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Abstract: Transient absorption is studied in Fe-doped lithium niobate single crystals with the
goal to control and probe a blue absorption feature related with excitonic states bound to Fey ; defect
centers. The exciton absorption is deduced from the comparison of ns-pump, supercontinuum-
probe spectra obtained in crystals with different Fe-concentration and Fei;r/ 3+—ratio, at different
pulse peak and photon energies as well as by signal separation taking well-known small polaron
absorption bands into account. As a result, a broad-band absorption feature is deduced being
characterized by an absorption cross-section of up to c™(2.85eV) = (4 +2) - 107> m?. The
band peaks at about 2.85 eV and can be reconstructed by the sum of two Gaussians centered
at2.2eV (width = 0.5eV) and 2.9 eV (width = 0.4 eV), respectively. The appropriate build-up
and decay properties strongly depend on the crystals’ composition as well as the incident pulse
parameters. All findings are comprehensively analyzed and discussed within the model of
Feﬁr — O™ — Vy; excitonic states.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

The microscopic understanding of pulse-induced transient absorption phenomena, such as green-
induced infrared absorption (GRIIRA) [1] or blue-induced infrared absorption (BLIIRA) [2], is
mandatory for the control of laser-induced damage mechanisms in lithium niobate (LiNbO3, LN)
and, thus, for applications of LN in nonlinear photonics [3]. From the beginning, the appearance
of transient infrared absorption was successfully explained by the coupling of optically generated
electrons with phonons, i.e., by the formation of Nb;}; /i sSmall, strong-coupling electron polarons
[4]. In contrast, the microscopic origin of transient blue-absorption remains fairly unexplained
since advanced information about its respective features is still unsettled. In detail, neither the
involved localized carrier states, nor their exact peak position, the shape, the band-width, and the
absorption cross-section are known for the most of them. Furthermore, important knowledge
to control the appearance of blue absorption by adjustment of, e.g., Fe-concentration, of the
Feifr/ 3*_ratio, and/or by means of pulse peak energy and/or photon energies is missing in literature
1

completely, so far.

The presence of transient absorption in the blue-green spectral range in LN was discovered in
2005 by Herth et al. in Fe-doped LN using single probe-laser lines [5] and — as a first attempt —
has been attributed to the coupling of optically generated holes with the lattice in direct vicinity
of V1, lithium vacancies. The formation of O~-hole polarons with strong coupling is in full
accordance with the original expectations formulated by Schirmer ef al. for nearly all polar
oxide crystals [6]. Later on, investigations with continuous wave [7] and pulsed laser light [8,9],
however, revealed several discrepancies to the hole polaron model. The results of Waasem et al.
[7] demanded for the existence of further electronic states within the band-gap, being handled
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as X-center of unknown microscopic nature. Quite recently, Messerschmidt er al. discussed
excitonic states at the origin of long-lived transient blue absorption [9].

Self-trapped electron-hole-pairs at Nb-O-octahedra, commonly called self-trapped excitons
(STEs) were widely investigated by Blasse et al. in nominally pure and doped LN by means of
photoluminescence at temperatures below 100K [10-12]. Similar luminescence phenomena
were observed at room temperature using fs-NIR-pulse trains in Mg-doped LN [13] and have
been assigned to the recombination of electron and hole polarons [14]. The goal of the work of
Messerschmidt et al. [9] was to re-address charge-transport phenomena in LN by considering
excitonic states as intermediate steps in addition. The authors succeeded to show, that the
temperature dependence of transient absorption in LN crystals with Fe (and Mg) doping can
be explained comprehensively by considering the presence of further (pinned) excitonic states,
e.g., Fei;r — O™ — Vy;. Itis noteworthy, that a main conclusion of this model approach is, that
(pinned) STEs cause a pronounced long-lived blue absorption in Fe-doped LN (Fe:LN). We use
the expression “pinned” in the context of this paper, if lattice defects or doping atoms hamper the
movement and recombination of an STE in the regular lattice. In some cases, the pinned STE
can be transformed into a self-trapped excitonic state in which at least one constituent is bound to
the defect, e.g., the Feii+ - O™ - Vy; STE.

In this paper, we address the open question about peak position, shape, bandwidth and
absorption cross-section of the long-lived transient blue absorption under the assumption of
self-trapped excitonic states as microscopic origin, i.e., following the general model approach of
Ref. [9]. The study is performed using Fe-doped LN crystals according to previously reported
pronounced transient blue absorption observed in these crystals. For the first time, ns-pump,
supercontinuum-probe spectroscopy is applied in order to get a direct experimental access to
the spectral shape of the optically induced excitonic blue absorption bands. At the same time,
the determination of the temporal evolution of the absorption over a broad spectral range is
mandatory for our analysis since it enables the spectral separation from further bound electronic
states, such as, e.g., Nbi?/ * Felzj/ 3*_ These centers additionally show individual broad-band
(= 1.0eV) transient absorption [15] and, therefore, strongly overlap with the expected excitonic
optical fingerprints. Quite recently, Schirmer ef al. [16] and Sanson et al. [17] showed that the
Fei;r/ 3* center can be described in the small polaron model as well.

The experimental study is performed with LN crystals of various doping concentrations and
Felzj/ 3*_ratio in order to account for three of the most common optical excitation paths in Fe:LN
[18-20]:

¢ Iron D-band excitation, E;‘i‘g" = 2.6¢eV: A charge transfer from iron to the conduction band:
Felt — Nb3:

* Iron C-band excitation, Eyps>3.1eV: A charge transfer from the valence band to iron:
0 - Fei;“

* Interband excitation, Eups> (3.8 — 4.1)eV: A charge transfer from the valence to the
conduction band: 0>~ — NbJ#

Accordingly, photon energies at 2.33 eV (532 nm) and 3.49eV (355 nm) are used to pump the
transients.

The individual spectra reveal that any spectral and temporal feature of the (E — 1)-plots can be
modeled straightforwardly considering the additional presence of (pinned) excitonic states at
iron. This knowledge is the anchor for the assignment of the excitonic absorption fingerprint
from spectra obtained under rather different conditions. Finally, it is possible to analyze the
main features (peak position, width) of the absorption band and, particularly to determine the
respective absorption cross-section. For this purpose, the saturation of the Fei;r -0 -V
STE population is estimated by a pump intensity dependent measurement series. An instruction
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for the control of the transient blue absorption can be clearly deduced for Fe-doped LN. At the
same time, the reconstruction of the excitonic absorption feature with probably two individual
absorption bands demands for further investigations, in particular of the electronic transition
mechanisms of excitonic states in LN.

2. Experimental methods

Our experimental series is performed by means of ns-pump, supercontinuum-probe absorption
spectroscopy. Electronic detection at room temperature using continuous-wave, single line
probe lasers at 2.54 eV (488 nm) and 1.58 eV (785 nm) are additionally applied as described in
previous studies (cf. e.g. [9]). The combined setup is schematically depicted in Fig. 1. The
supercontinuum setup obtains an accessible time range of 100ns up to 100 s and is capable
to detect carrier-lattice phenomena with strong coupling, whereas formation dynamics and
intermediate trapping states, such as the intermediate trapping of small, free Nbi{g electron
polarons, remain hidden.

delay > pump L—» ‘ 7 |~
generator . -
. ; P D (c) I spectrometer
il
probe

Fig. 1. Sketch of the ns-pump, supercontinuum-probe spectrometer applied in this study.
The sample is pumped by a single pulse of a ns-pump pulse laser. Detection of the transient
absorption is performed (i) using a diode (D) for the detection of the dynamic transmission
change of a continuous wave probe laser transmitted through the sample (for a better
visibility, only one cw-probe beam is shown) or (ii) by means of a supercontinuum. Here,
the ns-pump pulse can be delayed for a certain time by a delay generator with respect to
the supercontinuum probe pulse. The transmission change per wavelength is detected with
two different spectrometers, one for the near-infrared part and one for the visible part of
the supercontinuum pulse. Lj 5 3: lenses, Fj : optical filters, M: mirror, CM: cold mirror,
P: polarizing beamsplitter cube, Dy: trigger diode for setup (i), BD: beam dump, PDA:
photodiode array. The reader is referred to the text for further details.

A frequency-doubled and -tripled Nd: YAG pulse laser (Innolas Inc., Spitlight) and a broad-
bandwidth light of a supercontinuum ns-pulse laser (LEUKOS, STM-1-UV) serve as pump
(tewam = 8ns, extraordinarily polarized, 4 = 532nm (2.33eV) or 4 = 355nm (3.49¢eV),
respectively) and probe sources (tpwum< 1 ns, unpolarized, 4 = (350 — 1800)nm = E =
(3.54 — 0.69) eV, total average pulse energy of 35uJ). The probe pulse is split by a broadband
polarizing beamsplitter cube into two parts with perpendicular polarization states, i.e., ordinary
(transmitted) and extraordinary (reflected) with respect to the crystal’s c-axis. The latter is
used as a reference signal whereas the ordinary polarized part is adjusted to an optimum
overlap with the pump within the sample’s volume. After the sample, the probe light is
split in a near-infrared (NIR) and visible (VIS) spectral region by a longpass dichroic mirror
(Acue = 950nm). A fiber-spectrometer (OceanOptics NIRQuest 512) and a discrete photodiode
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array (PDA, Hamamatsu-S3902-512Q, TECS) are used simultaneously for the detection of the
NIR and VIS signal fractions. A time resolution of up to 100 ns is achieved using an electronic
delay of the pump. The time delay At between pump and probe pulse is exponentially increased
for t = 100ns—10ms so that the data points are equidistant on a logarithmic time axis. Data
points for 7> 10 ms are obtained by measuring the subsequent pulses of the supercontinuum laser
taking advantage of its repetition rate of 100 Hz. The signal-to-noise ratio is increased by signal
averaging over 20 individual measurements. The transient absorption is calculated from the
transmitted intensities via a);(E,t) = —(1/d) - In[I(E, t)/I(E, t < 0)], where I(E, t) and I(E,t < 0)
are the transmitted probe light intensities after and before the pump pulse, respectively.

Our setup obeys minor limitations with respect to the spectral detection window, most of
them being irrelevant for the purpose of our study: A lack of detection at 1.17 eV (1064 nm)
and 2.33eV (532 nm) due to a residual pump signal within the supercontinuum light and the
SHG of the Nd:YAG pulse laser; one between 1.3eV and 1.4eV due to a low intensity of
the supercontinuum laser and a weak sensitivity of the detectors; one above ~ 3 eV due to a
low intensity of the supercontinuum laser and a high intrinsic Felz_;r steady-state absorption of
Fe-doped LN (particularly visible in the data of section 3.1).

Four LN crystals of the congruently melting composition [21,22] with different Fe dopant
concentrations in the melt were used as depicted in Table 1. All samples were cut in a manner
that the crystallographic c-axis is parallel to the polished surface and the y-axis along one edge.
The Feﬁ-concentration (CFefT) in the samples, obtained from MolTech GmbH (Fe:LN_1) and the
University of Padova (Fe:LN_Z, Fe:LN_3, and Fe:LN_4), was estimated by optical absorption
measurements [23,24].

Table 1. Fe-doped LN crystals used in this study as obtained from MolTech GmbH (Fe:LN_1) and
the University of Padova (Fe:LN_2, Fe:LN_3, and Fe:LN_4). The Feif'-concentrations were
determined by optical absorption measurements [23,24]. d is denoting the thickness of the sample

and a(2.6 eV) the steady-state absorption at 2.6 eV.

Sample d (mm) a (2.6eV) (m™) CFep; (mol %) CFeﬁf (107cm™3) CFeET/CFei?'
Fe:LN_1 2.0 468 0.185 10.4 0.029
Fe:LN_2 0.8 230 0.100 5.1 0.028
Fe:LN_3 2.0 45 0.020 1.0 0.027
Fe:LN_4 1.0 14 0.005 0.3 0.033

3. Experimental results
3.1. Excitation via the iron D-band

Figure 2 (left) shows the experimentally determined transient absorption for the case of optical
excitation via the iron D-band, i.e., by means of a one-photon absorption process from FeIz;r to
Nbf\ﬁ; (schematically sketched in Fig. 2 (right)).

The study is performed with sample Fe:LN_1 that obeys a high Ff:ﬁr -concentration. Further-
more, we have chosen a photon energy of 2.33 eV for the pump pulse that is close to resonant
excitation (Feii+ peaks at 2.6 eV). The transients can be detected with sufficient signal-to-noise
ratio in the spectral range of 0.7eV to ~ 3eV and are exemplarily shown for a weak pulse
peak intensity of Ip ~ 30 MW/cm?. The (E — 1)-color plots are composed of two data sets that
have been determined simultaneously with the VIS and NIR detector systems. The change
of the light-induced absorption ¢y; is visualized by blue-yellow color coding as shown by the
legend. Here, blue areas denote spectral regions with no change of the absorption upon the
pump event, i.e., aj; ~ 0m~! and yellow regions mark noticeable changes with amplitudes up
to a;; = 75m~'. Black lines indicate a contour plot in steps of Aaj; = 15 m~!. Boxed white
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areas refer to the regions where spectral detection is not possible due to the above mentioned
experimental limitations.
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Fig. 2. Left: Transient absorption after an incident ns-pulse (E = 2.33 eV, Ip ~ 30 MW/cm?)
in the sample Fe:LN_1. The color coding of the light-induced absorption change is given in
the legend on the right. Black lines indicate contour lines for steps of Agj; = 15m™!. Boxed
white areas refer to the regions where spectral detection is not possible. Right: Excitation
and recombination scheme for the case of optical excitation via the iron D-band. For details
see text.

This plot shows that a single, broad-band light-induced absorption feature is induced in the
near-infrared immediately after the incident pump pulse. In more detail, it appears in the spectral
window of E = (0.7 — 2.5) eV with a peak at about 1.6 eV and shows a noticeable signal on the
timescale up to 10us. Within the experimental errors no change of the absorption shape during
the decay can be observed. Further analysis of the spectra measured at + = 100 ns reveals a
maximum value of a/l'}“a" ~ 75 m~! with a full width at half maximum of ~ 0.9 €V. In addition,
the dynamic trace measured with a cw-laser at 1.58 eV can be reconstructed by means of a single
stretched-exponential function [24] with a lifetime Tgxww(1.58 €V) = 10 us and stretching factor
B(1.58¢eV) = 0.4.

3.2. Excitation via the iron D-band + C-band

Figure 3 (left) shows the experimentally obtained spectrum using conditions that additionally
account for optical excitation via the C-band, i.e., via one-photon absorption from the 0% valence
band to Fe]'* (cf. Fig. 3 (right)).

For this purpose, the sample Fe:LN_2 is used that was grown with a lower concentration of
Fe in the melt. In addition, a photon energy of 3.49eV of the pump pulse is used. Again, a
moderate pump pulse intensity of Ip ~ 27 MW/cm? is chosen. The plot shows a considerable
change of the transient absorption in comparison with the data of Fig. 2: a broad-band absorption
feature appears immediately upon the incident pulse; it covers the total spectral range from the
near-infrared to the blue, i.e., from 1.0eV to 3.1 eV. A maximum of the light-induced absorption
with values up to o™ =~ 350 m~! is determined. Along the time axis, a disappearance of
the NIR signal within a few microseconds is obvious (tgww(1.58 eV) = 2 us and stretching
factor 5(1.58eV) = 0.3). In contrast, the long-lived blue absorption is nearly constant over
tenth of milliseconds and develops a significant peak around 2.85 V. It follows as well a single
stretched-exponential function with Tgww(2.54eV) = 2s and B(2.54eV) = 0.7.
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Fig. 3. Left: Transient absorption after an incident ns-pump pulse (E = 3.49¢eV, Ip ~
27 MW/cm?) in the sample Fe:LN_2. Color coding according to the legend on the right. The
contour plot marks steps of Aaj; = 70 m~!. Boxed white areas refer to the regions where
spectral detection is not possible. Right: Excitation and recombination scheme for optical
excitation via the iron C-band. For details see text.

3.3. Excitation via the iron D-band + C-band + TFPA

Figure 4 (left) shows the results of our study using the sample Fe:LN_3, that features again a
lower iron concentration in order to foster optical interband excitation, i.e., from the 0% valence
band to the Nbls\ﬁr3 conduction band (cf. Fig. 4 (right)).
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Fig. 4. Left: Supercontinuum transient absorption after 3.49 eV pulse exposure (Ip ~
12 MW/cmz) in the sample Fe:LLN_3 for the case of optical excitation via the D-band, C-Band
and two-photon absorption. See legend on the right for color coding. The contour lines
indicate steps of Aaj; = 25m™~!. Boxed white areas refer to the regions where spectral
detection is not possible. Right: Excitation and recombination scheme after excitation via a
two-photon-absorption. For details see text.



Research Article Vol. 9, No. 7/1 July 2019/ Optical Materials Express 2754

—

A e

c1ialS EXPRESS

Again, a photon energy of 3.49 eV is chosen for the pump pulse with a comparably weak pulse
peak intensity of Ip ~ 12 MW/cm?. These experimental conditions result in the most complex
dynamics of the transient absorption in Fe-doped LN: immediately upon the pump pulse, a
broad-band absorption feature is detected with characteristics very similar to the situation in
section 3.2, but with reduced maximum amplitude of the light-induced absorption with values
up to o ~ 100 m~!. Tt is very remarkable that this initial absorption shows a fast decay all
over the blue and NIR spectral range with nearly the same temporal behavior. It results in a
complete decay of the signal in the NIR with tgxww(1.58¢eV) = 10 us and 8(1.58eV) = 0.3. In
contrast, a temporally constant transient absorption value (aj;>0m™") can be detected in the
blue that remains over a duration of hundreds of microseconds. Subsequently, in the time range
of milliseconds, the appearance of a delayed maximum with values up to ¢7** ~ 100 m~!is
detected. Similar to the findings in section 3.2, it peaks around 2.85 €V and the long decay can be
described with the parameters Txww(2.54eV) = 2s and $(2.54¢eV) = 0.6.

3.4. Absorption spectra and saturation of the long-lived blue absorption

Figure 5 shows the direct comparison of the long-lived transient blue absorption features as
obtained from a more detailed analysis of the spectra depicted in Figs. 3 and 4.

The spectra were deduced by normalizing the data points at every delay position to the
respective spectral maximum of the light-induced absorption and subsequently averaging the data
set over the time interval from #> 1 - 1073 s to 10's. Obviously, both spectra reveal a comparable
shape with respect to the peak position of Epeax = (2.85+0.05) €V and full width at half maximum
of FWHM= (1.00 + 0.25) eV.

1.25¢ OIUFei?—(I)*—VLi(QI.54eV)I“ 19
1.00 | ==Fe:LN_2 o 14 &g
» N
gd: 0.75 | Fe:LN_3 / ¥ 13 o
~ 0.50 t g 12 5
] —
0.25 I [] / ™ 1 ]. \g
0.00 fEtg === ————— =40
1.0 15 20 25 30
E (eV)

Fig. 5. Spectra of the long-lived blue absorption as deduced from the data in Fig. 3 and
Fig. 4 by normalizing the data points at every delay position to the spectral maximum of the
light-induced absorption and averaging the data set over the time interval from #> 1 - 1073 s
to 10s. The yellow line represents a converging result of fitting Eq. (1) to the data. The
dashed yellow lines refer to the individual Gaussians as given in Table 2. The blue data point
is an experimentally determined value of the absorption cross-section at 2.54 €V and serves
as scaling factor for the y-axis on the right.

Table 2. Parameters obtained from fitting the sum of two Gaussian functions (Eq. (1)) to the
experimental data set for the case of two distinct absorption bands as sketched in Fig. 5. The fitting
procedure reveals two solutions with a root mean square error of RMSE = 0.0387.

fit aj ap b] (GV) b2 (CV) C1l (CV) c2 (CV)
1 091 +0.18 0.18 +0.17 291 +0.07 2.16 £ 0.50 0.41 £ 0.06 0.46 £ 0.17
2 0.37 +0.08 0.60 + 0.40 2.88+0.15 2.88 +0.34 0.31 £0.04 0.64 +0.03
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It is possible to reconstruct the absorption shape by the sum of two Gaussians via:

ai(E)
max  ¢1°
li

(E=b1)?
ZC%

+ ay - exp (1)

Q,

_w—mﬁ]

2
202

where aj 2, b1 and ¢ » represent the amplitude, peak position and standard deviation of the
individual Gaussian functions. As a result of the fitting procedure, two converging solutions
are found. One, with two distinct absorption bands, is shown in Fig. 5. The associated fitting
parameters are given in Table 2. A second converging solution of the fitting procedure results
in two absorption bands peaking at the same photon energy of Epeax = 2.88 €V, but with rather
different amplitudes and FWHM values.

In order to check whether the long-lived blue absorption shows a saturation value at high
intensities, we have performed appropriate measurements using our standard pump-probe
experiment due to the higher signal-to-noise ratio and signal stability along with the use of a
2.54 eV continuous-wave laser system. Figure 6 shows the maximum amplitude a;**(2.54 €V)
measured for various pump intensities at Ep = 3.49 eV in the sample Fe:LN_4 which contains the
lowest iron concentration in this study. The maximum amplitude follows at low pump intensities
a quadratic behavior with increasing intensities. However, above Ip ~ 50 MW/cm? the amplitudes
start to saturate. The data can be described with the following function:

12
™ (ET) = o™ (E,] — o0)- |1 —exp (—1—2)} , )
where **(E, I — o) is the saturation value and /,, is the characteristic intensity. A fit of Eq. (2)
to the data reveals a}/**(2.54 eV, I — oo0) = (276 + 25) m~! and I, = (50 = 5)MW/cm?.
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Fig. 6. Maximum amplitude of the long-lived blue absorption probed at 2.54 €V after pulse
exposure at 3.49 eV for various intensities in the sample Fe:LN_4. The orange line is a fit of
Eq. (2) to the data.

4. Discussion

Our experimental study reveals that ns-pump, supercontinuum-probe spectroscopy is successfully
applied for the detection of transient absorption in Fe-doped lithium niobate. New insight to the
temporal and, particularly, spectral evolution of pulse-induced absorption phenomena is obtained
in the time interval from nanoseconds up to a few seconds and (nearly) without a gap from the
blue to the near infrared spectral range. At a glance, the obtained (E — f)-plots demonstrate
(i) the variety of transient absorption phenomena that appear in Fe-doped LN upon a single
laser pulse, (ii) their complexity with respect to the spectral overlap of different absorption
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features as well as to a time-delayed build-up and (iii) their dependence on the experimental
boundary conditions. The signal-to-noise-ratio is sufficient to resolve intensity changes in the
order of 61/Iy ~ 0.5%. In this respect, the experimental detection by means of single-line
continuous-wave laser beams remains as a mandatory tool for the detection of very weak signals
and/or for the detailed inspection of the temporal shapes of the absorption features. The presented
experimental combination brings together the advantage of both techniques and enables the
comprehensive analysis of transient absorption in LN without any constraint.

In what follows, we will first discuss the individual data sets in more detail according to
the state-of-the-art knowledge of small polarons with strong coupling and considering the
model of (pinned) excitonic states, i.e., according to the previously reported model approach by
Messerschmidt et al. [9]. Then, we focus on the absorption features of the Fei;r —0O™ -V excitonic
state and will deduce the respective absorption cross-section, peak position and bandwidth.
It should be noted that we neglect the inclusion of the intrinsic luminescent Nbﬁ3 - O" STE
in all excitation/recombination schemes. It is because such centers are expected to appear
predominantly in stoichiometric or Mg-doped LN in a time range much shorter than the used
pulse duration, i.e., not accessible with our experimental setup (at room temperature) [9,25].

4.1. Excitation via the iron D-band

The experimental conditions resulting in the data presented in Fig. 2 (left) were prepared in
a manner that a one-photon excitation via the iron D-band is highly preferred (high Felzj-
concentration, pump wavelength near the maximum of the Fefj absorption band). We therefore
analyze the transients by considering optical excitation/subsequent relaxation from/back to
Fei;r/ 3* and the interim formation of small Nbi;r/Nb polarons (c.f. Fig. 2 (right)). In particular, we
expect that the pulse-induced absorption over the entire spectral range results from the interplay
of alight-induced transparency due to less Fei;’ (ground-state bleach) and an increased absorption
due to the formation of small bound polarons, i.e., ay;(E) = ANNb‘S " ONpi (E)+ ANFeﬁ “Ope2 (E).
Here, ANNbﬁ = _ANFeﬁ where AN is the change of concentration induced by the pump pulse.
Considering the dispersion features of the two absorption species with well separated peak
positions (1.6eV and 2.6eV) [15], a pronounced NIR absorption change shall remain that
is mainly attributed to Nbﬁ’. At the same time, no changes are expected for the blue-green
spectral range since the absorption cross sections of Nbﬁr and Fei;r strongly overlap in this
region and are nearly identical: Tge2t (blue) ~ ONbt (blue) [15]. Our experimental findings in
Fig. 2 are in full agreement with both expectations: a broad-band NIR absorption is clearly
visible with nearly no absorption change in the blue-green spectral range (within the noise of
our experiment). Moreover, three significant polaron fingerprints can be verified, particularly
considering Nbﬁr: a lifetime in the sub-ms-time range, a NIR absorption feature with a peak
at about 1.6 eV and a stretched-exponential decay behavior with a S-value below 1/2. We need
to note, that in this discussion, we neglect the interim formation of Nbiﬁ; free polarons due to
experimental constraints: the free polaron lifetime is much shorter than the temporal resolution
of our experiment [8]. A transient signal at the the peak maximum of small free polarons of
about 1.0eV [15] was therefore not observed. All these findings and interpretations are in full
agreement with the state-of-the-art knowledge of the interaction of continuous-wave and pulsed
laser light with Fe-doped LN at moderate average power [24,26].

4.2. Excitation via the iron D-band + C-band

The second measurement was performed with an iron-doped LN sample containing a lower
Fe-concentration and with a pump wavelength in the UV. This fosters the optical excitation via
the iron C-band, though an excitation via the D-band cannot be excluded. We additionally need
to consider that the cross-sections of these two excitation paths are very similar at 355 nm [27],
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i.e, a contribution of both paths to the transient spectrum is to be expected. In this sense, and
in direct comparison with the discussion of the previous section, it is likely to assume that the
observed NIR absorption feature with fast decay in the spectra of Fig. 3 originates from the
mechanisms associated with the D-band excitation (see section4.1). All deduced experimental
features (peak position, lifetime, stretching factor) support this assumption. Accordingly, the
UV-induced long-lived blue absorption in Fig. 3 is assigned to the second excitation path via
the iron C-band. To the best of our knowledge, the latter has not been investigated in the
context of either small polarons or STEs in lithium niobate, so far. At a first glance, a relation
to the formation of small O™ — Vp; hole and Fei;’ polarons may be assumed considering the
charge-transfer from 0%~ to Fei; [18] (c.f. Fig. 3 (right)). However, in this case, the blue
absorption must feature a broad-band absorption centered in the range of 2.5 — 2.6 eV [6,15], that
does not correspond with the experimentally determined peak position of about 2.85 eV in our
spectra (see Fig. 5 and discussion below). An alternative microscopic approach is to consider
Fei;r — O™ — Vi, STEs as proposed by Messerschmidt et al. [9]. Such states are reported to form
after pinning and subsequent transformation of an intrinsic STE at an iron center within a few
hundred microseconds. They show absorption in the blue-green spectral range and their decay
dynamics feature a stretching factor 8> 2/3. According to the characteristics of the induced blue
absorption deduced from the data in Fig. 2 (absorption feature with a peak at about 2.85 ¢V, an
increased stretching factor of 8 = 0.7), it is reasonable to assume the presence of such states in
our case, as well. A remarkable consequence of this approach is that the direct STE formation via
the C-band is discovered for the first time. This finding is of particular importance of applications
with doped LN and ultraviolet laser pulses, e.g., UV photorefraction.

4.3. Excitation via the iron D-band + C-band + TFPA

The third measurement in this study was performed with a sample containing a lower Feﬁ-
and Fei;r-concentration and, thus, also obeys the one-photon excitation and the subsequent
recombination paths via the iron C- and D-band as discussed in the two previous sections 4.1 and
4.2. In addition, the low Fe-concentration increases the probability for excitation via two-photon
absorption (TPA). It is because the negligible fundamental absorption conserves the peak intensity
of the incident laser pulse. The influence of the electron-hole-pairs generated via TPA on the
decay dynamics can be deduced by comparing the results in the two previous sections 4.1 and 4.2
with the data in section 3.3 (c.f. Fig. 4). The main differences are (i) an additional fast decay and
(ii) a delayed increase in the blue spectral range. Both phenomena can be explained as follows:
the generation of electron-hole pairs in the LN-host lattice results in the formation of O™ — Vp;
hole and Nbﬁr bound polarons as well as STEs which can be pinned next to Feif (c.f. Fig. 4
(right)). The formed polarons/STEs contribute to the transient spectra with absorption features in
the blue and near-infrared spectral range. The decay of the initial transient signals in the blue and
NIR spectral range is a characteristic fingerprint for the recombination of hole polarons with
bound polarons known from undoped lithium niobate samples [3,15]. However, in contrast to an
undoped sample, the initial temporal decay in the blue spectral range is superimposed by the
transformation of pinned STEs at Fei;r into Fei;r — O™ — Vy; inducing a strong blue absorption in
the time range of milliseconds [9]. The observed complex behavior in the blue spectral range
then is due to the different decay dynamics of the hole/bound polaron recombination on the one
hand and the transformation of pinned STEs on the other hand.

4.4. Determination of the shape and absorption cross-section of the long-lived blue
absorption

The discussion of the previous sections points to a dominant role of Fei;r — O™ — Vy; STE:s at the

origin of the long-lived blue absorption in Fe-doped LN which is in accordance with Ref. [9].
Following this microscopic approach, the spectra of Fig. 3 and Fig. 4 will both be related with
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this excitonic state. Figure 5 compares the spectral shapes of the long-lived blue absorption as
obtained from a further analysis of these data sets. Obviously, both spectra are characterized by
a comparable shape, peak position and bandwidth and are nearly indistinguishable from each
other. This result is very remarkable since the data sets were obtained in two completely different
Fe-doped LN crystals and by using different pulse intensities for excitation. Moreover, it supports
the finding that Fefi+ — O™ — Vy; STEs can be formed directly after the pump pulse via the iron
C-band.

Let us now further analyze the absorption spectrum depicted in Fig. 5 in the microscopic model
of Feﬁr — O™ — Vy; STEs. First, we discuss the shape of the STE absorption feature. Figure 5
shows that the pulse-induced absorption appears with a large amplitude over the entire VIS-NIR
spectral region that is experimentally accessible with our setup. It can be expected that the band
extends even far into the ultraviolet region and, that it overlaps with the interband absorption
(starting at about 3.8 V). Fitting the spectrum in the accessible region reveals that at least the
sum of two Gaussian functions (c.f. Eq. (1)) with six free fitting parameters is required for its
description. Exemplarily, one of the converging solutions is depicted in Fig. 5 with different
peak positions (2.2 eV and 2.8 eV, respectively) but comparable FWHMs of the constituents
(c.f. Table 2). We note that it is alternatively possible to perform the fitting procedure with two
Gaussians at the same peak position (of about 2.9 eV), but with different FWHM values.

Taking these findings into account, we refer to the state-of-the-art knowledge of STE absorption
bands and find that they typically resemble the interplay of at least two spectrally separated
single bands in a first approximation [28-30]: a straightforward explanation is that the two bands
originate from an optical excitation of both the electron and the hole to higher states, respectively.
Or, the two bands refer to the photo-ionization process of STEs. Against this background,
it is reasonable to expect two absorption bands for STEs in LN as well, one associated with
the electron excitation from Fei;r and the other one from the O™ — Vp;-center. Peak position,
bandwidth and the relative fraction of the total absorption amplitude (c.f. Table 2) then reflect the
individual absorption features and absorption cross-sections of the two constituents involved. In
particular, the effective absorption coefficient of the STE then is given by a.g(E) = @1(E) + az2(E)
in this case.

Second, we intend to estimate the effective absorption cross-section of the Fei;r -0 —Vyj
STE. For this purpose, following the discussion of the previous paragraph, it is assumed that
the absorption feature originates from a single absorption center of number density N, i.e.,
@eff(E) = oeg(E) - N. In our case, the number density N can be determined experimentally by
intensity dependent measurements of a;(1) as depicted in Fig. 6. It is because N(I) saturates due
to a limited Fei;“—concentration such that a;(1) saturates, too. The experimentally determined
saturation value af™*(E,I — oo) then enables the calculation of the effective cross-section
via oe(E) = oM (E,I — o)/ Credt - This study has been performed at a minimum total
iron concentration to (i) ensure that a saturation value can be achieved with our experimental
conditions and (ii) enable the utilization of low pump intensities to avoid laser induced damages.
With the data deduced from Fig. 6 we obtain oe(2.54€V) = (3 +2) - 10722 m?. This value
serves for scaling the right y-axis in Fig. 5 which leads to a maximum effective cross-section of
oMX(2.85eV) = (4 +2) - 102> m?. The large error of these values is a combination of both, the
precision of our measurement and the determination of the iron concentration. We would also
like to mention that the estimated values are only a lower bound because the calculation is based
on the assumption that all Fei;r-centers are occupied in the saturation state. If this assumption is
inapplicable, the number density of STEs is reduced which will result in a larger value of the
absorption cross-section. In comparison to small polarons in lithium niobate [15], the absorption
cross-section of the STE is in the same order of magnitude. Assuming that (pinned) STEs
formed under similar conditions, e.g., in Mg-doped LN, exhibit similar absorption bands and
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cross-sections, they have to play an important role in the blue absorption and might be responsible
for a damping of frequency conversion and laser induced damages in this spectral range.

5. Conclusion

This study reveals the striking impact of ns-pump, supercontinuum-probe spectroscopy for the
microscopic understanding of strongly localized electronic states in oxide crystals with lithium
niobate as an example. The spectra allow to distinguish the temporal and spectral action of
individual optically generated species under rather different experimental conditions and their
formation/transport/recombination/relaxation description within a quite complex band model
scheme. As aresult it is possible to discover new properties of the interaction of light pulses with
a strong polar crystal, e.g., the possibility to optically generate Fef;“ — O™ — Vy; STEs directly
by a charge transfer via the iron C-band. Furthermore, the STE absorption cross-section obeys
similar values as reported for small polarons. Another impressive result of this study is that
the combination of transient spectroscopy and the polaron/exciton model in LN enables the
precise prediction of the complex dynamics of transient absorption over a large spectral and
temporal range. At the same time, it supports the validity of the model of (pinned) STEs for
lithium niobate, which have been disregarded in the mechanisms of light-induced transport, so
far. Our findings are of particular importance for the field of photorefraction since the formation
of STEs will not result in the optically induced separation of charges that is mandatory for the
photorefractive effect. The possibility to solely generate excitonic states by means of optical
adjustment of pulse parameters (photon energy, pulse peak energy) and/or material adjustment
(Fe?+/3*_ratio) enables, e.g., the efficient suppression of optical damage in LN-based frequency
converters. In the same manner, it is possible to determine temporal regimes that allow for
photorefractive recording at elevated efficiencies, such as, e.g., the sub-millisecond time range
for recording with a single, intense laser pulse.
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