard one in SIESTA. Typically, the quality of the basis set
was “double-zeta with polarization orbitals”,30 except for the
Fe 3d status, which was of triple-zeta quality. An earlier calcu-
lation by the same method on another (Ni-based) oxovanadate
system is described by Postnikov et al.31

Fe L2,3 edge XAS spectra were simulated within the charge-
transfer multiplet model using the TT-multiplet program.32–34

After the atomic energy levels of the initial (2pn3dm) and final
(2pn−13dm+1) states were calculated and reduced to 80% of

their Hartree–Fock values (see Table 1), an octahedral crystal
field was considered. Finally, we accounted for charge transfer
by introducing 3dm+1L states and broadened the simulated
spectra, considering lifetime broadening and spectrometer
resolution.

3. Results and discussion

3.1 Soft-X-ray-radiation-induced Fe photoreduction

To gain more knowledge of the exact nature of the underlying
mechanism of the soft-X-ray-induced photoreduction process
for Fe ions in 1, 2, and 3, we measured a series of Fe L2,3 edge
XAS for both 1 and 2 systems (Fig. 1). These measurements
were performed at an undulator-based beamline (see Experi-
mental and theoretical procedures section), whereby we first
reduced the photon flux to approximately 10% of its maximal
intensity for the first Fe L2,3 edge scans of molecules 1 and 2.
Next, we doubled the flux with each completed set of XAS per-
formed at the Fe L2,3 edges untill maximum photon flux was
reached. We observed a significant Fe3+ to Fe2+ reduction in
both molecules. It is noteworthy that the Fe3+ ions in the
(charge neutral) acetate-containing molecule 1 were signifi-
cantly faster at reducing to Fe2+ than those in the sulfate-con-
taining molecule 2 (see also Fig. 1). After a total of four XAS
scans at the Fe L2,3 edges from fitting the measured spectra to
charge-transfer multiplet calculations (more details can be
found in the Experimental and theoretical procedures section),
it can be estimated that only 12.5% of Fe3+ ions were left in
molecule 1, but 37.5% remained in 2. The observed difference
in the Fe photoreduction rates may be due to the fact that for
molecule 1 the coordination is acetate and for 2 it is SO4

2−.
In Fig. 2, we present Fe L2,3 edge XAS series for molecules 1

and 3, taken at the Russian–German Beamline at BESSY II. All
scans were acquired with the full intensity of the dipole beam-
line. The charge-neutral molecule 1 undergoes a relatively
rapid Fe3+ to Fe2+ photoreduction (Fig. 2c). After only three
scans across the Fe L2,3 edges, we found a 75% fraction of Fe2+

ions, as concluded from a comparison with the corresponding
superimposed multiplet simulations. It is notable that much
faster Fe3+ to Fe2+ photoreduction processes (within one single
Fe L2,3 edge XAS scan) have been observed for a star-shaped

Table 1 Slater integrals (in eV) used for the Fe2+ and Fe3+ charge-transfer multiplet simulations of the Fe L2,3 edge XAS. The spin–orbit parameters were not

reduced, whereas the d–d and p–d integrals were reduced to 80% of the Hartree–Fock values for the subsequent simulation of the spectra

Fe2+ 2p63d6

initial
Fe2+ 2p53d7

final
Fe2+ 2p63d7L
initial

Fe2+ 2p53d8L
final

Fe3+ 2p63d5

initial
Fe3+ 2p53d6

final
Fe3+ 2p63d6L
initial

Fe3+ 2p53d7L
final

Slater integrals
F23d3d 10.966 11.779 9.762 10.623 12.043 12.818 10.966 11.779
F43d3d 6.815 7.327 6.018 6.560 7.535 8.023 6.815 7.327
F22p3d 6.793 6.143 7.446 6.793
G1

2p3d 5.004 4.467 5.566 5.004
G3

2p3d 2.844 2.538 3.166 2.844
Spin–orbit coupling
LS2p 8.200 8.202 8.199 8.200
LS3d 0.000 0.000 0.000 0.000 0.059 0.074 0.052 0.067
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Fe4 single magnetic molecule,24 where the Fe3+ ions are coordi-
nated within an octahedral environment comprising four
oxygen atoms and two nitrogen ligands. Also, for molecule 3

(Fig. 2a and 2b), a Fe3+ to Fe2+ photoreduction can be
observed. The difference is that in 3 with its SO4

2− ligands, the
soft X-ray induced photoreduction rate at the Fe site is notice-
ably lower than that in 1. Two different spots of 3 have been
probed with different storage-ring currents (spot 1:
294–260 mA, spot 2: 188–173 mA). After approximately seven
scans on spot 1 (scans 6 and 7 were taken only across the Fe L3

Fig. 2 (a) First series of Fe L2,3 edge XAS of molecule 3 (spot 1); grey lines rep-

resent the experimental data; black lines represent the corresponding simulated

spectra that were obtained by superimposing corresponding fractions of the

simulated Fe3+ and Fe2+ spectra. (b) Second series of Fe L2,3 edge XAS of mole-

cule 3 (spot 2). (c) Series of Fe L2,3 edge XAS of molecule 1. (d) Fraction of Fe3+

(derived from the corresponding multiplet simulations) versus the percentage of

overall X-ray-photon flux for the three XAS series, including exponential fits

(solid lines) for the two series taken on 3.

Fig. 1 (a) Fe L2,3 edge XAS series of 1, and (b) 2; grey lines represent the experi-

mental data; black lines represent the corresponding simulated spectra, which

were obtained by superimposing corresponding fractions of the simulated Fe3+

and Fe2+ spectra. (c) Fraction of Fe3+ (derived from the corresponding multiplet

simulations) versus the percentage X-ray photon flux time for the XAS series

shown in the top panel.
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edge), there was still a 47.5% fraction of Fe3+ ions, and on spot
2, we observed a 40% Fe3+ fraction. We present a more quanti-
tative analysis in Fig. 2d. The two series taken on 3 almost per-
fectly match when calibrated to the overall percentage photon
flux, whereas a much more rapid photoreduction of 1 leads to
a much steeper curve in this plot. Moreover, it is possible to fit
the observed Fe3+ to Fe2+ photoreduction process observed for
3 by considering a simple exponential decay (solid black and
orange fits in Fig. 2d). This may be an indication that the soft
X-ray induced Fe photoreduction process, at least in these mole-
cules, likely occurs within a single step, ruling out the possi-
bility that two or more parallel processes occur on different
slopes and timescales. We conclude that the different coordi-
nation chemistry seems to have a significant influence on the
timescale of the soft X-ray induced Fe3+ to Fe2+ photoreduction
process. The observed soft X-ray induced photoreduction may
have several potential reasons.22,23,35,36 Whereas photo-oxi-
dation under soft X-ray exposure dominates in Fe(0) and Fe(I)
coordination complexes, photoreduction is found for Fe(III)
and Fe(IV) based metallo-organic complexes.22 Also potential
related phenomena such as ligand photolysis and/or ligand to
metal charge transfer might be of importance.35 Very recently
a counterion dependence of an observed Mn3+ to Mn2+ photo-
reduction reduction rate in (Mn6

IIICrIII)3+ complexes has been
reported.36 In these complexes the soft X-ray induced photo-
reduction rate was supposed to be lower in the presence of oxi-
dizing counterions since these might release fewer electrons
under soft X-ray exposure which may mediate the photoreduc-
tion process. Whereas we cannot exclude any of the above

mentioned potential reasons for the photoreduction studies in
this work, a plausible qualitative interpretation of this is that
the observed photoreduction likely occurs because of the elec-
trons liberated by the soft-X-ray excitation from the (ligand)
atoms surrounding the transition-metal center.22 As these are
then transferred from the ligand to the metal centers, one can
quantitatively understand why molecules with the negatively
charged SO4

2− ligands exhibit a lower photoreduction rate
independent of the overall X-ray flux. The negative ligands
“screen” the electrons of the surrounding matrix, leading to a
repulsive potential. As previously described, the presence of
“electron reservoirs” via metallic substrates can also lead to
weaker radiation-damage effects.23 We also want to mention
that, as to the charge transfer multiplet simulations, the
crystal-field strength of the Fe2+ ions is noticeably lower
(0.2 eV) than that of the original Fe3+ ions (0.8 eV), indicating
major changes in the local crystal-field environment (and sub-
sequently the Fe–O bonding length) around the Fe ions during
the photoreduction process.

3.2 Electronic and magnetic structure

3.2.1 Density-functional theory calculations. As demon-
strated earlier on a number of occasions,37 first-principles cal-
culations performed at the accuracy level of the density-
functional theory (DFT) provide a realistic description of
ground-state charge density and magnetic configurations, even
if it is not as accurate as quantum chemistry schemes in the
treatment of electron-correlation effects. This technique even
provides some insight into spectral characteristics, regarding

Fig. 3 Selected local densities of states in Fe30Mo72-acetate (left panel) and Fe30W72-sulfate (right panel), summed up over all atoms of a given type, as calculated

by the SIESTA method. See text for details.
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the interpretation of valence-band XPS, ligand XAS, or X-ray
emission. DFT is advantageous because it considers the actual
crystal or molecular structure, without the need to adopt sim-
plifying structural suggestions. For the system under study,
this becomes particularly important because the structural
“soccer ball” pattern of Fe30 systems surpasses the “typical”
size of molecular magnets, while remaining short of develop-
ing periodicity-related (solid-like) features.

To start a DFT calculation, one needs to specify a realistic
structural model. Although the crystal structure, including
solvent molecules, is known, we preferred to organize calcu-
lations for isolated molecular units, stripping them of solvent
and defining, if needed, their net charge. Specifically, two
systems have been selected for the present calculation:

1. Mo72Fe30O252(CH3COO)10{Mo2O7(H2O)}{H2Mo2O8(H2O)}3-
(H2O)91 (1a) or Fe30Mo80O398C20H226 (754 atoms), denoted
henceforth as Fe30Mo72-acetate, whose structure is described
in the literature.38 The Fe30(Mo6O15)12 ball, supplemented
inwards and outwards with oxygen atoms and water molecules,
is interwoven internally by 10 CH3COO

− ions, one
Mo2O7(H2O)

2−, and three H2Mo2O8(H2O)
2− groups, as

described in the literature,38 and has a zero nominal charge.
2. [Na6(NH4)20{(W

VI)WVI
5O21(SO4)}12{Fe(H2O)}30(SO4)13-

(H2O)34]
6− (Na6(NH4)20·2a) or Fe30W72O416N20H208S25Na6 (777

atoms), denoted henceforth as Fe30W72-sulfate, is structurally
characterized in the literature.18 This structure is identical to
the previous one with regard to the “soccer ball” composition
(the Mo atoms now being replaced by W); however, the inner
interweaving is executed by SO4

2− ions, which can dock in
three different positions, as previously published.18 Further-
more, 20 ammonium cations are placed in the middle of, and
slightly above, the hexagon faces of the “soccer ball,” and six
sodium ions form an octahedral cage around the molecule,
helping to further compensate for the excess negative charge.
Two FeIII(H2O)6 units, which according to Todea et al.18 co-
crystallize with the molecular ball, were not included in the
calculation. Consequently, the nominal charge assigned to the
remaining molecular unit was 6−.

A practical detail in setting up the calculation was the selec-
tion of a valid docking formation of the inner groups (acetate,
Mo–O, or sulfate) inside the ball, from the many equivalent
possibilities that were averaged in the crystallographic analysis.
Although we assumed that the exact choice would not have a
noticeable effect on the electronic structure, such a decision
still had to be made. Obviously, the two systems, while being
structurally similar, are quite different from the chemistry
viewpoint and with respect to the technical details of calcu-
lation. Therefore, it could be instructive to compare the two
systems, with the expected primary effect being due to the
difference between Mo and W, and the secondary effect being
due to different linkers inside the ball.

The question of the magnetic structure of Fe30 systems is
not simple and deserves, in principle, a detailed discussion.
Namely, in view of the system being apparently magnetically
frustrated, an option of the non-collinear setting of local mag-
netic moments has been addressed.12 In the present study, we

are predominantly interested in chemical bonding and spec-
tral features, for which accessing a particular magnetic order
is expected to have a less significant effect. Therefore, the
results presented below correspond to the ferromagnetic
setting of Fe magnetic moments. The calculation readily con-
verges to a high-spin magnetic solution of 150 μB per mole-
cule. This corresponds to the formal FeIII valence, consistent
with chemical intuition. The spatial distribution of spin
density can be characterized in two ways—by local partial
(basis-function-projected) densities of states (DOS) and by
spatially resolved charge/spin density. Local charge and mag-
netic states of different atoms can be further characterized by
the respective (basis-dependent, and hence ambiguous)
Mulliken populations. The valence-states Mulliken charge at the
Fe sites corresponds to approximately 7.5, with a slight variation
over different centers, instead of 8 for a free atom. This value
is less than that observed for the nominally expected Fe3+ situ-
ation, in which local magnetic moments correspond to
approximately 4 μB. However, this value is close to that
obtained by the DFT characterization of other similar (octa-
hedrally O-coordinated) Fe-based molecular magnets.39,40 As
in the latter case, the local DOS at the Fe sites, shown in Fig. 3,

Fig. 4 Spin-density isosurfaces of a conveniently chosen value in Fe30Mo72-

acetate. The molecule is shown in wireframe representation. Fe atoms (on the

ball surface) carry spin moments and are hidden within the (nearly spherical)

spin-density isosurface bulbs. Mo atoms (grey-colored bunches) are also situated

on the ball surface, interconnected by oxygen (red/dark) atoms. Further oxygen

atoms are flanking Fe and Mo roughly along the ball radius, outwards and

inwards. Most of these oxygen atoms, notably all outward ones from Fe and

many inward ones from Fe and Mo, are parts of water molecules (where

protons are shown as blue dashes); other inward oxygen atoms from Fe and Mo

are connected via acetate or Mo–O linkers inside the ball. (The C atoms of

acetate groups are shown in yellow). Outward O atoms from Mo atoms are stan-

dalone; some of them carry substantial spin moment (witnessed by “clouds” of

spin-density isosurfaces).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2013 Dalton Trans., 2013, 42, 7924–7935 | 7929



reveal fully occupied majority-spin bands and empty minority-
spin bands. Therefore, the local moment associated with a
Fe atom must be approximately 5 μB, of which 1 μB is obviously
delocalized over the neighboring oxygen centers. The
Fe3d5↑3d0↓ configuration, when stripped of all 4s electrons,
corresponds to the formal FeIII valence, thus resolving an
apparent controversy. In terms of spatial spin-density distri-
bution, this situation corresponds to the spherical shape of
the half-filled 3d shell of Fe atoms, as seen in Fig. 4.

By comparing the DOS for both systems in Fig. 3, their
hybridization structure seems to be quite similar, as revealed
by the similarity of the Mo 4d and W 5d contributions, along

with those of Fe and O between the two systems. Minor differ-
ences are only in part related to different chemistry, and other-
wise reveal a slightly different structure (a more perfect ball,
with less disturbing internal linkers, in the Fe30W72-sulfate
system). The large size of the system marks a difference from
“conventional” molecular magnets such as “ferric wheels”,39

for example, while the high density of the energy levels and
the near disappearance of the band gap make the system
behave like a semi-metal. Additional charging (as different
values of nominal charge of the molecule from those stated
above were also tested) does not lead to a dramatically
different magnetic state.

Fig. 5 Top: O K edge XAS series of 1 (left) and 2 (right). The thick lines represent spectra taken at a low photon flux and a fresh spot of the corresponding sample.

Bottom: Calculated unoccupied densities of states for 1 (left) and 2 (right).
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3.2.2 XAS at the O K edges. Fig. 5 presents the oxygen XAS
of molecules 1 and 2 along with the projected calculated DOS.
We discuss the spectra taken at a low photon flux on a fresh
spot to obtain as much information as possible from the “orig-
inal” electronic ground state (upper panel of Fig. 5). Hence,
these spectra are not, or only minimally, influenced by poten-
tial changes induced by soft X-ray radiation. These O K edge
XAS spectra considerably represent the hybridization between
the Fe 3d, Mo 4d (W 5d) states and the unoccupied O 2p
states, and thus the conduction band of molecules 1 and 2.
The spectra have been brought to a common energy scale with
the Fermi energy set to zero. Both O K edge XAS spectra com-
prise three distinct main features. The O K edge XAS of
1 consist of two maxima located around 2 and 4.5 eV, respect-
ively, and a somewhat less intense peak at approximately 7 eV.
These regions can be attributed to hybridized O 2p/Mo 4d
bands with the help of electronic structure calculations.
However, some detailed differences are observed. The theoreti-
cal results suggest a minimum intensity at 4.5 eV (Fig. 5,
bottom-left panel), whereas we observe an intense absorption
peak at approximately 4 eV.

For molecule 2, we find an overall similar situation. Here
the two main peaks representing hybridized O 2p/W 5d bands
are located at 2 and 3 eV, respectively, followed by a rather
broad feature spanning the range from ∼7 to 11 eV. Similar to
the theoretical results of 1, the calculated unoccupied DOS of
2 is again somewhat shifted toward the Fermi level in compari-
son with that observed in the experimental O K XAS features.
It is noteworthy that the theoretical results reproduce the
overall features and shape of the experimental O K XAS, since
there is no significant interaction of the oxygen core hole with
the oxygen or metal valence electrons. Therefore the O K edge
spectra can be described to large extent within a single-particle
scheme. However, the observed differences might be related to
the fact that the DFT calculations do not include core hole
potentials.

Since the strength of hybridization between Mo 4d (W 5d)
and the unoccupied O 2p states is significantly stronger than
that of the Fe 3d states, the O K edge XAS spectra are dominated
mostly by the hybridized Mo 4d (W 5d)/O 2p states, as discussed
above. Apart from this, small features are located at 0.75 eV (1)
and 0.5 eV (2), which can be associated with hybridized Fe 3d
t2g states, based on comparison with the theoretical results (see
Fig. 5). On the other side, the Fe 3d eg states are overlapped by
the contributions from Mo 4d and W 5d, respectively.

Next, to discuss the Fe 3d states, we plotted the local
density of the 3d states, summed up over all Fe sites of mole-
cule 1 in the ferromagnetic configuration (Fig. 6). According
to DFT calculations, the Fe-3d-related states responsible for
magnetism are not strongly localized and flow onto neighbor-
ing atoms. At the same time, their “on-site” (Fe-centered) part
clearly reveals the spatial organization of these states as either
eg-like or t2g-like type (in corresponding energy intervals) in
both occupied and unoccupied parts of the spectrum. We
present a corresponding illustration of the Mo 4d states in
Fig. 7.

The Fe L2,3 edges XAS of all three molecules (1, 2, and 3) are
quite similar (Fig. 1 and 2). Like the O K edge XAS discussed
above, these spectra were also recorded with a noticeable
reduced photon flux (see Experimental and theoretical pro-
cedures section) and at a new position for each scan. The
shape of the spectrum clearly reflects a predominant Fe3+ char-
acter in an octahedral coordination. We obtained the best-fit
solution from charge-transfer multiplet simulations by consid-
ering an octahedral crystal field of 0.2 eV for the Fe2+ simu-
lation (10% spectral weight in Fig. 6) and 10 Dq = 0.8 eV for
the Fe3+ simulation (90% spectral weight in Fig. 6). The Slater
spin–orbit integrals are summarized in Table 1. The energy
difference between configurations E(2p63dm) and E(2p53dm+1L)
was set to 4.5 eV for Fe2+ and Fe3+. This resulted in a simulated
77.5% 3d6 and 22.5% 3d7L ground-state charge-transfer

Fig. 6 Central panel: local density of 3d states, summed up over all Fe sites of

molecule 1 in the ferromagnetic configuration. The vertical dashed line sepa-

rates occupied (shaded) and vacant states. The energy windows over which the

Fe 3d states noticeably have an eg or t2g character are indicated by blue and red

blocks, respectively. Four peripheral figures: charge densities integrated over

energies within each of the indicated energy windows, namely in occupied

majority-spin states (a, b) and unoccupied minority-spin states (c, d), shown by

an isosurface for a conveniently chosen value in each case, to underline the sym-

metry of the charge density in the vicinity of the Fe centers. Only a fragment of

the full Fe30 ball is shown in each case. Positions of the Fe atoms are indicated

by arrows in the “c” panel. Note that the “a” panel comprises the result of inte-

gration over two intervals, separated by the “b” region.
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configuration for the Fe2+ ions, and an 80.8% 3d5 and 19.2%
3d6L configuration for Fe3+.

3.2.3 Magnetic properties of 2 ({W72Fe30} core). Powder of
2 was examined by means of SQUID magnetometry to tackle
the integral magnetization as a function of external field and
temperature (Fig. 8a). The largest magnetic moment per mole-
cule μM = 58 μB is observed in an external field of 5.5 T at 2 K.
There is almost no temperature dependence between 2 K and
5 K, whereas at 15 K (still at 5.5 T), a significantly lower magne-
tization of approx. 43 μB is found. The overall shape of the
magnetization curve is qualitatively similar to that of the
Mo72Fe30 molecule 1 (at an effective temperature of the spins
of 4 K).12,14 Also, as for 1, a nearest-neighbor antiferromagnetic
Fe–Fe interaction has been reported for 2 very recently.18

Fig. 8b displays the Fe L2,3 edge spectra recorded with left and
right circularly polarized light, at a sample temperature of
0.7 K and an external field of 6.5 T. The corresponding XMCD
signal (blue) and its integral (orange) are also shown. Both the
(isotropic) XAS and the XMCD can be reproduced with charge-
transfer multiplet simulations comprising 85% Fe3+ and 15%
Fe2+, respectively. This corresponds to the initial Fe L edge XAS

taken on a fresh spot of 2 in Fig. 1. Therefore, a potential radi-
ation damage or soft X-ray induced photoreduction can be
considered as minimal. Sum rule analysis20 yields a magnetic
spin moment of μs = 51.8 μB per molecule and an almost
quenched orbital contribution to the magnetic moment. Since
the “conventional” spin sum rule leads to underestimated
moments for ionic systems due to core–hole Coulomb inter-
actions,41,42 the spin sum rule correction factors after
Teramura et al.,41 i.e. 1/0.685 for Fe2+ and 1/0.875 for Fe3+ ions
have been used. The derived moment of approximately 52 μB

per molecule is somewhat lower than that obtained by SQUID
magnetometry. This deviation may be due to the following
possible reasons:

(i) Weak initial Fe3+ to Fe2+ photoreduction processes
cannot be entirely excluded.

(ii) The spin sum rule correction factor used has been
derived for a perfectly octahedral and homogenous crystal field,
whereas already small deviations formed, as in case of our
systems, may lead to a somewhat different correction factor.42

(iii) Weak antiferromagnetic intermolecular interactions
might be present in particular at low temperatures (T = 0.7 K).

Fig. 7 Isosurfaces of the (unoccupied) charge density summed up over two energy windows, indicated as “a” and “b” in the density of state shown on the left,

where the dashed line at ∼−4 eV separates the occupied and vacant states. Only a part of molecule 1 is shown; MoMo5O5 pentagons are marked in both figures by

a thick black line, which passes through oxygen atoms connecting the MoMo5O5 blocks with their neighboring Fe atoms (immediately outwards from each penta-

gon side). In the radial sense, every Mo atom is connected to an oxygen atom outwards and to a water molecule inwards; Fe atoms are connected to water mole-

cules both outwards and inwards. Note a quasi-t2g character of the Mo 4d states in the “a” window (where the Fe 3d states are eg-like) and the quasi-eg character

in the “b” window (where the states are missing).
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(iv) As hinted by the first-principles calculations, some of
the Fe-3d-related states responsible for magnetism are not
strongly localized. Since XAS at transition metal L edges on
ionic compounds is a probe of the localized electronic struc-
ture and coordination of the transition metal ion in question,
possible “interstitial or hybridized spin states” may not be
entirely included into the element specific XMCD signal.

However, it can be concluded that most of the Fe 3d spin
states responsible for the magnetic moment (≥85%) are loca-
lized at the “on-site” (Fe-centered) part of the Fe 3d states of 2.

4. Summary

We investigated the electronic structure of three giant
Keplerate-structural-type molecules with Mo72Fe30 and W72Fe30
cores by means of soft XAS and complementary theoretical
approaches. For all three molecules, an Fe3+ to Fe2+ photore-
duction process can be observed by means of Fe L2,3 edge XAS.
The crystal-field strength of the Fe2+ ions is noticeably lower
(0.2 eV) than that of the original Fe3+ ions, indicating major
changes in the local crystal-field environment (and sub-
sequently the Fe–O bonding length) around the Fe ions during
the photoreduction process. Hence, the photoreduction
process might be explained by breaking up ligand bonds from
the surrounding matrix of the Fe ions due to the soft X-ray
radiation, initiating an electron transfer and a subsequent
change in the crystal-field environment. The presence of nega-
tively charged SO4

2− ligands appears to slow down the Fe
photoreduction process, whereas its potential influence on
changes in the Mo and W ions still has to be investigated in
more detail. The negative charge of the ligands likely builds a
kind of repulsive “screening potential,” slowing down the elec-
tron-transfer process toward Fe.

According to the first-principles calculations, the electronic
structure of molecules 1 and 2 is quite similar. The high
density of the energy levels and the near disappearance of the
band gap make the system behave like a semi-metal. The con-
duction band comprises the Fe 3d states of t2g nature located
close to the Fermi energy, followed by Mo 4d (1) or W 5d (2)
states, which are strongly hybridized with the empty O 2p
states. An overall good agreement is observed between the
first-principles electronic structure calculations and the O K
edge XAS. The comparison of the Fe L2,3 edges XAS spectra of
the three molecules (1, 2 and 3) reveals that the Fe ions behave
similarly in these complexes. In combination with charge-
transfer multiplet simulations, we find a relatively ionic Fe3+

ground state for all complexes. However, some admixtures of
Fe2+ ions cannot be excluded completely, and here we cannot
dismiss the beginning of a Fe photoreduction process due to
“radiation damage.” Considering these findings we probed the
magnetic properties of the molecule with W72Fe30 core (2) by
means of SQUID magnetometry and XMCD. Comparison
between these two approaches reveals that most of the mag-
netic moment is dominated by “on-site” (Fe-centered) part of
the Fe 3d states of 2.

Fig. 8 (a) Magnetization of W72Fe30 (2) at 2 K, 5 K, and 15 K as a function of

field. (b) Fe L2,3 edges of 2 recorded with left and right circularly polarized

X-rays, the corresponding XMCD signal, and its integral. These measurements

were performed with a significantly reduced X-ray exposure (1–2% of the full

beamline intensity) at a temperature of 0.7 K in an external field of 6.5 T. (c) and

(d) Isotropic XMCD and isotropic XAS signals in comparison with charge-transfer

multiplet simulations.
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We report a comprehensive study of the electronic and magnetic properties of a star-shaped molecule comprising

a MnII
4O6 core. One feature of this compound is weak magnetic coupling constants compared to other similar

polyoxo compounds. This leads to complicated low-lying magnetic states in which the ground state is not well

separated from the upper-lying states, yielding a high-spin molecule with a giant magnetic moment of up to 20

µB/formula unit. We apply X-ray diffraction and magnetometry as well as other X-ray spectroscopic techniques,

namely, X-ray photoelectron spectroscopy, X-ray magnetic circular dichroism, and X-ray emission spectroscopy.

We compare our experimental results with ab initio electronic band structure calculations as well as the localized

electronic structure around the Mn2+ ions with charge-transfer multiplet calculations.

1. Introduction

Exchange-coupled polymetallic complexes, in which spin
coupling between paramagnetic metal ions is propagated via
bridging atoms, are of special interest to researchers who
seek new molecule-based magnetic materials1,2 displaying
interesting electronic properties and to bioinorganic chemists
who investigate the structure and function of polynuclear
metal centers in proteins.3There is an impressive diversity
of spin-coupled structures in biology, e.g., ascorbate

oxidase, cytochrome oxidase, ribonucleotide reductase,
water-oxidizing complex of photosystem II, etc. The
intimate relationship between spin coupling and molecular
structure has fostered, on the other hand, the emergence
of molecular magnetism as a multidisciplinary field.4The
fundamental understanding regarding the factors that
determine the spin states of polynuclear transition-metal
complexes owes much to the study of model compounds
where magnetostructural correlations can be established
in a systematic way. To achieve this goal, the influence
of parameters such as the symmetry of magnetic orbitals,

* To whom correspondence should be addressed. E-mail: mneumann@
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the nature of bridging and terminal ligands, and changes
in coordination geometry is being studied. Surprisingly,
few studies of the influence of the molecular topology on
the magnetic properties of coordination complexes have
been performed.5 For example, the chromium(III) analogue
of the Werner’s hexol, [CrIII{(OH)2CrIIIen2}3](ClO4)6

exhibits a high-spin St ) 3 ground state6 owing to its
topology, as shown in Figure 1.

A ferromagnetic-like behavior is obtained with a ground
state characterized by a large spin, although the interaction
between the nearest-neighbor CrIII ions (SCr ) 3/2) is
antiferromagnetic. This effective ferromagnetic coupling
between the outer ions is very interesting in the context of
synthesizing “high-spin” molecules. The best result would
be obtained in a topology where a maximum number of spins
align in the same direction, as shown in Figure 1. The other
two topological possibilities for tetranuclear complexes,
namely, the square and the linear arrangements, led in the
case of identical metal ions to a diamagnetic ground state
because of the equal number of spins in each direction. Thus,
it is possible to tune the magnetic properties of polynuclear
complexes by controlling the topology and the nature of the
ions in the interaction. This approach is particularly promis-
ing for the synthesis of “high-spin” molecules. Of particular
concern in this context is the development of synthetic routes
that can provide high nuclear metal complexes with high
spins in a controlled fashion. Among the variety of meth-
odologies applied to synthesize polymetallic coordination
compounds, the use of “metalloligands”, i.e., metal com-
plexes as ligands,7 in which the ligands already bound to
one metal have a free lone pair of electrons for coordination
to a second metal of the same or different kind, has proven
to be very successful; this route offers many potential
advantages over the self-assembled route in which no control
upon the products that are formed is possible, whereas the
approach of using metalloligands proceeds step by step and

provides a route to gaining control of the nuclearity in
addition to the preparation of species containing different
metal ions, i.e., heterometallic complexes. We have been
favoring the strategy of using “complexes as ligands” for a
few years and have already reported star-shaped tetranuclear
molecules like NiII(NiIIL)3

8 and CrIII(MnII-oxime)3,9 as
depicted in the modular form (Figure 2). As a continuation
of our interest in phenol-containing ligands,10 we report here
the use of a mononuclear, neutral manganese(II) complex
MnIIL2 (1), in which the phenoxo oxygen atoms of the
tridentate ligand [L]- occupy the cis position, as a building
block to generate the star-shaped Mn4O6 motif (Figure 2).

In this paper, we explore the electronic and magnetic
properties of the star-shaped molecule of the Mn4O6 core.
Similar to the iron star molecule,11,12 it is expected that the
spins of the outer three manganese ions will couple antipar-
allel to that of the central ion, leading to an overall

(2) Kahn, O. Molecular Magnetism; VCH: New York, 1993.
(3) (a); Holm, R. H.; Solomon, E. I., Guest Eds. Chem. ReV. 1996, 96

(7); 2004, 104 (2). (b) Bioinorganic Chemistry of Copper; Karlin,
K. D., Tyeklár, Z., Eds.; Chapman & Hall: New York, 1993. (c)
Mechanistic Bioinorganic Chemistry; Holden, H. T., Pecoraro, V. L.,
Eds.; American Chemical Society: Washington, DC, 1995. (d)
Handbook of Metalloproteins; Messerschmidt A., Huber, R., Poulos,
T., Wieghardt, K., Eds.; John Wiley & Sons: Chichester, U.K., 2001.

(4) (a) Christou, G.; Gatteschi, D.; Hendnrickson, D. N.; Sessoli, R. MRS
Bull. 2000, 25, 66. (b) Gatteschi, D.; Sessoli, R. Angew. Chem., Int.
Ed. 2003, 42, 268. (c) Bircher, R.; Chaboussard, G.; Dobe, C.; Güdel,
H. U.; Ochsenbein, S. T.; Sieber, A.; Waldmann, O. AdV. Funct. Mater.
2006, 16, 209.

(5) (a) Lloret, F.; Journaux, Y.; Julve, M. Inorg. Chem. 1990, 29, 3967.
(b) Hodgson, D. J.; Michelsen, K.; Pedersen, E.; Towle, D. K. Inorg.
Chem. 1991, 30, 815.

(6) (a) Andersen, P.; Berg, T. Acta Chem. Scand., Ser. A 1978, 32, 989.
(b) Güdel, H.; Hauser, U. Inorg. Chem. 1980, 19, 1325.

(7) (a) Kahn, O. AdV. Inorg. Chem. 1995, 43, 179. (b) Gruber, S. J.; Harris,
C. M.; Sinn, E. J. Inorg. Nucl. Chem. 1968, 30, 1805. (c) Selbin, J.;
Ganguly, L. J. Inorg. Nucl. Chem. Lett. 1969, 5, 715. (d) Singh, C. B.;
Sahoo, B. J. Inorg. Nucl. Chem. 1974, 36, 1259. (e) Linkvedt, R. L.;
Kramer, L. S.; Ranger, G.; Corfield, P. W.; Glick, M. D. Inorg. Chem.
1983, 22, 3580. (f) Luneau, D.; Oshio, H.; Okawa, H.; Kida, S.
J. Chem. Soc., Dalton Trans. 1990, 2283. (g) Chaudhuri, P.; Winter,
M.; Fleischhauer, P.; Haase, W.; Flörke, U.; Haupt, H.-J. J. Chem.
Soc., Chem. Commun. 1990, 1728.

(8) Pavlishchuk, V.; Birkelbach, F.; Weyhermüller, T.; Wieghardt, K.;
Chaudhuri, P. Inorg. Chem. 2002, 41, 4405.

(9) Khanra, S.; Biswas, B.; Golze, C.; Büchner, B.; Kataev, V.; Weyher-
m̈uller, T.; Chaudhuri, P. Dalton Trans. 2007, 4, 481.

(10) (a) Mukherjee, S.; Weyhermüller, T.; Bill, E.; Chaudhuri, P. Eur.
J. Inorg. Chem. 2004, 4209. (b) Paine, T. K.; Weyhermüller, T.; Slep,
L. D.; Neese, F.; Bill, E.; Bothe, E.; Wieghardt, K.; Chaudhuri, P.
Inorg. Chem. 2004, 43, 7324. (c) Paine, T. K.; Rentschler, E.;
Weyhermüller, T.; Chaudhuri, P. Eur. J. Inorg. Chem. 2003, 3167.
(d) Görner, H.; Khanra, S.; Weyhermüller, T.; Chaudhuri, P. J. Phys.
Chem. A 2006, 110, 2587. (e) Khanra, S.; Weyhermüller, T.; Bill, E.;
Chaudhuri, P. Inorg. Chem. 2006, 45, 5911.

(11) Saalfrank, R. W.; Scheurer, A.; Bernt, I.; Heinemann, F. W.; Postnikov,
A. V.; Schünemann, V.; Trautwein, A. X.; Alam, M.; Rupp, H.; Müller,
P. Dalton Trans. 2006, 23, 2865.

(12) Takács, A. F.; Neumann, M.; Postnikov, A. V.; Kuepper, K.; Scheurer,
A.; Sperner, S.; Saalfrank, R. W.; Prince, K. C. J. Chem. Phys. 2006,
124, 4503-+

Figure 1. Chromium(III) analogue of Werner’s hexol.

Figure 2. (a) Formula and abbreviations of the ligands used. (b) Core
structure of compound 2 illustrating the topology of the high-spin d5 MnII

ions. (c) Concept of “metal complexes as ligands” depicted in modular form.
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ferromagnetic coupling between the outer manganese ions.
Because the manganese star molecule comprises four Mn2+

ions (S ) 5/2 spin state), one expects a giant magnetic net
moment of 10 µB/formula unit (fu). Although far from trivial
by means of chemical manipulation (crystallization with
different ligands and/or central ions) or deposition on
surfaces, this relatively simple model system allows an exact
study of its chemical, electronic, and magnetic properties.
To achieve a complete characterization of the manganese
star molecule, we apply a number of complementary
experimental and theoretical approaches. One appealing
finding of our work is a weak ferromagnetic coupling in
moderate external fields of a few tesla due to the very weak
nature of the intramolecular coupling constants. This leads
to a “high-spin” molecule with an overall magnetic moment
of 20 µB/fu in an ideal case.

This Article is structured as follows. The experimental and
theoretical procedures are described in the following section.
Later on, the synthesis is described and a structural charac-
terization given. We present a detailed analysis of the
magnetic properties by means of SQUID and X-ray magnetic
circular dichroism (XMCD) techniques. Whereas the first
method tackles the overall magnetic properties of the
compound in question, XMCD is well-known for its unique
capabilities not only to be an element-specific probe of the
magnetization but also to enable the separation into orbital
and spin moment.13,14 The underlying mechanism of X-ray
absorption spectroscopy (XAS), furthermore, gains deep
insight into the local electronic structure of the Mn2+ ions.
Besides XAS, the techniques of X-ray photoelectron spec-
troscopy (XPS) and X-ray emission spectroscopy (XES) are
tools of unique precision concerning the analysis of the
spatial distribution of the electron and chemical bonding of
transition-metal compounds, including molecular mag-
nets.12,15–17 The latter probes are especially useful in
combination with first principles electronic structure calcula-
tions, and we will present a detailed analysis of the electronic
valence band structure of the manganese star molecule by
comparing experimental and theoretical results. Finally, we
sum up our main conclusions.

2. Experimental and Theoretical Procedures

2.1. Experimental Methods. 2.1.1. Materials and Physical

Measurements. Reagent- or analytical-grade materials were ob-
tained from commercial suppliers and used without further purifica-
tion. Elemental analyses (C, H, N, and metal) were performed by

the Microanalytical Laboratory, Mülheim, Germany. Fourier trans-
form IR spectra of the samples in KBr disks were recorded with a
Perkin-Elmer 2000 FT-IR instrument. Magnetic susceptibilities of
powdered samples were recorded with a SQUID magnetometer in
the temperature range 2-290 K with an applied field of 1 T.
Experimental susceptibility data were corrected for their underlying
diamagnetism using Pascal’s constants. Mass spectra were recorded
with either a Finnigan MAT 8200 (electron ionization, EIMS) or a
MAT 95 (electrospray, ESI-MS) instrument.

2.1.2. Preparations. The substituted and unsubstituted derivatives
of 2-hydroxyphenyl(2-pyridylmethaneimine), HL, were prepared
by the Schiff base condensation of 2-pyridylaldehyde (or its
derivatives) and 2-aminophenol (or its 2,6-di-tert-butyl derivative)
using the same protocol. As an example, the protocol for the di-
tert-butyl derivative is given below.

A solution of 3,5-di-tert-butyl-2-aminophenol (5.75 g, 26 mmol)
and pyridine-2-aldehyde (2.83 g, 26 mmol) in distilled methanol
(400 mL) was stirred at room temperature under argon for 12 h,
after which the precipitated yellow solid was separated by filtration
and dried in air. Yield: 7.5 g (92%). Purity was checked by gas
chromatography (GC; Hewlett-Packard 6890): retention time 23.1
min; column Rtx-5 amine 15m, S-77, detector, FID, temp program
60-310 °C (8 °C/min) ∼95%. EI-MS: m/z 310 (61%), 295 (33%),
232 (100%). IR (KBr, cm-1): 3335s, 2992-2865s, 1623s, 1590s,
1577s, 1481s, 1468s, 1438s, 1413s, 1389m, 1363s, 1295m, 1251s,
1190s, 1146s, 1125s, 959s, 881m, 863m, 806m, 780m, 761m, 742m,
683m, 648m. 1H NMR (400 MHz, CDCl3): 1.313-1.443 (18H,
m), 7.290-7.310 (3H, m), 7.742 (2H, m), 8.188-8.208 (1H, d),
8.684 (1H, d), 8.848 (1H, s).

Mononuclear [MnIIL2] and Their Derivatives. The mono-
nuclear complexes were also prepared very similarly by the reaction
of a solution of HL (2 mmol) in acetone (20 mL) with manga-
nese(II) acetylacetonate (0.25 g, 1 mmol) in acetone (30 mL),
whereupon the yellow slurry changed its color to deep red. After
stirring for 1 h, the red solid was isolated by filtration and washed
thoroughly with acetone to yield [MnIIL2]. Yield: ∼50%.

[MnIILH
2]. Anal. Calcd for C24H18N4O2Mn (449.37): C, 64.15;

H, 4.04; N, 12.47; Mn, 12.23. Found: C, 64.3; H, 4.1; N, 12.5;
Mn, 12.4. EI-MS: m/z 449 (81.7%) [M]+, 371 (49.2%) [M -

C5H4N]+, 252 (100%) [M - L]+, 196 (68.9%) [L]+. X-ray-quality
crystals of [MnIILCH32] ·CH3OH (1) were grown from a solution of
[MnIILCH32] in methanol.

[MnII
4LH

6](BF4)2 ·2CH3CN ·H2O (2). A solution of mononuclear
[MnIILH

2] (0.45 g, 1 mmol) and Mn(CH3COO)2 ·4H2O (0.09 g, 0.33
mmol) in a solvent mixture of acetonitrile/methanol (1:1, 30 mL)
was stirred in the presence of air for 0.5 h, and Bu4NBF4 (0.96 g/
3 mmol) was then added to the deep-colored, nearly black solution.
The precipitated red solid was separated by filtration, washed with
diethyl ether, and air dried. X-ray-quality crystals were grown by
diffusion of diethyl ether into an acetonitrile solution of red
[MnII

4LH
6](BF4)2. Yield: 0.22 g (40%). Anal. Calcd for C76H62-

B2F8Mn4N14O7 (1676.78): C, 54.44; H, 3.73; N, 11.70; Mn, 13.11.
Found: C, 54.4; H, 3.6; N, 11.6; Mn, 13.2. IR (KBr, cm-1): 3053,
1585, 1479, 1457, 1298, 1280, 1146, 1083, 1061, 865, 750. ESI-
MS: m/z 701 (100%) [M - 2(BF4)]2+, 1489 (10%) [M-BF4]+.

2.1.3. X-ray Crystallographic Data Collection and Refine-

ment of the Structures. The crystallographic data for HLt-Bu, the
mononuclear 1, and the tetranuclear 2 are summarized in Table 1.
A perspective view and selected bond lengths of the HLt-Bu ligand
are presented in Figure 3 and Table 2. Graphite-monochromated
Mo KR radiation (λ ) 0.710 73 Å) was used for all three
compounds. The crystals of HLt-Bu, 1, and 2 were fixed with
perfluoropolyether onto glass fibers and mounted on a Nonius-

(13) Chen, C. T.; Idzerda, Y. U.; Lin, H.-J.; Smith, N. V.; Meigs, G.;
Chaban, E.; Ho, G. H.; Pellegrin, E.; Sette, F. Phys. ReV. Lett. 1995,
75, 152–155.

(14) Funk, T.; Deb, A.; George, S. J.; Wang, H. X.; Cramer, S. P. Coord.
Chem. ReV. 2005, 249, 3.

(15) Kuepper, K.; Bondino, F.; Prince, K.; Zangrando, M.; Zacchigna, M.;
Takacs, A.; Crainic, T.; Matteucci, M.; Parmigiani, F.; Winiarski, A.;
Galakhov, V.; Mukovskii, Y.; Neumann, M. J. Phys. Chem. B 2005,
109, 15667–15670.

(16) Kuepper, K.; Falub, M.; Prince, K.; Galakhov, V.; Troyanchuk, I.;
Chiuzbaian, S.; Matteucci, M.; Wett, D.; Szargan, R.; Ovechkina, N.;
Mukovskii, Y.; Neumann, M. J. Phys. Chem. B 2005, 109, 9354–
9361.

(17) Kuepper, K.; Kadiroglu, M.; Postnikov, A. V.; Prince, K. C.; Matteucci,
M.; Galakhov, V. R.; Hesse, H.; Borstel, G.; Neumann, M. J. Phys.:
Condens. Matter 2005, 17, 4309–4317.
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Kappa CCD diffractometer equipped with a cryogenic nitrogen cold
stream operating at 100(2) K. Final cell constants were obtained
from a least-squares fit of all measured reflections. Intensity data
were corrected for Lorentz and polarization effects. The intensity
data set of HLt-Bu and of 2 were corrected for absorption with the
use of either the semiempirical method for HLt-Bu or the Gaussian,
face-indexed program for 2, whereas the data set for 1 was not
corrected for absorption. The Siemens SHELXTL software package
(Sheldrick, G. M. SHELXTL; Universität Göttingen: Göttingen,
Germany) was used for solution, refinement, and artwork of the
structures; the neutral atom scattering factors of the program were
used. The structures were solved and refined by direct methods
and difference Fourier techniques. Non-hydrogen atoms were
refined anisotropically, and hydrogen atoms were placed at calcu-
lated positions and refined as riding atoms with isotropic displace-
ment parameters. Split atom models were used to account for
disorder of the solvent molecules.

2.1.4. X-ray Spectroscopic Techniques. The soft XAS and
XMCD spectroscopy were performed at the elliptically polarizing

undulator Beamline 4.0.2 of the Advanced Light Source (ALS),
Berkeley, CA.18 The samples have been mounted into a cryostat
equipped with a 6 T superconducting magnet,19 the sample stage
was connected to a pumped helium cryostat, reaching a base
temperature of around 5.0 K during the experiments presented
here. The measurements at the Mn L edge have been recorded
under external magnetic fields of different strength in the total
electron yield mode.

The X-ray emission spectra were recorded at the soft X-ray
fluorescence end station at the undulator-based Beamline 8.0.1 of
the ALS.20 The excitation energies were set to about 543.9 eV for

(18) Young, A. T.; Martynov, V.; Padmore, H. A. J. Electron Spectrosc.
Relat. Phenom. 1999, 103, 885.

(19) Funk, T.; Friedrich, S.; Young, A.; Arenholz, E.; Cramer, S. P. ReV.
Sci. Instrum. 2002, 73, 1649.

(20) Jia, J. J.; Callcott, T. A.; Yurkas, J.; Ellis, A. W.; Himpsel, F. J.;
Samant, M. G.; Stöhr, G.; Ederer, D. L.; Carlisle, J. A.; Hudson, E. A.;
Terminello, L. J.; Shuh, D. K.; Perera, R. C. C. ReV. Sci. Instrum.
1995, 66, 1394–1397.

Table 1. Crystal Data and Structure Refinement for HLt-Bu, Complex 1 ·CH3OH, and Complex 2 ·2CH3CN ·H2O

HLt-Bu complex 1 ·CH3OH complex 2 ·2CH3CN ·H2O

empirical formula C20H26N2O C27H26MnN4O3 C76H62B2F8Mn4N14O7

fw 310.43 509.46 1676.78
temperature (K) 100(2) 100(2) 100(2)
wavelength (Å) 0.71073 0.71073 0.71073
cryst syst monoclinic monoclinic tetragonal
space group P21/c P21/c I41/a
unit cell dimens a ) 16.6521(7) Å a ) 9.1261(4) Å a ) 17.0154(9) Å

b ) 11.1917(5) Å b ) 26.6124(12) Å b ) 17.0154(9) Å
c ) 9.7074(4) Å c ) 10.6470(6) Å c ) 53.619(4) Å
� ) 95.486(5)° � ) 110.09(1)° R ) � ) γ ) 90°

vol (Å3), Z 1800.84(13), 4 2428.5(2), 4 15524.0(16), 8
calcd density (Mg/m3) 1.145 1.393 1.435
abs coeff (mm-1) 0.071 0.580 0.717
F(000) 672 1060 6832
cryst size (mm) 0.11 × 0.10 × 0.02 0.10 × 0.05 × 0.04 0.23 × 0.17 × 0.13
θ range for data collection (deg) 4.44-27.50 7.07-30.97 2.24-26.35
reflns collcd/unique 28 118/4117 [R(int) ) 0.0895] 61 457/7593 [R(int) ) 0.0520] 53 622/7932 [R(int) ) 0.0338]
abs corrn semiempirical from equiv not measd Gaussian, face-indexed
refinement method full-matrix least squares on F2 full-matrix least squares on F2 full matrix least squares on F2

data/restraints/param 4117/0/215 7593/0/320 7843/0/507
GOF on F2 1.013 1.035 1.028
final R indices [I > 2σ(I)] R1 ) 0.0513, wR2 ) 0.0957 R1 ) 0.0327, wR2 ) 0.0758 R1 ) 0.0353, wR2 ) 0.0930
R indices (all data) R1 ) 0.0865, wR2 ) 0.1084 R1 ) 0.0445, wR2 ) 0.0815 R1 ) 0.0571, wR2 ) 0.1742
largest diff peak and hole (e/Å3) +0.272 and -0.200 +0.373 and -0.222 +0.649 and -0.413

Figure 3. Molecular structure of the 2,6-di-tert-butyl-substituted ligand
HLt-Bu.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for HLt-Bu

O(1)-C(2) 1.3701(18) N(8)-C(9) 1.273(2)
C(2)-C(3) 1.401(2) C(9)-C(10) 1.473(2)
C(2)-C(7) 1.404(2) C(10)-N(11) 1.349(2)
C(3)-C(4) 1.399(2) C(10)-C(15) 1.388(2)
C(4)-C(5) 1.394(2) N(11)-C(12) 1.340(2)
C(5)-C(6) 1.388(2) C(12)-C(13) 1.384(2)
C(6)-C(7) 1.395(2) C(13)-C(14) 1.389(2)
C(7)-N(8) 1.418(2) C(14)-C(15) 1.378(2)
O(1)-C(2)-C(3) 119.64(14) C(6)-C(7)-N(8) 123.92(14)
O(1)-C(2)-C(7) 119.83(14) C(2)-C(7)-N(8) 115.86(13)
C(3)-C(2)-C(7) 120.53(14) C(9)-N(8)-C(7) 118.73(13)
C(4)-C(3)-C(2) 116.86(14) N(8)-C(9)-C(10) 122.50(14)
C(4)-C(3)-C(16) 121.37(14) N(11)-C(10)-C(15) 123.35(15)
C(2)-C(3)-C(16) 121.77(14) N811)-C(10)-C(9) 113.80(13)
C(5)-C(4)-C(3) 124.06(15) C(15)-C(10)-C(9) 122.84(14)
C(6)-C(5)-C(4) 117.41(14) C(12)-N(11)-C(10) 116.93(14)
C(6)-C(5)-C(20) 120.23(14) N(11)-C(12)-C(13) 123.46(16)
C(4)-C(5)-C(20) 122.33(14) C(12)-C(13)-C(14) 118.69(16)
C(5)-C(6)-C(7) 120.94(15) C(15)-C(14)-C(13) 118.91(15)
C(6)-C(7)-C(2) 120.18(14) C(14)-C(15)-C(10) 118.64(15)
O(1) · · ·N(11a)

(intermol.)
2.90 O(1) · · ·N(8) (intramol.) 2.71
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the O K edge and 639.1 eV for the Mn L3 edge, with an overall
resolution (beamline plus spectrometer) set to around 1 eV for the
XES measurements.

The complementary XPS measurements were performed at the
Department of Physics, University of Osnabrück, Osnabrück,
Germany, using a PHI 5600CI multitechnique spectrometer with
monochromatic Al KR ) 1486.6 eV radiation of 0.3 eV at full-
width at half-maximum. The overall resolution of the spectrometer
is 1.5% of the pass energy of the analyzer, 0.35 eV in the present
case. The XES and XPS measurements were performed at room
temperature.

2.2. Theoretical Section. 2.2.1. DFT Calculations. The elec-
tronic structure calculations have been done within the density
functional theory (DFT) paradigm, technically using the Siesta
calculation method21 and band structure code.22 This implementa-
tion uses norm-conserving pseudopotentials, which were in our case
generated within the Troullier-Martins scheme.23 The pseudopo-
tential for manganese has been constructed in the 4s13p63d54f0

configuration of the valence states, with corresponding pseudoion-
ization radii 2.00, 1.90, 1.90, and 1.50 Bohr in s through f channels.
The parameters of other pseudopotentials were as follows (charge
configuration followed by the corresponding radius in Bohr): H
1s1(1.25)2p0(1.25)3d0(1.25)4f0(1.25); C 2s2(1.25)2p2(1.25)3d0(1.25)-
4f0(1.25); N 2s2(1.25)2p3(1.25)3d0(1.25)4f0(1.25); O 2s2(1.15)2p4-
(1.15)3d0(1.15)4f0(1.15).

As for (atom-centered and strictly confined) basis functions, they
were constructed as pseudoatomic orbitals for given pseudopoten-
tials, see, e.g., refs 24 and 25. They have been taken in (at least)
double-� quality, adding polarization orbitals for O and N (which
are responsible for the chemical bonding with Mn) and extending
up to triple-� in the Mn 3d channel (and adding polarization orbitals
to Mn 4s). The spin-density isosurface plots were prepared with
the XCrySDen software.26

2.2.2. Multiplet Calculations. The XAS and MCD line shapes
of the Mn L2,3 edges were simulated using the TT multiplet
simulation program.27,28 First, the energy levels of the initial
(2p63d5) and final (2p53d6) states were calculated in spherical (O3)
symmetry. The parameters include the spin-orbit coupling of the
2p core and 3d valence band electrons, the 3d3d as well as the
2p3d Slater integrals in the initial and final states, which are
summarized in Table 3. The d-d and p-d integrals were reduced
to 90% of the values29 shown in the table, whereas the spin-orbit
parameters were not reduced. Then a cubic crystal field (Oh

symmetry) of 0.6 eV strength and an internal exchange field of
0.05 eV were considered in the crystal-field approach. Finally
admixtures of other configurations, namely, a charge-transfer
configuration 3d6L, were considered by performing additional
monopole calculations for the initial (between 2p63d5 and 2p63d6L)
and final (between 2p53d6 and 2p53d7L) states. The energy
difference between the two configurations E(2p63d5) - E(2p63d6L)

) ∆ was set to 9.0 eV, which corresponds to the value found for
MnO.30 For a comparison with the experiment, the lifetime
broadening of the 2p core hole and the resolution of the spectrometer
were taken into account.

3. Results and Discussion

3.1. Molecular Structures of HLt-Bu and [MnLCH3
2]. The

ligand 2-hydroxyphenyl(2-pyridylmethaneimine), HLR, was
prepared according to a modified procedure reported in the
literature by the Schiff base condensation of 2-pyridylalde-
hyde (or its 2-methyl derivative) and 2-aminophenol (or its
2,6-di-tert-butyl derivative). The purity of the ligand was
checked by liquid chromatography to be ca. 99.0%. The IR,
1H NMR, and MS results are in agreement with the literature
data, and hence no further discussion is necessary. To gain
insight into the metrical parameters of the ligand, we have
determined the structure of the ligand in its di-tert-butyl form
by X-ray diffractometry. The structure of the ligand HLt-Bu

in the solid state is shown in Figure 3.
The X-ray analysis of single crystals of HLt-Bu, performed

at 100 K, reveals a strong intramolecular hydrogen bonding
between the phenolic hydroxyl group O(1) and the imine
nitrogen N(8) with O(1)H · · ·N(8) at 2.71 Å, whereas an
intermolecular hydrogen bonding between the O(1) and the
pyridine nitrogen N(11a) of the neighboring molecule at
O(1) · · ·N(11a) 2.90 Å can be envisaged. It is noteworthy
that the C(7)-N(8) distance with 1.418(2) Å is of double-
bond character, as expected. The bond lengths and angles
for HLt-Bu, listed in Table 2, seem reasonable and do not
warrant any special discussion. Methanolic solutions of HLR

were treated with manganous(II) salts, in a 2:1 ratio under
argon in the presence of a base, and the solution was heated
to reflux to yield the mononuclear precursor 1. In the IR
spectrum of the complex, the OH stretching vibrations of
the free ligand are missing, indicating the coordinated
phenoxide groups. EI-MS spectrometry was helpful in
detecting the mononuclear nature for [MnLH

2]0. The molec-
ular ion peak at m/z 449 (81.7%), together with the fragments
at m/z 371 (49.2%), 252 (100%), 196 (68.9%), 173 (24.2%),
120 (35%), and 109 (26.3%), clearly indicates the identity
of the precursor [MnLH

2]0. Because the manganese precursor,

(21) Soler, J. M.; Artacho, E.; Gale, J. D.; Garcı́a, A.; Junquera, J.; Ordejón,
P.; Sánchez-Portal, D. J. Phys.: Condens. Matter 2002, 14, 2745–
2779.

(22) URL: http://www.uam.es/siesta.
(23) Troullier, N.; Martins, J. L. Phys. ReV. B 1991, 43, 1993–2006.
(24) Junquera, J.; Paz, Ó.; Sánchez-Portal, D.; Artacho, E. Phys. ReV. B

2001, 64, 235111.
(25) Sánchez-Portal, D.; Artacho, E.; Soler, J. M. J. Phys.: Condens. Matter

1996, 8, 3859–380.
(26) Kokalj, A. Comput. Mater. Sci. 2003, 28, 155.
(27) de Groot, F. M. F. J. Electron Spectrosc. Relat. Phenom. 1994, 67,

529.
(28) de Groot, F. M. F. Coord. Chem. ReV. 2005, 249, 31.
(29) Uozumi, T.; Okada, K.; Kotani, A.; Zimmermann, R.; Steiner, P.;

Hüfner, S.; Tezuka, Y.; Shin, S. J. Electron Spectrosc. Relat. Phenom.
1997, 83, 9. (30) Okada, K.; Kotani, A. J. Phys. Soc. Jpn. 1992, 61, 4619.

Table 3. Slater Integrals Used for the Multiplet Simulations of the Mn
L2,3 XA and MCD Spectraa

2p63d5

initial state
2p53d6

final state
2p63d6L

initial state
2p53d7L

final state

Slater Integrals
F2

3d3d 10.316 11.155 9.073 9.972
F4

3d3d 6.414 6.943 5.591 6.157
F2

2p3d 6.321 5.653
G1

2p3d 4.606 4.059
G3

2p3d 2.618 2.305

Spin-Orbit
Coupling

LS2p 6.846 6.847
LS3d 0.040 0.053 0.035 0.046

a For the calculations, the d-d and p-d integrals were reduced to 90%
of the values shown in the table, whereas the spin-orbit parameters were
not reduced.
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prepared in a different way, has been reported31 without any
structural parameters, we grew single crystals of the com-
pound with the 2-methyl derivative (Figure 2) of the ligand
(HLCH3) for the structure determination. Figure 4 shows the
ORTEP diagram for the structure of compound [Mn2LCH3].
Selected bond lengths and angles are summarized in
Table 4.

The overall geometry around the manganese atom Mn(1)
is best described as a distorted octahedron with two cis-
positioned oxygens O(1) and O(21) of the phenolate groups
arising from two different ligands; the two tridentate ligands
are found to be almost planar and perpendicular to one
another. A methanol molecule of crystallization is hydrogen
bonded to O(21) with O(21) · · ·HO(40) at 2.702 Å. The
pyridine and the phenyl rings of the ligands are not strictly
parallel, with an average separation of 4.3 Å. There are no
other remarkable features in the structure of [Mn2LCH3]0. The
bond lengths with average Mn(1)-O at 2.134(1) and
Mn(1)-N at 2.296 Å are consistent with those typical for
high-spin manganese(II) compounds.32 This assignment is
also complemented by the magnetic susceptibility measure-
ments (20-290 K), which exhibit a temperature-independent

magnetic moment µeff of 5.90 ( 0.02 µB, resulting from a
high-spin d5 electron configuration. The structure is compa-
rable to the reported33 [FeIIILH

2]ClO4 ·H2O and [FeIIILH
2]-

PF6 ·CH3OH.
3.2. Molecular Structure of 2. The structure consists of

discrete tetranuclear dications [Mn4L6]2+, tetrafluoroborate
anions, acetonitrile, and water as solvent molecules of
crystallization. A view of the entire complex cation is given
in Figure 5.

Relevant bond distances and angles are listed in Table 5.
The complex cation in 2 can be described as three neutral
[MnLH

2]0 units acting as bidentate ligands through the cis-
disposed phenolate oxygens for the central Mn(2), yielding
the central Mn(2)O6 core. The three peripheral manganese
atoms Mn(1), Mn(1*), and Mn(3) form an isosceles triangular
arrangement with the centrally situated Mn(2) atom, as
schematically shown in the left panel of Figure 10, with
corresponding Mn-Mn distances. The labeling of corre-
sponding interaction parameters (to be discussed below) is
introduced in the right panel of Figure 10. The bridging plane

(31) Reddig, N.; Triller, M. U.; Pursche, D.; Rompel, A.; Krebs, B. Z.
Anorg. Allg. Chem. 2002, 628, 2458.

(32) ComprehensiVe Coordination Chemistry; Wilkinson, G., Ed.; Perga-
mon: Oxford, U.K., 1987; Vol. 4.

(33) (a) Hayami, S.; Gu, Z.; Shiro, M.; Einaga, Y.; Fujishima, A.; Sato, O.
J. Am. Chem. Soc. 2000, 122, 7126. (b) Juhsz, G.; Hayami, S.; Sato,
O.; Maeda, Y. Chem. Phys. Lett. 2002, 364, 164.

Figure 4. ORTEP diagram of the mononuclear 1.

Table 4. Selected Bond Lengths (Å) and Angles (deg) for 1

Mn(1)-O(1) 2.1197(9) N(8)-C(9) 1.2837(15)
Mn(1)-O(21) 2.1485(8) N(28)-C(29) 1.2860(15)
Mn(1)-N(8) 2.2249(10)
Mn81)-N(28) 2.2287(10)
Mn(1)-N(31) 2.3283(10)
Mn(1)-N(11) 2.4012(10)

O(1)-Mn(1)-O(21) 101.43(4) N(8)-Mn(1)-N(31) 114.39(4)
O(1)-Mn(1)-N(8) 75.55(4) N(28)-Mn(1)-N(31) 71.61(4)
O(21)-Mn(1)-N(8) 100.38(3) O(1)-Mn(1)-N(11) 145.06(3)
O(1)-Mn(1)-N(28) 99.80(3) O(21)-Mn(1)-N(11) 93.71(3)
O(21)-Mn(1)-N(28) 74.56(3) N(8)-Mn(1)-N(11) 70.82(4)
N(8)-Mn(1)-N(28) 172.51(4) N(28)-Mn(1)-N(11) 114.60(4)
O(1)-Mn(1)-N(31) 96.02(3) N(31)-Mn(1)-N(11) 89.47(4)
O(21)-Mn(1)-N(31) 144.04(3)

Figure 5. Molecular structure of the cation in complex 2.

Table 5. Selected Bond Lengths (Å) and Angles (deg) for 2

Mn(1) · · ·Mn(2) 3.286 Mn(3) · · ·Mn(2) 3.322
Mn(1)-O(15) 2.139(14) Mn(2)-O(55) 2.17(14)
Mn(1)-O(35) 2.144(14) Mn(2)-O(55) 2.17(14)
Mn(1)-N(28) 2.214(2) Mn(2)-O(15) 2.181(14)
Mn(1)-N(8) 2.223(2) Mn(2)-O(15) 2.181(14)
Mn(1)-N(1) 2.288(2) Mn(2)-O(35) 2.186(14)
Mn(1)-N(21) 2.313(2) Mn(2)-O(35) 2.186(14)
Mn(3)-O(55) 2.141(14) N(50)-Mn(3)-N(42) 143.56(11)
Mn(3)-O(55) 2.247(14) N(10)-Mn(1)-N(2) 141.7(12)
Mn(3)-N(48) 2.226(2) O(15)-Mn(1)-O(35) 82.00(5)
Mn(3)-N(48) 2.226(2) O(55)-Mn(3)-O(55) 79.81(8)
Mn(3)-N(41) 2.337(2) O(55)-Mn(2)-O(55) 78.55(7)
Mn(3)-N(41) 2.337(2) O(15)-Mn(2)-O(15) 93.68(8)

O(55)-Mn(2)-O(15) 168.54(5)
Mn(1)-O(15)-Mn(2) 99.07(6)
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comprising the Mn2O2 atoms is strictly planar for Mn(3) due
to the imposed 2-fold symmetry, whereas the mean deviation
for the atoms involving Mn(1)O(35)Mn(2)O(15) is only
0.019 Å from the mean plane, thus lending the tetranuclear
cation a propeller shape, as is also evidenced by the dihedral
angles of 93.5° and 84.7° between the planes involving
Mn(2)Mn(3)O2/Mn(2)Mn(1)O2 and Mn(2)Mn(1)O2/Mn(2)-
Mn(1*)O2, respectively.

All apical manganese atoms, Mn(1), Mn(3), and Mn(1*),
are coordinated to four nitrogen atoms [pyridine nitrogens
N(1) and N(21) and azomethine nitrogens N(8) and N(28)
for Mn(1)] and two phenolate oxygens, O(15) and O(35),
resulting in a six-coordinated MnN4O2 core, which is attained
by ligation of two deprotonated ligands to each of the
manganese atoms Mn(1), Mn(3), and Mn(1*). Although
Mn(1) and Mn(3) are crystallographically independent, their
structural parameters are comparable. The Mn-N bond
lengths, as expected, are longer than the corresponding
Mn-O distances; on the other hand, Mn-N(pyridine)
distances are longer than the Mn-N(azomethine) bond
lengths. The Mn-O(phenoxide) at average 2.141 Å and the
Mn-N at average 2.267 Å fall well within the ranges that
are considered as normal covalent bonds for high-spin d5

MnII ions and are very similar to those for the mononuclear
1. All cis angles at the apical manganese centers deviate from
the ideal 90°, with the smallest for Mn(1) and Mn(2) being
72.14(6) and 71.65(6)° for the cis angles N(8)-Mn(1)-N(1)
and N(48)-Mn(3)-N(41), respectively, indicating large
angular distortions of the coordination environments. The
central manganese atom Mn(2) is surrounded by an almost
perfect octahedron (maximum deviation of the twist angles
between the octahedral faces being 6°) of six phenolato
oxygen atoms O(15), O(35), and O(55) and their equivalents.
The angle at the bridging phenolate oxygen, Mn-O(pheno-
late)-Mn, varies only between 98.75(6)° and 100.82(6)°.
The Mn(2)-O distance of average 2.179 Å is significantly
longer than the trivalent Mn-O distances, ca. 2.00 Å,
indicating that Mn(2) is in a lower oxidation state than III+.
That the central Mn(2) ion must be ascribed to a II+ (high-
spin d5) oxidation is borne out by the facts that (i) two
tetrafluoroborate anions are present for maintaining the
electroneutrality of the dicationic [Mn4L6]2+ complex and
(ii) the magnetic data can only be simulated by considering
an SMn )

5/2 for the central Mn(2) center. The molecules in
the crystal are well-separated from each other, with the
shortest Mn · · ·Mn distance between neighboring complexes
being 10.34 Å. The structural parameters are very similar to
those reported31,34 recently for [Mn4L6](BPh4)2 and [Mn4L6]-
(ClO4)2 complexes.

3.3. Magnetic Susceptibility Measurements. Magnetic
susceptibility data for the polycrystalline sample of the
tetranuclear complex 2 were collected in the temperature
range 2-290 K in an applied magnetic field of 1 T. The
magnetic moment µeff/molecule for 2 of 11.75 µB (�MT )

17.257 cm3 K mol-1) at 290 K increases monotonically with
decreasing temperature until the value of µeff ) 12.428 µB

(�MT ) 19.31 cm3 K mol-1) is attained at 10 K, below which
µeff decreases, reaching a value of 7.99 µB (�MT ) 7.98 cm3

K mol-1) at 2 K. This temperature dependence indicates an
overall ferromagnetic coupling. We use the Heisenberg spin
Hamiltonian in the form

H)-2J(S2 · S1 + S1* · S2)- 2J ′ S2 · S3 (1)

for an isotropic exchange coupling with S1 ) S2 ) S3 ) S1*
) 5/2 for 2. The experimental data as the effective magnetic
moments µeff vs temperature (T) are displayed in Figure 6.
The experimental magnetic data were simulated using a least-
squares computer program35 with a full-matrix diagonaliza-
tion approach, and the solid line in Figure 6 represents the
simulation.

The magnetic analysis was carried out using a “two-J”
model corroborating with two different prevailing bridging
angles, Mn(1)-O-Mn(2) at 98.9° and Mn(2)-O-Mn(3) at
100.8°, depicted in Figure 10. In order to avoid overparam-
etrization, we have set the single ion axial zero-field splitting,
D, to zero and considered a unique isotropic g factor to
evaluate the magnitude for the main parameters J and J′ (see
Figure 10).

The best-fit parameters are J ) +0.32 cm-1 and J′ ) -0.2
cm-1 with gMn ) 1.98. It is worth mentioning that the
experimental data can also be simulated with a “one-J”
model, leading to the fit parameters J ) J′ ) +0.2 cm-1,
gMn ) 1.98, and Θ ) -0.2 K. Because the nature of the
signs of the exchange parameters corroborates with the
Mn-O-Mn angle correlation and the Mn(2) · · ·Mn(1) and
Mn(2) · · ·Mn(3) separations, we prefer the two-J model. To
verify further the weak ferromagnetic interactions, variable-
temperature variable-field (VTVH) measurements have been
performed with 1, 4, and 7 T in the temperature range of
1.95-290 K, depicted in Figure 7.

The magnetization increases more rapidly than that of the
uncoupled system with the saturation magnetization at 10
Ng�, confirming the ferromagnetic interaction. At very low
temperatures (2-3 K), there are small drops in the magne-
tization curves. That the saturation occurs much more slowly
indicates the weakness and the presence of additional
antiferromagnetic interactions, supporting further our “two-

(34) Gao, E.-Q.; Bai, S.-Q.; Zheng, H.; Yan, C.-H. Inorg. Chem. 2005,
44, 677.

(35) Bill, E. Max-Planck-Institut für Bioanorganische Chemie, Mülheim
an der Ruhr, Germany, 2005.

Figure 6. Plot of µeff vs temperature (T) for complex 2.
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J” model. The parameters evaluated from the VTVH
measurements are J ) +0.47 cm-1, J′ ) -0.19 cm-1, and
gMn ) 1.98, which are very similar to those from the isofield
measurements. So, the high-spin MnII centers with S ) 5/2

in 2 exhibit weak dominant ferromagnetic coupling, yielding
a “high-spin” molecule with an St ) 10 ground state. Because
of the weak nature of the couplings, the molecule shows a
complicated low-lying magnetic structure with the ground
state not well-separated from the upper-lying states. Accord-
ingly, the measured magnetization has more contributions
from excited states of lower spins than from the ground-
state spin. The above discussion is qualitatively valid,
although we have ignored the zero-field-splitting effects. The
magnetic behavior of 2 is similar to that reported for the
analogous perchlorate salt, for which the authors used a “one-
J” model together with the Weiss constant Θ (see above).34

Because of negligible zero-field-splitting and intermolecular
effects, magnetic moments extracted from XMCD measure-
ments, to be discussed in the next section, can nicely be fitted
by a Brillouin magnetization curve.

Exchange coupling constants in bis(µ-phenoxo)-bridged
dimanganese(II) complexes published,36 the number of which
is much smaller than that of the diferric(III) analogues, have
been found to be very small, lying in a small range of +0.2
to -1.88 cm-1. The angle at the bridging phenoxide oxygen
is expected to be important because this affects the nature
of σ and π overlap between the manganese magnetic orbitals
and the oxygen px, py, and pz orbitals that mediate the
exchange interaction. Such correlations between the exchange
integral J and the M-O-M bridging angle37,38 have been
tried to be established for nickel(II) and copper(II), and the
exchange interaction changes from antiferromagnetic to

ferromagnetic at an angle, in most cases, below 98°.
However, such magnetostructural analyses for the coupled
manganese(II) and iron(III) complexes are far more intrinsi-
cally difficult because of the larger number of magnetic
orbitals and exchange pathways involved for high-spin d5

ions. Nevertheless, some semiempirical correlations between
J and the bridging parameters have been attempted to be
established for diiron(III) complexes39 with phenoxo, alkoxo,
and hydroxo bridges. It is notable that all diiron(III)
complexes display antiferromagnetic interactions except one
whose ferromagnetic coupling40 has been attributed to the
distortion of the coordination geometry, based on extended
Hückel molecular orbital calculations. That the exchange
interactions for the ferric complexes are much stronger than
those for the isoelectronic manganese(II) complexes reflects
the stronger covalency of the iron(III)-ligand bonds in
comparison to that for the manganese(II)-ligand bonds. All
reported six-coordinated bis(µ-phenoxo)-bridged dimanga-
nese(II)36 complexes exhibit weak antiferromagnetic interac-
tions. However, only one five-coordinated bis(µ-phenoxo)-
dimanganese(II) compound has been found to be very weakly
ferromagnetically coupled (J ) +0.24 cm-1).36a Overall, the
exchange parameter J, both ferro- and antiferromagnetic
exchange, is found to be very low for all reported manga-
nese(II) complexes including the present complex 2 because
ineffective t2g-t2g π pathways dominate the exchange; this
weak nature is further augmented by the deviation of the
metal geometry toward a trigonal prism (D3h). Similar star-
shaped FeIII

4O6 motifs11,12,41 have been found to be antifer-
romagnetically coupled, yielding a ground state of St )

10/2.
3.4. XMCD. The top panel of Figure 8 displays the X-ray

absorption spectra (dotted lines) excited with 90% left and
right circularly polarized light in an external magnetic field
of 5 T.

The thinner solid lines represent the corresponding Mn2+

charge-transfer multiplet calculations. The spectra have been
calculated at T ) 5 K using the multiplet program developed
by Thole, which is based upon the codes of Cowan and

(36) (a) Chang, H.-R.; Larsen, S. C.; Boyd, P. D. W.; Pierpont, C. G.;
Hendrickson, D. N. J. Am. Chem. Soc. 1988, 110, 4565. (b) Yu, S.-
B.; Wang, C.-P.; Day, E. P.; Holm, R. H. Inorg. Chem. 1991, 30,
4067. (c) Gallo, E.; Solari, E.; Re, N.; Floriani, C.; Chiesi-Villa, A.;
Rizzoli, C. J. Am. Chem. Soc. 1997, 119, 5144. (d) Blanchard, S.;
Blondin, G.; Riviére, E.; Nierlich, M.; Girerd, J.-J. Inorg. Chem. 2003,
42, 4568. (e) Alexiou, M.; Dendrinou-Samara, C.; Karagianni, A.;
Biswas, S.; Zaleski, C. M.; Kampf, J.; Yoder, D.; Penner-Hahn, J. E.;
Pecoraro, V. L.; Kessisoglou, D. P. Inorg. Chem. 2003, 42, 2185. (f)
Coucouvanis, D.; Greiwe, K.; Salifoglou, A.; Challen, P.; Simolpoulos,
A.; Kostikas, A. Inorg. Chem. 1988, 27, 593. (g) Qian, M.; Gou, S.;
Chantrapromma, S.; Raj, S. S. S.; Fun, H.-K.; Zeng, Q.; Yu, Z.; You,
X. Inorg. Chim. Acta 2000, 305, 83.

(37) (a) Crawford, V. H.; Richardson, H. W.; Wasson, J. R.; Hodgson,
D. J.; Hatfield, W. E. Inorg. Chem. 1976, 15, 2107. (b) Hodgson, D. J.
Prog. Inorg. Chem. 1975, 19, 173.

(38) (a) Nanda, K. K.; Thompson, L. K.; Bridson, J. N.; Nag, K. J. Chem.
Soc., Chem. Commun. 1994, 1337. (b) Halcrow, M. A.; Sun, J.-S.;
Huffman, J. C.; Christou, G. Inorg. Chem. 1995, 34, 4167. (c)
Clemente-Juan, J. M.; Chansou, B.; Donnadieu, B.; Tuchagues, J. P.
Inorg. Chem. 2000, 39, 5515. (d) Mukherjee, S.; Weyhermüller, T.;
Bothe, E.; Wieghardt, K.; Chaudhuri, P. Eur. J. Inorg. Chem. 2003,
863. (e) Paine, T. K.; Rentschler, E.; Weyhermüller, T.; Chaudhuri,
P. Eur. J. Inorg. Chem. 2003, 3167. (f) Fondo, M.; Garca-Deibe, A. M.;
Ocampo, N.; Sanmartin, J.; Bermejo, M. R.; Llamas-Saiz, A. L. Dalton
Trans. 2006, 4260. (g) Chaudhuri, P.; Wagner, R.; Weyhermüller, T.
Inorg. Chem. 2007, 46, 5134.

(39) (a) Gorun, S. M.; Lippard, S. J. Inorg. Chem. 1991, 30, 1625. (b)
Weihe, H.; Güdel, H. U. J. Am. Chem. Soc. 1997, 119, 6539. (c)
Werner, R.; Ostrovsky, S.; Griesar, K.; Haase, W. Inorg. Chim. Acta
2001, 326, 78.

(40) Snyder, B. S.; Patterson, G. S.; Abrahamson, A. J.; Holm, R. H. J. Am.
Chem. Soc. 1986, 111, 5214.

(41) (a) Barra, A. L.; Caneschi, A.; Cornia, A.; Fabrizi de Biani, F.;
Gatteschi, D.; Sangregorio, C.; Sessoli, R.; Sorace, L. J. Am. Chem.
Soc. 1999, 121, 5302. (b) Saalfrank, R. W.; Scheurer, A.; Bernt, I.;
Heinamann, F. W.; Postnikov, A. V.; Schünemann, V.; Trautwein,
A. X.; Alam, M. S.; Rupp, H.; Müller, P. Dalton Trans. 2006, 2865.
and references cited therein.

Figure 7. VTVH plots for complex 2 at 1, 4, and 7 T in the temperature
range 2-290 K.
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Butler.27,28,42,43 In a first step, the Slater integrals and the
spin-orbit couplings were calculated in spherical symmetry,
these are summarized in Table 3. Then a cubic crystal field
(10 Dq) and an external magnetic field of µBH ) 0.05 eV
along the z direction were applied. Finally, the mixing of
the 3d5 with 3d6 charge-transfer states was considered by
introducing the energy difference between the two configura-
tions, ∆ ) E(3d6L) - E(3d5). Scanning through the
parameter room of 10 Dq and ∆, we find an almost perfect
agreement between the experimental and theoretical spectra
with 10 Dq ) 0.6 eV and ∆ ) 9.0 eV (Figure 8). In order
to enable a direct comparison between experiment and
simulation, the calculated spectra have been normalized to
90% circular polarization plus 10% z-polarized absorption
(q ) 0 transitions), for both left and right circularly polarized
light. Furthermore, the calculated spectra have been convo-
luted with the overall experimental resolution (lifetime
broadening + spectrometer resolution).

The bottom panel of Figure 8 shows the sum (XAS) and
the difference (MCD) of the dichroic XAS spectra displayed
in the top panel of Figure 8. The Mn L2,3 XAS consists of a
shoulder at about 638.0 eV, a main peak at 639.0 eV, and
two further shoulders located around 640 and 642.5 eV,
respectively. These features represent the excitations origi-
nating from the Mn 2p3/2 core level, followed by the
excitations from the Mn 2p1/2 core level around 649.0 and

651.5 eV. The XAS, sensitive to the chemical environment
of the absorbing atom, clearly reflects a pretty ionic Mn2+

valence state. From the charge-transfer multiplet simulations,
we can extract a 93.8% 3d5 and 6.2% 3d6L configuration. It
is noted that, although only ∼6% charge-transfer states are
involved, the charge-transfer multiplet simulation leads to a
significant improvement as compared to a simple ligand-
field simulation. This especially accounts for the intensity
and energetic position of the shoulders between the Mn L2

and Mn L3 main peaks.
Moreover, XAS is a direct probe of the local crystal-field

environment (strength) around the absorbing manganese
atom; with the help of our charge-transfer multiplet calcula-
tions, we determine an octahedral crystal field of 0.6 eV
strength. In spite of the structural characterization revealing
the octahedral environment to be somewhat distorted, this
is a good estimation of the average crystal-field strength,
present around the manganese atoms. In order to extract the
spin and orbital magnetic moments, we applied the sum rules
as developed by Chen et al.13 From the experimental data,
we evaluate a spin moment mspin ) 12.35 µB/fu (3.09 µB/
manganese atom) and an orbital moment of morb ) 0.36 µB/
fu (0.09 µB/atom). From the ground state of the charge-
transfer multiplet calculations, we calculate mspin ) 5.00 µB/
atom and morb ) 0.00 µB/atom. If we apply the sum rules to
the theoretical spectra, we extract mspin ) 3.59 µB/atom and
morb ) 0.02 µB/atom. This implies an error in the spin sum
rule due to the effect of the core hole Coulombic interactions
that mix the character of the L3 and L2 edges. This error is
estimated from the calculations to be 3.59/5.00 ) 0.72. This
value is close to that obtained for a crystal-field calculation
of a Mn2+ ion with 10 Dq ) 1.5 eV.44 It is noted that the
variations of these values (as well as the error) with 10 Dq
are small and that in the case of a high-spin 3d5 ground state
also the spin-orbit coupling has no influence on the sum
rule.45

This correction factor is only valid if the L3 to L2 splitting
is sufficiently large so that no considerable L3-L2 mixing
is present44 as in the present case. Considering the sum rules
and the correction factor for the spin sum rule, we yield a
spin moment of mspin ) 17.65 µB/fu and a small orbital
moment of morb ) 0.36 µB/fu for the “manganese star”
molecule under an external field of 5 T and at a temperature
of 5 K.

Moreover, we analyzed the magnetization behavior by
performing XMCD measurements at a number of different
external fields (Figure 9). Table 6 lists the results. Because
we have found in section 3.3 that effects from zero-field
splitting or intramolecular interactions are negligible, one
can nicely extract the (theoretical) magnetization curve by
fitting the experimental data with the help of a Brillouin
function using an uncoupled S ) 5/2 as the spin ground state
for the “manganese star” molecule (Figure 9).34,46 The
experimental data are in good agreement with a Brillouin

(42) Butler, P. H. Point Group Symmetry, Applications, Methods and
Tables; Plenum: New York, 1981.

(43) Cowan, R. D. The Theory of Atomic Structure and Spectra; University
of California Press: Berkeley, CA, 1981.

(44) Termamura, Y.; Tanaka, A.; Jo, T. J. Phys. Soc. Jpn. 1996, 65, 1053.
(45) de Groot, F.; Kotani, A. Core LeVel Spectroscopy of Solid; Taylor &

Francis: London, 2008.
(46) Neese, F.; Solomon, E. I. Inorg. Chem. 1999, 38, 1847.

Figure 8. Left and right polarized X-ray absorption spectra recorded in an
external magnetic field of 5 T at a temperature of 5 K (top panel) and the
corresponding XAS and XMCD signals (bottom panel). The XMCD signal
has been normalized to 100% circular polarization. The experimental results
are compared with corresponding charge-transfer mulitiplet calculations;
we used an octahedral crystal field of 0.6 eV strength.

Star-Shaped Molecule of MnII
4O6 Core

Inorganic Chemistry, Vol. 47, No. 11, 2008 4613



function considering a simple ionic state for the Mn2+ ions
and a sample temperature of 5 K during the XMCD
experiments. Thus, this result is also a nice manifestation of
the weak coupling constants between the central ion and the
three outer ions, leading to an overall weak ferromagnetic
coupling in quite moderate external magnetic fields. See also
sections 3.3 and 3.4 (magnetic measurements and ab initio
theory).

3.5. Electronic Structure Calculations of the MnII
4O6

Core. In setting up our calculations, we allowed different
orientations of the spin moments at manganese atoms; all
magnetic solutions turned out to be stable, with nearly
identical values of local magnetic moments and charges
(according to the Mulliken population analysis). Moreover,
the local densities of states (LDOSs) calculated for different
magnetic configurations are almost indistinguishable. This
reveals a high enough localization of the electronic states
that are responsible for magnetic behavior (mostly Mn 3d,
with a slight admixture of O or N 2p) on manganese centers.
Obviously, there is a difference in LDOSs at the central and
peripheral manganese atoms, which are in different chemical
environments. Moreover, among the peripheral manganese
atoms, which are structurally (topologically) identical, one
differs from two others because of the specific packing of
molecular units in the crystal and a slight difference in the
bond lengths resulting from that. This means that each star-
shaped molecule does not quite have a 3-fold symmetry axis
but rather a variation of a mirror-plane symmetry. Cor-
respondingly, for the sake of fitting the results to the
Heisenberg (or any other) model, one should allow two
distinct center-peripheric (strong) couplings and, in prin-
ciple, two peripheric-peripheric (weak) ones.

Table 7 gives the data for the total (overall orbitals)
Mulliken occupation numbers and HOMO-LUMO energies
in both spin channels, for all magnetic configurations
considered, in the nominal (experimental determined) struc-

ture. The total energies are also given, relative to the lowest
one (that for the situation with the central spin opposite to
three others). The configurations are numbered by combina-
tions of U and D letters, according to up or down spin setting
on four manganese atoms 1, 2, 3, and 1* (see Figure 10).
We consider only eight nonequivalent configurations; the
other eight can be obtained by inverting the spins on all
atoms.

The fact that the local magnetic moments are almost
insensitive to the orientation is an argument in favor of the
validity of the Heisenberg model, even if a priori we cannot
be sure that the correction terms to it are not important. As
a spin value to use in the Heisenberg fit, we took the nominal
value S ) 5/2 because this is exactly a change by 10 µB/
molecule accompanying an inversion of a single manganese
spin. All magnetic configurations studied have a pronounced
band gap and are therefore easily identifiable as correspond-
ing to an inversion of S ) 5/2 spins. The difference from the
nominal number (mMn ∼ 4 µB), following from the Mulliken
populations, merely indicated that this “rigid” moment is not
fully localized at the manganese site but involves some
admixture from the ligand states. For the S ) 5/2 spin, one
can be relatively sure about the unimportance of orbital
moment and anisotropic exchange terms, even if this would,
in principle, need to be checked.

The least-squares fit to the Heisenberg Hamiltonan (eq 1)
with four Heisenberg exchange parameters as marked in the
right panel of Figure 10, from seven energy differences of
Table 7 yields the following values: J ) -2.26 K, J′ )

-1.38 K, J1 ) -0.08 K, and J′1 ) -0.03 K (-1.57, -0.96,
-0.06, and -0.02 cm-1, respectively). Whereas all interac-
tion parameters are antiferromagnetic, the J1 and J′1, which
account for “second-neighbor” manganese interaction, are,
in fact, negligible. Of the remaining two, the J that couples
the central manganese to its nearest peripheric counterpart
is dominant.

Comparing these results with the above parameters from
the magnetization fit (+0.32 and -0.2 cm-1 for J and J′,

Figure 9. Experimental data of the spin magnetic moment determined at
external fields of 0, 1, 3, and 5 T (squares) and the fit of the magnetization
by the Brillouin function (solid line). We fitted the magnetization curve by
means of a Brillouin function.

Table 6. Spin and Orbital Moments As Obtained from the
Experimental XMCD Data at External Magnetic Field Strength

1 T 3 T 5 T

mspin ) 6.51 µB/fu mspin ) 13.62 µB/fu mspin ) 17.15 µB/fu
morb ) 0.10 µB/fu morb ) 0.17 µB/fu morb ) 0.36 µB/fu

Table 7. Local Magnetic Moments (in µB) on Manganese Atoms (1, 2,
3, and 1*), Total Magnetic Moment per Molecule M, HOMO-LUMO
Energy Difference, and Total Energies (Relative to the Ground-State
Configuration) for Different Magnetic Configurations of the
“Manganese-Star” Molecule

config 1 2 3 1* M (µB)
HOMO-

LUMO (eV)
∆Etot

(meV)

UUUU 4.68 4.71 4.69 4.68 20 0.404 12.20
DUUU -4.68 4.70 4.69 4.68 10 0.439 7.38
UDUU 4.68 -4.70 4.69 4.68 10 0.523 0.00
UUDU 4.68 4.70 -4.69 4.68 10 0.424 8.90
UUUD 4.68 4.70 4.69 -4.68 10 0.440 7.33
DDUU -4.68 -4.70 4.69 4.68 0 0.453 4.36
DUDU -4.68 4.70 -4.69 4.68 0 0.459 4.42
DUUD -4.68 4.70 4.69 -4.68 0 0.519 2.64

Figure 10. Left panel: distances (in Å) between manganese atoms in the
“manganese star” molecule. Right panel: labeling of corresponding different
exchange parameters.
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respectively), one marks opposite signs of the dominant
interaction, as they follow from the experiment and theory.
This is unusual because typically the DFT (in whatever
practical scheme) is accurate enough to yield not only the
sign but also the order of magnitude of exchange parameters,
overestimating their value, however, by a factor of 3-5 (due
to an underestimation of correlation effects within strongly
localized d shells). This “consistency” in the order of
magnitude between experiment and theory holds also in the
present case: the interaction parameters calculated for the
“manganese star” molecule are by a factor of ∼50 smaller
than those estimated for the “ferric star”,11,12 a FeIII[FeIIIL2]3

star-type molecule with similar 3d ion topology and bridging
as the present one but different types of ligands L.

The experimental situation (J positive and of larger
absolute value than the negative J′) would favor, among the
configurations listed in Table 7, the UUDU one. According
to the DFT, this configuration is almost degenerate with the
other two, in which one or another of the peripheric spins is
set antiparallel to three others, ferromagnetically coupled.
The energy separation from the DFT ground state (with the
central spin inverted) is merely ∼8 meV. A possible
explanation of the experiment vs DFT controversy could be
that strong interaction of DUUU, UUDU, and UUUD states
yields a mixed ground state, whose energy is lower than that
of the pure UDUU state.

Figure 11 shows spin-density isosurfaces in the UDUU
(nominal DFT ground state) and UUDU (its apparent
competitor, according to experiment) configurations. The
spin-density level is chosen in the figure to be very low in
order to show the spilling of magnetic density from
manganese over neighboring oxygen and nitrogen atoms.
Isosurfaces for a slightly higher spin-density level would have
been nearly spherical, centered at the manganese atoms. One
sees that the spilling of the local magnetic moment from
manganese onto its nitrogen neighbors is not affected by the
magnetic configuration. This visual impression from Figure
11 is confirmed by the Mulliken population analysis for
nitrogen magnetic moments, which are on the order of
0.015-0.030 µB and stable (changing from one configuration
to the other) within 20%. The Mn(2)-Mn(3) bridging
oxygens also maintain their induced local moment (of ∼0.02
µB, parallel to that of the peripheric manganese). On the
contrary, the magetic moments induced on Mn(1)-Mn(2)
oxygen bridge atoms within the “ferromagnetic” Mn(1)-Mn-

(2)-Mn(1*) fragment of UUDU are 2 times larger (∼0.04
µB) than those in the corresponding “ferrimagnetic” block
of the UDUU configuration. An intriguing question arises
of whether this apparently different magnetization of bridge
oxygen atoms could ever be probed by experimental
techniques. The “differently itinerant” character of the
magnetic density in two compared configurations, UDUU
vs UUDU, may also play a role in determining their relative
stability. An argumentation here may be that the DFT
generally underestimates the tendency toward charge local-
ization in similar systems; therefore, the level of the “DFT
error” can be different in slightly more localized and slightly
less localized situations. This can be important here, in view
of very small energy differences between competing
configurations.

Another point to consider, in view of rather small values
of exchange parameters J, is their possible dependence on
the details of the crystal structure, in both experiment and
theory. In order to further analyze a competition between
UDUU and UUDU configurations, we allowed independent
structural relaxation in these two magnetic states. This led
to an overall energy lowering by ∼30 eV/molecule, main-
taining, however, the energy difference between two sepa-
rately relaxed cases within 15 meV. On the average, we
found good agreement with experimentally measured struc-
tures: the “long” Mn(1,1*)-Mn(2) distances are 3.285 Å
(UUDU-relaxed) and 3.281 Å (UDUU-relaxed), to be
compared to the measured 3.286 Å; the “short” Mn(3)-Mn(2)
distances are 3.351, 3.350 and 3.322 Å, correspondingly, and
the Mn-O-Mn angles (≈99° for the short bridges and
≈101° for the long bridges) agree within 1.5° throughout
the three structures. Still, the minute structural differences
produce markedly different exchange constants: J ∼ -0.6
K and J′ ∼ -0.1 K, as estimated from the energy differences
(similar to those in Table 7) in the UUDU-relaxed structure.

The obtained “scattering” of calculation data (J ∼ -2.2/
-0.6 K) can serve to estimate the “empirical” accuracy of
the DFT treatment in our case, in addition to possible basic
limitations of DFT, in the extraction of exchange interaction
parameters. Our results show that, because magnetic interac-
tions in the manganese star are quite weak, small variations
of the crystal structure with temperature or in the magnetic
field may have a non-negligible effect on the definition and
extraction of the J parameters.

The LDOS (Figures 12 and 13) and spin density plots
(Figure 11) discussed in the following are as obtained for
the nominal DFT ground state (UDUU configuration).

Both figures reveal a fair amount of localization of the
Mn 3d states, with weak but appreciable admixture to O 2p
and N 2p states (that is responsible for binding the manganese
atoms into a molecule). LDOS at two manganese sites have
similarities, but the differences cannot be overlooked. The
splitting into t2g and eg bands, particularly pronounced in
the region of vacant states, is more net for (the central)
Mn(2), which is in a more perfect octahedral environment,
whereas that around Mn(1) is considerably distorted.

Figure 12 displays the calculated partial densities of states
(pDOS) of Mn 3d, O 1s, and N 1s. These states are largely

Figure 11. Isosurfaces of spin density corresponding to (0.05 e/Å3 for
UDUU (left panel) and UUDU (right panel) configurations. Positive and
negative magnetic density is shown by two colors.
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energetically overlapping and form a common valence band
going down to ∼-20 eV below the Fermi level. The
calculated densities of states can be used to understand the
XPS valence band and the Mn and O K XES results (Figure
13). The XES spectra have been brought to a common energy
loss scale with the XPS valence band and the calculated
densities of states. Thus, in Figure 13, the XES spectra reflect
the element-specific partial densities of states. The XPS
valence band comprises five distinct features labeled (i)-(v).
A broad shoulder spans the range from the Fermi level to
about -4 eV, followed by two local intensity maxima at
around -5 and -9 eV. Finally bands (iv) and (v) are located
between (-13) and (-16) eV and between (-18) and (-22)
eV, respectively. With the help of the XES and the calculated
pDOS, we can assign band (i) to Mn 3d states, namely, the
spin-up states of the outer manganese ions and the spin-down
states of the central manganese ion (see the top panel of
Figure 12). Feature (ii) comprises also a considerable amount
of Mn 3d states, which are likely hybridized with N 2p and
O 2p states via charge transfer. However, the relatively weak
overlap between the Mn L and O K XES indicates that
charge-transfer effects are relatively weak in this compound.
Finally, bands (iv) and (v) can be attributed to overlapping
of O 2p and C 2s states and to N 2s states, respectively.
This is in agreement with other observations pointing toward
a weak covalency in the Mn-O bonds: the peaks in the Mn-
DOS (of the central atom) are quite narrow and sparse, in
contrast to more extended t2g- and eg-like subbands visible
in the density of state of the central atom in the iron star.12

Moreover, much smaller values of (super)exchange param-

Figure 12. LDOSs of two manganese atoms and their 2p-type neighbors, calculated for the “manganese star” molecule in magnetic ground-state configuration
UDUU. The numbering of atoms is shown in the inset.

Figure 13. XPS valence band region (tDOS) compared to corresponding
DFT calculations. The photoionization cross sections were taken into account
for the solid line. Lower panels: XES spectra of the Mn L edge and O K
edge in comparison with the calculated pDOSs.
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eters in the manganese star, as compared to the iron star,
also reveal a lower covalency in the former system.

4. Conclusions

We have studied an St ) 10 high-spin molecule, namely,
a star-shaped molecule with the MnII

4O6 core, leading to a
number of interesting results. A detailed X-ray structural
analysis has been performed. Magnetic susceptibility mea-
surements exhibit weak exchange coupling constants between
the four Mn2+ ions. Thus, the magnetization measurements
indicate complicated low-lying states in which the ground
state is not well-separated, resulting from a dominant weak
ferromagnetic coupling and a giant moment of up to 20 µB/
fu. XMCD measurements reveal that almost the complete
magnetic moment is located around the Mn2+ ions. Further-
more, we can conclude that a few charge-transfer states are
present; charge-transfer multiplet calculations reveal 93.8%

3d5 and 6.2% 3d6L configurations. Finally, electronic struc-
ture calculations confirm that the interaction parameters are
much smaller (by a factor of ∼50) than those for related
compounds like the “ferric star” molecule.12 The “manganese
star” is a very interesting prototype for polymetallic com-
plexes with weak exchange coupling constants.
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Molecular magnets incorporate transition-metal ions with organic groups providing a bridge to mediate magnetic
exchange interactions between the ions. Among them are star-shaped molecules in which antiferromagnetic couplings
between the central and peripheral atoms are predominantly present. Those configurations lead to an appreciable spin
moment in the nonfrustrated ground state. In spite of its topologically simple magnetic structure, the [CrIIIMnII3
(PyA)6Cl3] (CrMn3) molecule, in which PyA represents the monoanion of syn-pyridine-2-aldoxime, exhibits nontrivial
magnetic properties, which emerge from the combined action of single-ion anisotropy and frustration. In the present
work, we elucidate the underlying electronic and magnetic properties of the heteronuclear, spin-frustrated CrMn3
molecule by applying X-ray magnetic circular dichroism (XMCD), as well as magnetization measurements in high
magnetic fields, density functional theory, and ligand-field multiplet calculations. Quantum-model calculations based
on a Heisenberg Hamiltonian augmented with local anisotropic terms enable us not only to improve the accuracy of the
exchange interactions but also to determine the dominant local anisotropies. A discussion of the various spin
Hamiltonian parameters not only leads to a validation of our element selective transition metal L edge XMCD spin
moments at a magnetic field of 5 T and a temperature of 5 K but also allows us to monitor an interesting effect of
anisotropy and frustration of the manganese and chromium ions.

1. Introduction

Magneticmaterials comprising nanosizedmolecular build-
ing blocks have attracted large interest from several scientific
disciplines. Chemically stable free radicals incorporated in
purely organic compounds reveal long-range magnetic inter-
actions at low temperatures. The flexibility available in
carbon chemistry is exploited to synthesize such compounds.
The most promising molecular magnets are polymetallic

clusters, containing transition-metal ions bridged by mole-
cular groups to mediate exchange interactions between the
paramagnetic centers. Such interactionsmay result in ground
states with a relatively large total spin (S).1

Compared to other transition metals, complexes contain-
ing manganese ions are especially often characterized by
ground states with large magnetic moments, and this in

*To whom correspondence should be addressed. E-mail: chaudh@
mpi-muelheim.mpg.de (P.C.), mneumann@uos.de (M.N.).

(1) (a) Blundell, S. J. Contemp. Phys. 2007, 48(5), 275–290. (b) Sessoli, R.;
Gatteschi, D.; Caneschi, A.; Novak, M.Nature 1993, 365, 141–143. (c) Kahn, O.
Molecular Magnetism; Wiley: Singapore, 1993.
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conjunction with the presence of highly Jahn-Teller dis-
torted Mn ions makes manganese clusters ideal candidates
for high-spin molecules.2 Due to the combined action of
intramolecular exchange and large negative (easy-axis-type)
magnetoanisotropy (D), the phenomenon of single-molecule
magnetism (SMM) arises for such compounds, for which a
significant barrier to thermally activated magnetization re-
laxation is characteristic.3

Very intensively investigated molecular magnets are the
dodecanuclear complexes [Mn12O12(O2CR)16(H2O)x]

n- (n=
0, 1, 2; x=3, 4), but alsomanganese-containing polymetallic
clusters with nuclearity ranging from 2 to 84 have been
synthesized and reveal a large spin ground state and magne-
toanisotropy.4The up to date highest blocking temperature is
reached in hexanuclear manganese compounds.5,6 Because
these molecules display not only a magnetization hysteresis
but also quantum tunneling of magnetization (QTM)7,8 and
quantum interference,9 they are promising new materials for
practical applications like ultradense magnetic data storage,
quantum computing, or other interesting devices.10-12 These
properties are governed by the already mentioned magnetic
anisotropy barrier of the magnetic core, which originates
from the spin-orbit coupling in the paramagnetic ions in a
high-spin state.13 For a better understanding especially of
the microscopic mechanisms, experimental and theoretical
investigations in high-spin molecules are required.
Regarding the interplay of topology and exchange inter-

actions in polynuclear high-spin clusters, another interesting
effect can be observed: magnetic frustration which appears
due to, e.g., triangular arrangements of antiferromagnetic
exchange pathways.14 Geometric frustration of interacting
spins leads to a variety of fascinating phenomena14-16 in low-
dimensional andmolecularmagnetism: (1) a nontrivially, i.e.,

orbitally, degenerate ground state;17,18 (2) many low-lying
nonmagnetic excitations below the first triplet excitation;19

(3) magnetization plateaus of the magnetization curveM(B)
at T = 0;24 (4) large magnetization jumps at T = 0;24

(5) (quantum) phase transitions atT=0.16These phenomena
do not occur in so-called bipartite spin systems, i.e., spin
systems that can be divided into two sublattices.20-22 Very
prominent examples of geometrically frustrated spin systems
exhibiting a rich spectrum of frustration phenomena are the
giant Keplerate molecules.23-25

The present publication is devoted to the study of the
electronic and revisited magnetic properties of an amazing
manganese-containing high-spin molecule: the spin-frustrated
star-shaped heterotetranuclear CrIIIMnII3 complex.26 The
investigations of topologically similar, but chemically differ-
ent, ferric and manganese star-shaped molecules show
that there are star-shaped molecules in which predominately
antiferromagnetic couplings of the central ion with its peri-
pheral neighbors lead to an appreciable spin moment in
the nonfrustrated ground state.27-29 In spite of its topo-
logically simple magnetic system, the [CrIIIMnII3(PyA)6Cl3]
molecule (CrMn3) exhibits the above-mentioned nontrivial
magnetic properties, single-ion anisotropy and frustration,
bearing interesting consequences for the chromium ion.
The tetranuclear complex contains three Mn2þ ions (3d5,

high-spin,S=5/2) and a singleCr3þ ion (3d3, high-spin,S=
3/2). The expected saturation magnetization is actually
reached at a magnetic field of about 12 T at 1.8 K. The
special form of the magnetization curve gives rise to the
assumption that anisotropy and frustration effects are of
great importance.
Here, we show that X-ray magnetic circular dichroism

(XMCD) is a very powerful technique to study hetero-
nuclear molecule-based magnets because of its generally
high sensitivity to the local electronic structure, andmoreover
by the force of element and shell selectivity of the Mn2þ

and Cr3þ ions in our case. Furthermore, XMCD is one of the
rare experimental methods to determine element-selective

(2) Hendrickson, D. N.; Christou, G.; Ishimoto, H.; Yoo, J.; Brechin, E.
K.; Yamaguchi, A.; Rumberger, E. M.; Aubin, S. M. J.; Sun, Z.; Aromi, G.
Mol. Cryst. Liq. Cryst. 2002, 376, 301–313.

(3) Sessoli, R.; Gatteschi, D.; Hendrickson, D. N.; Christou, G. MRS
Bull. 2000, 25, 66–71.

(4) See, for example: (a) Tasiopoulos, A. J.; Vinslava, A.; Wernsdorfer,
W.; Abboud, K. A.; Christou, G. Angew. Chem., Int. Ed. 2004, 43, 2117–
2121. (b) Miyasaka, H.; Cl�erac, R.; Wernsdorfer, W.; Lecren, L.; Bonhomme, C.;
Sugiura, K.; Yamashita, M. Angew. Chem., Int. Ed. 2004, 43, 2801–2805. (c)
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spin and orbital moments separately in heteronuclear
systems.30,31

This article is arranged as follows. In section 2, we give a
brief overview of the molecular structure and basic magnetic
properties. Later on, the experimental and theoretical pro-
cedures are described in section 3. We present a detailed
analysis of the advanced magnetic properties by means of
magnetization measurements using a high-magnetic-field
extraction technique (up to B = 14 T). On the basis of the
high-field measurements, theoretical simulations using an
anisotropic spin Hamiltonian are presented. These simula-
tions enable us not only to supply accurate values of
the exchange interactions but also to determine the dominant
local anisotropies. A discussion of the various spin-
Hamiltonian parameters leads to a validation of our ele-
ment-selective transition-metal L-edge XMCD spin-moment
contribution presented in section 4. Here, we also provide
charge-transfer multiplet model calculations for the chro-
mium L edge to discuss the valence and crystal-field excita-
tions, alongwith the results of calculations, within the density
functional theory, of spatial spin density. Finally, we end up
with our main conclusions in section 5.

2. Structure and Magnetic Properties of [CrIIIMnII3-
(PyA)6Cl3]

The synthesis and structure refinement of the present
heterotetranuclear complex have been carried out at the
Max-Planck-Institute for Bioinorganic Chemistry at
M€ulheim a. d. Ruhr, Germany. Khanra et al. reported
earlier magnetic and HF-EPR measurements of this spin-
frustrated compound.26 The tetranuclear star-shaped
complex [CrIIIMnII3(PyA)6Cl3] (CrMn3) molecule con-
tains a CrIIIMnII3 trigonal core with a Cr(1) atom sur-
rounded by three Mn(1) centers at the apexes of an
equilateral triangle (Figure 1), so that the cluster com-
prises the C3 symmetry. The three Mn(II) ions form an
equilateral triangle with the Cr(III) ion placed above the
Mn-Mn-Mn plane (chlorine atoms below). The periph-
eral manganese centers, 6-fold coordinated in highly
distorted MnOClN4 cores, are linked through the oxi-
mate (μ2-O-N) group. Each Mn(II) ion is linked to the
central Cr(1) atom through two oximate (N-O) and one
μ2-Oox donor. The central chromium atom Cr(1) is in
almost perfect octahedral coordination. The six oximato
oxygen ligands (deviation from 90� being less than 1.8�),
O(1), and O(11) and their equivalents are pendant from
the three peripheral Mn(PyA)2 fragments. It was con-
cluded that the CrMn3 complex contains a CrIIIMnII3
(high spin) core.26

The magnetization of a polycrystalline CrMn3 sample has
beenmeasured between 2 and 290K inmagnetic fields of 1, 4,
and 7 T. EPR spectra have been collected at a temperature of
10 K in magnetic fields up to 15 T and in a frequency range
between 19 and 388 GHz. The investigations revealed the
following conclusions:

The exchange interactions JCrMn = -0.29 cm-1 and
JMnMn = -0.07 cm-1, defined by eq 1 and shown as

J1 and J2 in Figure 2, are weakly antiferromagnetic.
This is not common among Cr(III) and Mn(II) ions in
triply oximato-bridged complexes.32

The experimental magnetization data could not
be simulated without taking into account exchange
interactions between the Mn(II) spins connected
through an oximate bridge, although the peripheral
Mn 3 3 3Mn distances are long at 5.49 Å. A zero-
field spitting parameter D of -1 cm-1 was found
from the magnetic measurements in agreement with
the HF-EPR measurements.26 For a more detailed
structural and magnetochemical characterization,
see ref 26.

Figure 1. Two perspective views of the [CrIIIMnII3(PyA)6Cl3] molecule.
The labeling O1, O11, and N2 is after ref 26. The figure was created with
the XCrySDen software.57

Figure 2. Schematic structure of the CrMn3 molecule. The central
chromium spin is antiferromagnetically coupled by J1 = JCr-Mn to the
three surrounding manganese ions (solid lines). The manganese ions are
coupled antiferromagnetically with each other by the exchange inter-
action J2 = JMn-Mn (dashed lines). The dominant local anisotropy axes
are given by the unit vectors eBk.

(30) Chen, C. T.; Idzerda, Y. U.; Lin, H.-J.; Smith, N. V.; Meigs, G.;
Chaban, E.; Ho, G. H.; Pellegrin, E.; Sette, F. Phys. Rev. Lett. 1995, 75, 152–
155.
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3. Experimental and Theoretical Procedures

3.1. Experimental Methods. 3.1.1. X-Ray Spectroscopic
Techniques. The XMCD spectroscopy was performed at
the elliptically polarizing undulator beamline 4.0.2 of the
Advanced Light Source (ALS), Berkeley, California.33 The
samples were mounted into a cryostat equipped with a 6-T
superconducting magnet;34 the sample stage was connected to
a pumped helium cryostat reaching base temperatures of
around 20.0 and 5.0 K during the experiments presented here.
The measurements at the Mn L edge have been recorded
under external magnetic fields of different strengths in the
total electron yield (TEY) mode.

3.1.2. Magnetization Measurements. The magnetization
measurements were performed in a commercial PPMS magnet-
ometer (Quantum Design, 6325 Lusk Boulevard, San Diego,
CA 92121-3733) equippedwith a superconducting 14-Tmagnet.
Themagneticmoment of the samples was determined by use of a
DC extraction-mode technique after careful temperature and
field stabilization. For each measurement, the sample was
moved at a high, uniform speed through a detection coil set.
The sample moment was then derived from the recorded profile
of induction voltage versus sample position. Each measurement
at fixed temperature and magnetic field was performed five
times in rapid succession, in order to obtain an averaged value
for better resolution.

3.2. Theory. 3.2.1. Density-Functional Theory. The elec-
tronic structurewas calculated by use of the generalized gradient
approximation of the density functional theory,35,36 using the
SIESTA (Spanish Initiative for Electronic Simulations with
Thousands of Atoms) calculation method.37,38 More details
and results will be published elsewhere alongwithX-ray electron
and emission spectroscopic data.39

3.2.2. Ligand-Field Multiplet Model. The XAS lineshapes of
the chromium L2,3 edge were simulated within charge transfer
multiplet-model calculations (CTM) using the TTmultiplet
program.40 First, the energy levels of the initial state (2p63d3)
and final state (2p53d4) were calculated in spherical (O3) sym-
metry. The parameters include the spin-orbit coupling of the 2p
core and 3d valence-band electrons, the 3d3d as well as the 2p3d
Slater integrals in the initial and final states. The d-d and p-d
integrals were reduced to 80% of their atomic Hartree-Fock
values, whereas the spin-orbit parameters were not reduced.
Then, a cubic crystal field (Oh symmetry) of 10 Dq = 2.2 eV
strength was considered in the crystal-field approach. Finally,
a charge transfer configuration 3d4L was considerd. The
energy difference between the two configurations E(2p63d3) -
E(2p63d4L) = Δ was set to 4.0 eV. For comparison with
experimental results, the lifetime broadening of the 2p core hole
and the resolution of the spectrometer were taken properly into
account.

3.2.3. Simulations with Anisotropic Spin Hamiltonians.
In order to model the spin system of CrMn3, the following

microscopic spin Hamiltonian has been used6,41,42

H ¼ -2
X

k<l

JklsBk 3 sBl þ
X

k

dkðeBk 3 sBkÞ
2 þ μB

X

k

BB 3 gk 3 sBk ð1Þ

The first term accounts for the superexchange coupling
between the paramagnetic centers (Heisenberg term). For
CrMn3, we employ two couplings: JCr-Mn for the interaction
of the central chromium spin with the three surrounding
manganese ions (solid lines in Figure 2) and JMn-Mn for the
interaction between the manganese ions (dashed lines in
Figure 2).

The second term in eq 1 models the single-ion anisotropy of
Mn and Cr, respectively, by means of the dominant axis of the
local anisotropy tensor (so-called D term). The unit vectors eBk

set the directions of the local anisotropy axes. The prefactors dk
denote the strength of the local anisotropy; a negative value
corresponds to an easy axis, a positive one to a hard axis. The
last term in eq 1 reflects the interaction with the applied
magnetic field (Zeeman term). In this work, we assume an
isotropic g tensor. Since we investigated a powder sample, an
orientational average is applied using discrete Lebedev-Laikov
grids.43

Wehave also performed classical spin-dynamic simulations in
order to investigate the field-dependent classical ground state
and low-temperature properties, in particular to study the role
of the exchange couplings and anisotropies for certain tempera-
tures and external magnetic fields. We write the Hamiltonian of
the classical system as

Hc ¼ -2
X

k<l

Jc
klmBk 3mBl þ

X

k

dc
kðeBk 3mBkÞ

2 þ μc

X

k

BB 3mBk ð2Þ

The spinsmBk are classical unit vectors whose orientations are
specified by the polar and azimuthal angles, θi and ji, all
extending from0 toπ and 0 to 2π, respectively. TheHamiltonian
of eq 2 provides the classical counterpart to the quantum
Heisenberg model eq 1. This correspondence is achieved by
replacing in eq 1 all quantum spin operators by
sBk ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

skðsk þ 1Þ
p

3mBk, with sk describing the spin quantum
number of a given ion.44 It thus follows that Jc

kl ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

skðsk þ 1Þslðsl þ 1Þ
p

3 Jkl and dk
c=sk(skþ1)dk; moreover, the

quantity μc in eq 1 is given by μc ¼ ðgkμBÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

skðsk þ 1Þ
p

where
gk is the Land�e g factor for a given ion and μB is the Bohr
magneton. We have checked the applicability of our classical
treatment by comparing the results of classical Monte Carlo
calculations with the above-described exact quantum model
calculations.

Furthermore, we have studied the low-temperature field-
dependent spin dynamics. An effective method for investigating
this property is to use the numerical solution of the stochastic
Landau-Lifshitz equation which simulates the time evolution
of the spin system coupled to the heat bath. Fluctuating fields
with white noise characteristics are used to account for the
effects of the interaction of the spin system with the heat bath.
Those environmental degrees of freedomare also responsible for
the damped precession of the magnetization parametrized by a
phenomenological damping factor.
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4. Results and Discussion

4.1. Magnetization Measurements and Anisotropic
Spin-Hamiltonian Simulations. Some gross properties of
the magnetic heterotetranuclear complex [CrIIIMnII3-
(PyA)6Cl3] have been investigated previously. It has
been found that, besides a dominant antiferromagnetic
exchange interaction between the central chromium spin
(sCr = 3/2) and its surrounding manganese spins (sMn =
5/2), a frustrating antiferromagnetic coupling between
the manganese ions exists.26 A sizable zero-field splitting
was also inferred from EPR measurements. In this sec-
tion, we report on detailed investigations of the micro-
scopic parameters of CrMn3.
For a more detailed study of the magnetic properties of

CrMn3, the magnetization of a polycrystalline sample has
beenmeasured at highmagnetic fields by using a standard
inductive method. Magnetic fields from 0 to 14 T at
temperatures of 1.8, 4.2, 10, 20, and 50 K have been
applied. The results are shown by symbols in the upper
panel of Figure 3. The observed magnetic-field depen-
dence of the magnetization as well as the field needed to
reach saturation at 18 μB (sCr=3/2, 3sMn=5/2) reflects a
nontrivial magnetic interaction between the magnetic
ions.NearB=0, a detailed analysis revealed nomagnetic
hysteresis.
The high-field magnetization measurements enable us

not only to determine accurately the exchange interac-
tions but also to determine the dominant local anisotro-
pies. To this end, Hamiltonian 1 is used. Following ref 26,
we assume that CrMn3 possesses C3 symmetry; i.e.,

the exchange coupling JCr-Mn of the central chromium
is the same for all three surrounding manganese ions, and
JMn-Mn is equal between the latter. For the local aniso-
tropies, this symmetry implies that the anisotropy axes of
the manganese ions share a common angle ϑ with respect
to the C3 axis of the molecule. The azimuthal angles φκ
differ by 120� between adjacent spins. Their exact orien-
tation relative to the molecular skeleton cannot be speci-
fied since neither the two other principal axes of the d
tensor (so-called E-terms) nor the coupling of spins to
orbital/structural parameters have been included in
the spin-Hamiltonian. For chromium, the C3 symmetry
implies that its anisotropy axis coincides with the rota-
tional one of the molecule. Using these assumptions,
we arrive at a fit describing best the magnetization data
shown in Figure 3 (top panel) for JCr-Mn =-0.29 cm-1,
JMn-Mn = -0.07 cm-1, dMn = -1.05 cm-1, ϑMn = 15�,
and dCr=0.40 cm-1. We used gMn=2.0 and gCr=1.95
as in ref 26. The exchange couplings differ somewhat from
those found in ref 26, since we now have incorporated the
local anisotropies in the spin Hamiltonian, eq 1. On first
glance, it is astonishing that Mn(II) with a half-filled
d shell should have an anisotropy as large as dMn =
-1.05 cm-1. However, the 6-fold coordination of the
manganese ions in CrMn3 results in a highly distorted
MnOClN4 core. In such a distorted local environment,
Mn(II) can reach anisotropies of up to 1.5 cm-1, as has
been shown in recent investigations.45,46ConcerningϑMn,
we would like to mention that there are Mn-Cl bonds
pointing out of the Mn3 plane, and it is well conceivable
that the directions of theMn anisotropy axes are fixed by
the Cl ions. The accuracy of the fit depends differently on
the various parameters. Variations of the exchange para-
meters as well as of the manganese anisotropy strength
have drastic consequences, whereas variations of ϑMn and
of the chromium anisotropy do influence the fit only
mildly. We assumed isotropic g tensors for simplicity.
An inclusion of an improved g tensor, reasonably deviat-
ing from 2.0, might modify the obtained values, but not
much.
The theoretical results with the above parameters

(solid lines) are compared to the experimental data
(symbols) in the upper panel of Figure 3. We would like
to discuss the influence of the various spin-Hamiltonian
parameters on the magnetization. To this end, we show
for T = 1.8 K, as a dashed-dotted curve, the result
corresponding to the case where only the coupling
between the manganese and chromium ions is consid-
ered, and all other terms are set to zero. Such a system
would be bipartite, i.e., nonfrustrated. An inclusion of
the manganese-manganese coupling results in a weak
frustration. The result is depicted by the dashed curve;
the deviation from the bipartite system is largest at low
fields. The dotted curve, which is hardly visible on top of
the solid line, presents the result for the case of manga-
nese anisotropies included as well. The chromium an-
isotropy then contributes only a minor improvement
to the final fit.

Figure 3. Top panel: Magnetic-field dependence of the magnetization
per [CrIIIMnII3(PyA)6Cl3] molecule. The experimental data for various
temperatures are given by symbols. The lines represent theoretical
estimates using the parameters given in the text. Bottom panel: Theore-
tical estimates of the localmagnetizationof the centerCr ion in theCrMn3
magnetic core for various temperatures. See text for more details.
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Referring to the lower panel of Figure 3, we discuss the
theoretical behavior of the chromium moment as a func-
tion of field for the same temperatures as in the top panel.
At a low temperature (T = 1.8 K) and fields below 3 T,
the chromiummoment points predominantly opposite of
the field direction. This can be understood from the fact
that the three dominating manganese moments align them-
selves along the field direction, whereas the Cr moment, that
is antiferromagnetically coupled to each of latter, points in
the opposite direction. Thus, the Cr moment is largely
reduced by frustration and anisotropy. For T = 1.8 K,
indeed, the bipartite case (only JCr-Mn 6¼ 0) shows the largest
antiparallel alignment. The frustration due to JMn-Mn re-
duces the Cr moment somewhat. The largest impact arises
from the manganese anisotropy, which reduces the chro-
mium moment at B= 2 T by about a factor of 2. Counter-
intuitively, the chromium anisotropy has little influence on
the chromium moment (dotted curve). Due to the given
functional dependenceof the chromiummoment, its expecta-
tion value virtually vanishes in certain temperature and field
regions, i.e., around 5 K and in fields of up to about 4.
To discuss the uniaxial anisotropy, we refer to Figure 4,

which shows the energy eigenvalue spectrum of the
CrMn3 magnetic core. Since the Hamiltonian is aniso-
tropic, these eigenvalues do not belong to multiplets of
the total spin. Nevertheless, they can be correlated with
the total magnetization of the respective eigenstate, which
depends on field. In order to split possible degeneracies,
we present the eigenvalues at a rather small field of Bz =
0.2 T along the molecularC3 axis. As can be derived from
the data and qualitatively seen in the figure, the total
ground state at B = 0 is 2-fold degenerate with a
magnetization of approximately (12 μB.
One can also see that these states do not belong to a

well-separated ground-state multiplet, which is only split
by anisotropy terms. On the contrary, the spectrum is
rather dense. If one would try to attach an anisotropy
barrier to the two ground states (M ≈ (6) and the next
higher-lying states with M ≈ (5, one would arrive at an
anisotropy barrier as given by the solid line in Figure 5.
The corresponding zero-field splitting parameter is D =
-0.575 K. Nevertheless, this discussion is purely ficti-
tious. What would be needed to constitute a single
molecule magnet is that the local Mn anisotropy axes
would be aligned parallelly.

In Figure 5, we show the classical ground-state confi-
guration ofCrMn3 as obtained by classical spin-dynamics
simulations atT=0andB=0.The local anisotropy axes
are depicted as yellow sticks. According to the model
parameters, the strong easy-axis anisotropy dominates
the orientation of the manganese spins in an up-up-
down fashion, almost independent of the rather weak
exchange interactions in the system. Only a very small
canting with respect to the anisotropy axes is visible. The
easy-plane anisotropy of the central chromium spin be-
comes apparent, with a small canting in the direction of
the downward pointing manganese spin. This situation
changes when an external field is applied. In Figure 6, we
show simulation results for the spin orientations in an
external field of 5 T applied along two different direc-
tions. Compared to the ground state at 0 T, one manga-
nese spin is flipped, so that the up-up-down
configuration is replaced by an up-up-up configuration
in both cases. At 5 T, the Zeeman energy is much larger
than the exchange interactions between all spins. How-
ever, the system is not yet fully saturated due to the fact
that the anisotropy is still important.

Figure 4. Energy spectrum of the CrMn3 magnetic core evaluated at a
magnetic field of Bz = 0.2 T to separate degenerate states. The solid line
shows a fictitious anisotropy barrier derived from the two lowest-energy
eigenvalues on either side. The corresponding zero-field splitting para-
meter of these curves is D= -0.575 K.

Figure 5. Classical ground-state configuration ofCrMn3 as obtained by
spin dynamics simulations at T = 0 and B = 0.

Figure 6. Classical ground-state configuration ofCrMn3 as obtained by
spin-dynamic simulations atT=0 and an external field B=5T applied
in different directions.
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We performed as well finite-temperature Monte Carlo
and spin-dynamic simulations. For temperatures not too
low (T ≈ 5 K), our classical Monte Carlo simulations
show qualitatively the same results as the “exact” quan-
tum calculations. In particular, the element-specific mag-
netization curves show a vanishing local moment at the
central chromium site at around 5 T. By using our
stochastic Landau-Lifshitz method, we can directly
study the time evolution of the classical spin system
coupled to a heat bath at this field value. Here, we find
a rather large and “stiff” local magnetic moment at the
manganese sites; i.e., thermal fluctuations have little
influence on the spin-vector motion due to the large local
anisotropies. In contrast to this, the central chromium
spin-vector motion is heavily influenced by thermal fluc-
tuations.47 We have found that its net moment is only
nonzero for the component in the external field direction.
Therefore, an orientational average would lead to a
vanishing moment as derived from our magnetization
data and as observed in our XMCD measurements (see
below).

4.2. X-Ray Magnetic Circular Dichroism. In this sec-
tion, we report on our detailed study of the XMCD
transition-metal L2,3 spectra of the paramagnetic centers,
manganese and chromium, in the CrMn3 complex. The
Cr XAS spectrum of CrMn3 is compared to ligand-field
multiplet model calculations, whereas the Mn XMCD
spectra are matched to the spectra and corresponding
CTM calculations of our earlier investigations of a star-
shaped St = 10 high-spin molecule with a MnII4O6 core
(MnStar).29 For this polymetallic complex with very
weak exchange coupling, it was possible to probe almost
the complete magnetic moment at the manganese ions by
XMCD, yielding a giant total magnetic moment of 20 μB
per molecule.
The CrMn3 and MnStar Mn L2,3 X-ray absorption

spectra excited by soft X-rays with 90% left and right
circularly polarized light measured at 5 T and 5 K are
presented in the top panel of Figure 7. The bottom panel
displays the corresponding XAS spectra and the dichroic
signals. The experimental spectra are given by circles and
squares for CrMn3 and MnStar, respectively. The Mn2þ

CTM calculations have been taken from Khanra et al.29

In contrast to these calculations, it was not possible to
reproduce the Mn L-edge XAS spectra of CrMn3 assum-
ing neither Oh nor even the C4h symmetry. A highly
distorted 6-fold OClN4 coordination of the MnII ions
leads to a strongly anisotropic exchange field, and the
CrMn3 CTM calculations become challenging. In the
lower panel of Figure 8, we compare the sum (XAS) over
the two helicities shown in the top panel and the dichroic
(MCD) signals of CrMn3 (circles) and MnStar (squares).
The characteristic two Mn L edges visible at about

640 and 652 eV originate from the spin-orbit coupling of
the 2p shell representing the 2p3/2 and 2p1/2 to 3d transi-
tions. In detail, the Mn L3,2 XAS comprises six main
features: a shoulder at approximately 639.0 eV, theMnL3

main peak at 640.0 eV, two additional L3 shoulders at
higher energies of 641.0 and 643.5 eV, and two peaks at
the L2 edge at 650.0 and 652.5 eV. This sequence holds for both theCrMn3 andMnStar XAS spectra, clearly reveal-

ing the Mn2þ (3d5) valence state by force of the fact that
the XAS is sensitive to the local electronic structure and
chemical environment.

Figure 7. Dichroic Mn L2,3 spectra of CrMn3 (circles) and the MnStar
(squares) taken at a temperature of 5K and an appliedmagnetic field of 5
T (top panel) and corresponding XAS andMCD signals (bottom panel).
The solid lines represent the appropriate Mn2þStar CTM calculations.

Figure 8. Dichroic Cr L2,3 spectra andMCDsignal ofCrMn3 taken at a
temperature of 5 K and an applied magnetic field of 5 T (top viewgraph).
Comparison of the CrMn3 and Cr2O3.

49 Cr L edge XA spectra plotted
along with CTMcalculations for a Cr3þ ion inOh symmetry (10Dq=2.2
eV; bottom viewgraph).

(47) We invite the reader to study our animations on http://spin.
fh-bielefeld.de (accessed Jan 2010).
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To better understand the ionic Mn2þ behavior, it is
necessary to mention that we extracted a 93.8% 3d5 and a
6.2% 3d6L configuration from the MnStar CTM calcula-
tions.29 This is noteworthy, because charge transfer can
result in a deformation of the multiplet structure and an
appearance of satellite structures.48 Furthermore, the local
crystal-field strength around the absorbing manganese
atom can be probed directly by XAS. The close resem-
blance of theCrMn3 andMnStarMnXAS spectra suggests
that the crystal-field splitting inCrMn3 is equally as large as
in MnStar, namely, 10 Dq = 0.6 eV. Compared to values
found for manganese oxides, this magnitude is rather low.
However, for similar molecules likeMn4 or CrMn6, similar
values of 10 Dq have been found.29

The upper panel of Figure 8 presents the dichroic XAS
and MCD spectra of the chromium ion in the magnetic
core of CrMn3 at 5 T and 5 K. Compared to the Mn2þ

X-ray absorption spectra, the Cr3þ ones comprise rather
broad peaks. Two main peaks are located at 577.0 and
585.0 eV for the L3 and L2 edges, respectively. Clear
multiplet structures around the main peaks are visible.
The spectrum allows to identify eight features, which are
unique signatures for the Cr3þ ion being in an octahedral
environment.49 Looking at the XMCD signal of chro-
mium is at first glance astonishing: no significant signal
was recorded.
To get a deeper insight into the local symmetry and

multiplet structure of the Cr ion, we also performed
ligand-field (LF)multiplet calculations (using theTTmul-
tiplet program) for trivalent chromium in the Oh symme-
try. The result is given as the black solid line in the lower
panel of Figure 8 together with the corresponding XAS
CrL2,3 edge of Cr2O3 (see ref 49) and the isotropicXAS of
CrMn3. All spectra have a very similar shape. TheCrMn3
XAS spectrum (dark gray) agrees nearly perfectly with
the Cr2O3 spectrum (light gray). There is one particular
feature shifting: themain peak of theCrL3 edge ofCrMn3
is located at 577.0 eV photon energy, compared to 576.6
eV in the XAS spectrum of Cr2O3. Also, the relative
intensities of the peaks at the L3 and L2 edges differ
slightly. With the charge transfer multiplet calculation,
we were able to reproduce the characteristic features of
theCrMn3 absorption spectrum, and we find a 75.2% 3d3

and 24.8% 3d4L configuration.
We applied the XMCD sum rules developed by Thole

and Carra, that later were confirmed experimentally by
Chen et al.30,50,51 in order to extract the element selective
spin and orbital moments of the Mn2þ and Cr3þ ions in
CrMn3. From our experimental data recorded at 5.0 K,
we extracted a local manganese spin moment of mSpin =
7.24 μB per molecule (2.41 μB per manganese atom)
and an orbital moment of mOrb = 1.56 μB per molecule
(0.52 μB per manganese atom).
Sum rule analysis of the experiment performed at

20.0 K yielded mSpin = 3.88 μB and mOrb = 0.015 μB

per molecule. Because the sum rules can only be applied
properly when the separation of the 2p3/2 and 2p1/2 levels is
large enough to clearly distinguish the j3/2 and j1/2 excita-
tions, a spin-correction factor of 1/0.680 is necessary if the
spectral features of the L2 and L3 edges do overlap. In this
case, a quantum-mechanical superposition of the j3/2 and
j1/2 excitations appears during the absorption process. In
our earlier work, we already discussed and validated this
correction factor, which was first proposed and calcu-
lated by Teramura et al.29,52,53 Using this spin-correction
factor, we obtain a local manganese spin moment of
mSpin = 10.65 μB per molecule and a rather large orbital
moment of mOrb = 1.56 μB per molecule at 5 T and 5 K,
whereas at a temperature of 20KweobtainmSpin=5.71μB
and mOrb = 0.05 μB. Although we find a quite good
agreement between the magnetic moment obtained from
theMCDand themagnetometry, wewant to point out that
very recently it has been found that the correction factor
depends on the crystal field strength, also the nonzero
orbital moment can influence the spin sum rule correction
factor.54

Next, we compare the above-mentioned results with
those obtained on the Mn4 (MnStar).29 Although the
manganese L2,3 edgeMCD signals ofMnStar andCrMn3
look very similar at first glance, the orbital angular-
momentum distribution for these two compounds is very
different. Figure 9 shows a comparison of theCrMn3 and
MnStar manganese L2,3 edge MCD signals and their
integrated intensities at 5 K. The integrated intensity of
the overall MCD (L2 and L3 edges) indicates the presence
of an unquenched orbital angular Mn momentum in
CrMn3 at 5 K. In contrast, for the MnStar, an almost
completely quenched orbital moment is found at 5 K.29

The result for CrMn3 is surprising because it is incon-
sistent with a half filled 3d5 state, where all d orbitals are
perfectly balanced within the (m contributions. On the
one side, potential errors in the sum rule analysis, such
as offset corrections or a too short integration range,

Figure 9. ExperimentalMnL2,3MCDsignals ofCrMn3 recorded at 5K
(black) and 20 K (blue) and MnStar29 (gray) plotted along with the
corresponding MCD integrated intensities.

(48) van der Laan, G.; Kirkman, I. W. J. Phys. Condens. Mater. 1992, 4,
4189.

(49) Gaudry, E.; Sainctavit, P.; Juillot, F.; Bondioli, F.; Ohresser, P.;
Letard, I. Phys. Chem. Miner. 2006, 32, 710.

(50) Thole, B. T.; Carra, P.; Sette, F.; van der Laan, G. Phys. Rev. Lett.
1992, 68, 1943.

(51) Carra, P.; Thole, B. T.; Altarelli, M.; Wang, X. D. Phys. Rev. Lett.
1993, 70, 694.

(52) de Groot, F.; Kotani, A. Core Level Spectroscopy of Solid; Taylor &
Francis: London, 2008.

(53) Termamura, Y.; Tanaka, A.; Jo, T. J. Phys. Soc. Jpn. 1996, 65, 1053.
(54) Piamonteze, C.; Miedema, P.; de Groot, F. M. F. Phys. Rev. B 2009,

184410.
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can cause the overestimation of orbital momentums.55a

However, we want note that the Mn ions in CrMn3 are in
a strongly distorted and inhomogenous crystal field,
which may lift the electronic degeneracy. A similar effect
has been very recently reported for ε-Fe2O3.

55b In con-
trast, we do not find a significant Mn orbital momentum
at the temperature of 20 K (external field still 5 T).
Furthermore, high-field EPR measurements performed
at 10 K on CrMn3 yielded a g factor of 2.05 for the Mn
ions.26 That also indicates a positive Mn orbital angular
momentum. One can speculate about reasons for this
surprising result. It might be due to changes in the local
Mn electronic structure, e.g., theMn-ligand bond length
as a consequence of structural changes taking place
between 5 and 20 K. Such an effect has been observed
in ε-Fe2O3 very recently;55b however, more experimental
studies on the electronic and structural properties on the
CrMn3 compound in this temperature range are necessary
to draw any conclusion about this result.
An appropriate determination of the local chromium

moment is not possible. In order to employ the spin-
correction factor, a sufficiently large L3/L2 splitting is
required to avoid problems due to the L3-L2mixing.53 In
the case of chromium, this is not the case. Qualitatively,
one can assume a very small local magnetic spin moment
of chromium, ordered ferromagnetically with respect to
the manganese spins, in CrMn3.
Comparing the magnetization data at 5 T and 4.2 K;

especially the local chromiummagnetization extracted by
use of the anisotropic Heisenberg model calculations
(Figure 3);with the local magnetic moments of manga-
nese and chromium obtained from our XMCD experi-
ments at 5 T and 5K, we find perfect agreement. The total
magnetization is about 12.5 μB per molecule, whereas the
local chromium magnetic moment does almost comple-
tely disappear but remains ferromagnetically ordered
with respect to the manganese spins (Figure 3). Also,
the large local anisotropy parameter for manganese
(dMn = -1.05 cm-1) obtained from our Heisenberg
simulations can be understood qualitatively. The XMCD
measurements give direct experimental evidence that the
orbital moments of the manganese ions are only partially
quenched. These results can be regarded as a first example
of strong anisotropy and frustration effects probed by
X-ray magnetic circular dichroism.

4.3. Electronic-Structure Calculations. For density-
functional calculations, the molecule was prepared in
different magnetic configurations, referred to in the
following according to how the spin moments of indi-
vidual atoms (Cr, Mn, Mn, Mn) are set in the U (up)
or D (down) direction with respect to the global quanti-
zation axis. The total energies of such configurations
were compared. We calculated as well the energies
for some noncollinear spin configurations but did not
reach conclusive results due to convergence problems.
Restricting our discussion to collinear cases only, we
can emphasize the following:

1. The individual spins on the Cr and Mn positions
tend to remain quite stable at values of 3/2 and 5/2,

respectively, but can be inverted at relatively low
energy cost.

2. The saturation value of the total spin, 18/2 as in
the UUUU configuration, agrees with the results
of the magnetization measurements.

3. At variance with what could have been expected,
i.e., a preferential antiparallel coupling between
Cr and Mn, the DUUU configuration is energe-
tically, by 39 meV, higher compared to the
UUUU configuration. However, the inversion
of two spins, such as in the DDUU and other
degenerate configurations, is by merely 13 meV
higher in energy than the fully magnetized situa-
tion. Hence, it can be expected that a mixture of
several such “two spins up, two spins down”
configurations might ultimately emerge as the
ground state. Apparently, this is a manifestation
of strong frustration, as also evidenced byHeisen-
berg and classical spin dynamic simulations done
in our work.

4. Obviously (for reasons typical for DFT calcula-
tions in molecular magnets where the intra-atom-
ic correlation effects are underestimated, see, e.g.,
ref 56), the magnetic splitting within the 3d shells
of Cr and Mn comes out too small, and conse-
quently the HOMO-LUMO gap is strongly
underestimated. However, it does not fully dis-
appear, at least in the most “competitive” spin
configurations, amounting to 0.51 eV in UUUU,
0.63 eV in DUUU, and 0.70 eV in DDUU. The
latter supports the above argument that the mix-
ing of several DDUU-like states might result in a
stable and energetically favorable (frustrated)
configuration.

For discussing the spatial distribution of spin density,
we use the DUUU configuration, because it shows a
reasonable “spin contrast” in the Cr-Mn coupling (see
Figure 10).
It should be noted that each individual spin is not fully

localized on a 3d center, so that the coresponding mag-
netic density somehow spills onto the neighboring atoms.
However, the spins remain quite “rigid”, in the sense that,
in a different spin configuration, the spatial spin density
around a given center in first approximation would be
inverted (i.e., spin up becomes spin down).
The on-site magnetic spin density is quite spherical

around the Mn atoms, with their half-filled and hence
symmetric d shells, and pronouncedly “cube-like” at the
Cr site, where in a simplified view “only” the t2g orbitals
are occupied. This different shape is even more pro-
nounced in higher spin-density isosurfaces (not shown)
which are more closely confined to the atom cores.
Observing the spin density spilled onto the neighbors of

a 3d center, we find it octahedrally symmetric, according
to the placement of oxygen atoms around the Cr site,
whereas that of the Mn atoms is strongly anisotropic
(Figure 10). For one thing, the Mn’s are already struc-
turally placed in low-symmetry positions; moreover, one

(55) (a) Goering, E.; Lafkioti, F; Gold, S. Phys. Rev. Lett. 2006, 96,
039701. (b) Tseng, J.-C.; Souza-Neto, N. M.; Haskel, D.; Gich, M.; Frontera, C.;
Roig, A.; van Veenendaal, M.; Nogu�es, J. Phys. Rev. B 2009, 79, 094404.

(56) Postnikov, A. V.; Kortus, J.; Pederson,M. R.Phys. Stat. Sol. B 2006,
243(11), 2533–2572.

(57) Kokalj, A. J. Mol. Graphics Modell. 1999, 17, 176. The code is
available from http://www.xcrysden.org (accessed Jan 2010).
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can see that the Cl 3p shell, although almost fully occu-
pied, exhibits an interesting break of symmetry in its
related spin (Figure 10). This might be an important
source of anisotropy found for the Cr atoms in the spin-
Hamiltonian simulations, as was already mentioned in
section 4.1.

5. Conclusions

In summary, we presented a comprehensive investigation
of the electronic structure and the magnetic properties of the

star-shaped heteronuclear CrIIIMnII3 complex. Various
X-ray spectroscopic methods were used to investigate the
internal chemical, electronic, and magnetic structure of
CrMn3. The XAS spectra of the manganese and chromium
L edges were measured and compared to Mn2þ Star spectra
investigated earlier29 or modeled within the ligand-field
multiplet model, respectively, in order to investigate the
valence and local symmetry. Crystal-field and charge-
transfer parameters were extracted from the calculations
and are in good agreement with earlier data.
Using magnetization measurements, element-selective

XMCD at the Mn and Cr L edges, and quantum model
calculations based on an anisotropic Heisenberg Hamilto-
nian, we were able to understand the complete magnetic
structure of the CrMn3 magnetic core, including the manga-
nese single-ion anisotropy and frustration. The experimental
data fit perfectly to the quantum calculations, allowing an
accurate determination of the exchange interactions and of
the dominant local anisotropies. The extracted parameters
were used to perform classical spin-dynamic simulations. The
field-dependent classical ground state and low-temperature
properties were studied in our extensive work on the CrMn3
complex.
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Figure 10. Two views of the spin-density isosurfaces, corresponding to
(0.0025 e/Å3, in the DUUU configuration of CrMn3. Positive/negative
values are indicated by light gray/dark violet color. The molecular
structure is shown as a framework, with orientation and color code as
in Figure 1.
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In the quest for new materials for ultrahigh density storage
devices or for quantum computing, researchers seek among

others for new molecule-based magnets. In such magnetic
molecules, spin coupling between paramagnetic transition-metal
ions is mediated via bridging ligand atoms, leading to a variety of
interesting fundamental properties such as intramolecular ex-
change interactions or magnetic anisotropy.1�5 Besides the
famous Mn12�Ac cluster,6 so-called star-shaped molecules,
which are comprised of four transition-metal ions in the form
of a central ion and three peripheral ions, belong to the most
promising and simplest inorganic systems showing single-mole-
cule magnet (SMM) behavior.7 A couple of star-shaped mol-
ecules with intriguing magnetic properties have been reported;
among them are those with a CrIII4 core with a high spin state
S = 3,8 a MnII4 core with S = 10,9 a NiII4 core,

10 or the spin
frustrated CrIIIMnII3 complex.11 The star-shaped trigonal, metal-
centered Fe4 complex is of special interest due to some remark-
able progress concerning substrate deposition and tunneling
experiments,12 which are prerequisites for potential applications
as a magnetic memory or a molecular nanojunction. In particular,
Mannini et al. demonstrated that an Fe4molecule can be wired to
a gold surface, which then shows single magnetic molecule
behavior, that is, an open magnetic hysteresis loop at low
temperature.13 Tailoring of the molecule orientation by ligand
chemistry even led to quantum tunneling of the magnetization.14

In those recent works, X-ray magnetic circular dichroism
(XMCD) played a very crucial role in order to verify that the
SMM behavior stems from the FeIII centers on the surface of
“bulk-like” films of some hundred nm thickness,15 as well as for
thin, single-monolayer films deposited on gold.13 Orientation

control could also be demonstrated at sub-Kelvin temperatures
even by means of angular-dependent XMCD.14 There are two
types of the star-shaped Fe4 molecule known. The experiments
described above have been performed on [FeIII4(OCH3)6-
(dpm)6] (1) (exact chemical formula C72H132Fe4O18, Hdpm
= dipivaloylmethane; Figure 1, left)16 and its derivatives.17

Furthermore, another molecule with an Fe4 core has been
reported by Saalfrank et al.,7 the SMM [FeIII{FeIII(L)2}3] (2)
(exact chemical formula C30H66Fe4N6O12, H2L = N-methyl-
diethanolamine; Figure 1, center). There are some differences in
detail concerning the coordinating ligands of the FeIII ions.
Whereas in both complexes the central ion is attached to six
μ2-oxygen donors, building up bridges to the peripheral Fe ions,
the three outer Fe ions in 1 are coordinated as well with six
surrounding oxygen donors (Figure 1, left). In contrast, the three
peripheral ferric ions in 2 are in a nearly octahedral O4N2

environment (see Figure 1, center).
There are also somewhat different reports about the Fe

valency state in 1 and 2. Whereas for 1 the predominantly or
nearly completely Fe3þ is found13�15,18 in thick films and also
single-layered samples, for a powder sample 2 divalent iron,
probing by X-ray photoelectron spectroscopy (XPS) and Fe L
edge X-ray absorption spectroscopy (XAS) has been
reported.19,20 Very recently, it has been suggested that this
discrepancy might be related to soft X-ray radiation induced
photoreduction effects of the iron. Such an effect has been
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ABSTRACT: We revisit the star-shaped iron-based single-molecule magnet [FeIII{FeIII

(L)2}3] (2) (exact chemical formula C30H66Fe4N6O12, H2L = N-methyldiethanolamine)
in order to clarify some open questions concerning the exact electronic and magnetic
properties arising from earlier studies on this specific compound. Namely, we address the
internal magnetic structure by applying X-ray magnetic circular dichroism to the Fe L2,3
edges and carefully investigate radiation photochemistry. We observe an Fe3þ to Fe2þ

photoreduction process, taking place under soft X-ray radiation.
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qualitatively demonstrated by means of Fe L edge XAS and
scanning transmission X-ray microscopy for 2.21 Whereas an
X-ray-induced reduction process from Fe3þ to Fe2þ was qualita-
tively demonstrated, some questions about the nature of this
phenomenon remain to be clarified. X-ray-induced photochem-
istry, investigated by means of soft XAS, has been reported on a
couple of Fe-based metallo-organic complexes22,23 and discussed
along possible photoreduction (photooxidation) or ligand photo-
lysis mechanisms.23 Also, charge-transfer effects from the ligand
to the metal center or vice versa have been reported recently.24,25

In this paper, we address two different aspects concerning the
magnetic and chemical properties of the complex [FeIII{FeIII(L)2}3]
(2). First, we report XMCD measurements on the Fe L2,3 edges,
identifying the magnetic ground state unambiguously, and compare
the local electronic structure around the Fe3þ ions with the result
obtained on the [FeIII4(OCH3)6(dpm)6] (1).

15 Second, we apply
XPS in order to characterize and to quantify the photoreduction from
Fe3þ to Fe2þ in 2 in more detail.

Figure 2 displays the Fe L2,3 XAS spectra edges of 2 recorded
with left and right circularly polarized light. The sample temperature
was around 0.6 K, and an external field of 6.5 T was applied. The
correspondingXMCDsignal (blue) and its integral (orange) are also
shown. We find a ferrimagnetic ground state with S = 5 for 2 from

magnetic sum rule analysis. Using the result of our charge-transfer
multiplet simulations as the basis for the assumptions of nh = 4.8 and
the spin sum rule correction factor of Teramura et al.,26 considering
mixing effects of the L2 and L3 edges via core hole Coulombic
interactions, for Fe3þ (1/0.685), we obtain a spinmoment ofmspin=
10.08 μb/molecule and an orbital moment of 0.1 μb/molecule. The
almost quenched orbital moment can be explained by the half-filled
3d5 configuration; the overall magnetic moment obtained from the
sum rules is in almost perfect agreement with results measured by
magnetometry on 2,7 confirming its ferrimagnetic ground state of 2
(see Figure 1, right).

In the top panel of Figure 3, the Fe L2,3 XAS is shown with
charge-transfer multiplet simulations in different crystal field envir-
onments. Although the oxygen and nitrogen ligands do not span a
perfect octahedral environment around the Fe ions, we find very
good agreement of the experimental XAS and an Fe3þ charge-trans-
fer simulation in an octahedral (Oh) simulation. This also accounts
for the correspondingMCD spectrum (Figure 3, bottom panel).We
considered a crystal field strength of 10Dq = 0.8 eV and a charge-
transfer potential ofΔ = 2.5 eV, resulting in a 82% 3d5 and 18% 3d6L
charge-transfer configuration of the ground state. In comparison
with experiments performed under almost the same experimental
conditions on complex 1,15 we find some differences in detail.
Whereas both spectra represent a pure Fe3þ multiplet structure,
we find a significant lower crystal field strength (0.8 eV for 2
compared to 1.5 eV for 115 obtained by ligand field multiplet
simulations). This might be due to the different ligand structure
around the Fe3þ ions, leading to a different local electronic structure
of the complex [FeIII{FeIII(L)2}3] (2). The unequal coordination
environment of 2 compared to that of 1 definitely leads to some
deviations in the local electronic structure around the Fe ions.
However, differentmagnetic ground-state properties are not observed.

Concerning the Fe valency, this result contradicts an earlier
X-ray spectroscopic study of 2.19,20 Because this Fe3þ-basedmetallo-
organic complex is obviously sensitive to soft X-ray-induced radiation
damage or photoreduction,21 we reduced the photon flux of the
beamline to around 1% of the normal intensity for this experiment.
After 6 h of exposure with this strongly reduced photon flux, a
shoulder at the low-energy side of the L3 edge became clearly visible
(Figure 3, bottom panel), indicating the presence of some Fe2þ ions.
In order to confirm the potential Fe3þ to Fe2þ photoreduction we
then set the beamline photon flux back to 100%. Already, the first
XAS spectrum measured with full beamline intensity (Figure 3,

Figure 1. (Left and Center)Molecular structures of the ferric stars [FeIII4(OCH3)6(dpm)6] (1) and [Fe
III{FeIII(L)2}3] (2), respectively, with Fe: gold;

O: red; N: blue; and C: gray. Solvate molecules and hydrogen atoms are omitted for clarity. The coordinating bonds from the donor atoms to iron are
highlighted as dashed lines. (Right) Illustration of the ferrimagnetic ground state for 1 and 2.

Figure 2. Fe L2,3 edges of Fe4 complex 2 recorded with left and right
circularly polarized X-rays, the corresponding XMCD signal, and its
integral. These measurements were performed with a reduced X-ray
exposure (around 1% of the full beamline intensity) at a temperature of
0.6 K and in an external field of 6.5 T.
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bottom panel, top spectrum) showed a pure Fe2þ multiplet
structure. Thus, the Fe3þ to Fe2þ photoreduction process appears
to be completed already after only one scan, demonstrating the high
sensitivity of 2 to photoreduction. This fact may explain the results
reported earlier.19,20 The Fe4 SMM of type [FeIII{FeIII(L)2}3] (2)
might well bemuchmore sensitive to soft X-ray photoreduction than
[FeIII4(OCH3)6(dpm)6] (1) because such a strong Fe3þ to Fe2þ

reduction process, already finished after a single XAS scan across the
Fe L2,3 edge, under standard photon flux conditions of an undulator-
based soft X-ray beamline has explicitly not been reported for 1,
neither in bulk form nor bonded to a gold surface.13�15,18Thismight
be considered as an indication that the nature of the donor atoms

around the iron centers is an important ingredient for the strength of
soft X-ray-induced photoreduction in such metallo-organic
complexes.

In order to shed more light on the nature of soft X-ray
radiation induced photoreduction of the Fe3þ ions in this
particular interesting Fe4 SMM, we performed a systematic
XPS study of this process. Figure 4 (upper panel) shows Fe 2p
XPS of [FeIII{FeIII(L)2}3] (2); a temporal evolution of the Fe
valency from Fe3þ to Fe2þ is clearly visible by comparing the
binding energy of the 2p3/2 peaks of the spectra (chemical shift),
which have been saved every 10 cycles (labeled 1�10, 11�20,
and so forth in Figure 4) recorded with a strongly reduced X-ray
anode intensity (∼10% of the standard intensity). Hence,
already, a monochromized standard Al KR anode induces
considerable photoreduction of the FeIII ions in 2. Because
XPS is much more sensitive to chemical bonding and net charges
than to crystal field splitting due to screening effects, we can use
the reference spectra of FeO (Fe2þ) and LiFeO2 (Fe3þ)
(Figure 4) as a basis for a somewhat more quantitative analysis
of the photoreduction process in 2. We derived superpositions
involving different percentages of the FeO and LiFeO2 reference
spectra, for instance, 10% of the FeO and 90% of the LiFeO2 Fe
2p XPS, hence representing a reference for the XPS spectrum of a
compound containing 10% Fe2þ and 90% Fe3þ ions. Then, we
subtracted each Fe 2p XP spectrum of 2 (Figure 4, top panel)
from each of the superimposed spectra representing merged Fe2þ/
Fe3þ reference spectra and derived the mean-square error of each
difference. Using this method, we can find the Fe3þ to Fe2þ ratio of
each spectrum of 2 shown in the upper panel of Figure 4 at an
accuracy of ∼10%. We present the quantitative temporal develop-
ment of the Fe3þ to Fe2þ photoreduction in the lower panel of
Figure 4. After 90 cycles with only 10% of the standard power
(represented by the black squares), we recorded somemore spectra
at the same sample spot using full power of the X-ray source (blue
dots in Figure 4, lower panel), saved either after each spectrum or
after a couple of cycles. The spectra recorded with full power of the
X-ray anode were scaled on the total power when comparing with
the number of recorded cycles with 10% X-ray source power. One
can fit the observed Fe3þ to Fe2þ photoreduction process by
considering a simple exponential decay (red line). In both repre-
sentations of the obtained photoreduction, one can see that all
experimentally obtained Fe3þ to Fe2þ ratios only deviate 10% or
less from the fit. Hence, we find an indication that the soft X-ray-
induced Fe photoreduction process in the Fe4 star-shaped SMM
[FeIII{FeIII(L)2}3] (2) likely takes place within a single process, at
least ruling out the possibility of two or more parallel processes
taking place on different slopes and time scales, whereas the exact
nature of the underlyingmechanism remains to be explored inmore
detail. In particular, it would be interesting to study whether this
photoreduction process arises due to direct X-ray damage or
secondary electrons excited by the incoming photons.

This study demonstrates that performing X-ray spectroscopic
studies on coordination complexes like the Fe4-based SMM
needs a very careful consideration and investigation of potential
X-ray-induced “damage” effects such as photooxidation or
photoreduction. Although the amount of radiation and the
number of subsequently excited secondary electrons are specifi-
cally high in the soft X-ray regime in the surface near the region of
the sample, this basically accounts also for hard X-ray techniques,
for example, during crystallographic studies.

On the other hand, this study might also motivate further
studies on the exact mechanism of the observed photoreduction

Figure 3. (Upper panel) Fe L2,3 isotropic XAS in comparison with
charge-transfer multiplet simulations in an octahedral (Oh) crystal field.
(Lower panel) Three different XAS spectra (from bottom to top), XAS
taken on a fresh sample spot with 1% beamline flux, after 6 h of exposure
with 1% beamline flux on the same spot, and with 100% beamline flux on
the same spot.
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process observed in 2, maybe including a systematic investigation
of the influence of different ligand coordination environments.

Finally, the fact that this specific photoreduction process takes
place on a single time scale might also serve as useful information to
motivate furtherwork in complementary scientific fields such asX-ray
radiation induced catalysis or photolysis processes in other similar
Fe-based metallo-organic complexes and metalloproteins.25,27,28

In summary, we probed the magnetic ground state and
addressed the soft X-ray-induced Fe3þ to Fe2þ photoreduction
process in the star-shaped Fe4 SMM [FeIII{FeIII(L)2}3] (2)
comprised of a different ligand environment compared to a similar
molecule reported in the literature. We address the following
findings: (i) the magnetic ground state of 2 is S = 5 as in 1, whereas
the local electronic structure around the iron centers is markedly
different, manifesting itself in a reduced crystal field splitting and
charge-transfer behavior; (ii) the Fe4 complex 2 is highly sensitive to
Fe3þ to Fe2þ photoreduction under soft X-ray radiation. In Fe L2,3
edge XAS, performed under standard photon flux conditions at an
undulator-based beamline, the reduction process may be finished
already after one XAS scan; and (iii) with the help of a systematic Fe
2p XPS study, we could quantify the photoreduction process.

’EXPERIMENTAL AND THEORETICAL DETAILS

XPS measurements were performed using a PHI 5600CI
multitechnique spectrometer with monochromatic Al KR, that
is, 1486.6 eV radiation of 0.3 eV at full width at half-maximum.
The intensity of the X-ray source was reduced to around 10% in
these experiments. The overall resolution of the spectrometer
was 1.5% of the pass energy of the analyzer, 0.45 eV in the present
case. The XPS measurements were performed at room tempera-
ture. The spectra were calibrated using the C 1s states evolving
from adsorbed hydrocarbon (285.0 eV).

XMCD experiments were performed at the Surface and
Interface Microscopy (SIM) beamline of the Swiss Light Source
(SLS). We used the 7 T cryomagnetic TBT-XMCD endstation,
working with a 3He�4He dilution setup, characterized by base
temperatures down to 0.3 K.29 The samples of [FeIII{FeIII(L)2}3]
(2) (see also Figure 2) were pasted on carbon tape before connecting
the sample holder to the dilution setup. Each single scan took 5 min.

The undulator-based beamline delivers a photon flux on the
order of 1012 photons/sec at Fe L2,3 edge photon energies of
around 700 eV. In order to control potential radiation damage

Figure 4. (Upper panel) Fe 2p core-level XPS of Fe4 complex 2. Spectra were saved and are plotted for each 10 cycles on the same sample spot (from
bottom to top); reference spectra of FeO (Fe2þ) and LiFeO2 (Fe

3þ) are also shown. (Lower panel) Evolution of the Fe3þto Fe2þ photoreduction over
the number of recorded cycles along with an exponential fit of the Fe3þ decay (left) and the corresponding plot brought to a logarithmic scale (right).
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effects, we tuned the beamline optics to reduce the flux of the
incoming photons to around 1% of the maximum photon flux,
and we measured several spots on each sample.

XAS and XMCD spectra were simulated within the charge-
transfer multiplet model using the TT-multiplet program.30�32

After calculating the atomic energy levels of the initial (2pn3dm)
and final (2pn�13dmþ1) states and reducing them to 80% of their
Hartree�Fock values (see Table 1), an octahedral crystal field
was considered. Finally we considered an external magnetic field
of μBB = 0.01 eV and charge transfer by introducing 3dmþ1L
states and broadened the simulated spectra considering lifetime
broadening and spectrometer resolution.
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Element specific determination of the magnetic
properties of two macrocyclic tetranuclear 3d–4f
complexes with a Cu3Tb core by means of X-ray
magnetic circular dichroism (XMCD)

K. Balinski,a L. Schneider,a J. Wöllermann,a A. Buling,a L. Joly,b C. Piamonteze,c

H. L. C. Feltham, d S. Brooker, d A. K. Powell, ef B. Delleyc and
K. Kuepper *a

We apply X-ray magnetic circular dichroism to study the internal magnetic structure of two very promising

star shaped macrocyclic complexes with a CuII3Tb
III core. These complexes are rare examples prepared with a

macrocyclic ligand that show indications of SMM (Single Molecule Magnet) behavior, and they differ only in

ring size: one has a propylene linked macrocycle, [CuII3Tb
III(LPr)(NO3)2(MeOH)(H2O)2](NO3)�3H2O (nickname:

Cu3Tb(L
Pr)), and the other has the butylene linked analogue, [CuII3Tb

III(LBu)(NO3)2(MeOH)(H2O)](NO3)�3H2O

(nickname: Cu3Tb(L
Bu)). We analyze the orbital and spin contributions to the Cu and Tb ions quantitatively by

applying the spin and orbital sum rules concerning the L2 (M4)/L3 (M5) edges. In combination with appropriate

ligand field simulations, we demonstrate that the Tb(III) ions contribute with high orbital magnetic

moments to the magnetic anisotropy, whereas the ligand field determines the easy axis of

magnetization. Furthermore, we confirm that the Cu(II) ions in both molecules are in a divalent valence

state, the magnetic moments of the three Cu ions appear to be canted due to 3d–3d intramolecular

magnetic interactions. For Cu3Tb(L
Pr), the corresponding element specific magnetization loops reflect

that the Cu(II) contribution to the overall magnetic picture becomes more important as the temperature

is lowered. This implies a low value for the 3d–4f coupling.

Introduction

In magnetic molecules, spin coupling between paramagnetic

transition-metal ions is mediated via bridging ligand atoms,

leading to a variety of interesting fundamental properties such

as intramolecular exchange interactions ormagnetic anisotropy.1–5

Besides hundreds of known single molecule magnets (SMMs) and

the famous Mn12–Ac cluster,6 so called star-shaped molecules,

which comprise four transition metal ions in the form of a central

ion and three peripheral ions, belong to the most promising and

simplest inorganic systems showing SMM behavior.7 A number

of star-shaped molecules with intriguing magnetic properties

have been reported, including those with a CrIII4 core with a high

spin state S = 3,8 a MnII4 core with S = 10,9 a NiII4 core,10 or the spin

frustrated CrIII(MnII)3 complex.11 The star-shaped trigonal,

metal-centered Fe4 complex12 is of special interest due to

some remarkable progress concerning substrate deposition

and tunneling experiments.13,14 In addition to a rich variety of

3d transition metal based SMMs,15–18 recently, lanthanides

(4f ions) have attracted significant interest.17,19–21,33 For the last

few years, complexes comprising both 3d and 4f ions have been

under intense discussion as some of them exhibit interesting

magnetic properties such as slow relaxation of magnetization

making them potentially good candidates for SMMs.17,22–26 In

particular, TbIII and DyIII exhibit high single ion anisotropies,27

and ferromagnetic coupling between TbIII (DyIII) and 3d transi-

tion metal CuII ions has been reported.22,28–32

Feltham et al. prepared a family of 3d–4f macrocyclic complexes

[MII
3Ln

III(Ln)(NO3)3�m(solvent)x](NO3)m (m = 0 or 1), all of which

feature a star shaped MII
3Ln

III core, using organic macrocyclic

ligands that are large enough to contain several metal ions and

provide two types of binding pockets, three N2O2 pockets for the

three 3d metal ions and one O6 pocket for the 4f ion (Fig. 1).31,33
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The [CuII3Tb
III(LPr)(NO3)2(MeOH)(H2O)2](NO3)�3H2O cluster (nick-

name: Cu3Tb(L
Pr), Fig. 2) exhibits slow relaxation of magnetization,

and hence SMM behavior.29 By tuning the ligand field, by encapsu-

lating the CuII3Tb
III core into a larger, butylene linked,macrocycle, the

analogue [CuII3Tb
III(LBu)(NO3)2(MeOH)(H2O)](NO3)�3H2O (nickname:

Cu3Tb(L
Bu), Fig. 2) was obtained. Cu3Tb(L

Bu) features apical binding

of two rather than one nitrate ion to the oblate TbIII ion, and also,

a quantifiable relaxation in zero dc field could be measured.32

3d–4f complexes exhibit complex magnetic properties as they

are dominated by strong spin–orbit coupling and crystal field

interactions of the lanthanide ions and exchange interactions

between the lanthanide and the transition metal ions.17,32–35 In

X-ray magnetic circular dichroism (XMCD), one uses X-rays

(in this case, soft X-rays) to excite the magnetized sample in

question. This opens the possibility to study the magnetic

properties of different ions (here, Cu and Tb) element specifi-

cally, since the transition metal L2,3 edges (2p - 3d transition)

and rare earth M4,5 edges (3d - 4f transition) are energetically

separated. Employing well established sum rules allows the

determination of the respective spin and orbital contributions

to the overall magnetic moment. Since the Franck–Condon

principle states that X-ray absorption is a very fast process with

respect to vibrations, hence, XAS and XMCD spectra can be

viewed as a superposition of all possible (vibrational) distorted

positions of the probed element. The overall width of the bands

obtained is dominated by core-hole lifetimes and effects like

Coster–Kronig Auger decay, making it difficult to separate all

broadening effects in the X-ray absorption spectra. However,

since the measurements presented here have been performed

at rather low temperatures down to 3 K, we can assume that

dynamical (vibrational) effects are significantly reduced. There-

fore, we employ XMCD to study the internal magnetic structure

of this pair of macrocyclic, star shaped Cu3Tb SMMs29,30 as a

very powerful technique to study heteronuclear molecule-based

magnets because of its generally high sensitivity to the local

electronic structure and, moreover, the force of element and

shell selectivity of the CuII and TbIII ions in our case. Further-

more, XMCD offers the unique capability to obtain element-

selective spin and orbital moments separately in heteronuclear

systems.28,36–38

Experimental and theoretical section

XMCD experiments were performed using a high field magnet

system at the ID10 beamline for advanced dichroism (BLADE) at

the lowest reachable temperature of 3 K and in external magnetic

fields up to 13.5 T. The Cu3Tb molecules were pasted on carbon

tape before connecting the sample holder to the high field magnet

system. The flux on I10 is about 1012 photons per second at 950 eV.

In order to control potential radiation damage, we performed a

number of scans at the Cu L2,3 and TbM4,5 edges at several spots of

the sample and reduced the time per scan to around one minute.

The propylene and butylene linked macrocyclic complexes,

Cu3Tb(L
Pr) and Cu3Tb(L

Bu), were prepared as previously described,

and the cif files for both are available from those papers.29,30

Cu3Tb(L
Pr) i.e. [CuII3Tb

III(LPr)(NO3)2(MeOH)(H2O)2](NO3)�H2O

Diffusion of diethyl ether vapour into the reaction solution

yielded the crude product. This solid was re-dissolved in MeOH

and the solution vapour diffused with diethyl ether to obtain

the pure product as an olive brown powder. Found: C 33.28,

H 3.36 N 10.00; calc. for C34H40N9O19Cu3Tb (1228.30 g mol�1):

C 33.25, H 3.28. N 10.26.

Cu3Tb(L
Bu) i.e. [CuII3Tb

III(LBu)(NO3)2(MeOH)(H2O)](NO3)�H2O

Diffusion of diethyl ether vapour into the reaction solution

yielded the crude product. This solid was re-dissolved in MeOH

Fig. 1 A star shaped tetrametallic MII
3Ln

III core is a feature of all of the members of the large family of 3d–4f macrocyclic complexes
[MII

3Ln
III(Ln)(NO3)3�m(solvent)x](NO3)m (m = 0 or 1).

Paper PCCP

P
u

b
li

sh
ed

 o
n

 0
8

 J
u

n
e 

2
0

1
8

. 
D

o
w

n
lo

ad
ed

 o
n

 8
/2

8
/2

0
1

8
 7

:0
7

:5
6

 P
M

. 

View Article Online



21288 | Phys. Chem. Chem. Phys., 2018, 20, 21286--21293 This journal is© the Owner Societies 2018

and the solution vapour diffused with diethyl ether to obtain

the pure product as a brown powder. Found: C 35.51, H 3.79,

N 10.19; calc. for Cu3TbC37H44N9O18 (1252.37 g mol�1): C 35.49,

H 3.54, N 10.07.

For Cu3Tb(L
Pr), complementary XMCD measurements with a

special emphasis on recording element specific magnetization

curves were performed at the Surface and Interface Microscopy

(SIM) beamline of the Swiss Light Source (SLS). We used the 7 T

cryomagnetic TBT-XMCD endstation39 at temperatures of 5 and

10 K. The samples were pasted on carbon tape before connecting the

sample holder to the endstation. Using this setup, each single scan

took around five minutes. The undulator based beamline delivers a

photon flux in the order of 1012 photons per s at the Cu L2,3 edges at

a photon energy of around 950 eV. In order to control potential

radiation damage effects, we tuned the beamline optics to reduce

the flux of the incoming photons to around 1% of the maximum

photon flux, and we measured several spots on each sample.

The XMCD spectra of the Cu and Tb ions were calculated by

means of full multiplet simulations40 using the multiX software.41

The ligands are replaced by effective point charges at the atomic

positions, which are extracted from the crystallographic informa-

tion file (CIF) of the Cu3Tb(L
Pr) molecule for each of the three Cu

sites and the Tb site separately. The whole molecule was used as

the input for the crystal field calculation. The crystal field

obtained from this calculation was not re-scaled for the simula-

tions. This has the advantage that we do not have to deal with the

crystal field strengths and symmetries as fitting parameters, since

the crystal fields of the three Cu ions have different symmetries,

leading to different ligand field strengths, and the Tb ligand

field is also strongly anisotropic. Simulations were performed

considering a temperature of T = 5 K and an external magnetic

field of B = 7 T, with a number of holes nh = 1 for Cu and nh = 6

for Tb. The values of the spin–orbit coupling and coulomb

interactions for Cu were reduced to 94% and 80%, and for

Tb, to 97% and 60% of the atomic values, respectively. The

reduction factors are tunable parameters and it is usual that

electron–electron interactions need to be reduced to obtain a

good fitting. The reduction of spin–orbit coupling is minor.

Finally, we broadened the simulated spectra considering the

lifetime broadening and spectrometer resolution of 0.4 eV for

Cu and 0.5 eV for Tb.

Results and discussion

We want to shed light on the internal magnetic structure of

macrocycles Cu3Tb(L
Pr) and Cu3Tb(L

Bu) (cf. Fig. 1). Fig. 3a

and 4a present the polarization dependent X-ray absorption

spectra across the Cu L2,3 and Tb M4,5 edges of Cu3Tb(L
Pr). The

spectra were recorded at a temperature of 5 K and in an external

magnetic field of 7 T. The XAS and XMCD spectra of Cu3Tb(L
Bu)

and those recorded at 13.5 T and at different temperatures for

both the molecules are somewhat less resolved but very similar

in shape and not shown here. The Cu L2,3 X-ray absorption

spectrum (cf. Fig. 3a) comprises two prominent peaks at

934.2 eV (Cu L3 edge), and 953.6 eV (L2 edge). The corres-

ponding XMCD is strongly negative (B42%) at the L3 edge and

has a positive sign at the L2 edge. We applied the sum rules36 to

extract the spin (mS) and orbital (mL) contributions to the total

magnetic moment (mtot) for the spectra taken of both molecules

at the different temperatures and external magnetic fields. The

results are summarized in Table 1. Fig. 3b shows ligand field

simulations of the Cu L2,3 XAS and XMCD spectra with the

parameters described in the Experimental and theoretical section.

CuII ions have a 3d9 configuration and a 3d10 configuration in

the excited state. Hence, 3d multipole interactions are not

present and the spectra are dominated by crystal field effects,

exchange field interactions and the 3d spin–orbit coupling.

Since the samples are powders comprising nanocrystals in

random orientation during the experiments we performed

calculations in the [100], [010], and [001] directions (six point

scheme) for all three Cu ions separately and averaged over all

simulations. We find almost perfect agreement between the

Fig. 2 Structures of the cations of the two tetrametallic 3d–4f macrocyclic
complexes of interest in this work. Top: [CuII3Tb

III(LPr)(NO3)2(MeOH)3](NO3)
(nickname: Cu3Tb(L

Pr)). Bottom: [CuII3Tb
III(LBu)(NO3)2(DMF)(H2O)](NO3)�DMF

(nickname: Cu3Tb(L
Bu)). Non-coordinated anions and solvent molecules

have been omitted.

PCCP Paper

P
u

b
li

sh
ed

 o
n

 0
8

 J
u

n
e 

2
0

1
8

. 
D

o
w

n
lo

ad
ed

 o
n

 8
/2

8
/2

0
1

8
 7

:0
7

:5
6

 P
M

. 

View Article Online



This journal is© the Owner Societies 2018 Phys. Chem. Chem. Phys., 2018, 20, 21286--21293 | 21289

Fig. 3 (a) X-ray absorption spectra across the Cu L2,3 edges of Cu
II
3Tb

III(LPr) in an external magnetic field of B = �7 T and at a temperature of T = 5 K,
performed with left and right circular polarized photons leading to the overall dichroic spectra labelled m+ and m�. The corresponding XMCD signal and its
integral are also shown. (b) Corresponding spectra from the ligand field simulations. (c) Comparison of the experimental and the simulated circularly
polarized X-ray absorption spectra. (d) Comparison of the experimental and the simulated XMCD signal.

Fig. 4 (a) X-ray absorption spectra across the Tb M4,5 edges of Cu
II
3Tb

III(LPr) in an external magnetic field of B = �7 T and at a temperature of T = 5 K,
performed with left and right circular polarized photons leading to the overall dichroic spectra labelled m+ and m�. The corresponding XMCD signal and its
integral are also shown. (b) Corresponding spectra from the ligand field simulations. (c) Comparison of the experimental and the simulated circularly
polarized X-ray absorption spectra. (d) Comparison of the experimental and the simulated XMCD signal.
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experimental and simulated spectra with respect to the spectral

shape and the L3/L2 ratio in XAS and XMCD (cf. Fig. 3c and d).

Analogous to the experimental spectra, we also applied the spin

and orbital sum rules to the simulated spectra (cf. Table 1). For

both molecules, we find significantly lower values for mS

in comparison with the simulations and rather low orbital

contributions to the CuII magnetic moment, in agreement with

the simulations. Hamamatsu et al. reported very similar values

of the CuII spin and orbital magnetic moment in CuII2Tb
III

clusters compared to those found here, on the other hand,

the CuII ions in analogous CuII2Dy
III clusters have higher mag-

netic moments.28 The low orbital moment is expected for 3d

transition metal ions in crystal fields. The significantly lower

spin moment compared to the simulation may be explained by

a not completely ferromagnetic (parallel) alignment of the

spins stemming from three different CuII sites. The simulations

reflect the crystal field effect of each of the three Cu ions but

not the 3d–3d and 3d–4f intramolecular interactions; in parti-

cular, the 3d–3d interactions may lead to a canted arrangement

of the three Cu moments. Turning to the Tb M4,5 spectra

(cf. Fig. 4), the XAS and XMCD exhibit a shape typical for a

TbIII ion, with a strong negative XMCD signal (B74%) at the M5

resonance. As for the Cu simulations, we apply the above

described six point scheme to consider the random orientation

of the molecules during experiment, and we obtain excellent

agreement with the corresponding multiplet simulations (see

Fig. 4c and d). The magnetic TbIII moment is aligned parallel to

those of the CuII ions, confirming the ferromagnetic coupling

between Cu and Tb found by SQUID measurements.29,31 Con-

cerning the sum rules analysis, we considered nh = 6 holes per

4f shell (TbIII has eight 4f electrons). Furthermore, the value of the

spin quadrupole coupling hTZi is important for lanthanides

(via the LSJ-coupling).42 For Tb3+, hTZi/hSZi = �0.11. Thus, hTZi

and hSZi have opposite signs and the value from the spin sum rule

is significantly underestimated since hSeffi = hSZi + 3 hTZi.

Employing this correction to the experimental spectrum of CuII3
TbIII(LPr) and the corresponding simulated results, we see that the

obtained values for the orbital and spin magnetic moments are

within a small deviation of 10% in line (cf. Table 1). The excellent

agreement between experiment and theory verifies that the ligand

field determines the easy axis of magnetization. The small differ-

ences might be associated with the weak 3d–4f interaction

between the Tb and the Cu ions.

In the case of such an anisotropic TbIII ion, one expects

mS = 6.0 mB and mL = 3.0 mB per atom according to Hund’s rules.

Also, recent density functional theory (DFT) indicates a value

close tomL = 3.0 mB for Tb
III.31 The markedly reduced values can

be explained as resulting from the combined effects of the

strong uniaxial anisotropy of the Tb(III) site and the crystal field

influences on the local geometries of the metal ions and thus

central Tb(III).29–31 We note that it has previously been shown

that in the closely structurally related Zn3Dy analogue, there is

a strong magnetic axiality with the easy axis lying almost on

the plane of the macrocyclic ring.43 Since Dy(III) and Tb(III)

both have oblate anisotropies, we can expect something similar

here. Furthermore, very similar XMCD results concerning the

Table 1 Cu and Tb magnetic moments extracted from the XMCD experiments at different external magnetic fields and temperatures and from the
multiplet simulations compared to the Hund’s rule values

Molecule B (T) T (K) Ion
mL

(mB per atom)
mS

(mB per atom)
mtot

(mB per atom)
mtot (Hund)
(mB per atom) hLZi/hSZi hLZi/hSZi (Hund)

CuII3Tb
III(LBu) 13.5 3 CuII 0.09 0.62 0.71 3.0 0.29 4.0

CuII3Tb
III(LBu) 13.5 3 TbIII 1.42 3.02 4.44 9.0 0.94 1.0

CuII3Tb
III(LBu) 7.0 3 CuII 0.08 0.42 0.50 3.0 0.38 4.0

CuII3Tb
III(LBu) 7.0 3 TbIII 1.57 3.02 4.59 9.0 1.04 1.0

CuII3Tb
III(LPr) 13.5 3 CuII 0.05 0.50 0.55 3.0 0.20 4.0

CuII3Tb
III(LPr) 13.5 3 TbIII 1.66 3.78 5.44 9.0 0.88 1.0

CuII3Tb
III(LPr) 7.0 3 CuII 0.08 0.42 0.50 3.0 0.38 4.0

CuII3Tb
III(LPr) 7.0 3 TbIII 1.84 3.25 5.09 9.0 1.13 1.0

CuII3Tb
III(LPr) 7.0 5 CuII 0.10 0.49 0.59 3.0 0.41 4.0

CuII3Tb
III(LPr) 7.0 5 TbIII 1.25 3.09 4.34 9.0 0.81 1.0

CuII3Tb
III(LPr) 7.0 10 CuII 0.03 0.37 0.40 3.0 0.16 4.0

CuII3Tb
III(LPr) 7.0 10 TbIII 1.42 3.31 4.73 9.0 0.86 1.0

Cu2+ sim. Cu3Tb(L
Pr) 7.0 5 CuII 0.22 0.92 1.14 3.0 0.48 4.0

Tb3+ sim. Cu3Tb(L
Pr) 7.0 5 TbIII 1.57 3.34 4.91 9.0 0.94 1.0
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Tb orbital moment have been very recently reported for Cu3Tb

covalently grafted onto small nanoparticles.44

Due to the high anisotropy, and since the samples are

powders, not all Tb moments will align with the external

magnetic field, a behavior that has been recently also observed

in a trinuclear Dy–Cr–Dy molecular cluster.38 The obtained

ratios between 1.1 and 0.8 for hLZi/hSZi are in line with a value

of 1.0 obtained following Hund’s rules.

Next, we want to compare the results obtained for

Cu3Tb(L
Pr) and Cu3Tb(L

Bu), which are summarized in Table 1.

We obtain a spin moment ofmS = 3.02 mB (3.78)/Tb atom and an

orbital moment of mL = 1.42 mB (1.66)/Tb atom for Cu3Tb(L
Bu)

(Cu3Tb(L
Pr)). These values are close to those found for CuII2Tb

III

clusters (mS = 3.9 mB and mL = 1.9 mB per Tb atom).28 For the

overall moment (three times mtot_Cu plus mtot_Tb), we obtain a

magnetic moment of 6.09 (6.59) mB per molecule for Cu3Tb(L
Bu)

(Cu3Tb(L
Pr)) at T = 3 K and in an external magnetic field of 7 T,

which is in almost perfect agreement with the results of a very

recent XMCD investigation of immobilized Cu3Tb(L
Bu) molecules,

which were grafted onto gold nanoparticles, wherein Feltham

et al. report an overall magnetic moment of 6 mB per molecule.44

The overall evaluation of magnetic moments exhibits around

0.5 mB per molecule higher moments of the Cu3Tb(L
Pr) molecule

compared to that of the Cu3Tb(L
Bu) molecule under external

magnetic fields of 13.5 T and 7 T at T = 3 K. This might indicate

that the larger, butylene linked, macrocycle leads to stronger

3d–3d interactions between the Cu(II) ions, leading to an

enhanced canting of Cu moments compared to that of the

molecule prepared using the propylene linked macrocycle.

Fig. 5 shows the element specific magnetization curves,

which were obtained at the dichroic maxima of the Cu L3 and

the Tb M5 edges of CuII3Tb
III(LPr) at T = 5 K and T = 10 K,

respectively. Circles represent the total (spin and orbital) moment

of the TbIII ions and squares represent the total CuII moments as

derived from the corresponding sum rules. The TbIII and CuII

magnetization curves reflect the ferromagnetic behavior found at

external magnetic fields of 13.5 T and 7 T over the whole range

between 0 and 7 T. However, at lower temperatures (5 K), the

Fig. 5 Top panel: element specific magnetization curves of CuII3Tb
III(LPr) recorded at the Cu L3 resonance (squares), representing the magnetization of

the three Cu(II) sites, and the Tb M5 resonance (circles) at T = 5 K (solid symbols) and T = 10 K (filled symbols). Bottom panel: comparison of normalized
M(B)-curves of CuII3Tb

III(LPr) recorded by SQUID29 and XMCD in the range from 0–7 Tesla at temperatures of 5 K (right) and 10 K (left).
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Cu contribution to the overall moment of the molecule becomes

higher compared to higher temperatures (10 K), whereas the Tb

contribution remains the same within the experimental accuracy

in this temperature range. This result reflects a low value of the

Cu 3d–Tb 4f coupling in the Cu3Tb(L
Pr) molecule. The lower

panel of Fig. 5 compares the (normalized) magnetization curves

of the total magnetic moment per Cu3Tb(L
Pr) molecule recorded

by XMCD and SQUID. Within the statistics of the measurement,

the XMCD magnetization curves have the same shape and

characteristics as those probed by SQUID, which is also another

indication that the molecules remained intact during the XMCD

experiments. Since the SQUID and XMCD magnetization curves

are closed, we find no direct evidence for SMM behavior, which

is nevertheless predicted due to the slow relaxation of the

magnetization measured by ac susceptibility.29,30 To further verify

and study the SMM behavior of Cu3Tb(L
Pr) and Cu3Tb(L

Bu), low

temperature magnetization and XMCD experiments in the (sub)-

100 mK regime would be highly desirable.

Conclusions and outlook

We employed soft X-ray magnetic circular dichroism to study

the Cu L2,3 and Tb M4,5 edges of 3d–4f SMMs Cu3Tb
III(LBu) and

Cu3Tb(L
Pr) in external magnetic fields up to B = 13.5 T and at

external temperatures between T = 3 K and T = 10 K. Sum rule

analysis yields small but non-zero orbital moments for CuII,

whereas an essentially orbital magnetic moment is present at

the TbIII site. The mL/mS ratios found for Tb are comparable

for both molecules within the limits of the experimental

technique, and the ratio corresponds to that expected from

Hund’s rules for a free TbIII ion. The spin-quadrupole coupling

hTZi has a significant influence on the spin moment of TbIII (via

the almost pure LSJ-coupling). We find excellent agreement

between the experiment and the corresponding multiplet

simulations using a point charge approximation for the crystal

field. The moments of the Cu(II) ions may be canted due to 3d–3d

intramolecular interactions, and the magnetic easy axis of the

highly anisotropic Tb is determined by the ligand field. Element

specific magnetization curves obtained for Cu3Tb(L
Pr) show ferro-

magnetic coupling between the CuII and TbIII cations. Whereas

the CuII contribution to the overall magnetic moment is strongly

temperature dependent between T = 5 K and T = 10 K, the TbIII

contribution remains nearly unchanged, likely due to the high

orbital contribution to the Tb magnetic moment in this tempera-

ture range, also implying a low value for the Cu 3d–Tb 4f coupling.

We demonstrated that XMCD in the soft X-ray regime (i.e.

transition metal L2,3 and rare earth M4,5 edges) is a powerful,

element specific tool to study the magnetic properties of 3d–4f

coupled SMMs such as the star shaped Cu3Tb(L
Bu) and Cu3Tb(L

Pr)

investigated here. To obtain even deeper and more precise

information on the SMM behavior, low temperature magnetiza-

tion and XMCD investigations are desirable. Future experiments

might also include studies on single crystals or molecules

deposited on different (magnetic and non-magnetic) substrates.

In this way, crystal field parameters of Cu and Tb ions may be

determined with high precision, and coupling phenomena of the

molecules with ferromagnetic substratesmight be studied. Further-

more, we noted that in particular, the spin sum rule is under quite

a bit of discussion, since it relies on detailed knowledge of the value

spin-quadrupole coupling hTZi in the case of lanthanide ions, for

example. Since there aremany studies on novel 3d/4f systems going

on, which will likely lead to a significant amount of 3d/4f XMCD

studies looking at the contributions of the 3d as well as the 4f ions

in a combined way, the use of sum rules might need some

development of more straightforward ways concerning correction

factors in the spin sum rule analysis, for instance.
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29 H. L. C. Feltham, R. Clérac, A. K. Powell and S. Brooker,

Inorg. Chem., 2011, 50, 4232.
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