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1 Introduction

L. D. Landau introduced his groundbreaking concept of charge carrier self-trapping in a
deformable lattice already in the year 1933 [1], but to this day the topic of self-trapped
excitons (STEs) and polarons receives great attention. The reason for this is that such
quasi-particles play a key role in many effects, e.g., laser-induced defect formation in
bulk materials [2-4], damping of frequency conversion processes [5-8], photoconductiv-
ity /photovoltaics [9-12], photoluminescence [2,13,14], etc. Perovskites like lithium nio-
bate (LiNbOg3, LN) have been investigated in particular because of the widespread use of
the material in industrial applications such as optical parametric oscillators/amplifiers,
Pockels-cells, or for the production of optical waveguides [15-17]. Even though these
quasi-particles have been studied in LN for a long time, there are still unexplained
light-induced phenomena whose explanation has been insufficient so far. For example,
this includes an unexpected blue absorption after light exposure [7], room-temperature
emission after femtosecond illumination [18,19], or the stretched-exponential decay of the

light-induced absorption, i.e., the temperature and spectral dependence of the stretching
factor 8 [20,21].

The aim of this work is a detailed analysis and understanding of these unexplained
phenomena so that the resulting knowledge can be used in the future for an optimized
adaption of LN or further polar perovskites for the respective application. In a first
step, this includes the investigation of how lattice defects, e.g., the NbPT antisite defect,
influence the transport process of quasi-particles in LN. Although general transport
process models exist, mainly developed by Holstein and Emin even for the complete
temperature range [22-25], these theories have in common that they assume defect-
free materials and therefore cannot directly be applied to LN. Thus, a combination of
Monte Carlo simulation and light-induced absorption is utilized for the investigation of
the polaron recombination process in the present work. The relaxation dynamics can
be modeled as a mixture of different types of polaron hops among regular or defective
lattice sites characterized by individual activation energies. Then, the changing decay
dynamics with altered temperature or stoichiometry may be understood in terms of the
varying abundance of the different types of hops that the polarons perform.

Based on this detailed knowledge of polaron decay dynamics in lithium niobate,
it is shown in a second step that neither in the mid-infrared nor in the blue/UV spec-
tral range all observed absorption phenomena can be described only by small polarons.
By comparing luminescence resulting from intrinsic self-trapped excitons with transient
absorption in a broad range of temperatures and different doped crystals, a formation
and recombination model is developed which is able to describe the observed dynamics.
A striking feature of the proposed model is the consideration of a self-trapped exciton
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formation/recombination branch in addition to the well-known polaron branch. The
STE branch includes scenarios in which the STEs have the possibility of pinning at in-
trinsic and/or extrinsic defects leading to an extraordinarily long lifetime, visible in the
transient absorption.

The extension and reinterpretation of the formation and recombination model by in-
cluding STEs inevitably leads to possible misinterpretation of previously determined po-
laron absorption cross-sections. Therefore, in a last third step, a review of the absorption
shapes and cross-sections of small polarons and STEs in lithium niobate is performed.
The revision becomes necessary because earlier assumptions only relied on the polaron
contribution to the transient absorption. For this purpose, a ns-pump supercontinuum-
probe setup is designed and applied to lithium niobate for the first time. One striking
result is the comprehensive determination of the absorption shapes and cross-sections
under the same experimental conditions such as temperature and probe polarization.

The results presented in this work are not only limited to lithium niobate and its
applications since the hopping transport of quasi-particles and the concept of (pinned)
STEs might be fundamental processes. In particular, a thorough understanding of these
processes opens up the possibility of their exploitation in various materials.
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2.1 Polarons and self-trapped excitons

In general, two types of self-trapped quasi-particles can be formed in crystals: a polaron
and a self-trapped exciton (STE).

If an electronic charge carrier moves slowly through a lattice, it changes the local
structure by altering the equilibrium position of the surrounding atoms [1,24]. In the
case of sufficiently strong interaction, the charge carrier forms its own potential well
where it is self-trapped. The combination of the additional charge carrier together with
the lattice distortion is then called polaron. Figure2.1 (left) schematically depicts a
separated electron and hole polaron, respectively. According to Emin [24], polarons can
be classified in different groups: weak-coupling polarons and strong-coupling polarons,
i.e., they differ in whether the total binding energy is smaller or larger than the lattice
vibrational energy. In case of strong coupling, a polaron can be further described by
its induced lattice distortion. If the lattice distortion exceeds the lattice constant, the
polaron will be called large, otherwise small. Every group of polaron exhibits different
typical properties during its lifetime, such as a special optical absorption shape due to
optical transitions to its next neighbors, temperature-dependent mobility, or sometimes
luminescence during their recombination [13,24,26].

Another common quasi-particle in crystals is an exciton [4,27]. An exciton is a
neutral quasi-particle since it is a pair consisting of a negative electron and a positive
hole. A free exciton lowers its total energy by the mutual Coulomb attraction of its
constituents. Again, an exciton can couple to the crystal lattice mainly via short-range
forces which induce a redistribution of the atoms in the close vicinity (Figure 2.1 (right))
and thereby a lowered potential well for the exciton [28-30]. In this case, the exciton
is called self-trapped exciton (STE). Common other names of the STE are ezcitonic
polaron [31,32] or molecular polaron [33]. During the lifetime of the STE, it exhibits
several broad absorption bands which resemble the transitions of the hole and /or electron
to higher states within the STE or the ionization of the STE [4,34,35]. Another typical
feature is the broadband luminescence during the recombination of the self-trapped
electron-hole pair [2,4]. However, as discussed by Toyozawa [30], there might exist a small
group of self-trapped excitons which do not show luminescence during the recombination
due to a considerable large coupling to the lattice.

Since both polarons and self-trapped excitons can exhibit broadband transient ab-
sorption during their lifetime and light emission during their recombination, a clear
separation between STEs and polarons solely based on their optical properties is dif-
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electron polaron hole polaron self-trapped exciton

Figure 2.1 — Lattice distortions induced by charge carriers following ref. [13]. Left:
Illustration of a small electron and hole polaron. Due to an additional charge at one atom,
the neighbor atoms are shifted in their equilibrium positions and form a lattice distortion
where the charge carrier is self-trapped. Right: Illustration of a self-trapped exciton. The
electron-hole pair can form a lattice distortion and create its own potential well where it
is self-trapped.

ficult. From a microscopic point of view, polarons and excitons can be distinguished
from each other via the distance between the oppositely charged carriers. According to
Emin [13,24], the total energy of two oppositely charged small polarons, which consists
of the Coulomb attraction and the polaron binding energy (induced lattice distortion),
versus their separation reveals two minima (Figure 2.2). If both charge carriers are sepa-
rated from each other, the total energy is mainly lowered by the polaron binding energy
and the system forms small polarons (SP). If both charge carriers are close to each
other, the total energy is lowered by the Coulomb attraction and the system forms a
free exciton (FE). In addition, as explained before, the free exciton can induce a lattice
distortion as well, and thereby form a self-trapped exciton (STE).

It is assumed that small polarons and STEs can move through the lattice via a
hopping transport [24,29,36]. In general, such a hop between two neighbors consists of
a three-stage process [24,36]: (i) the lattice atoms are pushed away from their equilib-
rium position by phonons or tunnel effects at the position of the polaron/STE and the
neighbor sites until both potentials are in coincidence, (ii) in the case of coincidence,
the self-trapped charge carrier can change the lattice position, and (iii) the local lattice
deformation can relax back to its equilibrium position. At high temperatures 7', the
hopping rate R can be assumed semiclassically and follows an Arrhenius law [24,25]:

R =v-exp(—Fx/ksT), (2.1)

where kg is the Boltzmann constant, F, the minimum energy required to deform the
lattice to a coincidence event, and v the characteristic atomic vibrational frequency.
Another option to induce a hop is the absorption of a photon. Using Holstein’s one-
dimensional Molecular-Crystal Model (MCM) under the assumption that the initial and
final lattice site are equal [22,23], the activation energy can be connected with the
polaron binding energy I’y ~ 2L, and the maximum optical absorption Eoy, ~ 4.
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Figure 2.2 — Total energy of two oppositely charged small polarons V(s/R) in units of
their net binding energy Er versus their separation s in units of the small-polaron radius
R following references [13,24]. The total energy consists of the Coulomb attraction as well
as the polaron binding energy and reveals two minima: the self-trapped exciton (STE)
and the small polaron (SP). The minimum of the Coulomb attraction is assigned to the
free exciton (FE).

2.2 Lithium niobate

All studies presented henceforth were performed in the material lithium niobate (LiNbOs,
LN). Detailed crystallographic properties of lithium niobate can be found in the refer-
ences [37,38]. In the following, only the important points for this thesis are shortly
summarized mainly based on aforementioned references.

The crystal structure can be described along the polar c-axis as a chain of oxygen
octahedra forming the valence band. One third of all octahedra are filled with lithium
(Li*), one third with niobium (Nb>") forming the conduction band, and one third are
empty. However, if lithium niobate is grown from a congruent melt, the ratio of [Li]/[NDb]
will be at about 0.94 in the crystal [38,39]. The crystal reacts on the missing lithium
with lithium vacancies (Vy;) and antisite-defects (Nby;). The optical absorption edge
slightly depends on the stoichiometry of the crystal and is in the range of (3.8 —4.1) eV
at room temperature [40].

The optical properties of the sample can be tuned by adding different doping atoms
in the melt during the growth process, e.g., Fe or Cu, to increase the photorefractive
effect [38,41]. These atoms are mainly included in the crystal on the lithium lattice
position [38,42] and can act as an electron acceptor in the oxidized state (Fej! /Cuf;)
and as an electron donor in the reduced state (Fef: /Cu;,) within the band gap [43,44].
A second type of doping atoms, e.g., Mg or Zn, can be used to reduce the optical
damage of the crystal. Similar to Fe and Cu, they are mainly included on lithium lattice
positions but cannot act as an electron donor or acceptor within the band gap [38].
Doping with these atoms avoids the formation of Nby; antisite defects during the growth
process [38,45].
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In lithium niobate, the following four intrinsic small polarons and two types of STEs
have been observed: the Nbxt free polaron, the Nb{T bound polaron, the Nbyt:Nbfif

bipolaron and the O~ — Vp; hole polaron. Furthermore, electrons at extrinsic doping
atoms, such as Fe?j/ % can be modeled as a small polaron as well [9,46]. An overview

about the optical absorption properties, the optical generation, and decay behaviors of
these polarons is given in reference [3] and references therein. A self-trapped exciton
in lithium niobate is assumed to be an electron-hole pair within a NbOg octahedron
at a regular Nbyy, site or at a Nby; antisite defect. Both STEs exhibit a broad-band
emission during the recombination [47-49]. However, the emission intensity and spectral
maximum strongly depends on the stoichiometry of the sample (appearance of Nby;
antisite defects) and the temperature [47,50,51].

10



3 Hopping transport of small polarons
in lithium niobate

3.1 The elusive role of Nb;; bound polaron energy in
hopping charge transport in Fe:LiNbO;

The author contributed to the paper The elusive role of Nbp; bound polaron energy
in hopping charge transport in Fe:LiNbOsz. The abstract is printed here with friendly
permission of the IOP Publishing Ltd. The accepted manuscript can be found in the
appendix A.1.

o Laurent Guilbert, Laura Vittadello, Marco Bazzan, Imed Mhaouech, Simon Messer-
schmidt, and Mirco Imlau
The elusive role of Nbr; bound polaron energy in hopping charge transport in
Fe:LiNbOs
J. Phys.: Condens. Matter 30 (2018); doi: 10.1088/1361-648X /aaad34

Abstract: Charge transport due to small polarons hopping among defective
(bound polarons) and regular (free polarons) sites is shown to depend in a non-
trivial way on the value of the stabilization energy provided by the lattice distor-
tion surrounding the charge carriers. This energy, normally not directly accessible
for bound polarons using spectroscopic techniques, is determined here by a com-
bination of experimental and numerical methods for the important case of small
electron polarons bound to Nby; defects in the prototype ferroelectric oxide lithium
niobate. Our findings provide an estimation of the Nby; polaron stabilization en-
ergy Egp = (0.754£0.05) eV and demonstrate that in lithium niobate both free and
bound polarons contribute to charge transport at room temperature, explaining
the fast decay of the light-induced bound polaron population observed by transient
absorption spectroscopy.

11
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3 Hopping transport of small polarons in lithium niobate

3.2 Small Polaron Hopping in Fe:LiNbO3 as Function of
Temperature and Composition

The author contributed to the paper Small Polaron Hopping in Fe:LiNbOs as Function
of Temperature and Composition. The abstract is printed here with friendly permission
of MDPI. The complete article can be found in the appendix A.2.

o Laura Vittadello, Marco Bazzan, Simon Messerschmidt, and Mirco Imlau
Small Polaron Hopping in Fe:LiNbOsz as Function of Temperature and Composi-
tion
Crystals 8 (2018); doi: 10.3390/cryst8070294

Abstract: Small-polaron hopping involved in charge transport in Fe-doped con-
gruent lithium niobate is investigated as a function of temperature and composi-
tion by means of light-induced transient absorption spectroscopy. The relaxation
dynamics of the light-induced polaron population is characterized by individual
activation energies within different temperature ranges. A numerical investigation
carried out by Monte Carlo simulations reveals that these findings may be under-
stood in terms of the varying abundance of the different types of hops that the
polarons may perform among regular or defective lattice sites. The role of the
temperature and of the sample composition on the distribution of the different
hop types is thus explored for a wide range of parameters, allowing one to preview
the charge transport properties for a given set of experimental conditions.

12
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4 Formation and recombination
dynamics of small polarons and
self-trapped excitons

4.1 Picosecond near-to-mid-infrared absorption of
pulse-injected small polarons in magnesium doped
lithium niobate

The author contributed to the paper Picosecond near-to-mid-infrared absorption of pulse-
injected small polarons in magnesium doped lithium niobate. The abstract is printed here
with the friendly permission of the Optical Society of America (OSA). The complete
article can be found in the appendix A.3.

o Felix Freytag, Phillip Booker, Gabor Corradi, Simon Messerschmidt, Andreas
Krampf, and Mirco Imlau
Picosecond near-to-mid-infrared absorption of pulse-injected small polarons in mag-
nesium doped lithium niobate
Opt. Mater. Express 8, 1505-1514 (2018); doi: 10.1364/OME.8.001505

Abstract: Femtosecond-pulse-induced (Epump = 2.5€V) picosecond infrared ab-
sorption is studied in the spectral region between 0.30 eV and 1.05€V in LiNbO3:Mg.
We find a non-instantaneous mid-infrared absorption peak in the time domain
up to 1ps and a broad-band, long-lived absorption (maximum at 0.85eV, width
~ 0.5eV), for t > 1 ps. The modelling succeeds by considering small Nbyt electron
polaron formation along the sequence: (i) two-photon injection of hot electron-hole
pairs at Nb-O-octahedra, (ii) dissociation and electron cooling by electron-phonon-
scattering, and (iii) electron self-localization by strong electron-phonon-coupling.

13
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4 Formation and recombination dynamics of small polarons and self-trapped excitons

4.2 The role of self-trapped excitons in polaronic
recombination processes in lithium niobate

The author contributed to the paper The role of self-trapped excitons in polaronic re-
combination processes in lithium niobate. The abstract is printed here with friendly
permission of the IOP Publishing Ltd. The complete article can be found in the ap-
pendix A.4.

o Simon Messerschmidt, Andreas Krampf, Felix Freytag, Mirco Imlau, Laura Vit-
tadello, Marco Bazzan, and Gébor Corradi
The role of self-trapped excitons in polaronic recombination processes in lithium
niobate
J. Phys.: Condens. Matter 31 (2019); doi: 10.1088/1361-648X /aaf4df

Abstract: Transient absorption and photoluminescence are experimentally in-
vestigated in the polaronic reference system lithium niobate, LiNbO3 (LN), with
the aim to refine the microscopic model of small polaron dynamics in materials
with strong electron-phonon coupling. As a unique feature, our study is performed
by using two different spectroscopic methods, in crystals with dopants enhancing
photorefraction or damage resistance, and over a broad temperature range from
15 — 400 K. Although being self-consistent for particular experimental conditions,
the hitherto used microscopic polaronic models reveal inconsistencies when ap-
plied to this larger data set. We show that comprehensive modeling is unlocked
by the inclusion of an additional type of polaronic state with the following char-
acteristics: (i) strongly temperature- and dopant-dependent relaxation times, (ii)
an absorption feature in the blue-green spectral range, and (iii) a Kohlrausch-
Williams-Watts decay shape with a temperature-dependent stretching factor 5(7")
showing a behavior contrary to that of small, strong-coupling polarons. The hy-
pothesis of self-trapped excitons (STEs, i.e., bound electron-hole pairs strongly
coupled to Nb3" and O?" within a niobium-oxygen octahedron) and their pin-
ning on defects as the microscopic origin of these characteristics is supported by
a spectroscopic linkage of photoluminescence at low (15K) and elevated (300 K)
temperatures and explains the long-lifetime components in transient absorption as
due to pinned STEs.

14
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4 Formation and recombination dynamics of small polarons and self-trapped excitons

4.3 Pulse-induced transient blue absorption related with
long-lived excitonic states in iron-doped lithium
niobate

The author contributed to the paper Pulse-induced transient blue absorption related
with long-lived excitonic states in iron-doped lithium niobate. The abstract is printed
here with friendly permission of the Optical Society of America (OSA). The complete
article can be found in the appendix A.5.

o Simon Messerschmidt, Bjoern Bourdon, David Brinkmann, Andreas Krampf, Laura
Vittadello, and Mirco Imlau
Pulse-induced transient blue absorption related with long-lived excitonic states in
iron-doped lithium niobate
Opt. Mater. Express 9, 2748-2760 (2019); doi: 10.1364/OME.9.002748

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 Fep; defect centers. The exciton absorption is de-
duced from the comparison of ns-pump, supercontinuum-probe spectra obtained
in crystals with different Fe-concentration and Feif/ **_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
o™x(2.85eV) = (44 2) - 10722 m?. The band peaks at about 2.85eV and can be
reconstructed by the sum of two Gaussians centered at 2.2eV (width ~ 0.5eV)
and 2.9eV (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 Fef} — O~ — Vi, excitonic states.

15
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5 Review of the absorption
cross-sections of quasi-particles in
lithium niobate

As discussed in sections4.2 and 4.3, the description of absorption and recombination
dynamics after pulse exposure can only successfully be explained by the consideration of
(pinned) STEs alongside of polarons in the recombination path. The observed absorption
which is now assigned to the (pinned) STE was interpreted in previous publication as
absorption features of hole or iron polarons. Therefore, it is mandatory to review the
published cross-sections and shapes of the small polarons considering the findings of the
previous chapters to revise the results in the literature.

All following measurements were performed with a supercontinuum-probe setup
(ordinary polarization) which was described in detail in section 4.3. Steady-state spectra
were obtained with a commercial two-beam spectrometer (Shimadzu UV-3600). For the
investigation of the single polaron shapes, different thermically treated or doped lithium
niobate samples and various pump wavelengths were used to trigger distinct several
kinds of polarons. An overview of the used samples in this section is given in Tab. 5.1.

Table 5.1 — Congruent LN crystals used in this study. The Fe?j’ concentration in the
iron-doped samples were determined by optical absorption measurements at 532 nm [21,52].
red:LN__1 was reduced 6 hours in vacuum at 650°C. The samples were grown by: 1 MolTech
GmbH, 2 University of Padova, and 3 Wigner Research Centre for Physics, Budapest.

Sample  cpe; (mol%)  cper (107em™)  cpar /cpa+  producer
1 1 1

Fe:LN 1 0.185 10.4 0.029 1
Fe:LN 2 0.100 5.1 0.028 2
Fe:LN 3 0.020 1.0 0.027 2
Fe:LN 4 0.005 0.3 0.033 2
Fe:LN 5 0.100 ~ 0.0 ~ (0.000 2
Fe:LN 6 0.050 7.0 0.090 2

LN 1 0.000 — — 3
red:LN 1 0.000 — — 3

16
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5.1 Fet and Fej

The anchor of all further calculations is based on the paper of Kurz et al. [52] who
investigated the connection between the concentration ¢ of Fe?f-ions and the optical
absorption ag at 2.6eV. The data in that paper can be used to calculate absorption
cross-section o2+ via

Oé()(2.6 GV)

Cp.2+
Fer;

ope2t (2.6€V) = ~4.5-107#m?, (5.1)

Since the Fe?! polaron is stable at room temperature, the absorption shape can be
measured in a steady-state condition with a commercial spectrometer.

6 , , , , , 0.4F '
5 . Fef
% 4l 1% 03]
q 3 19 02}
22 =
o 1t b0.1-

' . : : J 00

1.0 1.5 2.0 2.5 3.0 1.8 20 22 24 26 28 30 3.2
E (eV) E (eV)

Figure 5.1 — Absorption cross-sections of Fe%r and Fe?fr. Left: o, 2+ calculated from
the steady-state absorption of Fe:LN_1 using op, 2+ (2.6eV) = 4.5 - 10 22 1 2 [52] (blue).

Fit describing the FeL1 absorption cross-section (red) The small deviations between data
and fit above 2.5 eV are due to the iron F-band corresponding to spin-forbidden transitions
connected with Fe which were excluded in the fitting procedure. Right: o, 3+ obtained
from the steady- state absorptlon of sample Fe:LN_ 5 under the assumption that all of iron
is in the valence state Fe i

Figure5.1 (left) exemplarily shows such a steady-state absorption of the sample
Fe:LN_ 1 scaled to match the previously reported cross-section at 2.6 eV which thereby
provides the absorption cross-section of Fei! in the whole spectral range. The cross-
section consists of a strong band centered at about 2.6eV and a weak gaussian band
centered at about 1.1eV with an amplitude which is about 15 times smaller than the
band in the visible spectral range.

The absorption cross-section Opest 1N the UV/VIS spectral range can be deter-
mined in a steady-state condition as well under the assumption that the used crystal is
nearly completely oxidized, i.e., all iron-ions in the crystal are in the valence state Feif
(Fe:LN_5). Then, the cross-section can similarly be calculated from the optical ab-
sorption divided by the total concentration of iron (UFeij (E) =ap(E)/ CFeiT) (Figure 5.1

(right)). The cross-section is at least two orders of magnitude smaller than Ope2t 1N the

17
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visible range and has essentially no impact on the absorption. However, Oped+ starts to
increase strongly above 3.1eV and overlaps with the lithium niobate band edge above

3.8eV.

Discussion

The origin of the different absorption bands in Fe:LN is well-known and has been dis-
cussed in detail by Clark et al. and Dischler et al. [43,44]: the visible spectral range
is dominated by the Feff D-band absorption centered at about 2.6eV which is due to
a charge transfer from FeT — Nb®". As elaborated by Schirmer et al. [9,53], the low
energy tail up to the maximum can be described by the small polaron theory whereas
higher energies are explained by excitations to extended states within the conduction
band. The D-band is superimposed by two small absorption peaks at 2.57 eV and 2.95eV
resulting from spin-forbidden transitions within FejT and known as F-band. A second
weak absorption can be found in the NIR which is known as the iron A-band and due to
an inter orbital transfer within the Fef{ d-orbitals. The red curve in Figure5.1 (left) is a
phenomenological fit describing the Fef! absorption which is used for further calculations
in the following sections.

In contrast to Fef, Fe}l exhibits only a minor impact on the absorption in the VIS

and NIR spectral range. However, there is a strong increase of the absorption starting
at about 3.1eV (Figure5.1 (right)) which overlaps with the fundamental absorption of
lithium niobate. This absorption can be assigned to the iron C-band and is due to a
charge transfer from O®~ — Fe}T. In literature, only a few information about the cross-
section in the UV spectral range can be found, e.g., the C- and D-band show an isosbestic
point at about 3.6 eV with a cross-section UFeijr(3-6 eV) = UFeii*(?’ﬁ eV) ~ 5.7-107# m?

[54]. This value is in agreement with the calculated cross-sections in this work.

5.2 Nb{;" bound polaron

The Nb}] bound polaron (GP) is not stable at room temperature in contrast to the
Fei! center and the absorption cross-section can therefore not be measured in a steady-
state condition. However, as it was described in detail in section 4.3, metastable bound
polarons can be formed by a one-photon absorption after pulse exposure of an iron-doped
lithium niobate sample in the green spectral range:

Fet + NbF & Felt + Nbit, (5.2)

Since it was shown before that Fej! essentially exhibits no absorption in the visible
range, the change in the absorption connected with Eq. (5.2) can be written as follows:

Oéh(t,E,]) = O'GP(E) . ACGp(t,]) + O'Fei{r (E) . ACFeiJT (t,]) (53)
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Figure 5.2 — Intensity dependence of the light-induced absorption in iron-doped lithium
niobate. Left: Decay of the light-induced absorption at 1.58eV (785nm) in the sam-
ple Fe:LN_ 6 after exposure of a 2.33eV (532nm) ns-pulse for different pump intensities.
The pump intensities are given by the color code. The black-lines are KWW-functions
fitted to the data to estimate of. Right: Intensity dependence of the maximum light-
induced absorption af measured at 1.58 eV (785 nm) for two different Fei? concentrations
(Fe:LN_3 and Fe:LN_ 6). The orange lines are fits of Eq. (5.5) to the data. The values of
aﬁ(1.58 eV,I — oo) are presented in Tab. 5.2.

Here, Ac describes the change of the Fe?! and Nb{! concentration induced by the pump
pulse, respectively. Eq. (5.3) can be rewritten under the assumption that every excited
electron from Fef! forms a bound polaron (—ACFeifr (t,I) = Acgp(t,I)) to

Oé]i<t7E,I)

E) = - \Wr)
7ar{F) Acge2+ (t,1)

+ o2 (). (5.4)

Since O'Feijk(E) is already known from sectionb5.1 and «ay(t,E,I) was measured before

in section4.3 (Figure2 (left)), the only missing quantity in Eq.(5.4) is the changed
concentration ACFeigr (t,I) produced by the pump pulse for a certain pump intensity

I. However, since the total amount of Fef! is known for a given sample (Eq.(5.1)),
the light-induced absorption has to be estimated under the condition that the pump
pulse completely depletes the Fef! centers, i.e., determine the saturation value of the
light-induced absorption. This can be done by measuring the light-induced absorption
ayi(t,I) for different pump intensities and fitting KWW-functions to the decay shape
(exemplarily shown in Figure 5.2 (left) for the sample Fe:LN_6). The fitting parameter
o(E,I) then yields the maximum induced absorption at ¢ = 0 for a certain pump
intensity. If the depletion of Fe?! is the only electron source for the bound polaron
formation, of}(F,I) should follow an exponential function [20]:

al(E,1) = aof(E,I — ) - {1 — exp (—i)} , (5.5)

with the maximal absorption of(E,I — 0o) where all Fef! centers are depleted, and the
characteristic intensity I, where the total amount of Fef; is reduced to 1/e.
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The maximum amplitudes of the light-induced absorption af}(1.58eV,I) are shown
in Figure 5.2 (right) for different pump intensities and for two samples with different Fe?}
concentrations. The data can be well described by Eq. (5.5), allowing extraction of the
fitting parameters afl(1.58eV,I — o00) as presented in Tab.5.2 including an additional
measurement from reference [20] which can be used for this calculation as well. The
bound polaron absorption cross-section can then be deduced for the given measurements
via Eq.(5.4) with the maximum light-induced absorption and the knowledge of the
corresponding concentration. The average over all measurements is ogp(1.58¢eV) =
(6 +2)-10722m?,

Table 5.2 — Fit values a{l(1.58eV,I — co) (cf. Figure5.2 (right)), and absorption-cross
section ogp(1.58 eV) calculated via Eq. (5.4). Note: the values in the last row are obtained
from ref. [20].

Sample  afl(1.58¢eV,] — c0) (m™!) ogp(1.58eV) - 10722 (m?)

Fe:LN_3 80 + 10 842
Fe:LN_6 300 + 20 442
[20] 282 5.1

The dispersion of ogp(F) can be obtained by applying Eq. (5.4) on a transient ab-
sorption measurement probed by a supercontinuum laser. The data from section4.3
(Figure 2 (left)) will be used in the following. That measurement was not performed in
a condition in which all Fe?! ions were depleted. However, since the absorption cross-
section of the bound polaron is now known at 1.58 €V, one can calculate for every pump
intensity I and decay time ¢ the changed concentration AcFeiT (t,I) from «y. Then,
the obtained concentration is used to calculate ogp(FE) for all photon energies E via
Eq. (5.4). The result is depicted in Figure5.3. ogp(£) has its maximum at about 1.6 eV
and a gaussian shape at the near-infrared site, whereas it slowly decreases in the visible
spectral range and roughly coincides between (2.5 — 3.0) eV with UF@%T<E)'

Discussion

The decay behavior of the bound polaron in iron-doped lithium was discussed in detail
in sections 3.1 and 3.2. The cross-section determined in this work at 1.58 eV as well as
the maximum absorption at 1.6 eV is in agreement with previous published values within
its uncertainty [53,55,56]. However, the absorption band decreases less in the UV /VIS
than expected from a measurement performed by Sweeney et al. [57]. The reason for the
discrepancy might be that Sweeney et al. measured the absorption band at 80 K and
with an unpolarized probe beam. In contrast, theoretical investigations by Friedrich et
al. [58] support the measured shape in this work. In general, the high cross-section in
the UV /VIS can again be explained with transitions of the electron to higher states in
the conduction band [53].
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Figure 5.3 — Absorption cross-section of Fei;r (blue) as it was determined in section 5.1,
the measured light-induced absorption of Fe:LN__1 (section 4.3, Figure 2 (left)) divided by
the induced concentration change of Fei;r, and the calculated shape of the bound polaron
absorption cross-section ogp (yellow). The purple line is an arbitrary fit to the data
describing the bound polaron cross-section.

5.3 O —V|; hole polaron

An undoped congruent lithium niobate sample (LN__ 1) was chosen for the determination
of the O~—Vy; hole polaron (HP) cross-section opp. It can be assumed that in such
a sample mainly bound and hole polarons are formed after pulse exposure. Secondly,
both should have the same concentration due to reasons of charge conservation, i.e.,
Acgp(t,I) = Acyp(t,1) [3,59]. Therefore, in analogy to the previous calculations (cf.
Egs. (5.3) and (5.4)), the hole polaron absorption cross-section may be calculated via:
(&5 t,E,I
oup(E) = Alcip(u)) —oap(E). (5.6)
Likewise, the first step focuses on the determination of the light-induced absorption
ay(t,E,I) (cf. Figure5.4). The measurement was performed in LN_1 with a pump
intensity I = 25 MW /cm? and a photon energy £ = 3.49¢V (355nm). The pulse
induces a broad absorption spectrum ranging from the visible to the near-infrared which
diminishes within a few milliseconds. However, a small fraction of the induced absorption
in the blue spectral range can still be observed in a time range of 0.1 s whereas the infrared
absorption has completely vanished.

In a second step, the corresponding induced bound polaron concentration Acgp(t,1)
leading to the observed «y;(t,E,I) is estimated. Without any knowledge about the hole
polaron absorption cross-section, in particular its dispersion, a single probe-wavelength,
e.g., 785 nm, cannot be used for the calculation of the induced bound polaron concentra-
tion since it could be possible that the hole polaron coincidentally absorbs at the chosen
wavelength leading to erroneous results. Instead, another approach is applied under the
assumptions (i) that the formation of hole polarons only induce an absorption and does
not lead to any transparency effect, i.e, ogp(E) should be positive or zero for every pho-
ton energy E and (ii) that the hole polaron does not absorb exactly in the same spectral
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Figure 5.4 — Light-induced absorption in undoped congruent lithium niobate (LN_ 1)
after a pump pulse at £ = 3.49¢V (355nm) with an intensity I = 25 MW /cm?. The
contour lines indicate steps of Aay; = 50m ™.

range as the bound polaron. Then, Eq. (5.6) can be used in combination with the largest
value Acgp(t,]) for which ogp(FE) is still positive or zero. Then, the difference between
the scaled light-induced absorption and the bound polaron cross-section is assigned to
the hole polaron oyp(E).

Figure 5.5 shows the result of the new ansatz. The used shape of the light-induced
absorption was obtained by averaging over the first hundred microseconds in Figure 5.4.
As apparent in Figure5.5, the complete near-infrared part of «); can be described by
bound polarons. In contrast, in the visible spectral range, the bound polaron absorption
is not large enough to fully explain the induced absorption. According to Eq. (5.6), the
difference can be ascribed to the hole polaron. The hole polaron cross-section starts at
about 1.5eV and exhibits a broad band in the visible to the ultraviolet spectral range
with a maximum at about 2.1eV and amplitude of opp(2.16¢V) &~ 1.2 - 10722 m?.

Discussion

The relaxation of the light-induced absorption is in agreement with previous investiga-
tions in congruent undoped lithium niobate [60]. In particular, a second long-lived blue
absorption was detected in this study as well. The spectral absorption shape of this
decay (not shown for brevity) reveals the same form as the Fef — O~ — Vi; STE deter-
mined in section 4.3. Therefore, it is assumed that the sample contains a certain amount
of iron impurities. However, as discussed before in section 4.3, the Fe?f — O~ — Vy; STE
has a formation time in the range of a few hundred microseconds such that it can be
neglected from present considerations. Instead, the light-induced absorption below this
time constant is assumed to be dominated by bound and hole polarons as well as the
STE pinned at Fef!. In general, though, the determined absorption-cross section oyp
depicted in Figure 5.5 should only minor be influenced by the (pinned) STEs due to the
overall low iron concentration.
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Figure 5.5 — Average over the first hundred microseconds of the light-induced absorption
in Figure 5.4 (dark blue). The data are scaled in a manner that the hole polaron absorption
cross-section does not become negative. Based on Eq. (5.6), the difference between scaled
data and the bound polaron absorption shape (orange) is ascribed to the O~ —Vp; hole
polaron (green). An arbitrary fit describing the hole polaron cross-section opp is chosen
in yellow.

The amplitude of the cross-section opgp at 488 nm was determined for the first time
by Merschjann et al. [55] in a congruent as well as a Mg-doped sample. However,
the authors found a discrepancy of a factor four between the cross-sections of both
samples which could not satisfactorily be explained. Though, the estimated value of the
congruent sample is in agreement with the presented cross-section in Figure 5.5 deduced
from an undoped congruent sample as well. Considering the results from section4.2, a
large amount of the blue absorption in Mg-doped lithium niobate may be possible due
to a pinned STE in addition to a single O~ — V; hole polaron which might explain the
discrepancy between doped and undoped LN.

The absorption shape of the hole polaron was estimated for the first time by Hal-
liburton et al. [61]. They measured the optical absorption of a congruent sample after
electron irradiation at 77 K and assigned the blue absorption centered at 2.5eV to the
hole polaron. However, Halliburton et al. stated that the band might be bleached during
the measurement which could serve as a possible reason to the 0.4eV shift of the ab-
sorption maximum observed in the present work. Furthermore, the results herein have
been exclusively recorded upon ordinary polarization at room temperature to ensure
consistency with the investigation of other polaron species.

5.4 Nb{;":Nby} bipolaron

Bipolarons (BP) in lithium niobate can be preferably detected in reduced lithium nio-
bate and are responsible for the dark color of the crystal [62]. A naive assumption could
be that the absorption shape of the bipolaron can be measured under steady-state con-
ditions as it was the case for iron in section 5.1. However, Koppitz et al. showed that
the steady-state absorption at room temperature is a mixture of Nb;:Nbxt bipolarons

23



5 Review of the absorption cross-sections of quasi-particles in lithium niobate

600
450
300 _
150 7
0 &
2150 =
2300 ©
-450
600

m

Figure 5.6 — Light-induced absorption in undoped reduced congruent lithium niobate
after a pump pulse at 2.33eV (I = 40 MW /cm?). The contour lines indicate steps of
Aay = 150m 1,

and Nb{} bound polarons since a portion of the bipolarons are thermally split [62]:

4+ N+ wkpT
Nbi:Nbyp =

2 - Nbii. (5.7)
Therefore, the steady-state absorption cannot be used for the determination of the ab-
sorption shape.

Since it is known in literature that bipolarons can be split by light whose dynamics
follow Eq. (5.7) at high intensities [60,63], the technique of the light-induced absorption
can be used again for the determination of the bipolaron absorption cross-section. The
light-induced absorption ay;(t,E,I) (cf. Figure5.6) induced by a 2.33 eV ns pump-pulse
(I =40 MW /cm?) shows a strong absorption in the red and near-infrared spectral range
centered at about 1.5eV and a width of approximately 1.0eV. In contrast, an induced
transparency in the blue/UV spectral range can be observed with increasing magnitude
to higher photon energies. Both the induced transparency and the induced absorption
decay with the same dynamic. Between the induced transparency and induced absorp-
tion, an isosbestic point is located at almost 2.1€V.

In analogy to the procedure described in the sections before and in combination
with Eq. (5.7), ogp can be deduced from ay(¢,E,1):

our(E) = 2- (UGP<E> - %) . (5.5)

Since the absorption shape does not change during the recombination process, one
can use the average over the first few milliseconds of «y;(¢,F,I) for the calculation of
opp(E). Figure5.7 shows the result of applying Eq.(5.8) to the data by using the
largest value of Acgp(t,I) for which ogp(F) does not become negative. For low photon
energies below 1.5eV, the induced absorption is governed solely by bound polarons
whereas a deviation manifests for higher energies. The difference between the scaled
data and the two-fold polaron absorption cross-section is attributed to the bipolaron
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Figure 5.7 — Average over the first few milliseconds of the light-induced absorption in
Figure 5.6 (blue). Absorption cross-section of the bound polaron (turquoise). The data are
scaled in a manner that the bipolaron absorption cross-section does not become negative.
Based on Eq.(5.8), the difference between both shapes is ascribed to the Nbﬁr:Nbf\fg
bipolaron (green). Arbitrary fit describing the bipolaron cross-section opp (orange).

cross-section opp(F). The estimated absorption shape of the bipolaron starts at about
1.5eV and increases toward the green/blue spectral range. The cross-section is nearly
constant above 2.5 eV and exhibits a small maximum at about 2.9 eV with an amplitude
of approximately 16 - 10722 m?.

Discussion

The discussion about bipolarons in lithium niobate raises new attention since theoretical
calculations by Friedrich et al. [58] showed that experimentally measured absorption in
reduced lithium niobate cannot be described by the Nb{:Nbif complex. Instead, they
proposed a model in which the bipolaron might rather be formed at a Nby,:Nby — Vi
complex. However, the formation model of two bound polarons as measured and calcu-
lated within this section can be assumed fulfilled irregardless of the exact microscopic
picture of the bipolaron. This approach might be valid since the NIR part of the light-
induced absorption (Figure5.7) can be fully described by the bound polaron absorption.

In general, the absorption and transparency dynamics are in agreement with previ-
ous investigations by Merschjann et al. [60]. Furthermore, the determined amplitude of
the cross-section at 2.5€V is within the uncertainty comparable to a previous study [55].
It is known from Koppitz et al. [62] that the steady-state absorption of a reduced lithium
niobate sample consists of a mixture of bound and bipolaron absorption and that the
ratio cgp/cpp can be changed by the temperature. Therefore, it might be possible to
compare the low temperature data in that paper, where nearly no bound polarons are
present, with the bipolaron shape in this work. In this case, both shapes start at ap-
proximately 1.5eV and increase toward the green spectral range. Furthermore, both
isosbestic points coincide. However, the blue/UV spectral shapes deviate from each
other. The bipolaron shape in this work (Figure5.7) exhibits no clear maximum at
2.5€eV. The reason might be found in the used ordinary probe polarization in this work
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in contrast to unpolarized light used by Koppitz et al. [62]. It is known that the po-
larization has a huge impact in reduced lithium niobate on the steady-state absorption
above 2.5eV [64].

5.5 Overview of the absorption cross-sections

Concludingly, the absorption cross-sections of individual quasi-particles in LN as deter-
mined in the previous sections will be presented which is summarized in Figure 5.8 (or-
dinary polarization and at room temperature). All quasi-particles exhibit broad asym-
metric bands in the VIS and the NIR spectral range which are nearly in the same order
of magnitude (10722m?). Especially in the blue/UV spectral range, all cross-sections
show significant overlap, e.g., the absorption of a bound polaron and Fef] are between
2.5€eV and 3.0eV nearly indistinguishable.
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Figure 5.8 — Overview of the absorption cross-sections at room temperature for ordinary
polarization of different quasi-particles in lithium niobate determined in the sections before.

Discussion

In general, the small polaron cross-sections are similar to the results in reference [55].
This is astonishing for a number of reasons: (i) previously reported data were sampled
only at few selected wavelengths, (ii) STE dynamics were unknown at that time, and
(iii) the estimated dispersion of the cross-sections were deduced from absorption data
collected from literature measured at different experimental conditions. The advantage
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of latter reason is based on the possibility to observe individual species that are nor-
mally inaccessible at room temperature, e.g., free polarons and intrinsic STEs within
NbOg octahedra due to their fast recombination times or spectral locations of respective
absorption bands. On the contrary, the comparability between these results is disturbed
as absorption bands may exhibit a temperature dependency [26].

Therefore, the presented cross-sections within this work have been deduced using
identical experimental parameters, i.e., (i) at room temperature, (ii) with the same probe
beam polarization, and (iii) with a supercontinuum-probe laser offering a broad spectral
range. Upon further detailed inspection, the cross-sections considerably differ from
the presented values in reference [55], especially in the blue/UV spectral range, i.e., the
additional FefT —O~ —Vy; STE and the weaker hole polaron absorption. The detailed and
comprehensive overview of quasi-particles in LN may be applied in a wider context, e.g.,
by transforming the light-induced absorption to number densities for further quantitative
analysis and use of LN as a general-purpose optical material.
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6 Summary

Quasi-particles formed in lithium niobate after pulse exposure were investigated by tran-
sient absorption and photoluminescence spectroscopy as well as numerical simulations.
This includes the formation process, the transport through the crystal, interim pinning
on defects during the relaxation process, and the final recombination with deep centers.
It was shown that the charge-transport through the crystal can be described by a hop-
ping transport including different types of hops between regular or defective lattice sites,
i.e., the transport includes a mixture of free and bound small polarons. Furthermore,
the different types of hops connected with varying activation energies and their distri-
bution are responsible for an altered temporal decay curve when changing the crystal
composition or temperature.

Additionally, it was shown that the hitherto accepted recombination model is insuf-
ficient to describe all transient absorption and luminescence effects in lithium niobate un-
der certain experimental conditions, i.e., long-living absorption dynamics in the blue/UV
spectral range do not follow the typical polaron dynamics and cannot be described under
the assumption of charge compensation. However, similar decay characteristics between
self-trapped excitons known from photoluminescence spectroscopy and the unexpected
behavior of the transient absorption were found leading to a revised model. This in-
cludes, besides the known polaron relaxation and recombination branch, a significant
role of self-trapped excitons and their pinning on defects (pinned STEs).

Since the consideration of further absorption centers in the relaxation path after
pulse exposure might result in misinterpretations of previously determined polaron ab-
sorption cross-sections and shapes, the necessity to perform a review became apparent.
Therefore, a supercontinuum pump-probe experiment was designed and all measure-
ments applied under the same experimental conditions (temperature, polarization) so
that one can extract the absorption amplitudes of the single quasi-particles in a spectral
range of (0.7 — 3.0)eV. The detailed knowledge might be used to deconvolve the ab-
sorption spectra and transform them to number densities of the involved centers which
enables one to obtain an easier insight into recombination and decay dynamics of small
polarons and self-trapped excitons.

As the hopping transport of quasi-particles and the concept of pinned STEs might
be fundamental processes, a thorough understanding opens up the possibility of their
exploitation in various materials. In particular, results presented herein are not only
limited to lithium niobate and its applications; an extension to a wide range of further
strongly polar crystals in both their microscopic processes and their use in industry can
be considered.
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Abstract

Charge transport due to small polarons hopping among defective (bound polarons) and regular
(free polarons) sites is shown to depend in a non-trivial way from the value of the stabilization energy
provided by the lattice distortion surrounding the charge carriers. This energy, normally not directly
accessible for bound polarons by spectroscopic techniques, is here determined by a combination of
experimental and numerical methods for the important case of small electron polarons bound to
Nby,; defects in the prototype ferroelectric oxide lithium niobate. Our findings provide an estimation
of the Nby; polaron stabilization energy Egp = (0.75 £ 0.05) eV and point out that in lithium
niobate both free and bound polarons contributes to charge transport already at room temperature,
explaining the fast decays of the light-induced bound polaron population observed by transient

absorption spectroscopy.
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1. INTRODUCTION

Polaron conduction plays an important role in several properties of oxide crystals, from
the response to focused laser beams (optical damage and photorefractive effect) [1, 2] to the
bulk photovoltaic effect and its application in ferroelectric photovoltaics [3]. In this type of
transport the charge carriers are electrons or holes self-localized by a local distortion of the
ionic lattice, moving by thermally activated hopping [4]. According to basic considerations
[5, 6] the lattice distortion stabilizes the localized charge with an energy that is twice as
large as the energy paid to distort the lattice. The net energy E obtained by the system
thanks to this effect will be denoted as deformation-stabilization energy (DSE). If some
charged defects are present in the lattice, the polaron can form preferentially on these sites,
taking advantage of the Coulombic potential of the defect which gives an additional energy
contribution of €. This case is referred to as bound polaron.

The energy of a bound polaron is generally measured by the peak position of the relative
absorption band, given by M = 2E + ¢ and by its width, given by W = (4Ehwro 1n(2))%
where hwro is the energy of the longitudinal optical (LO) phonon involved in the polaronic
deformation [2]. Since this parameter is not generally known precisely, a direct estimation
of F is not possible for bound polarons by spectroscopic methods alone.

On the other hand, if a material supports only one kind of polaron, its DSE appears
into the average mobility as a Boltzmann-like term accounting for the effect of temperature
[4, 5]:

p = poexp (—E/2kT)

However, when different hopping sites with unequal energy are present in the material, the
above equation in general does not hold and it is not easy to preview what is the impact of
the DSE of one specific polaronic center on the macroscopic transport properties.

Iron -doped lithium niobate (Fe:LN) is a technologically important material representing
very well this situation. According to the well-accepted charge compensation model [9],
the standard congruent LN structure is characterized by the replacement of 1% of lithium
ions by niobiums constituting the so- called Nby; antisite defects. This defect in particular
can trap a photo-excited electron forming a bound polaron (Nb4Li+ = GP), deeper in energy
than the free polaron (Nbyi = FP), greatly reducing the carriers’ mobility. Previously
published data [2] report M = 1.69 eV, Egp = 0.58 eV and egp = 0.53 €V. According to

these values, the electron is strongly bound to the antisite but the energy gained from the
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(x10%4 m—3) [Fe] [Fe?t| [Fe3*| [Fe2t]/[Fe3t| [Nby,] Initial polaron concentration
Fe:LN 0.02 mol.% 3.8 0.1 3.7 0.04 190.9 0.1
Fe:LN 0.05 mol.% 9.5 0.8 7.9 0.1 190.9 0.8
Fe:LN 0.1 mol.% 18.90 13.7 5.2 2.62 190.9 3.2

Table I: Sample defect concentrations.

local deformation of the lattice is close to the one of a free Nbyi polaron, being Epp = 0.54
€V [2]. However, those data were obtained assuming that the frequency wro of the vibration
mode involved in the deformation around a Nb ion is the same for both the Nb{} (antisite)
and Nbyt (normal site) and equal to hwpo = 0.1eV.

In the present work we study the role of the bound polaron DSE on the hopping trans-
port in Fe:LN. The time decays of light-induced polaron populations in three different Fe:LN
samples with different dopant concentrations and reduction degrees are measured as a func-
tion of temperature to put in evidence the role of thermally activated hopping phenomena.
Particular care is devoted to the choice of the experimental conditions, so that it can be
assumed that the decay occurs only towards deep Fer; traps, for which the relevant polaron
parameters are known fairly well [2]. This allow us to compute the Nb{{ population decays
in the same conditions by a Monte-Carlo (MC) simulation based on Marcus-Holstein’s model

[17]. The results provide an estimation of Egp and of other microscopic parameters.

2. METHODS

Three Fe:CLN crystal boules are Czochralski-grown mixing together congruent LiNbOj
(Sigma Aldrich) and Fe,Os powders, with Fe contents in the melt of 0.02%, 0.05% and
0.1% mol. respectively. Being grown in congruent conditions, the expected Li/Nb ratio
of the final crystals is 0.94 (neglecting compensation of intrinsic defects by Fe impurities).
Parallelepipeds 4 x 5 x 1 mm?® cut from these crystals are optically polished. The sample with
the highest doping level has been chemically reduced under a mixture of Ar—H, atmosphere
at 500K for several hours. The absorption coefficient at 532 nm [10] is measured for Sample
#1 (Fe:LN 0.02 mol.%) and Sample #2 (Fe:LN 0.05 mol.%), while for Sample #3 (Fe:LN
0.1 mol.%) at 1128nm [11], from which the Fe*" concentration is deduced. The samples
compositions are given in Table 1.

The polaron decays were studied by transient absorption spectroscopy (TA) using the

3
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setup described elsewhere [12, 13] based on a Q-switched, frequency doubled Nd:YAG laser
at a wavelength of A = 532 nm with a pulse duration of 7Tpwuy =~ 8 ns and a maximum
pulse energy of Ey,ax = (290£10) mJ. Four ordinarily polarized continuous-wave probe lasers
enabled a time-resolved detection of changes in the absorption simultaneously at different
wavelengths (A = 445 nm, 488 nm, 785 nm and 633 nm or 1310 nm). The sample temper-
ature is set by a cryostat equipped with four plane-parallel optical windows for all-optical
access. The pump pulse generates an initial polaron population by excitation from Fe?*
donors. Due to the moderate pump pulse intensity, the photo-excitation of electrons from
the valence to the conduction band by two-photon processes is disfavoured [12]. Accordingly,
the presence of hole polarons is here neglected. Furthermore, by comparing the absorption
coefficients with the peak photon fluence of our pump, we may consider that in Sample #1
(Fe:LN 0.02 mol.%) and in Sample #2 (Fe:LN 0.05 mol.%) all Fe®t ions are likely to be
ionized after the pulse, so that the initial polaron concentration can be taken to be equal to
the Fe*" concentration in the dark. In Sample #3 (Fe:LN 0.1 mol.%) instead, due to the
high Fe?* content, the absorption of the pump beam along the sample thickness cannot be
neglected so that the number of photo-excited carriers becomes depth-dependent. In this
case we estimated an effective intial polaron density by comparing the starting amplitude of
the TA signal with that of the other samples, for which the intial polaron concentration can
be assumed. The relative data are reported in Tab. 1. Finally, since the polaron formation
time (< 1 ps, see ref. [1]) is much shorter than our pulse duration, we can assume that the
polarons position after the pulse is completely uncorrelated from the initial photogenera-
tion site [14]. The so-produced polaron population perform a random walk hopping either
among defective Nby; sites (bound polarons) or regular Nbyy, sites (free polarons) until they
are trapped by a Fe®' ion. Both bound and free polarons contribute to the absorption at
785 nm [13]. The TA decays at this wavelenght are thus calculated by summing the in-
stantanous bound and free polarons concentrations weighted for their respective absorption
cross sections at 785 nm. Due to the incertitude in the exact cross section value and in the
initial value of the absorption curve, which is quite sensitive to the experimental conditions,
we allow for an arbitrary overall scale factor in matching the experimental absorption curves
to the simulations.

According to the Marcus - Holstein polaron hopping model [4, 6, 7], the non-adiabatic
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hopping frequency for a (i — f) hop is:

1 T 2 Ii%f r Ui
wis(nT) =5 <k’T)\i7f> n P (‘W - kT) (1)

In Eq. (1), ris the distance between initial and final sites and k7" the absolute temperature

(in energy units). ;s is the reorganization energy of Marcus’ theory corresponding to the
energy paid to rearrange the lattice, here equal to (E; + Ef), sum of the elastic energies of
the two polarons; a; ¢ is an orbital parameter describing the overlap between the electronic
wavefunctions at site 4 and f. The 1/2 factor is due to the fact that Eq. (1) expresses
the individual rate to a given final site, and is thus one half of the total rate in Holstein’s
molecular chain [6]. U; y # Uy, is the hopping barrier, given by [15, 17]:

(QEZ' +& — 5f)2
Uyg= oAt E 1)
4 (Ez + Ef)

(2)
with €; and €y the binding energies of the electron at zero deformation. When the hopping
is between sites of the same type (i = f), U;; = E;/2, recovering the standard result that
the hopping activation energy is one half of the DSE [1, 2, 5|. The pre-exponential factor I; s
describes the intrinsic hopping rate between the two sites and is determined by the choice of
the (i, f) combination. Due to some considerations detailed in Appendix 1, we can restrict
the numbers of unknown parameters to three: the bound polaron DSE Egp, the hopping
orbital parameter a; ; = ay; = a (with 4, f = F'P, GP) and the trapping orbital parameter
a;;y = ¢ (with i = FP or GP and f =Fe). The Nbii+ population decays are computed
by a MC code in a 80 x 80 x 80 super-cell of the LN structure with periodic boundary
conditions. The three samples used in this work are described by the defect concentrations
listed in Table I, assuming that they are the same as in the melt. Possible errors of the
defect concentrations in the crystal have been taken into account in the incertitude of the

final results.

3. RESULTS AND ANALYSIS

In Figure (1) experimental results for the TA are shown at three different temperatures in
the three samples. The amplitude Aagr, of the absorption change at 785 nm is depicted as
a function of time from ¢ = 107" s up to 10s. The data have been normalized to Aaza(t =
10~7s). Different simulations were performed by manually varying the values for the DSE

of the bound polaron Egp and of the orbital lengths a and ¢ until a satisfactory agreement

5
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Figure 1: (Color online) Comparison between experimental results (red) and MC simulations (black)

for Sample #1 (Fe:LN 0.02 mol.%, (a)), Sample #2 (Fe:LN 0.05 mol.%, (b)) and Sample #3 (Fe:LN

0.1 mol. %) for three temperatures (see Table I for sample details). The input parameters for the

simulations are reported in Table TI.
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Sample  Description a (A) c (A) Egp (eV)

#1  Fe:LN 0.02 mol. % 1.6+0.1 1.74+0.1 0.75+0.05
#2  Fe:LN 0.05 mol. % 1.7+0.1 1.3 £0.1 0.75 4+ 0.05

#3 Fe:LN 0.1 mol. % 1.6+0.1 1.3+0.1 0.75+0.05

Table II: Parameters used for the simulations shown in Figure (1). For all the calculations the
pre-exponential factor I; y = I in Eq. (1) is taken to be equal to 0.1€V, in accordance with Ref.

[16] (see Appendix 1 for details).

between the simulations and the experimental datasets is found simultaneously for all the
temperatures. The shape of the low-T curves is affected mainly by ¢, while high-T curves are
sensitive both to a and ¢. The Egp parameter instead rules the temperature evolution of
the curves. The independent effect of the three parameters on the simulated curves allow
to find a unique combination to match the experimental data. The results of this procedure
for each sample are reported in Table IT where the errors indicate the minimum increment
considered in our trial-and error procedure. As it can be seen, all the experimental data can
be reproduced fairly well by using a similar set of parameters.

It is known (see e.g. [1]) that a Kohlrausch - Williams - Watt (KWW) function of the kind
Aara(t) = agexp [—(t/7x)?] with 0 < 8 < 1 provides a fair description of the TA decay at
785 nm. To be more quantitative, in Table III we compare the KWW parameters obtained
by fitting the experimental and the simulated decays reported in Figure (1). From those
data it appears that the finer details of the decay curve shapes, embodied by the 75 and 5
parameters are still beyond the accuracy of our procedure. To improve this aspect it would be
necessary to minimize the difference between the experimental and numerical KWW decays
by varying a, ¢ and Egp on each sample by means of a rigorous fitting procedure and/or by
using more free parameters (see Appendix 1 for details) which is here practically impossible
due to the high computational cost. Anyway it is clear that the global agreement between
the simulated curves and the experimental data is respected over more than seven decades
and for all the sample compositions, by using a coherent set of parameters. In particular the
temperature dependence of the average decay time can be reproduced for all the samples
only by increasing Egp to 0.75 eV. It is important to note that among all the parameters
entering the hopping frequency (Eq. 1), no other parameters can be used to match the

temperature dependence of the experimental decay times (the other energetic parameters
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Experimental Simulation
Temperature (K) | ap(m™!) 75 (us) 8 () (us) TK (S) B (1) (us)
Sample #1 198 364£2  5590+£60 0.20+£0.02 (6£3)x10° | 8010468 0.202+0.001 9 x 10°
298 39+2 59+6 0.38£0.04 227 £ 112 142 +£14 0.561 £+ 0.001 234
Fe:LN 0.02 mol. %
398 39+2 1.54+0.1 0.62+0.06 22+1.1 1.81 +0.05 0.836 £ 0.001 2
Sample #2 198 2644+ 13 1359413 0.2040.02 (1.6 £0.8) x 10°| 1480420 0.189 £ 0.001 2.9 x 10°
298 249 +£ 13 22+2 0.34+£0.03 122 £ 61 56 £5  0.549 4+ 0.001 96
Fe:LN 0.05 mol. %
398 246 +£ 13 0.63 £0.06 0.53 £ 0.05 1.14+0.6 0.78 £0.01 0.820 + 0.001 0.88
Sample #3 198 1287+£60 9.0+£1.0 0.12+£001 (7+4)x 10° 514+1  0.148 £ 0.001 1.6 x 10°
298 1398 +£70 6.7+0.7 0.27 +0.03 104 + 52 25+ 2 0.446 + 0.001 63
Fe:LN 0.1 mol. %
398 1258 + 60 0.40 £+ 0.04 0.53 + 0.05 0.7+04 0.61 +0.01 0.828 + 0.001 0.68

Table IIT: Comparison between the fitted KWW parameters of experimental and simulated curves.
The error of experimental data includes both systematic and random incertitudes, the errors of
numerically computed curves are obtained from standard fitting procedures and are due essentially

to the deviation of simulated curves with respect to the KWW law.

being fixed to their measured value, see Tab. V below). This means that, independently
on the fact that the shape of the curves could be reproduced more accurately by exploring
in some finer way the parameter space, the value of the bound polaron DSE needs to be

comprised in the range between 0.7 and 0.8 eV .

4. DISCUSSION

Our simulations strongly point out that a Marcus-Holstein hopping model can match
experimental TA decays only if the DSE of the bound polaron is increased to Egp = 0.75€V.
This can be understood by considering the configuration diagrams of the non-adiabatic
hopping processes |2, 4, 6] from Nby; to Nby; and from Nby; to Nbyy, depicted in Figure
(2). According to Eq. (2), by increasing E¢p, the conversion barrier Ugp rp for the bound
to free hops is decreased, while the trapping barrier Uppp from free to bound state would
rise and thus reduce the efficiency of Nby; as a free polaron trap (Table IV). In other words,
by increasing Fgp we favour the conversion from Nby; bound polarons to regular Nbyy, free

polarons at a given temperature. To better illustrate this finding, in Figure (3) we show as
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Nby, Nb,.

Figure 2: Configuration diagram, with energy levels deduced from Egp = 0.75 eV and referred to

the Nb 4d' ground level (electron localized on a Nb orbital of the rigid crystal).

Ecp Ugprp Urpcp Urpre RrpGP Tconv Notes
(eV) (4) (K)
0.58 0.64 0.07 0.04 13.5 670 [2]
0.75 0.55 0.16 0.04 8.6 350 This work
0.84 0.52 0.21 0.04 5.5 190 Maximum DSE compatible with optical absorption data

Table IV: Hopping barriers calculated by Eq. (2) and trapping radii calculated by Eq. (3), using
the values of Table II for different values of Egp. The conversion temperature Teony is roughly

estimated using Eq. (2.1).

an example the percentage of hops performed as a free (npgr/Nyy) or as a bound polaron
(npp/Niot) for Sample #1 (Fe:LN 0.02 mol.%) using the values listed in Table II.

We can define a conversion temperature T,.,, at which the number of Nby, — Nbyp,
hops over the total is as large as the number of Nby; — Nby;. In Figure (3) Tiony = 350K
corresponds to the point where the curves relatives to npppp and ngpep cross each other.
At room temperature, the polarons perform 5% of their hops among Nbyy, sites and 22%
among Nby; ones. The rest of the hops (73%) being “two - way conversions” Nby; <> Nbyy, -
Therefore, our data indicates that a free polaron contribution to transport is already active
at 300 K, which explains why the observed TA decay time decreases so fast by increasing 7.
It is important to stress that T, is extremely sensitive to the Egp value. If the previously
reported value Egp — 0.58 €V is assumed [2], Teony is found at around 650 K and no free

polarons contribution should be observed at room temperature. In Appendix 2 we provide a
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—A—nNgp pp (Ep=0.75 €V)

100, ®* Ngp,cp (Ep=0.75eV)

904 ngp pp (Ep=0.58 eV)
801 —e— Ngp gp (Ep=0.58 eV) A

niN,_, (%)

200 300 400 500 600 700
T (K)

Figure 3: Percentage fraction of hops per random walk performed as free (npprp) or as bound
(ngp,gp) polaron in Sample #1 (Fe:LN 0.02 mol. %) for Eqp = 0.75 €V (black symbols) and for
Egp = 0.58 €V (red symbols). The other simulation parameters are as in Table II. The black

arrows indicate the conversion temperature 7oy, in the two cases.

criterion to estimate the temperature Ty,,, above which the free polaron transport becomes
dominant.

It is instructive to visualize our results using the concept introduced in Ref. [17] of
effective radius R, ; of a trap (j) for a polaron (i). This radius, expressing the distance
below which a moving polaron is likely to be captured by a trap, is given by:

R ) 8

with d; the (mean) hopping length and b; ; a small correction. For the free polaron F'P
captured by an antisite GP we have dpp = 3.76 A and brpap ~ 1.2 A. The value of Egp
reported in table IT gives a trapping radius about 30% smaller than the one obtained using
the energy reported in [2]. This accounts for the fact that the F'P polarons can perform
several hops without being trapped, already at room temperature and a fortiori above.

The determination of Fgp can be used to gain some insights on the structure of the
antisite polaron. From the total bound polaron energy M = 2Egp + egp known from
spectroscopic data [2], we can estimate the binding energy egp = (0.2 £ 0.1) eV (instead of
0.53 eV with Egp = 0.58 eV). This means that the Coulomb attraction between the charge
carrier and the defect is relatively weak. This appears to be reasonable if we consider that

the anionic environments of both polarons are very similar (a Nb atom inside an oxygen

10
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Parameter Value Unit Ref. Note

Epp 0.545 eV [2] Free polaron DSE

Egp 0.75+0.05 eV This work Bound polaron DSE

EFge 0.7 eV 2] Fe defect DSE

EFpP 0 eV

eGP 02+0.1 eV This work Bound polaron pre-localization energy

EFe 1.22 eV 2] Fe defect pre-localization energy
(wro)pp 0.1 eV 2] Free polaron phonon energy
(wro)gp 0.077£0.005 eV This work Bound polaron phonon energy

Table V: Refined values of the energetic parameters of small electron polarons in LN.

octahedron). We therefore can expect a similar charge density distribution and a similar
Coulombic attraction for the electronic wavefunctions.

On the contrary, the cationic lattice structure of the two centers is quite different. The
Nby; site “feels” the proximity of the heavy Nby;,, atom, which has been uncovered as origin
of the large lattice relaxation in the bipolaron state Nbﬁ—Nb‘lNTa, as being computed by LDA
calculations [18]. From the width of the Nb{{ polaron optical absorption band, proportional
to (EgpﬁwLo)l/z., our new estimate for Egp gives fiwro = (77+5) meV. This is significantly
less than the phonon energy of the NbOg breathing mode (109 meV, i.e. 871 cm~! according
to Raman data [19]). In other words, the self-trapping is favoured on Nby; versus Nbyy,

mainly because the surrounding lattice is softer. In Table V we report the refined values of

the energetic parameters for the electron polarons in LN according to our analysis.

5. CONCLUSIONS

In conclusion, we investigated the role of the bound polaron DSE on charge transport in
congruent Fe:LN by a quantitative comparison of experimental transient absorption mea-
surements with numerical modelling based on Marcus-Holstein hopping model. The tem-
perature dependence of the decay curves is extremly sensitive to the DSE as this parameter
rules not only the hopping frequency betweeen alike sites, but also the possiblity for the
polaron to hop from Nby; to regular Nbyy, sites, which are characterized by a dramatically

higher mobility. This fact allowed us to estimate the DSE for the Nby; bound polaron with a

11
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good accuracy already from a semi-quantitative reproduction of the decay shapes, obtaining
Egp = (0.75 £ 0.05) eV. Our results indicate that the higher total energy of the bound
polaron with respect to the free one is mainly due to the elastic properties of the atomic
surroundings of this defect, rather than to a strong electronic affinity. As an additional by-
product, we obtain also a first estimation of the two microscopic parameters a and ¢ which,
together with Egp permit to describe the polaron hopping transport of Fe:LN in a wide
range of temperatures and compositions using the Marcus - Holstein model. The agreement
between the shapes of numerical and experimental decay curves could be improved by a
finer exploration of the parameters’ space and/or a more sophisticated modelling, which
is recommended for future studies. In particular, the dependence of the TA curves upon
the sample stoichiometry would permit to refine the values of the orbital parameters a and
¢ and of the pre-exponential factors [; y.. Our study was centered on Fe:LN because this
material offers already a rich literature on polaron transport to use as input data for our
simulations. We believe however that the approach and the results obtained here can be
extended also to other ferroelectric oxides such as perovskites for photovoltaic applications
or conductive polymers, for which a microscopic understanding of the material conductivity

would be crucial for applications.
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1. MONTE CARLO SIMULATION

The Monte Carlo code is based on a classical Gillespie algorithm, where the lattice is
generated at the beginning and the hopping frequencies between neighboring sites are cal-
culated using eq. (1). One polaron is launched and the time that it needs to be captured
by a Fe*" trap is computed. This procedure gives the number and type of hops performed

during its path. The simulation is repeated until the statistical noise is virtually eliminated.
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This scheme is the same as adopted in [17], except for two differences: (i) According to the
photo-excitation model assumed here, we consider that a large part of the Fe?™ present in
the dark are emptied by the laser pulse. This number corresponds to the starting concen-
tration of polarons Ny created by the pulse that needs to relax back to deep Fe* traps.
Accordingly, the concentration of Fe* traps immediately after the pulse is given by the
dark concentration of Fe*Tincreased by the number of Fe?**emptied by the pulse, i.e. Np.
. Likewise, this number gradually decreases to the dark concentration value (cf. Table (I))
during the recombination process between photo excited carriers and Fe*™. We modeled this
effect in our simulation by decreasing the trap concentration at each iteration. (ii) When the
simulation is started, a given defect distribution is randomly generated inside the super-cell
and maintained for all the runs (instead than generating a new distribution for each run).
The trap saturated in the j-th iteration is deleted from the box in the (j + 1)-th. In this
way we model the fact that, due to the random nature of the defective lattice, not all traps
are equivalent and those with higher probability to be visited are the first to disappear.

According to the simple polaron model described in [2, 4, 6, 7], each of the three cen-
ters here considered (two Nb- based polarons, Nbr; and Nbyy, and the Fe?*/3* defect) and
the hopping combinations between them are described by a set of parameters. Labeling
i the initial site and f the final site we have: (i) three energetic parameters, namely the
distortion-related stabilization energy Fj;, the pre-localization energy ¢; and the energy of
the characteristic phonon mode involved in the polaron deformation (Awro);; (ii) six orbital
parameters a; r = ay,; and (iii) six pre-factors I; ; = I;; defining the transfer integral which
rules all the possible hopping processes.

Since the Nb-O octahedron structure is very similar between the Nby; antisite defect and
the Nbyy, regular site, we consider that the transfer integrals between those sites should
not be very different. For the same reason, we can assume that all the transitions to and
from the Fe site are described by the same transfer integral. This leads to the following
simplifications:

arpprp = Grpgp = AGp,FpP = AGgP,GP = @
AFpFe = QGPFe = C
Irprp = Irpap = laprp = Igrap = 11

Irpre = Igpre = 12

13
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Additionally, we can neglect the hopping processes from Fe towards other polarons be-
cause, due to the energies involved, those processes are much less frequent than the others.
In other words, Fe is considered a “perfect” trap. Therefore the parameters ape ; and Ipe
play no role. Finally, as the simulation results are weakly dependent on the pre-factors I,
for sake of simplicity we can set I; ~ I, = I. This value can be estimated from Ref. [16]
which measured the transfer integral at high temperature in Fe:LN, where the conduction
is due essentially to free polarons. The data are probably not very accurate, yet, as stressed
before, this parameter is not strongly affecting our results.The origin of the energies is taken
on the Nb 4d' ground state so that epp = 0 on any Nby,, site (energetic disorder neglected).
The other parameters are locked to their published values (see [2]) and are resumed in Table
V.

In a simulated curve, the different hopping events can be considered to be ordered as a
function of time. At very short timescales, we find the fastest hopping processes, typically
direct trapping from a newhorn Nby polaron to a deep Fe*™. Subsequently there are slower
processes such as the transformation of a free to a bound polaron which is then trapped
by a Fe. At even longer time scales we find multi-hop processes and so on. From this
view, it is clear that by relaxing some of our constraints on the simmetry of the different
parameters in Eq. (1), one could improve independently any part of the decay curve. For
example, by tuning independently the parameter azp . which is responsible for hopping
events that occur typically at short time scales, one could speed up or slow down the first
part of the curve, etc. In other words, a highly accurate fitting of the experimental curves
with is in principle feasible. However, this would require a huge computation time and to
test a number of tailored samples in order to evidence one type of hopping against one
other. On the other hand, the main goal here was not to reproduce the detailed shape of
the decay curves but to determine, in a reasonably simplified model, in which range must
lie the investigated parameters to grant at least a semi-quantitative agreement betweeen the

Marcus- Holstein hopping model and experimental data.

2. CONVERSION TEMPERATURE

A theoretical expression of the so-called conversion temperature T.,,, can be obtained
by equalling the effective hopping rate and the effective conversion rate. The latter can be

estimated by summing the conversion frequencies wgppp(ri;) for r;,; > Rrpgp (trapping
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radius of Nby;, given by Eq. (3)). Since Rrpgp depends itself on T, an implicit equation is

obtained:

(Ueprp —Urpcp) — (Ucpap — Urprp)

kT eony =
In(q) + (leg — do) /a

(2.1)

with:

Toone)|” T,
= 127TN06L3 <|:RFP,G};( conv>:| + 2RFP,G};( conv) . 2) (EGP/EFP)%

In Eq. (2.1), leg (effective hopping length) is defined by wepep(le) = ngpap/T, wWith 7

the mean polaron lifetime and ngpep the mean number of hops on the antisite network per
random walk. From MC simulations we estimate l.g = 10 ~ 11A in our Fe:cLN samples.

The corresponding results for T,y are roughly given (at +5%) in Table IV.
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Abstract: Small-polaron hopping involved in charge transport in Fe-doped congruent lithium
niobate is investigated as a function of temperature and composition by means of light-induced
transient absorption spectroscopy. The relaxation dynamics of the light-induced polaron population
is characterized by individual activation energies within different temperature ranges. A numerical
investigation carried out by Monte Carlo simulations reveals that these findings may be understood
in terms of the varying abundance of the different types of hops that the polarons may perform among
regular or defective lattice sites. The role of the temperature and of the sample composition on the
distribution of the different hop types is thus explored for a wide range of parameters, allowing one
to preview the charge transport properties for a given set of experimental conditions.

Keywords: lithium niobate; small polarons hopping; light-induced charge transport; transient
absorption; Marcus-Holstein Theory

1. Introduction

The study of small-polaron charge transport is emerging as a hot topic for the important
ferroelectric crystal lithium niobate (LiNbO3, LN). In the field of nonlinear, ultra-fast and integrated
optics, it is the physical mechanism determining how photo-excited charges redistribute in the material,
giving rise to internal space charge fields that affect, via the electro-optic effect, the interaction of the
material with laser beams [1,2]. This is the origin of the so-called optical damage that often constitutes
a major problem for laser applications. On the other hand, in photorefractive optics and holography,
those mechanisms allow for low-intensity optical interaction and for recording of high fidelity optical
gratings and real-time holograms [3]. In analogous materials, polaron formation and transport play a
key role as well in a number of important applications such as ferroelectric photovoltaics [4-6] and in
oxide catalysis [7-9].

As demonstrated in [10], by increasing the temperature and/or changing the sample composition,
the conduction of LN increases by orders of magnitude, canceling out any photo-generated
internal field. Analogous effects may be obtained by doping the crystal with the so-called Optical
Damage-Resistant Ions (ODRIs) such as Mg, Zn or Zr. This is obviously of great importance for practical
applications because it allows one to control the material response against light. However, to date, there
has not been a quantitative interpretation of those phenomena in terms of polaron transport, so that it
appears mandatory to check the dependence of the above-mentioned properties in this framework.
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Polarons are quasiparticles made up of an electrical charge that, by the interaction with the
polar crystalline environment, is able to distort the neighboring lattice, creating a local potential well.
As a net result, the particle becomes self-localized. If the confinement effect is strong, the charge is
concentrated on a single lattice site (small strong-coupling polaron) and moves by randomly hopping
among different sites in response to lattice thermal motion. The hopping frequency of the polaron
can be computed by the Marcus—-Holstein theory [11-13]. In an ideal, defect-free material, the polaron
mobility can be then calculated using the standard Einstein relation [14]:

ed®w u
n="rew (i) <1>

where ¢ is the elementary charge, d is the characteristic hopping length (here equal to the anionic
distance), kT is the thermal energy and U is the hopping barrier, which in standard polaron theory is

equal to one half of the polaron energy U = E /2. The term wy exp (— %) is thus the hopping frequency
among equally-spaced identical sites. The pre-factor wy can be also obtained by the Marcus-Holstein
theory, as will be explained in the following.

Unfortunately, in real materials, this situation is hardly realized: standard LN crystals of congruent
composition contain a high density of point defects, such as the substitutional “antisite” defect Nbil+
or the Li vacancy V[, bothextrinsic (dopants or impurities). Those defects constitute preferential sites
for the formation of polarons, so that three types of small electron polarons are intrinsically recognized
in LN [15]: the free polaron FPforming on regular Nbf’\;g sites; the bound polaron GPforming on
antisite defects Nbil+ ; the bipolaron BP, which is a combination of a free and of a bound polaron on
neighboring sites Nb‘f\l‘{3 : Nb4J LN may also host O~ holes, created when energetic photons capable
of band-to-band excitation are involved. In this case, hole polarons HPare formed. Finally, impurities
with two valence, states such as the prototypical case of Feﬁ/ 3F, have the possibility to capture an
electron with a potential that is a mixture of Coulomb attraction and polaronic lattice deformation.
Those charged defects can be described in the polaron formalism, as well [15]. The energy barriers for
hopping processes involving those sites are quite different from each other, so that there now is a set of
possible activation energies instead of a single one. Moreover, the w term in Equation (1) depends on
the distance between the hopping sites, and if direct hopping among defective sites is considered, this
may entail an anomalous diffusion regime for which Einstein’s relation is no longer valid [16]. As a
consequence, the relation (1) cannot be used in real crystals. Nevertheless, in recent works [17,18], it
was shown that by an appropriate choice of a few microscopic parameters, the problem can be tackled
numerically by resorting to Monte Carlo simulations incorporating the presence of defects in the lattice
structure of LN. In line with those studies, one may expect that depending on the temperature and
composition of the crystal, one type of hop may dominate the transport process.

The aim of this work is thus to quantify the number and type of hops among the different
polaronic centers upon variation of the temperature and composition. We will focus on the case of
Fe doping in LN, because here, we can assume that, under the experimental conditions used, all
the charges are generated by photoexcitation of Fe>* centers. This allows us to neglect the presence
of hole polarons (that would have been present in undoped material [19]) for which the polaronic
parameters are not well known yet. At the same time, Fe>* can be assumed to be the sole deep trap
state. The situation herein addressed is of practical importance because it corresponds to the typical
situation encountered in photorefractive experiments. The problem is attacked both experimentally
and numerically. Transient absorption data are collected as a function of temperature to provide direct
evidence of a change in the activation energy of the transport, hinting at the activation of different
hopping processes with temperature. The situation is then explored in greater detail with the help of a
dedicated simulation software based on the Monte Carlo approach.
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2. Experiment

2.1. Samples

Three Fe:CLN crystal boules were Czochralski-grown at the University of Padova mixing together
congruent LiNbO3 (Sigma Aldrich, St. Louis, MO, USA) and Fe,O3 powders, with Fe contents in the
melt of 0.02%, 0.05% and 0.1% mol, respectively. Being grown in congruent conditions, the Li/Nb ratio
of the final crystals was assumed to be 0.94 (neglecting the compensation of intrinsic defects by Fe
impurities). We verified that small deviations from this value and yet below the typical compositional
uncertainties of the samples produced in our laboratories had no effect on the results presented
in the following paragraphs. Parallelepipeds 4 x 5 x 1 mm? cut from these crystals were optically
polished. The sample with the highest doping level was chemically reduced under a mixture of
Ar — Hj atmosphere at 500K for several hours. The absorption coefficient at 532 nm was measured for
samples Fe:LN 0.02 mol % and Fe:LN 0.05 mol %, from which the Fe?t concentration was obtained [20].
For sample Fe:LN 0.1 mol %, instead, due to the high absorption level, we preferred to use the datum at
1128 nm [21] from which the Fe?* concentration was also deduced. The total Fe content was assumed
for simplicity to be the same as in the melt, and the Fe3* concentration was obtained by the difference.
The samples compositions are given in Table 1.

Table 1. Defect concentrations for the samples under study determined by optical absorption
(see the text).

(x10% m—3) [Fe] [Fe?*] [Fe3T] [Fe?T]/[Fe3*] [Nby;l

Fe:LN 0.02 mol % 3.8 0.1 3.7 0.04 190.9
Fe:LN 0.05 mol % 9.5 0.8 7.9 0.1 190.9
Fe:LN 0.1 mol %  18.90 13.7 52 2.62 190.9

2.2. Transient Absorption

The polaron decays were studied by light-induced Transient Absorption Spectroscopy (TAS)
using the setup described elsewhere [22,23] based on a Q-switched, frequency-doubled Nd:YAG
laser at a wavelength of A = 532 nm with a pulse duration of Trwam ~ 8 ns and a maximum
pulse energy of Emax = (290 £ 10) mJ. The pump intensities in the various experiments were
adjusted to maximize the signal to noise ratio of the experimental decay: for Fe:LN 0.02 mol %,
I ~ 60 MW /cm?; for Fe:LN 0.05 mol %, I ~ 200 MW /cm?; and for Fe:LN 0.1 mol %, I ~ 40 MW /cm?.
Four ordinarily-polarized continuous-wave probe lasers enabled a time-resolved detection of changes
in the absorption simultaneously at different wavelengths (A = 445 nm, 488 nm, 785 nm and 633 nm
or 1310 nm). The sample temperature was set by a cryostat equipped with four plane-parallel optical
windows for all-optical access.

In Figure 1, typical TA measurements obtained on sample Fe:LN 0.1 mol % are shown at
T = 298K and 198K, probing simultaneously the transient absorption at different combinations
of the wavelengths: 488, 785, 1310 nm.

All the data demonstrated the previously-reported behavior [22,23]: after the pulse, a marked
increase of the absorption was detected for some of the probe wavelengths, which decay to their
dark value after some time, with a dynamics that depends on the probe. The signal at 785 nm was
attributed mainly to bound polaron absorption, in view of the spectral dependence of the polaron
cross-section, and to a minor extent, to the absorption tail of the free polaron at this wavelength. In the
following, we will therefore consider that this signal is essentially proportional to the instantaneous
concentration of GP decaying towards Fe traps, with a possible correction for the presence of free
polarons. Similar considerations indicated that the signal at 1310 nm can be attributed essentially to
free polarons with a contribution due to the bound polarons” absorption. The initial amplitude of the
TA signal in the red/infrared correlated directly with the concentration [Fe?"| present in the samples
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(see Table 1), suggesting that [Fe>"| was the main source for photoexcitation of the centers probed at

785 and 1310 nm [22]. In the following, we will restrict our attention to these probes and to free and
bound polarons.

Fe:LN 0.1 mol %
1000 RERRALLLL IR LLL BRI AL LA LLL IR LA LU IR B L IR AL
800+ T=208K |
— i —488 nm | |
‘TE 600 ——785 nm
. 400- —1310 nm| |
ZS_I | .
200- .
10"  10° 10° 10" 10’
Time (s) (@)
Fe:LN 0.1 mol %
1 OOO LA B IR I L IR LLL BRI BB UL B
800- T=198K
| —488 nm | |
YE 600 —785nm
'j; 4004 — 1310 nm
d_I
200+
O_
107 10°  10° 107 10

(b)

Figure 1. Typical experimental results of TA spectroscopy on the sample Fe:LN 0.1 mol %. (a) Room
temperature; (b) Low temperature.

At room temperature, the absorption signals decayed to zero in the range of milliseconds, while at
a low temperature, the processes were slowed down. The observed decay spectra can in general be

described using an empirical stretched exponential function, named after Kohlrausch, Williams and
Watts (KWW) [24,25]. This so-called KWW function is given by:

ara(t) = afy exp[—(t/7x)F] )
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where a9, is the absorption coefficient for t — 0 (not to be confused with the signal amplitude at the
beginning of the time window of our data), 8 is the stretching factor 0 < B < 1, where 8 = 1 denotes
the case of a mono-exponential relaxation, and x is the characteristic decay time.

3. Monte Carlo Simulations

3.1. Decay Model

The pump pulse generated an initial polaron population by direct excitation from Fe?* donors.
Due to the moderate pump pulse intensity, the photo-excitation of electrons from the valence to
the conduction band by the two-photon processes was disfavored [22], so that the presence of hole
polarons was neglected here. Furthermore, by comparing the absorption coefficients with the peak
photon fluence of our pump, we may consider that in samples Fe:LN 0.02 mol % and Fe:LN 0.05 mol
%, all Fe?* ions were likely to be ionized after the pulse so that the initial concentration of deep Fe>*
traps can be assumed to be equal to the total Fe concentration. In sample Fe:LN 0.1 mol %, instead,
due to the high Fe?* content, the absorption of the pump beam along the sample thickness cannot be
neglected so that the number of photo-excited carriers became depth-dependent. To deal with this, we
considered in this case an effective initial population calculated from the amplitude of the absorption
signal by comparison with the other samples. Finally, since the polaron formation time (<1 ps, see [1])
was much shorter than our pulse duration, we can assume that the polarons’ position after the pulse
was completely uncorrelated from the initial photogeneration site [26]. The so-produced polaron
population performed a random walk hopping either among defective Nby; sites (bound polarons) or
regular Nby, sites (free polarons) until they were trapped by a Fe>* ion. Both bound and free polarons
contributed to the absorption at 785 nm [23].

3.2. Simulation Code

According to the Marcus—Holstein polaron hopping model [11-13], the non-adiabatic hopping
frequency for a (i — f) hop was:

1
1( « \* L ro Uy
wi,f(r’ T) - E <kT)L1,f> f exp 7@ - kT (3)

In Equation (3), r is the distance between initial and final sites and kT the absolute temperature
(in energy units). A; ¢ is the reorganization energy of Marcus’ theory corresponding to the energy paid
to rearrange the lattice, here equal to (E; + Ef), the sum of the elastic energies of the two polarons. a; ¢
is an orbital parameter describing the overlap between the electronic wavefunctions at site i and f.
U; s # Uy ; is the hopping barrier, given by [17,27]:

<2Ei te —£f>2
4<Ei+15f)

with ¢; and ¢f the binding energies of the electron at zero deformation. When the hopping was
between sites of the same type (i = f), U;; = E;/2, recovering the standard result that the hopping
activation energy was one half of the polaron stabilization energy [1,14,15]. The pre-exponential factor
I; r describes the intrinsic hopping rate between the two sites and was determined by the choice of
the (i, f) combination. Using the data reported in [15,18] the hopping barrier (4) for any process
and the hopping rates (3) can be calculated. This result was used in a dedicated Monte Carlo code
based on a classical Gillespie algorithm. The LN structure was generated at the beginning of the code
with a randomly-placed set of Nby; and Fe defects, the concentration of which was set according to
Table 1, assuming that they were the same as in the melt. The Nb%l+ and Nbi;g population decays were

Ui = @)
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computed by an MC code in a 80 x 80 x 80 super-cell of the LN structure with periodic boundary
conditions.

4. Results and Discussion

4.1. Activation Energies Deduced via TAS

According to the discussion reported elsewhere [17,18,22,23] it can be considered that
atA(785nm, t) was proportional to the weighted sum of the bound and free polarons populations.
Since the signal at 1310 nm remained always much smaller than the one at 785 nm and in general
proportional to it, we may in a first approximation consider that the signal at 785 nm was proportional
to the instantaneous bound polaron concentration and that the signal at 1310 was due essentially to
the absorption tail of the bound polaron. From the measured KWW parameters, the average bound
polaron lifetime can thus be computed:

g t p TK 1

<T>—/O exp[ <ﬁ<>}dt_ﬁr<ﬁ) ©)
where I'(x) is the gamma Euler function. This approach has the advantage of considering both
the parameters 1x and B, allowing for a comparison between decays with different stretching
exponents [28]. The result of the (7) calculation for the three samples is shown in Figure 2 as a
function of the temperature in an Arrhenius plot. The results gave evidence of two distinct activation
energies with a transition temperature around 180K for all samples. The high temperature activation
energy was the same for all three samples U(T > 200 K) = (0.42 & 0.01) eV. At low T, it was possible to
measure an activation energy only for the less doped sample, providing U(T < 200 K) = (0.08 & 0.01)
eV. Nevertheless, all the samples appeared to follow the same qualitative behavior.

What was the origin of the observed slope change? The total mean lifetime defined in
Equation (5) was determined mainly by the slowest processes leading to the bound polaron population
disappearance. In this vision, the slope of the Arrhenius plot corresponded to the activation energy of
the slowest hopping process. However, if more processes with similar hopping frequency occurred in
a comparable amount, the observed activation energy would somehow lie in the middle.

Fe:LN 0.02 mol %
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Figure 2. Cont.
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Figure 2. Arrhenius plot of the mean decay time of the signal at 785 nm, calculated using the parameters
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of the Kohlrausch, Williams and Watts (KWW) fit of the Transient Absorption Spectroscopy (TAS) data.

The plots evidence a change in the transport mechanism around 200 K. The high temperature regime is
described by an activation energy of [U ~ 0.42] eV and is well matched by numerical simulations in

sample Fe:LN 0.02 mol %.

Using Equation (4) and the known values of the polaron energies (see [18] and the references
therein), it is possible to compute the characteristic hopping barriers for the different processes,
reported in Figure 3. As can be verified by inserting some typical values in Equation (3), the processes
requiring the longest time to hop away from an antisite were the Nby; — Nby; and Nby; — Nbyy, hops,
characterized by an activation energy of 0.375 eV and 0.55 eV. The measured activation energy was
found in between (0.42 eV), accordingly. This means that the polaron, initially stuck on an antisite
defect, either hopped directly towards another antisite or became a free polaron (which can eventually
move on the Nbyy, lattice or re-captured by an antisite, but since those processes were very fast, they
did not significantly affect the polaron lifetime).
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Final site
Energy ineV | Free (FP) | Antisite (GP) Fe
Free (FP) 0.273 0.156 0.003
Initial site | Antisite (GP) 0.551 0.375 0.038
Fe 1.378 1.018 0.350

Figure 3. Hopping energy barrier (Equation (4)) calculated using the values for the different polaron
energies detailed in [18]. FP, free polaron.

Those claims were quantitatively checked against the numerical simulations for the sample
Fe:LN 0.02 mol %, for which two distinct slopes are clearly visible in the Arrhenius plot. An initial
population of 5000 polarons, all forming on a Nb4NT) site just after the pulse, were considered.
The TAS signal at 785 nm was computed by considering the weighted sum of the FP and GP
populations «y;(785nm, t) o« ogp(785nm)Ngp(t) + opp(785nm)Nep(t), where ogp(785nm) =
7 x 1072 m and opp(785nm) = 3.1 x 10722 m were the bound and free polaron cross-sections at
785 nm, respectively [23]. The numerically-computed decays were fitted by a KWW function in the
experimental range starting from 10~ s, and the average lifetime was calculated using Equation (5).
The results are plotted in Figure 2. It can be seen that in the range between 180 and 400 K, the agreement
between the simulated and experimental data was excellent, and the same situation was obtained for
the other samples (not shown). Below 180 K, however, the agreement is less satisfactory: although the
simulated data correctly reproduced the fact that the activation energy passed from U ~ 0.42eV to
U ~ 0.08 eV, the experimentally-measured transition appeared to be sharper, and the simulated decays
were several times slower than the experimental ones. One possible explanation for this disagreement
was that at low temperatures, the Marcus-Holstein hopping frequency became inaccurate [13,14].
Another reason may stem from the fact that in our simulation, we disregarded the presence of holes,
and this assumption may be not be fully adequate in sample Fe:LN 0.02 mol %, which contained
the lowest concentration of Fe. A third possible explanation was that the absorption at 785 nm
may have contained an additional contribution from some other center than GP and FP, decaying
by an alternative relaxation channel. This problem was already apparent also in [18] in which the
sample Fe:LN 0.02 mol % was analyzed from the point of view of the decay shape, obtaining a set
of parameters somehow different from that in other samples, especially concerning the trapping
parameter agp_pe = C.

Despite the partial agreement, our simulations reproduced qualitatively the observed activation
energy change. An inspection of the results indicated that at low temperatures, the number of hops
decreased significantly to a few units and, in many cases, even to a single trapping event. Therefore,
the change in the activation energy can be associated with what we may call the “trapping” regime,
in which the polaron performed a very limited hop number, so that the pertinent activation energy
was somehow in between the energy barrier for the different trapping processes: Nbil+ - Fe?L’i+ and
Nb} — Fell (see Figure 3).
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4.2. Hopping Regimes’ Landscapes Inspected by Monte Carlo Simulations

One of the most intriguing question concerns the understanding of the role played by the different
types of polarons, according to temperature, Nby; antisites and Fe concentration. With the analysis
of the activation energy of the mean lifetime, we obtained an indication that, depending on the
temperature, different hopping processes can take place. It was only possible to conclude that at a high
temperature, a mixed transport made by Nbiﬁb free and Nbﬁl+ bound polarons occurred, while at a
low temperature, the iron had a greater impact on the results. These respective parts in light-induced
transport are still an open question. The present section aims to study the interplay between these
species and predict which type of transport should predominate, depending on temperature and trap
concentrations, with the help of the Monte Carlo simulation.

4.2.1. Free Polaron Transport

To evaluate quantitatively the role of FP in charge transport, we can calculate, for a polaron
performing Nyt hops from its birth to its death, the fraction Npp_pp/Niot of Nbﬁg — Nb4N{) hops
performed as a free polaron. This quantity was then averaged over a large number of realizations.
The calculation was performed by simulating 5000 polarons using the microscopic parameters reported
in [18]. The experimental conditions (antisites and Fe traps concentration and temperature) were
varied, to explore the typical range of parameters encountered in standard situations.

On the left side of Figure 4, we investigate the effect of the sample composition and of the
temperature on the free polaron contribution to conduction. Here, the Fe concentration was set
to zero. This situation therefore describes the impact of the stoichiometry or of doping with
photorefractive-resistant ions (Mg, Zn, Zr) on the conduction. It can be seen that at room temperature,
the reduction of the [Nby;] concentration initially had a small influence on the amount of FP-FP hops.
It was necessary to eliminate about 90% of the antisites before observing a steep increase in the free
polaron contribution to the conduction. This result explained quantitatively the origin of the so-called
photorefractive threshold, which was necessary to surpass in order to observe a marked decrease of the
photorefractive effect in undoped LN [29]. The situation was even more extreme at low temperatures
and, conversely, more gradual by heating the sample.

4+ 4+
HOPS Nbyy - Nb

4 4
N HOPS Nby;, - Nby;

Nb

10% 2
20% .o :
30% 35 %

400

|
1 60% 300 40
. ko T60
< 300 | i 90%X 250 i 320
— 280 | =
| 200
Congruent : 150
! 100
0 2 4 6 8 101214 16 18 20 22 0.2 0.4 060810 12 1.4 1.6 1.8 2.0
25 -3 R
Nb,; (10 m™) Fe** (10* m®)

Figure 4. (Left) Fraction of hops as a free polaron Nrp_pp/ Nyt as a function of temperature and [Nby ;]
concentration for an undoped sample ([Fe| = 0). (Right) Total number of hops Npp_pp as a function
of the temperature and [Fe] concentration for a stoichiometric sample ([Nby;] = 0).

On the right side of Figure 4, we consider now the impact of Fe doping from the point of view of
free polaron conduction. We considered a stoichiometric sample to distinguish the effect of shallow
Nbi;L traps. The qualitative behavior was obviously similar. In this case, it is interesting to note that at
room temperature, even for high Fe concentrations (2 x 10%° m~3), the free polarons were always able
to perform on average several hops before being trapped. This is in contrast, as we will show below,
with the behavior of bound polarons.
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4.2.2. Bound Polaron Transport

As has been shown in the above paragraph, when some antisites were present and for not too
elevated temperatures (Figure 4 (left)), only a limited percentage of the hops that a polaron performed
during its life were of the N‘b‘f\ﬁ'3 — Nb4N'£ type. In Figure 5 (left), the same analysis is carried out for
Nbﬁl+ — Nbﬁr hops. Here, the situation was reversed: if the temperature was not too high and the
antisite concentration was close to the congruent one, a large (on average) percentage of the total hops
was constituted by direct hops among antisite defects. This led us to the important conclusion that
in standard conditions, i.e., a congruent material at room temperature (and below), the dominating
polaronic species was the bound polaron, hopping directly among antisite defects. This situation
was completely different with respect to the free polaron case, because bound polarons hopped on
a disordered lattice, for which standard diffusion equations may not be valid [16]. Two important
remarks are necessary: (i) the fact that a large percentage of hops was performed as a bound polaron
does not necessarily mean that charge transport was ruled by bound polarons: free polarons were so
much more mobile than bound ones that, even if they were scarce, they could carry charge in a very
efficient way; (ii) even if some hops were performed as free polarons, their concentration remained
small, because they performed their hops very quickly before being recaptured very soon either by
a N‘bil+ shallow trap or by a Fe3* deep trap. Therefore, the rate at which they were produced was
much slower than the rate at which they disappeared, so that their equilibrium concentration remained
very limited. This was confirmed by our experimental TAS results showing that the signal at 1310 nm
remained small or close to zero, especially at a low temperature.

4+ 4+ 4+ 4+
HOPS Nby- Nb" HOPS Nby- Nb;"

Congruent

100
0 2 4 6 8 10121416 18 20 22 020406081.01214161820
Nby;(10% m?) Fe® (10 m?)

Figure 5. (Left) Ngp_gp/ Niot as a function of temperature and antisite concentration for an undoped
sample ([Fe] = 0). (Right) Ngp_gp as a function of the temperature and [Fe] concentration for a
congruent sample ([Nby;] = 19 x 102 m~3). Free polaron contribution has been disregarded for
simplicity. Note the different temperature range in the two plots.

The influence of iron traps on Nb;.™ polarons is shown in Figure 5 (right). In this case, the
contribution of free polaron can be disregarded because this analysis was performed at a low
temperature for congruent composition, to reduce the computational cost of this simulation. Here, the
situation was even more dramatic if compared to the free polarons case, because at a low temperature,
even with a relatively low concentration of deep traps, the bound polaron could perform at most
one single jump. The data shown in Figure 5 (right) may be taken as an overestimation because
of the so-called “soft pair” effect. In other words, the Nby; polaron can perform in some cases a
large number of hops back and forth between two close-by antisite defects, without contributing
effectively to the transport. In any case, this graph can be used to look for the conditions for which
the number of hops becomes smaller than one. This corresponds to the situation for which at a
low temperature, the bound polarons were directly trapped by a Fe?*, and the transport process
was no longer based on Nbﬁ' — Nbﬁ' hops, but on Nb#F — Fe’t ones. This is in qualitative

Li
agreement with the results of Figure 2, which show the gradual change in the activation energy
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of the average hopping frequency by cooling down the sample. The measured activation energy
(E4 = (0.08 £0.01) eV) at a low temperature in sample Fe:LN 0.02 mol % corresponded to a mix of
hopping processes of the type Nbﬁ' — Nbﬁ' and Nbﬁ' — Fe3*, with an apparent activation energy
in between the ones of the corresponding processes reported in Equation (4) (Ugp_gp = 0.375eV and
Ugp—r. = 0.038 eV, respectively).

5. Conclusions

In this work, we investigated how the relative weight of the different hopping processes for small
polarons in Fe:LN was influenced by sample composition and temperature. A change in the hopping
processes was evidenced experimentally by measuring the activation energy of the photo-generated
electron polarons’ lifetime for different trap concentrations and different temperatures. The activation
energy passes from about 0.42 eV at room temperature to 0.08 eV at a low temperature. By a numerical
analysis based on the Marcus—-Holstein theory, we were able to ascribe the transport to a mix of hop
Nb} — Nb}; (GP-GP) and Nbyi — Nbit (FP-FP) types. At high temperatures and low antisite
concentrations, the number of hops performed as free polarons was dominant, so that the effective
mobility approached the ideal “free polaron” case described by Equation (1). In standard conditions,
i.e., at room temperature and congruent composition, the “antisite” hopping GP-GP occurred more
frequently than free polaron hopping FP-FP, and by cooling down the sample, it became preponderant.
Still, the role of free polaron conduction cannot be neglected: because of their much higher mobility,
even a scarce presence of free polarons may significantly affect the conductivity. Finally, at very low
temperatures (below 150 K) and for the range of compositions herein considered, one entered another
regime in which the polarons typically performed only one or two hops before being captured by a
deep Fe3* trap. In these conditions, the activation energy of the transport process was close to the
one of the trapping event, which was Ugp_pe = 0.038 eV. We point out that in recent works [17,18],
a useful scheme, based on the idea of associating a finite volume with deep and shallow traps, has
been proposed that allows for a semi-quantitative description of our findings without resorting to
numerical simulations.

Our results confirmed that in real materials, the situation was much more intricate than in the
ideal case, and that numerical studies can effectively be used to investigate the role of the different
polaronic species. As a future perspective, we plan to apply this approach to the practically important
topic of transport processes under continuous illumination. As shown here, the effective polaron
mobility resulted in general from a mix between free and bound polarons contributions. While for the
former, a standard theoretical description is available, for the latter, the situation is more complicated,
because they can be considered as particles hopping on the disordered lattice constituted by antisite
defects, for which standard diffusion equations may not be valid. This may ultimately lead to a revision
of the theoretical description of polaron conduction in lithium niobate and related materials.
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Abstract: Femtosecond-pulse-induced (Epump = 2.5€V) picosecond infrared absorption is
studied in the spectral region between 0.30eV and 1.05eV in LiNbO3;:Mg. We find a non-
instantaneous mid-infrared absorption peak in the time domain up to 1 ps and a broad-band,
long-lived absorption (maximum at 0.85eV, width ~ 0.5eV), for + > 1ps. The modelling
succeeds by considering small Nbﬁ) electron polaron formation along the sequence: (i) two-
photon injection of hot electron-hole pairs at Nb-O-octahedra, (ii) dissociation and electron
cooling by electron-phonon-scattering, and (iii) electron self-localization by strong electron-
phonon-coupling.
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1. Introduction

Pulse-induced transient absorption (TA) is a widely accepted nonlinear optical phenomenon
in lithium niobate, LiNbO3 (LN), prominently observed as green- or blue-induced infrared
absorption (GRIIRA and BLIIRA) with a relaxation time of several seconds [1,2]. Due to a
long-lived transient absorption, propagating laser pulses in lithium niobate foster to a great extent
the appearance of laser-induced bulk- and surface damages, and limits the conversion efficiency
mainly by damping [3,4]. It may also cause phase-detuning via localized crystal heating and
the thermo-optical effect [5]. In LN, pulse-induced TA is closely connected with the optical
generation of small polarons of the hole and electron type, trapped at 0>~ and NbSN; L sites and
absorbing in the blue and near-IR region, respectively [6,7]. Consequently, the amplitude of the
absorption maximum is expected to become proportional to the small polaron number density
and the TA spectrum should be determined by the broad-bandwidth optical absorption features
of small polarons [8]. The temporal evolution of TA is expected to reflect the complex path of
carrier cooling and self-localization via phonon-scattering and -coupling [9], subsequent small
polaron transport via thermally activated hopping [10] and its termination, e.g., via electron-hole
recombination [11]. As a result, TA in LN ranges over 15 decades of time from sub-picoseconds
up to seconds [12] and is best studied by a combination of ultrafast pump-probe spectroscopy (fs
- ns) and conventional spectrophotometric techniques (ns - D.C.).

The effects of GRIIRA/BLIIRA can almost completely be suppressed by doping LN with
Mg, Zn, etc. over their respective threshold concentrations [1]. The doping has the effect to
eliminate Nbi;r antisite defects in LN and, thus, suppresses the formation of Nbﬁr electron and
Nbi;':Nbifg (bi-)polarons. Although the optical damage resistance is fairly increased in the visible
range [13] a significant TA in the visible as well as in the infrared spectral region at timescales
< 107 s becomes more dominant in Mg-doped LN [14]. Despite the broad knowledge on the
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dependence of GRIIRA/BLIIRA on the crystal composition only little is known about the spectral
and temporal properties of TA. In particular, nearly nothing is known about the TA in the mid-IR
(MIR) on the ultrafast time scale which is mandatory for the further improvement of high-power
mid-infrared optical parametric oscillators (OPOs).

This contribution focuses on the spectral detection of picosecond MIR-TA in LN:Mg related
to small Nb‘;{l’) free polaron (FP) formation in the range between 0.30eV and 1.05¢eV that is
difficult to access from the experimental point of view. Our study uncovers that free polaron
TA is overlaid by a non-instantaneous, broad-band MIR absorption peak on timescales up to
~ 1 ps that cannot be attributed to multi-photon absorption processes. Under the assumption of
pulse-injection of hot-electron-hole pairs, electron-phonon-scattering and -coupling, both TA
contributions can well be separated on the temporal axis. An undisturbed, broad-band small
polaron absorption spectrum emerges at a temporal delay of 2 ps after the pump pulse. The
obtained data set can be quantitatively modelled on the basis of theoretical expectations for
the formation and absorption of small, free Nbﬁl’) polarons tested earlier using steady-state
spectrophotometric techniques in thermally pre-treated Mg-doped LN and TA-measurements
limited to near-IR frequencies [9, 15, 16].

2. Experiment
2.1.  VIS-pump-MIR-probe spectrometer

The ps-MIR TA studies were performed by a home-made VIS-pump-MIR-probe spectrometer
(schematically sketched in the insert of Fig. 1, for a typical setup see [17]) with a temporal resolution
At = 200 fs, beam diameters of dpymp = (500£50) um, dprope = (400+50) pm and an intersection
angle of @ = (8 + 1)°. The pump (2.5 eV; Tpump = (100 = 10)fs; Igump up to 2.5PW - m~2;
Joump = 500Hz) and the probe (0.30eV - 1.05€V; Tpope = 170fs; Igmbe < 0.03PW - m2,
Jorobe = 1 kHz) pulses are polarized along the c-axis and within the plane of the incident pulses.
The infrared signal was detected with a spectral resolution of Aw/w < 1073 and a sensitivity
Aa/a =2 - 1072 (exemplarily at 0.6 eV) using a combination of a Czerny-Turner spectrograph
and a mercury-cadmium-telluride-detector pixel array (32-elements). To improve the signal
to noise ratio, every data point is averaged over 2000 sequential pump-probe events. A single
crystal (dimensions 6 X 7 mm?; thickness (200 + 10) um) of near-stoichiometric LiNbO3:Mg
(Mg concentration in the melt 1.0 mol, residual iron content below 5 ppm, estimated molar
Li/Nb ratio in the crystal 0.985), grown at the WIGNER Research Centre for Physics, Budapest,
Hungary is used with a fundamental absorption in the near- to mid-infrared spectral range not
exceeding ry = 100 m~! over the spectral range under investigation (0.30 eV—1.05 eV), apart from
absorption due to OH™-stretching vibrations in the spectral window E = (0.424 — 0.443) eV [13].
The exact time of maximum overlap between pump and probe pulses was determined using
the signal generated via difference frequency generation (DFG) in the LN sample under study
(photon energy at about 2 eV). The DFG process was enabled by a weak phase-matching condition
using a very thin sample as well as a slightly non-collinear geometry (outer angle @ = (8 + 1)°
between the incident pulses). The DFG pulse energy was measured by a standard Si-detector in
transmission geometry. The temporal profile of the DFG signal was measured individually for
each probe photon energy. Slight differences in the tails of the qualitatively similar profiles were
observed and attributed to differences in the probe pulse durations. The two-photon absorption
coefficient is determined to 8 = (7.9 + 0.3)mm - GW~! at 2.5 V. Laser-induced damages of
surface and bulk as well as cumulative effects of the MIR-TA between two sequential pump
events were carefully checked, but not observed for Igump =1.4PW-m™2,
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Fig. 1. Transient absorption in the ps range for a 2.5eV pump pulse (Igump =
(1.4 £ 0.2)PW/m?) and probe photon energies Eprobe = 0.40eV (3000 nm),
0.60eV (2066 nm), 0.80eV (1550nm). The transient absorption is defined as
Aa(Eprobes 0t) = (Eprobes 0)pumped — ¥(Eprobes 5t )unpumped- The depicted values represent
the average over 2000 pump-probe events and the error margin is given by the standard
deviation. The gray data points are the corresponding DFG correlation signal between pump
and probe pulse (schematic setup shown in the insert) and the dotted black lines correspond
to the numerical fits (see chapter 3.2).

2.2. Transient absorption of LN:Mg in the infrared spectral range

Figure 1 shows the transient absorption Aa(dt) of LN:Mg for three probe photon energies
(Eprobe = 0.4€V, 0.6€V, and 0.8¢eV) as examples. The vertical gray line (cf. Fig. 1) marks
the zero point 6t = 0 defined as the maximum of DFG between pump and probe pulses
(type-II eoe phasematching). The cross-correlation signal (dark gray dots in Fig. 1) has a
Full-Width-Half-Maximum (FWHM) of (200 + 10) fs.

All transients of Fig. 1 show qualitatively similar TA dynamics: A moderate non-instantaneous
absorption peak dominates the time domain up to 1 ps after the pump pulse. Its maximum shows a
marked dependence on the photon energy of the probe pulse and increases from Aa™* ~ 340 m™!
(0.4eV) up to Aa™ =~ 1520 m~! (0.8eV). Itis important to note that this absorption peak has
a remarkable temporal shift of AP*% ~ (270 + 30) fs (0.6 eV) compared to the pump pulse. In
the time domain 7 > 1 ps, a plateau absorption materializes with an amplitude that also depends
on the photon energy. The values, e.g., at 6t = 2.5 ps, rise from Aa(2.5ps) = (200 = 10) m™!
(0.4eV) up to Aa(2.5ps) = (1350 + 20)m™! (0.8 eV) and remain constant all over the sub-ns
time domain. Similar data sets were obtained for all probe photon energies in the investigated
range between 0.30eV and 1.05 eV. For photon energies below 0.4 eV as well as those above
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0.8 eV, the MIR-TA shows a clear tendency to smaller values of Aa™* and Aa/(2.5ps). All
transients were investigated as a function of pump peak energy in the range from 0.03 PW/m? to
2.50 PW/m? and for different polarizations, as well. Qualitatively, the transients show a similar
behavior, but the overall absorption change rises with increasing peak energy. In particular, a
quadratic dependence of non-instantaneous peak maximum and plateau absorption is found. The
polarization of the beams was chosen to optimize the absorption signal (in accordance with
Ref. [15]).

Similar transients were obtained for different crystals of the same boule. We have limited our
study to a Mg concentration in the melt of 1.0 mol% in order to suppress the impact of either
Nbﬁr formation (for lower Mg concentrations) and of the incorporation of Mg on Nb sites (larger
Mg concentrations) [18]. Furthermore, only slight differences in the observed time constants and
absolute values of the absorption signals are to be expected (cf. Ref. [15]).

3. Discussion
3.1. Carrier-formation path

These data cannot be explained straightforwardly with the state-of-the-art knowledge of picosecond
TA in LN and provide further insights into the optical formation of small N b‘;;}; electron polarons.
In particular, to our knowledge, there are no reports on a temporal shift of the absorption peak of
the TA with respect to the incident pump pulse in LN for any probe energy. This observation
most likely remained inaccessible since the zero point ¢ = 0 has been assigned to the time of the
maximum value of the absorption peak in recent studies. Consequently, the absorption peak itself
was attributed to a quasi-instantaneous non-linearity, i.e., non-degenerate two- or multi-photon
absorption in Refs. [15, 19, 20] using probe energies Epobe=1.55€V in nominally undoped
LN and LN:Mg. For the given fs-pump-probe technique some delay between the pump and a
non-degenerate Two-Photon-Absorption (TPA) peak might indeed be expected due to the different
group velocities of the probe and pump pulse, as it has been discussed comprehensively by Beyer
et al. [19]. According to our experimental approach, we here need to consider the GVD difference
between the probe and the DFG pulses. For this case, our calculations reveal temporal corrections
of up to 6t = (50 + 10) fs depending on the probe photon energy. These values are below our
temporal resolution (~ 200 fs) and below the discovered temporal offset between DFG maximum
and non-instantaneous absorption peak. The temporal offset can therefore not be attributed to the
effect of GVD, only. Furthermore, the probe photon energies between 0.30eV and 1.05eV of
our experiment are insufficient to enable non-degenerate two-photon absorption with a pump
photon energy of 2.5 eV at a band gap energy of LN of ~ 3.92 ¢V [21]. Three-photon interaction
of two VIS and one MIR photons may be assumed, instead, but this does not comply with the
considerable TA signal amplitudes of our study. However a similar shift of the peak-absorption,
dependent on the photon energy, has been reported for diamond [22]. The authors attribute this
phenomenon to the long-lasting presence of electrons within the conduction band.

In what follows, we attribute our findings to small Nbiﬁ; electron polaron formation according
to the process schematically depicted in Fig. 2.

It is reasonable to expect the excitation of hot electron-hole pairs (hot excitons) to occur
in a process localized within a Nb-O-octahedron of the LN structure. Such e™-hA*-pairs may
recombine immediately (1) or may become self-trapped as self-trapped excitons (STE) [23] by
strong coupling to the lattice (2). According to the phonon frequencies in LN up to the 10 THz
range [24], the latter process will be delayed by a few hundreds of femtoseconds. It is noteworthy
that the STE decay is closely connected with the emission of light in the blue-green spectrum
in Mg-doped LN crystals [25,26] as used in our present study. Path (3) marks the possibility
of phonon-assisted small polaron formation from an essentially unrelaxed e -h*-pair [27] by
transfer of the electron to a next-neighboring NbSN;ion (analogously, a transfer of a hole to a next
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Fig. 2. Recombination paths of fs-pulse generated hot electrons and holes in LN:Mg displayed
(a) in a model of the atomic structure and (b) in an energy level diagram. Three recombination
paths are considered: (1) the direct recombination of electrons and holes, (2) the formation
of self-trapped excitons within a Nb-O-octahedron, and (3) the phonon-assisted formation of
small polarons. Our modelling of Egs. 1-3 is based on relaxation path (3), i.e., paths (1) and
(2) are disregarded in our model. This assumption accords with our experimental setup and
crystal choice being tailored for small free polaron detection. Furthermore, it considers the
comparably low probability for paths (1) and (2).

neighboring O~ also resulting in the dissociation of the e™-h*-pair may also be considered).
This electron will be cooled by means of electron-phonon scattering prior to self-localization via
electron-phonon coupling. From the perspective of our experiment, we will be able to detect the
MIR absorption features of cooled electrons and Nbﬁ) electron polarons. In contrast, hot exciton
states, that most probably show a UV/blue absorption feature, may not be accessible within the
spectral region of our probe pulse. As a result, the transients in the MIR should reflect at least
two main characteristic time constants: 7. that takes into account the phonon-assisted processes
of e™-h* dissociation and hot-electron cooling and 7, that is determined by the response time of
the lattice.

A very similar understanding of TA related to small free Nbiﬁ; polaron formation in MgO-doped
LN was presented by Qiu et al. [9]. Although a non-instantaneous absorption peak of TPA was
not observed, after a delay of the order of 1 ps a long-lived absorption plateau with rise time of
about 200 fs at room temperature was clearly discovered and attributed to the formation of Nb4N£
polarons. The delay was assigned to phonon-assisted cooling of optically excited hot carriers and
the time required for carrier localization by electron-phonon coupling. We here note, that paths
(1-3) represent three different options for the initially generated electron hole pair. According to
D. Emin [28] a sequence of paths (2) — (3) may occur, i.e., the transformation of a STE into a
Nb4NJ[) electron and O~ hole polaron. In our modelling, however, we disregard paths (1) and (2) as
well as a sequential formation process due to a low probability for these processes. In agreement
with a theoretical estimate, a delay time of about 80 fs [9] was deduced for the cooling process.
In a recent work of Badorreck et al. [29], we were able to verify this delay-time experimentally
in nominally undoped, congruent LN with a value of 7. ~ 80 fs for a TPA excitation process at
2.5eV, i.e., equivalent to this work.

The characteristics of the absorption plateau remain in full accordance with the state-of-the-art
knowledge on TA in the near-infrared spectral range. Its interpretation via small, strong-coupling
Nbﬁ) electron polarons is verified by a temperature dependent formation time of a few hundred
femtoseconds [9, 15,19,20]. The respective decay process obeys a stretched-exponential behavior
with a decay time in the regime of a few hundred nanoseconds (over-threshold LN:Mg) [14,15,20].
This is short enough to avoid cumulative effects upon repetitive polaron formation at frequencies
of 1kHz.
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3.2. Modelling

Based on these considerations, we will now turn to the numerical analysis of our data applying
the following set of rate equations:

ONw(L,t)  BI(L.1)  Na(L,1) a
ot B 2hw Te )
ON(L,1) _ Na(L,1)  Ne(L,1) @
ot - Te 5 )
ONJ(L.t)  No(L,1)
ot - T ’ 3

where L is a coordinate along the light propagation direction in the crystal, 8 the TPA-coefficient
at the photon energy of the pump pulse 7w, Ny, the number densities of injected hot electrons,
cold electrons, and polarons, respectively and I(L, t) is the pump light intensity inside the crystal
for a gaussian shaped pulse influenced by two-photon absorption based on the considerations
from Beyer et al. [19]:

2 - exp[—4log(2)(—

Tpump
BLT

The calculated transient absorption signal @y is given by the mean value over the sample length
d of the sum of three individual number densities multiplied by their respective absorption cross
sections:

It,L) =

Pl peo 0 s
/ In[1 + Blyymp L - exp(—s7)] ds. “)
0

d
Qeale(t) = 5 /0 [op - Np(L,t) + o - No(L, t) + 0 - Ne(L, t)] dL. %)

For comparison with the experimentally determined transient absorption aeyp the calculated
absorption ac,1c has to be convolved with the gaussian temporal envelope of the probe pulse:

log(2 * t—Ar\?
a'exp(At) =2 g( ) / a'calc(t) + eXp -4 10g(2) ( ) dt (6)
2
ﬂTprobe —co Tprobe

This interplay of three types of carriers (see Eq. 5) is the key for a successful modelling of the
determined characteristics of the MIR-TA. The numerical solution of equations (1)-(6) with the
simultaneous fitting of the parameters ., and oy, ¢ p could only be performed with the following
restrictions: (i) at r = —300fs the number densities of all carriers are assumed to be zero, (ii)
according to the sequence of carriers in our approach the number densities initially have to fulfill
the relation N}‘l"‘al > Nl > NI‘,O“‘I, (iii) the absorption cross section of hot electrons in the MIR
is neglected: 01, = 0, and (iv) electronic cooling stages are faster than lattice relaxation (both on
the sub-ps scale): 7. < 7,<< 1 ps. Again, we note that losses of the probe pulse by three-photon
absorption including the pump pulse are not considered.

Figure 3 compares the spatially integrated, convolved outcome of fitting equation (6) (green
line) to the experimental data set (green dots), exemplarily for Eyrope = 0.6 €V.

The temporal evolution of the individual number densities Ny (), Nc(f) and N, (¢) at L = 200 um
are depicted as determined from the solution of the rate equations (1)-(3). Fitting was performed
for all spectra with a very high quality according to the fitting results depicted as dotted lines
in Fig. 1 (normalized root-mean-square deviation (NRMSD) values of (7.1% (0.4¢eV), 3.0%
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Fig. 3. Numerical fit of the transient absorption (green line) and the data set (green dots)
at 0.6 €V. Fitting parameters: 7 = 100 fs and 7, = 150 fs. The dynamics of the individual
number densities are calculated assuming full conversion of pump photons to hot electrons
and are plotted as orange (M), blue (Nc) and yellow (Np) lines. Note that Ny, does not
contribute to the MIR absorption as o}, = 0, but is still fully defined due to the nonlinear
term in Eq. 1.

(0.6eV), 2.3% (0.8eV)). We note that the fitting procedure was performed iteratively for all
photon energies using the same set of free fitting parameters 7. = 100fs, 7, = 150 fs.

All fitting parameters agree very well with previously reported values of the generation time of
free (= 100fs in [15]) and bound polarons (< 400 fs in [12], [30]) and the free electron cooling
time (cf. 7. = 80fs in [9,29]), confirming our assumptions. We note, that the sum of 7. and 7,
may be interpreted as polaron formation time with respect to the incident pump pulse.

In the time range of —0.2 ps< ¢ < 1 ps, we find that only the number densities of cold electrons
and polarons contribute to the overall TA signal. For ¢ > 1 ps, on the other hand, TA is solely
determined by the absorption of small, strong-coupling polarons. At the same time, our fit reveals
a non-zero population of hot carriers at the maximum of the incident pulse. This feature can be
attributed to the temporal width of the incident pulse peak with a pulse duration of ~ 100 fs at
peak maximum ¢ = O fs. Therefore, it must be considered that the pump pulse intensity already
rises considerably at  ~ —50 fs that results in a non-zero population of hot carriers at r = Ofs.

3.3.  Small polaron fingerprint

Based on these findings, it is possible to deduce the absorption fingerprint of Nb;}; electron
polarons by plotting the spectral dependence of the TA signal at a fixed delay time of t = 2 ps as
displayed in Fig. 4.

The data reveal a broad spectral distribution with a maximum at E(hv)peax = 0.80€V that
can be applied for an estimate of the small-polaron stabilization energy E, due to the induced
lattice distortion: E, = (1/2)E(hv)peax = 0.40eV. A more precise approach with respect to the
asymmetric shape of the spectral distribution is given by Emin’s theory of small free polarons at
elevated temperatures [8]:

Aa(hw) o % exp[-(2E, — hiw)? /(8E,kg 1)), (7

describing the lineshape in excellent agreement with experimental data (cf. solid line in Fig. 4),
with kg being the Boltzmann constant. The fit yields the free polaron binding energy E, =
(0.44 £ 0.02) eV, a peak maximum at E(hv)peax = (0.83 + 0.04)eV and a half width at half
maximum of W = (0.26 £ 0.01) eV at room temperature and ¢ = 2 ps. A comparison of the values
obtained in this study with previous investigations using thermally stabilized small polarons
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Fig. 4. Absorption fingerprint of fs-pulse induced free polarons at a fixed time delay of
t=2ps (Igump = (2.5+0.2) PW/m?). The continuous line fits Eq. 7 to the experimental data
set. The error margin is given by the standard deviation and the error made by determining
the light intensity.

is given in Tab. 1. The peak position is in agreement with previous studies, whereas slight
differences can be seen in the case of the spectral width.

The discovered differences can be attributed to (i) the use of an asymmetric fitting function
and (ii) the impact of a non-equilibrium electronic state that has to be expected on the picosecond
time scale after exposure to an intense fs-laser pulse. Driving evidence for the latter conclusion is
the short lifetime of a few us of the transient absorption with a complete recovery of the involved
electronic state.

Table 1. Polaron stabilization energy Ep and half width at half maximum W of the MIR
absorption feature in comparison.

Ey(eV) W(eV) T(K) Reference
044+0.02 0.26+0.01 295 this study
0.48 ~0.23 295 [31]
0.54 ~ 0.40 6 [31]
0.54 0.37 295 [7]
0.47 ~0.25 295 [32]

4. Conclusion & novelty

In conclusion, our analysis clarifies the picosecond transient absorption of femtosecond-pulse
injected carriers during their relaxation to small free Nbﬁ) electron polarons in the spectral range
of 0.30eV up to 1.05eV. It extends the knowledge about the optical properties of small electron
polarons to the ultrafast time regime that also comprises small polaron formation.

From a fundamental viewpoint, our findings demonstrate that the theoretical concepts about
the optical properties of small, strong-coupling polarons (Holstein-Emin approach) can be
transferred to the field of nonlinear optics and femtophysics in general, i.e., to the non-equilibrium
state, which is indicated by a fair agreement of the spectral parameters of the TA plateau with
“steady-state’ values for free polarons.

A specific result of our study is the interpretation of the TA maximum as a non-instantaneous
absorption peak due to an intermediary (unrelaxed cold) electron state that cannot be attributed
to the action of multiphoton absorption. This was obtained using a methodical peculiarity of
fs-VIS-pump-MIR-probe spectroscopy in nonlinear optical LN that makes use of the difference
frequency generation signal between pump and probe to define the exact time of maximal overlap.
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By comprehensive modelling of the multi-step flow of electronic energy induced by two-photon
absorption, that was missing in the literature so far, existing models for small polaron formation
are supported, confirming also predictions for the lifetimes of early stages despite the negligible
mid-IR absorption of hot electrons. The ps-MIR TA may be considered for fs-pulse-exposed
frequency converters based on lithium niobate crystals and for the further development and
engineering of demanding high-power MIR fs-laser sources using polar representatives of
niobates and of the borate class (LBO, BBO, etc.).

This study may also serve as a hint for the need of a further subdivision of the small polaron
formation process and will push forward studies on the appearance and transport of hot excitons
by probing the UV/VIS spectral range.
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Abstract

®

CrossMark

Transient absorption and photoluminescence are experimentally investigated in the polaronic
reference system lithium niobate, LiNbO; (LN), with the aim to refine the microscopic model
of small polaron dynamics in materials with strong electron—phonon coupling. As a unique
feature, our study is performed by using two different spectroscopic methods, in crystals with
dopants enhancing photorefraction or damage resistance, and over a broad temperature range
from 15-400 K. Although being self-consistent for particular experimental conditions, the
hitherto used microscopic polaronic models reveal inconsistencies when applied to this larger
data set. We show that comprehensive modeling is unlocked by the inclusion of an additional
type of polaronic state with the following characteristics: (i) strongly temperature- and dopant-
dependent relaxation times, (ii) an absorption feature in the blue-green spectral range, and (iii)
a Kohlrausch—Williams—Watts decay shape with a temperature-dependent stretching factor
B(T) showing a behavior contrary to that of small, strong-coupling polarons. The hypothesis
of self-trapped excitons (STEs, i.e. bound electron—hole pairs strongly coupled to Nb°T and
0’ within a niobium-oxygen octahedron) and their pinning on defects as the microscopic
origin of these characteristics is supported by a spectroscopic linkage of photoluminescence

at low (15 K) and elevated (300 K) temperatures and explains the long-lifetime components in
transient absorption as due to pinned STEs.

Keywords: lithium niobate, transient absorption, photoluminescence, self-trapped exciton,
small polaron hopping, light-induced charge transport, iron and magnesium doping

(Some figures may appear in colour only in the online journal)

1. Introduction

The study of charge carrier dynamics with strong-coupling
to the lattice, e.g. small polarons and self-trapped exci-
tons (STEs) in lithium niobate, LiNbO; (LN), triggered

Original content from this work may be used under the terms

[ of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

1361-648X/19/065701+13$33.00

widespread attention even in nanosciences since the verifi-
cation of their decisive role in the microscopic mechanisms
of ferroelectric photovoltaics [1, 2], of THz wave damping
[3] and laser-induced bulk damage mechanisms [4, 5], but
also of photocatalysis in other oxide dielectrics like TiO,,
MgO, or ZnO [6-10]. LN is a ferroelectric oxide with excel-
lent photoelectrical and (nonlinear) optical features, exhibits
pronounced electron-/hole-phonon coupling, and hosts four
different kinds of intrinsic small polarons [1, 4, 11, 12]:

© 2018 IOP Publishing Ltd  Printed in the UK
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the free polaron Nb;ﬁ, the bound polaron Nbﬁ', the bipo-
laron Nbi?:Nbifg, and the hole polaron O™ — Vy,;. It should
be noted that electrons bound to Feii+ [1, 13] or Tiif?Nb
[14, 15] may also be described in the framework of the strong-
coupling-polaron picture. Luminescent STEs in LN are bound
electron-hole pairs with strong coupling to Nb°" and O~
within a single niobium-oxygen octahedron and reveal dif-
ferent optical properties depending whether the STEs form in
stoichiometric materials or in niobium-oxygen octahedra near
defect sites [16, 17]. Small polarons can be accessed by tran-
sient absorption spectroscopy (TAS) due to their character-
istic, broad-band absorption features (for a rough overview of
the absorption cross sections of the different polaron species
see [18]), whereas time-resolved photoluminescence (TRPL)
is applied for STEs, showing broad-band luminescence in the
blue-green spectral range (see [11, 16, 19-23]).

To this date, carrier self-trapping and recombination in
LN, i.e. polaron formation and decay, is described by micro-
scopic models restricted to certain temperature ranges, stoi-
chiometries and dopings of the particular study [16, 24-27],
and appear consistent on their own, i.e. within the framework
of given experimental boundary conditions and/or within the
focus of a specific physical question. The restrictions of these
models naturally contradict to the demand of a comprehen-
sive microscopic model for pulse-induced transient absorp-
tion (TA) and luminescence in LN as reflected in detail by the
following striking examples of our previous studies: (i) room
temperature (RT) TA measurements of Conradi er al [24]
in LN doped with Mg above the optical damage resistance
threshold (ODRT) showed that neither a slow decay comp-
onent at A = 488 nm nor the spectral form of the TA-signal can
be explained by absorption features of hole and free polarons
alone. (ii) Comparing the results of Herth et al [25] and Berben
et al [26] who investigated the TA in Fe:LN in the blue-green
spectral range and at A = 785 nm, respectively, several incon-
sistencies regarding the stretching-factor 3 obtained by fitting
a Kohlrausch—Williams—Watts function (KWW) to the data
can be found. For Ff:ifr polarons absorbing in the blue-green,
Herth et al reveal 8 values between 0.55 — 1, depending on
the wavelength whereas Berben et al published 8 ~ 0.35 at
785nm for the decay of bound polarons under similar exper-
imental conditions. This is in contrast with the claim of Herth
et al, according to which the decrease of the near-infrared
signal is due to a direct transition from Nbﬁ' bound polarons
to Fefj. In this case, the increasing numbers of Fei?' polarons
should be described by the same 7 and [ values as obtained
from the bound polaron decay function.

Studies of STEs in LN, generated also by band-to-band
excitation, refer to (TR)PL measurements [19, 21, 22], usu-
ally carried out at temperatures below 100 K. At elevated
temperatures, in particular at RT, the luminescence signal
becomes weak so that STEs have been disregarded in small
polaron dynamics, so far. Using intense laser pulses and con-
sidering the complex formation paths in the temporal regime
from electron-hole-pair generation up to small polaron for-
mation [4], a considerable number density of STEs and their
contribution to the transients can per se not be neglected. Only

recently, Reichenbach et al showed that photoluminescence
(PL) of unknown microscopic origin can be raised in LN by
femtosecond pulse illumination at RT [28, 29].

Thus—despite the presence of a sound knowledge on the
formation, transport and recombination of small polarons as
well as on the luminescence properties of STEs—we need to
accept that nearly nothing is known about the possible inter-
play of STEs with small polarons in LN in different temper-
ature ranges. This interplay may occur at different stages
during the various lifetimes of the individual quasi-particles.
For instance small polaron and STE formation may be highly
competitive in the ultrafast time range upon hot carrier excita-
tion. On longer timescales, transformations of small polaron
pairs to STEs may be discussed and may be decisive to
explain the variety of optical phenomena being unexplained
in TA experiments, so far.

The intention of this work is to fill this gap in knowledge by
inspection of the possible role of self-trapped excitons in the
polaronic recombination processes in LN in its very details.
This topic inherently comprises a large degree of complexity:
two different experimental techniques (TAS and PL) have to
be applied, and the studies need to be performed with LN crys-
tals with different doping below and above the photorefrac-
tive concentration threshold, over a large temperature range
from about 15 K up to RT and on timescales up to minutes
upon an incident pump event. Furthermore, it is challenging
to uncover an appropriate experimental fingerprint to identify
STEs within the polaronic recombination process. We address
this complex task by stepwise answering the most obvious
and driving questions, at first: (i) are STEs at the origin of
PL in LN up to room temperature ?, (ii) is there a justified
need for a revision of the microscopic polaronic recombina-
tion processes ¢, and (iii) is there any experimental fingerprint
pointing to a role of STEs in the polaronic recombination
process? After (positively) answering these questions, we
become able to focus our discussion on the development of a
comprehensive picture for polaronic recombination including
STEs and, finally, to tackle the revision of the existing micro-
scopic model.

The paper is organized according to this concept: we first
present steady state PL data over a large temperature range
uncovering STEs as the microscopic origin of PL at RT (see
question (i)). Then, TA data of Fe- and Mg-doped lithium
niobate samples, again obtained over a large temperature
and an extended wavelength range, indicate, beyond exper-
imental incertitude, that the dynamics of TA in the red/near-
infrared (A = 633 nm or 1310 nm, A = 785 nm), and the blue
(A =445 nm, A = 488 nm) spectral range cannot be corre-
lated with each other for a number of experimental conditions
in the framework of the current model proposed by Herth et a/
(see question (ii)). Finally TRPL and TA data in Mg:LN are
presented and compared over a large temperature range dem-
onstrating some distinct properties of the stretching factor
of STEs deviating from the ones of small polarons, which is
used to identify STE-related phenomena in the transient blue
absorption in Fe:LN (see question (iii)). Based on these results,
we discuss that STEs, and mainly pinned STEs (STEs bound
to a defect), shall be considered in polaronic recombination.
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We present a revised comprehensive microscopic model,
being an extension of the original Herth model [25]. It is
capable to explain all inconsistencies in TA and TRPL meas-
urements discussed, so far.

2. Experimental methods

Three experimental techniques were used in this study.

(i) PL: Photoluminescence spectra under fs-exposure
(regeneratively amplified Ti:Sapphire laser, Tpwnm = 35
fs, repetition rate 1kHz; Coherent Inc., type Astrella)
were obtained using a spectrograph with an air-cooled
back-illuminated CCD-camera (Roper Scientific, type
Isoplane and PIXIS-UV). The frequency doubled pump
beam (A = 400 nm) with an energy of 40 pJ per pulse
was slightly focused into the sample and the luminescent
emission was collected over the duration of a whole
second (averaging over 1000 pump events).

(ii) TAS: Transient absorption spectroscopy using a
Q-switched, frequency doubled Nd:YAG pulse laser
(Innolas, type Spitlight 600) at a center wavelength of
A =532 nm (ordinary light polarization) with a pulse
duration of 7pwgm = 8 ns and a maximum pulse energy
of Enax &~ 290 mJ. Pulse-induced changes of the absorp-
tion were detected by the dynamic transmission loss of
continuous-wave probe lasers at wavelengths: A\ = 445
nm, 488 nm, 785nm, and 633nm or 1310nm (ordinary
light polarization) via Si-PIN photodiodes and a fast
digital storage oscilloscope (LeCroy, type Waverunner
LT584). The recording took place in a time range from
30 ns after excitation up to the complete recovery of
the sample (up to several tens of seconds). As shown by
comparisons with as-grown crystals, effects of permanent
photorefractive damage can be neglected for the given
pulse parameters.

(iii) TRPL: Time-resolved photoluminescence measurements
were performed utilizing the above mentioned ns-pulse
laser, but now in the frequency tripled configuration with
a center wavelength of A =355 nm (Ey.x &~ 120 mJ,
extraordinary polarization). A combination of a mono-
chromator and a photon counter with a time resolution of
250 ns was used to detect the emitted luminescence in a
direction perpendicularly to the pump pulse propagation.
In both setups, the measurement was triggered by a diode
detecting the scattered pump light and in the case of TRPL
the signal to noise ratio was improved by averaging over a
total of 1000 shots.

In all setups, the sample temperature could be tuned in the
range from 15 K to 400 K using a closed-cycle cryostat
with optical windows.

Samples: Polished plates of thickness 1 mm of congruent
lithium niobate, with the c-axis in the plane, with dopant con-
centrations of 0.1 mol% Fe or 6.5 mol% Mg in the melt were
prepared by Czochralski growth at the University of Padova,
and the WIGNER Research Centre for Physics Budapest by

the high-temperature top-seeded solution growth method,
respectively.

3. Are STE’s at the origin of photoluminescence
in LN up to room temperature?

The first question to be experimentally answered is whether
STEs can be identified unambiguously at the origin of PL up to
RT. The anchor for addressing this question is the low temper-
ature luminescence spectrum that already has been attributed
to the radiative decay of STEs, i.e. of electron—hole-pairs
localized in a Nb—O-octahedron. By temperature-dependent
measurements of the steady state PL signal in the temperature
range from 15-300 K, we intend to gradually track the evo-
lution of peak position and width of emission as the temper-
ature changes. The results then allow for a clear assignment of
the emission to STEs in the entire range. We note that the mea-
surement series is performed with over-threshold Mg:LN (6.5
mol% Mg in the melt) where luminescence can be observed
also at elevated temperatures.

Figure 1(a) shows the spectral fingerprints of the PL of
Mg:LN in the temperature range from 15 K to 300 K for the
particular case of an exposure to a train of fs-laser pulses with
a center wavelength of 400 nm. The spectra, all normalized to
their respective peak maxima, feature at 15 K a spectral width
of ~0.6 eV (FWHM) at a peak position of 2.82eV. For the
first time, clear evidence for a red-shift of the peak maximum
by a total of about 0.2 eV upon heating to RT (see figure 1(b)),
together with a spectral broadening to a bandwidth of ~0.95
eV (see figure 1(c)), is found. It should be noted that the total
PL intensity decreases by several orders of magnitude at ele-
vated temperatures.

The data are in good agreement with low temperature data
published in the literature [16, 19-21], where the PL signal
was mostly assigned to the recombination of STEs, and addi-
tionally confirm the results of Reichenbach et al [28, 29]
about RT emission in Mg:LN. Up to T ~ 200 K the gradual
shift of the luminescence peak maximum corresponds to
the Varshni equation [30] expected for luminescence also in
semiconductors [31], and can be understood, together with
the observed broadening as the impact of phonon coupling
on the electron—hole pairs bound in the STE [32]. At higher
temperatures the flattening of the peak maximum’s temper-
ature dependence, accompanied by a decreased broadening
rate, may indicate the gradual appearance of a second,
weak, slightly blue-shifted luminescence signal reported by
Kampfe et al [19]. The authors attributed it to a recombi-
nation process similar to the one at low temperatures, only
involving trapping centers at larger distances with respect to
the formation area.

It is thus very reasonable to conclude, that (i) up to RT the
PL signal must be assigned to the radiative decay of optically
generated STEs, and (ii) STEs have to be present within the
entire temperature range. The assignment of the luminescence
to STEs generated at early stages of pumping is strongly
supported by TAS results indicating much slower transport
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Figure 1. (a) Normalized temperature-dependent emission spectra of Mg:LN following exposure to a fs pump pulse at 400 nm. (b)
Emission maximum and (c) full width at half maximum (FWHM) of the emitted luminescence as a function of temperature. A red-shift and

a spectral broadening with increasing temperature can be observed.

processes for charged electron polarons (up to minutes), com-
pared to PL dynamics, both to be presented and discussed in
the forthcoming sections.

4. Is there a justified need for a revision of the
microscopic polaronic recombination processes?

Previous experimental studies on polaronic recombination
by means of TA already revealed a few inconsistencies in the
microscopic models for polaronic recombination that could
not be resolved satisfactorily, so far. In particular, inconsisten-
cies were uncovered if the experimental boundary conditions,
such as doping concentration or wavelength of inspection
were changed significantly (examples are given in the intro-
duction). We here address the question, whether it is possible
to clearly demonstrate the failure of the established models
under certain experimental conditions. For this purpose, we
use the temperature as main tuning parameter, but also extend
the spectral range of optical inspection to the ultraviolet-blue
spectral range. A particular feature of the previous micro-
scopic models, a relaxation of electrons from Nb;™ to Fe;
can specifically be inspected in the ultraviolet spectral range.
Our results are finally capable to highlight the model failure
by severe differences in the relaxation and rise times of the
number densities of Nbj™ and Fe; ", respectively, at temper-
atures below RT. The studies are performed (a) with Fe:LN
(0.1 mol% Fe in the melt) in order to connect and compare our
findings with the literature data, and (b) with over-threshold
Mg:LN in order to foster the presence of STEs, but also to
exclude that our findings may mainly be related to the pres-
ence of Fe ;.

4.1. Transient absorption experiments in Fe-doped lithium
niobate

In figure 2(a), measurements of the transient absorption on the
Fe:LN sample are shown at 7' = 293 K at the probing wave-
lengths 445nm, 488nm, 633nm, and 785nm. The first two
are monitoring the nearly coinciding Feﬁ' and trapped hole
absorption bands and the last one roughly corresponding to
the maximum of the Nbﬁr band, all being strongly overlap-
ping broad asymmetric features characteristic for polarons
[18]. Following the incident pump pulse at t =0 s, a tran-
sient absorption appears in the near-infrared spectral range
and vanishes almost completely in the microsecond range at
RT. In the blue spectral range (445nm and 488 nm), the tran-
sient absorption increases on a time scale up to several micro-
seconds and vanishes to zero only after a few seconds.

In comparison, at 7 = 198 K (figure 2(b)), the TA signals
show clearly decelerated decay dynamics affecting much
stronger the blue than the red spectral range, the maximum
for 445 nm and 488 nm being preceded by an almost flat stage
up to the millisecond time regime. The blue absorption signal
vanishes to zero only after a duration of tens of seconds.
This behavior suggests a pronounced time delay between the
decaying red and increasing blue transients and can, in fact, be
observed for various reduction and oxidation pre-treatments,
i.e. for differently adjusted [Feer]/ [Fe3+] ratios between 0.01
and 0.19.

Previously, Berben et al [26] and Herth ef al [25] reported
that a sum of stretched-exponential functions (Kohlrausch—

Williams—Watts function, KWW)
N / Bi(AT)
_ Z 0
Ozli(l‘, A, T) = 2. ali,i(A’ T) - exXp |:— (Ti(/\, T)) :| y

()]
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Figure 2. Temporal development of the transient absorption in
Fe:LN at (a) T = 293 K and (b) 198 K (Ip ~ 133 MW cm™2).
The continuous yellow and dashed red lines represent fits of
equation (1) to the data set. A two-term KWW-function (N = 2)
was used at wavelengths 445 nm, 488 nm, and 633 nm, whereas

a one-term function (N = 1) for A = 785 nm. In the case of the
continuous lines aﬂ’i()\, T), 7;(\, T), and B;(\, T) were chosen as
free parameters in the fitting procedure, whereas in the case of the
dashed red lines the fixed values 71(785 nm, T) and 3;(785 nm, T)
obtained in the red region were also used in the blue spectral range.
The results are summarized in table 1.

is a reasonable ansatz for the description of the temporal
behavior of the transient absorption in Fe:LN. Accordingly,
equation (1) has been fitted to the entire experimental data
set as represented in figure 2 by the continuous yellow lines.
For the absorption at 785nm a single KWW-function is used
to describe the data (N = 1), while N = 2 is chosen for all
other wavelengths. The obtained values of the fitting param-
eters providing a fair description of the results are presented in
table 1 for both temperatures and all four probe wavelengths.
The mean relaxation and build-up times for the various comp-
onents defined by

(A, T)) = /000 exp [_(f/Ti()\, T))ﬁ,»()\,r)} dr

1

7(\T)T (ﬁi(/\’ ) + 1>

are also included in table 1. Here, I' denotes the gamma func-
tion. It should be noted that the error intervals for (1;(A, T))
can be close to the order of the calculated value itself due to
the combined error of $ and 7. Still, the activation energies
given in section 5 can be estimated very well, as we deal with
different orders of magnitude of the decay time (7;(A,T)) at
different temperatures. Furthermore, a large number of sepa-
rate measurements over a broad temperature range is available.
At RT, all transients seem to be in accordance with the
model proposed by Herth et al [25]. In the red spectral range,

2

the initial absorption change f is attributed to the forma-
tion of Nbii+ bound electron polarons excited either from the
valence band or Feﬁr to the conduction band by a two-photon
or one-photon process, respectively. The initial absorption
change in the blue spectral range can be assumed to origi-
nate from various sources. There is a negative contribution,
i.e. induced transparency due to the transformation of the
FeZl™ (part or all) into non-absorbing Fe} centers [1, 18]. A
positive contribution comes from valence band holes trapped
next to Li vacancies as O~ — Vp,; hole polarons together with
a much smaller positive contribution coming from the over-
lapping absorption tail of the Nbfjr bound electron polarons
formed during the parallel electron trapping event.

According to the Herth model, the hopping motion of elec-
tron polarons may lead to the formation of stable or interme-
diate Fe?;" centers, resulting in the decrease of red absorption
and to the simultaneous appearance of the rising component
in the blue on the microsecond timescale, which is in agree-
ment with the coincidence of the values 71, 8 and (1) meas-
ured at RT for different wavelengths simultaneously. Some
of the Felzjr centers might be metastable (e.g. due to their
specific charge compensation), whereby electron trapping
and release at such iron centers could occur repeatedly while
electrons recombine with all available pump-induced trapped-
hole centers; this process could lead to a decrease of the blue
absorption of both trapped holes and metastable Feﬁr centers,
contributing to some (rather) long TA component. This model
neglects the formation of Nbﬁr electron polarons between
possible repeated trapping events on iron which can be justi-

fied by N‘bil+ lifetimes shorter by several orders of magnitude
than those of metastable Felzj' centers (a similar argument
explains the neglect of Nb4N‘g free polarons compared to Nbﬁr
bound ones at faster stages).

In contrast, cooling the sample by ~100 K (figure 2(b))
results in clear changes that are no longer consistent with
Herth’s model assuming the same 7; and 3; for all probe
wavelengths. In particular significant deviations appear in
the first few milliseconds in this low temperature regime
(dashed red lines in figure 2). The non-zero blue absorption
remains remarkably constant during most of the Nbj7" decay,
prior to its rise to an interim maximum value. Adopting for
71(445/488 nm, 198 K) and [3(445/488 nm, 198 K) the
values 71 (785 nm, 198 K) and 3, (785 nm, 198 K) obtained at
785nm as fixed parameters, i.e. applying the Herth model, the
data set cannot be reconstructed by a converging fit. The only
way to reach a very good fit quality is by treating the 7, and 3,
parameters at various wavelengths as independent free param-
eters in the fitting procedures (see yellow lines in figure 2).
The decay time in the near-infrared and the rise time in the
blue deviate by a factor of 100 and only the mean relaxation/
build-up times (71(), 198 K)) have approximately the same
values. The bound polarons thus seem to disappear without

having recombined simultaneously with holes or having

3+/2+

promptly filled Fey; traps, and reappear only later as Feii+
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Table 1. Parameters of the KW W-function used to describe the TA of the 0.1 mol% Fe:LN sample at 7 = 293 K and 198 K exemplarily for
the data set depicted in figure 2.

293 K
445 nm 488 nm 633nm 785 nm
o (m™h -72 £ 10 -25+5 184 £+ 10 191 £ 10
71 (1) 543 241 642 442
B 0.39 +0.04 0.30 +0.03 0.32 +£0.03 0.29 +0.03
(1) (us) 18+ 16 19+ 17 42 £ 30 43 £42
af, (m™h 99 + 10 415 2145 —
72 (s) 442 7+4 9+4 —
Ba 0.61 = 0.06 0.64 = 0.06 0.62 = 0.06 —
(1) (5) 59+3.0 9.7+ 6.0 13+£65 —
198 K
445 nm 488 nm 633nm 785 nm
a%vl (m™h —41 £ 10 —16+5 227 £ 10 238 £ 10
71 (p1s) (20 + 10)- 103 ©+4) -10° 121 £30 40 £+ 10
Bi 0.52 £ 0.05 0.69 = 0.07 0.22 £0.02 0.18 £0.01
(11) (us) (37 £3)-10° (12 +£6)-10° (68 £ 62)-10° (13 £ 10) - 10°
af, (m™h 82+ 10 3745 14+£5 —
72 (s) 20+ 10 26 + 10 25 £ 10 —
Ba 09 £0.1 09 £0.1 0.8 £0.08 —
(12) (8) 21 £11 27 £11 28+ 15 —
;e;;%rsl.( Thls trend is already indicated for temperatures below 100 (a) T= 203 K Mg-LN -
The considerable displacement of the TA signal towards gg ﬁrmn
longer times and its changed shape at low temperatures have 7 By 785 nm |
to be described by strongly increased 7, and /3; values in the \S, 50 L 1310 nm |
blue (A = 445/488 nm) compared to a moderately rising 7 g
and decreasing [ in the red region. The increased stretching 251 i
factor (488 nm, 198 K) = 0.69 in the blue has to be con- 0
trasted with its decreased value 3 (785 nm, 198 K) = 0.18 in
the red (table 1). The slow decreasing component shows an 100
even larger /3 value in the blue: 5,(445/488 nm,198 K) = 0.9.
The weakly defined mean values (7) show much less variation 7 75
which is also due to the fact that different combinations of 7 é 50
and 3 can, by coincidence, lead to the same value of (7). g
Taking into account the widely accepted interpretation of 25
[ [33-35] including the attempt of Merschjann et al [36] to 0
relate 7 and 3 directly to characteristic parameters of the hop-

ping transport (time of a single hopping event, number of hop-
ping events, etc), means that the blue transients have a much
weaker dependence on hopping history before annihilation
than the respective transients in the red. While the electron
polaron decay for lower temperatures is increasingly charac-
terized by slow hopping, the blue transients become nearly
mono-exponential.

These data point to a clear failure of the Herth model and
support the previous reports on inconsistencies in Fe:LN
crystals under rather different conditions. In particular at low
temperatures and with probing wavelengths in the blue and
near-infrared spectrum, we are faced by two striking exper-
imental observations: (i) the decay of bound polaron absorp-
tion in the near-infrared is not correlated with the increase of

Figure 3. Temporal development of the light-induced absorption

in Mg:LN at (a) T = 293 K and (b) T = 100 K for a pump pulse
intensity of Ip ~ 130 MW cm™2. The red lines represent fits of
equation (1) to the experimental data. Fitting results are summarized
in table 2.

the Felzjr absorption anymore, and (ii) there is a strong dis-
crepancy of the determined [ value with the state-of-the-art
knowledge for small, strong-coupling polaron dynamics in
LN [26, 35, 37] to be further discussed in section 5. At the
same time, these data are not sufficient to conclude a general
failure of the Herth model, i.e. that Herths” model also fails for
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Table 2. Parameters of the KW W-function used to describe the TA of the 6.5 mol% Mg:LN sample at 7 = 293 K and T = 100 K

(figure 3).
293 K 100 K

445 nm 488 nm 785 nm 1310 nm 488 nm 785 nm
a?i I (m™) 90 £ 10 71 £ 10 177 &£ 10 248 + 20 100 &+ 5 81 £+ 10
Tia (148) 1.0 £ 0.2 234+ 05 04 + 0.1 02 +£ 0.1 (10 & 5) -10° (1.7 £ 1) -10°
Bra 0.45 £0.1 0.62 £+ 0.1 044 £ 0.1 045 £ 0.1 0.19 £ 0.01 0.19 £+ 0.01
(T1a) (18) 25+1.5 334+ 1.1 1.0 £ 0.6 0.5+ 03 (1890 + 1200) -10° (321 + 200) -10°
aff gy (M) —15£5 - - - -
Tip (MS) 70 £ 20 — — — — —
Biv 0.8 £0.2 — _ _ _ B
(7iv) (ms) 79 + 40 — — — — —
aﬂz(m_l) 58 £ 10 51+5 6+ 2 — — —
72 (S) 10 £3 642 5+3 — — —
B> 0.45 £0.05 0.32 £ 0.04 0.25 £ 0.1 — — —
(m2) (s) 25 £ 10 42 +£ 24 120 + 110 — — —

the description of TA in LN crystals of different stoichiometry
and/or with/without different dopants (including non-photore-
fractive defect centers). In what follows, we intend to exclude

that the failure is solely related to the dominating existence

of Feﬁ'/ i by means of equivalent TAS studies with over-

threshold Mg:LN.

4.2. Transient absorption experiments in Mg-doped
lithium niobate

The dynamics of the transient absorption in Mg:LN at 445 nm,
488nm, 785nm, and 1310nm at RT (the latter approximately
centered on the broad absorption band of Nbﬁ free polarons)
is depicted in figure 3, showing, in addition to a fast decreasing
transient on the same time scale for all wavelengths, a long-
lived transient blue absorption as previously reported by
Conradi et al [24]. However, in comparison to former studies
a new probe at 445nm was applied and we were able to
observe an unexpected feature, i.e. a clear increase in the
absorption at surprisingly long timescales. The newly mea-
sured transient local maximum for 445nm is observed after
a significant period (few milliseconds) of constant absorption
that resembles the dominant feature of the low-temperature
TA dynamics of Fe:LLN. This corresponds to a small rising
component (denoted by the index 1b) with a time constant
T1p(445 nm, 293 K) = (70 & 20) ms. The fitting parameters
derived for all KWW components in Mg:LN are summarized
in table 2, essentially coinciding at RT with those reported
in [24]. The fast component on the microsecond timescale
(denoted by the index 1a) is decreasing in the blue region
at variance from the case of Fe:LN. The slow component
extends to hundreds of seconds in the visible and is absent in
the infrared as in Fe:LN.

The dynamics in Mg:LN at RT should be compared to sce-
narios in Fe:LN taking into account the changed defect struc-
ture of Mg:LN: (i) Nb;; antisites and most Fe ; centers are
missing as indicated by the vanishing photorefractive effect

in over-threshold crystals [38], (ii) a portion of Mngr dopant
ions and some of the background Fe impurities on the ppm
level are incorporated on Nb sites [39, 40], where their charge
state remains fixed.

The lack of Nby ; antisites results in an increase of the elec-
tron polaron hopping frequency, now occurring in the regular
Nb sublattice, leading to a shortening of 7 by nearly an order
of magnitude, compared to Fe:LN, so that 7;(785/1310 nm,
RT) = 0.3 ps. Accordingly, there are even longer delays
(compared to Fe:LN) between this fast decay of free polarons
and the slower components in the blue. Due to the small
number of Fef centers, a significant influence on the TA can
be excluded as supported also by the monotonous decrease of
the 488 nm TA signal in the entire observed temporal region.
Only the small rising component 7, at 445nm extending
into the 70ms range has to be attributed to background Fe
impurities, based on the analogy with component 7y in Fe:LN.
The fast blue TA component in Mg:LN, temporarily locked
with polaron decay monitored in the near-infrared, can be
attributed to a direct process of polaron recombination with
trapped-hole centers. For 7 < 100 K, TA signals in Mg:LN
extend to several minutes both in the near-infrared and the
blue region due to the slow hopping of polarons and delays
in the recombination processes. Therefore, the three KWW-
components in the blue spectral range cannot be satisfactorily
distinguished anymore due to similar decay times of sev-
eral overlapping TA components. A single-component fit at
T =100 K and A =488 nm yields 7 ~ 10 s and 3 ~ 0.19,
and therefore (1) a2 1.9 - 10> s. The latter is much longer in
comparison to the value determined in the near-infrared, thus
indicating the presence of the RT processes at low temper-
atures, as well. The values obtained for 785 nm and 488 nm are
summarized in table 2.

Apart from the latter process, the RT TA-data in Mg:LN thus
clearly resemble the findings in Fe:LN, and further stress the
failure of the original microscopic model for polaronic recom-
bination. Similarly to the case of Fe:LN the model cannot be

83



A Publications

J. Phys.: Condens. Matter 31 (2019) 065701

S Messerschmidt et al

200 .
1.00F
150 :
_ N 0.75}
E 100%@050: I
N &~ U |
50 0.25F | ]
777777 | 0 000:“1““““m“““I“m““““m““““x““:
1077 1076 107° 10~ 1073 ’ 25 75 12 175 225
t (s) T (K)

Figure 4. (a) Temporal decay of the PL intensity at 460nm Mg:LN following exposure to a single ns laser pulse for temperatures given by
the color code. The signal is normalized to the value determined at ¢ = 1077 s; the black lines represent fits to the experimental data using
equation (3). (b) Temperature dependence of the stretching-factors: Spy, (black) obtained from fitting equation (3) to the luminescence decay
data and (785 nm) (orange) obtained from fitting equation (1) to TA results in Mg:LN. The solid lines are phenomenological descriptions

of the 3(T) behavior with an error-function. The dashed line represents a common inflection point at T;;/Ig = (110 £ 10) K.

corrected by simply considering some process of more complex
type but involving only single-electron transfers. Instead, a more
complex electronic center, the STE, having clear fingerprints for
its identification, will be discussed in more detail below.

5. Is there any experimental fingerprint pointing
to a role of STE’s in the polaronic recombination
process?

The PL spectra presented in section 3 clearly indicate the
presence of STEs over the temperature range 15-300 K sug-
gesting that STEs should not be neglected in non-radiative
recombination processes either. In order to find the various
transient manifestations of STEs, in this section temperature-
dependent TRPL measurements are presented and combined
with corresponding TA results. The temperature dependence
of the stretching coefficient 5(T) will be shown to be an
unambiguous fingerprint for a clear separation between STE-
related phenomena on the one hand and processes determined
by the hopping of electron polarons on the other hand. This
distinction is also supported by the different Arrhenius-type
activation energies obtained from the respective time con-
stants. First we use Mg:LN in order to benefit from the com-
parison with the characteristic blue PL feature, then turn to the
peculiarities offered by Fe:LN.

5.1. Stretching-factors and activation energies in the
photoluminescence and transient absorption of Mg:LN

Figure 4(a) shows the TRPL of Mg:LN upon ns-pulse expo-
sure at 355nm (/p ~ 100 GW m~2, extraordinary polar-
ization) for the emission wavelength of 460nm for a series
of temperatures in the broad range from 15 K to 200 K in
a semi-logarithmic plot. For comparison, all data have been
normalized to the maximum luminescence signal at t = 10~7
s. With increasing temperature the luminescence decay time
is found to decrease from the milli- to the microsecond time
range as expected from the studies of Powell and Freed,
and Fischer et al [21, 23]. For a quantitative analysis, and
according to Zatryb et al [41], the evolution rate of excited
emitters has to be considered, so that the first time derivative

of the stretched-exponential KWW function is used for the
fitting procedure:

' BeL(T)
1(1,T) = Io(T) - 1P =D L exp | — (ﬁ) .
TPL

3)
As shown by the black lines in figure 4(a), very good cor-
respondence could be achieved between equation (3) and the
experimental data using only a single KWW component with
two independent fitting parameters, the stretching coefficient
BpL(T) and the decay time 7p(T), giving further support to
the unambiguous (STE-related) origin of the PL observed.
The dependence Spr (T) depicted in figure 4(b) is in full accor-
dance with a trend recently recognized in a smaller temper-
ature interval by Kdmpfe er al [19]. The change of SBp(T)
is very significant and represents a transition from unity for
a mono-exponential function at T ~ 25 K to the stretched
case fpL =~ 0.6 at T ~ 180 K (see figure 4(b)). The decay
time 7p.(7T) remains nearly constant for temperatures below
100 K with a value of 7 ~ 10~* s whereas an Arrhenius-like
behavior with an activation energy E5 ~ 0.09 eV is found for
T > 100 K.

We interpret both findings by assuming that at low 7' the
decay time of the luminescence is defined by a localized pro-
cess where hopping is suppressed leading to a single exponen-
tial decay (Spr = 1). As the temperature is increased above
100 K, the steep decrease of both 7 and the stretching expo-
nent J suggests that a hopping process becomes dominant.
To explain the extremely low activation energy for lumines-
cence decay, we assume that hopping of the STE as a whole
is involved. In comparison, for free polaron hopping a clearly
larger activation energy Ex = 0.26 eV can be derived from the
observed temperature dependence of the mean relaxation time
(71(785 nm, T)) which also follows an Arrhenius behavior for
T > 100 K in our Mg:LN sample; practically the same value
has been estimated earlier as one fourth of the optical excita-
tion energy ~1eV of Nbﬁg [12, 42]. Accordingly the temper-
ature dependence of Spr. has to be attributed to the hopping of
STEs and their subsequent localized recombination.

Comparing  Spr(T) with TA  measurements of
B1(785 nm, T') on Mg:LN displaying the behavior expected
for polaron hopping (see figure 4(b)), it is immediately clear
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Figure 5. Temperature dependence of the stretching-factors
B81(785 nm, T), 5;(488 nm, T), and (3,(488 nm, T) in Fe:LN. The
solid lines are qualitative descriptions of the 3(7) behavior with

an error-function. The dashed line represents a common inflection
point at T = (260 + 10) K.

that Bp(T') exhibits a reversed temperature dependence. We
chose A = 785 nm as a probe wavelength where the largest
contribution, in the absence of antisites, can be attributed to
Nb?\fbr free polarons. Both types (TRPL and TA) of temper-
ature behavior in figure 4(b) can be described phenomenologi-
cally, e.g. by an error-function with a common inflection point
at Tglg = (110 % 10) K indicating the temperature where the
processes due to hopping become dominant. Thus, the given
reverse type of Op(T) dependence, can be regarded as a fin-
gerprint of STESs, in contrast to the 5(7T') behavior observed for
small electron polarons; this is supported by the fact that the
activation energies obtained for luminescence and red/near-
infrared absorption decay are different requiring a second
hopping entity, STEs. Note, that even though the transients
in luminescence and absorption are on different timescales,
a comparison between the 3(T) behaviors may be justified as
the stretching-factor is a good indicator for the type of trans-
port and annihilation processes involved.

5.2. Stretching-factors and activation energies
in the transient absorption of Fe:LN

In this section detailed temperature-dependent measure-
ments of the red and blue TA on Fe:LN are presented
with the goal to uncover similar fingerprints. The obtained
behavior of the various stretching-factors /3;(\, T) is shown
in figure 5. Results in the red and blue spectral range differ
in two major points: (i) with decreasing temperatures J3;(T)
is observed to decrease in the red spectral range, compared
to the opposite behavior of both §;(T) and (3,(T) in the
blue (see figure 5, but also table 1). Both types of temper-
ature behavior in figure 5, again, can be described by an
error-function (orange and blue lines in figure 5) where
Tge = (260 + 10) K is discovered as a common inflec-
tion point. (ii) At higher temperatures, the mean decay

times (7;(\, 7)) follow an Arrhenius behavior, however, for
temperatures T’ < Tge the mean decay times in the blue range
become nearly temperature-independent. The obtained acti-
vation energy FEj} (785 nm) =2 0.37 eV apparently corre-
sponds to polaron hopping in the presence of antisites (to
be compared to one fourth of the optical excitation energy
~1.6eV of Nbii+ [12]). It should be added that the most recent
value of the polaron stabilization energy was determined to
~ 0.75 eV [37]. The activation energies derived for the blue
region, EL (488 nm) ~ 0.71 eV and E% (488 nm) ~ 0.78 eV
are correspondingly higher and will be discussed in section 6.

The temperature dependence of the stretching exponents
B1(T) and SB(T) in the blue of the TA of Fe:LN (figure 5)
qualitatively shows the same fingerprint behavior as SBpr (T)
obtained from time-resolved luminescence measurements
on Mg:LN (figure 4(b)). The similar dynamics of the con-
sidered blue transients in emission and absorption strongly
suggests their common origin, namely STEs. In Mg:LN the

temperature T;;/[g ~ 110 K equally characterizes the onset of

polaronic and excitonic hopping processes observed in tran-
sient absorption and luminescence decay, respectively. In
Fe:LN, the Tge ~ 260 K value reflects the smaller mobility
of the polarons and a parallel change in electron—phonon cou-
pling due to the presence of antisite Nb defects, as compared
to Mg:LN where antisites are absent. These findings will be
used in the following section to reconsider the microscopic
polaronic recombination model in LN.

6. Extension of the microscopic model by STE’s
and pinned STE’s

So far, our analysis was able to answer the most striking ques-
tions related to the role of STEs in the polaronic recombi-
nation processes in LN. First, it is clearly demonstrated, that
the observed, pulse-induced blue-green luminescence in LN
can be attributed to the decay of STEs up to RT. Second, the
failure of the microscopic model comprising solely small
electron and hole polarons is highlighted and evident as soon
as the temperature is reduced or the doping is changed. Third,
the stretching factors and activation energies are recognized
to yield sensitive information on the dynamics of both PL and
TA indicating the presence of STEs.

As aresult, it becomes necessary to extend the microscopic
picture by including the additional electronic states of STEs
and STEs pinned on defects, as schematically depicted in
figure 6. As a matter of fact, such pinned STEs (i) may be
long-lived, (ii) should absorb in the blue spectral range, and
(iii) decay preferably non-radiatively and, thus, considerably
contribute to the blue TA in LN crystals. We like to note that
the alternative consideration of an interim formation of bipo-
larons, that are strongly absorbing in the blue region (see e.g.
[11, 18]), would not explain the delayed appearance of the
blue component in Fe:LN. The same holds for Mg:LN due
to the lack of antisites. We will thus disregard the presence of
bipolarons in our model approach, though it may be included
if thermally reduced LN is considered.
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Figure 6. Excitation and recombination model after pulse exposure (green thick arrows) in LN. Hot electron-hole pairs created by the
pump pulse in a two-photon process either recombine directly (1), form STEs within NbOg octahedra (2), or dissociate to form separate

oppositely charged small polarons (3), as a further option, electrons from Feﬁr may be excited to form additional small polarons leaving
back Fei;r (4). The recombination paths are divided into a polaron and an exciton branch, for more detail see text.

As seen on the left-hand side of figure 6, the starting situ-
ation can be summarized as follows: immediately (on the ps
scale) after the pump pulse, a given concentration of free or
bound electron polarons and holes is created, together with
a certain amount of emptied Fe traps [4, 42]. Small elec-
tron polarons forming the polaron branch (upper right-hand
part of figure 6) move through the lattice by thermally acti-
vated hopping [43, 44] which terminates in deep traps like
Fe; converting to Fel;" or they annihilate with trapped holes.
However, depending on conditions of temperature and com-
position, a considerable concentration of STEs, disregarded
in earlier TA studies, may be present as well, as indicated by
luminescence. Since this radiative recombination is observed
to be orders of magnitude faster than the small polaron decay
time measured by TA (see our measurements), we can assume
that it stems from STEs formed directly after light exposure
forming a second relaxation channel parallel to the polaron
recombination. Besides the possibility to recombine radia-
tively, the STE is the starting point of a pinned-STE branch
(lower right-hand part of figure 6) which will be described in
more detail in the following.

6.1. (Pinned) STEs in LN

STEs may be assumed to have a significant hopping mobility
as confirmed by the presence of a thermally activated process
(Ea =~ 0.09 eV) of the luminescence decay. At higher temper-
atures and in defective materials, STEs formed at early stages
of pumping are expected to get pinned on defects, similarly
to the formation and trapping of single-site small polarons.
Resonant excitonic/energy transfer can be discarded due to the
large Stokes shifts. In particular, STEs may be captured, among
others, by the same defects as free holes (e.g. by lithium vacan-
cies or Mng defects). The final recombination site should

play a decisive role, especially at lower temperatures, when
localization sets in and 7 gets nearly temperature-independent.
The exact optical properties depend on the presence and type
of defects adjacent to the niobium-oxygen octahedron con-
taining the STE as shown by luminescence studies in LN with
various stoichiometric compositions [16] including also crys-
tals with ilmenite type cationic stacking order [17]. While the
presence of Mg up to the ~5 mol% threshold, i.e. the elimina-
tion of antisites, leads to increased emission [21], Fe doping
seems to lead to luminescence quenching comparable to the
case of Cr doping [23], indicating that both intrinsic defects
and Fe form pinning centers for STEs where luminescence is
suppressed. Non-radiative decay should be strongly preferred
for STEs pinned on defects with high pinning/stabilizing ener-
gies leading to the longer absorption decay times and higher
activation energies as observed for TA in the blue. In this case,
the decreasing [Bp(T') function characterizes the temperature
dependent pinning history of the STE influencing its decay.
The existence of a second, slow component, with activation
energies slightly larger than in our case (0.14eV and 0.11eV)
valid above somewhat higher temperatures 140 K and 160 K
for the respective luminescence components, obtained in 7.5
mol% Mg-doped samples by Kidmpfe et al [19], may then
be attributed to minor deviations from the crystal structure
optimal for luminescence. It should be noted that pinned STEs
might also be formed as interim states during the recombina-
tion of electron polarons with trapped-hole centers.

6.2. Absorption properties of (pinned) STEs

STEs, which have been established in various materials, e.g.
alkali halides, beside their capability to decay radiatively,
have absorption bands similar to those of small polarons as
demonstrated by Williams et al [5, 45]. As pointed out by
these authors, the hole and electron, which a STE consists

10
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of, can be excited optically and show a near ultraviolet and a
near-infrared absorption, respectively, corresponding to opti-
cally triggered jumps of the respective constituent to equiva-
lent neighboring sites. In LN, due to the transfer of the hole
constituent to an equivalent or non-equivalent neighboring
oxygen site, STEs are also expected to have an absorption in
the blue/near-ultraviolet region. However, a separate contrib-
ution of the radiatively decaying STEs to the TA at the mea-
sured wavelengths was not observed even in Mg:LN at low
temperatures although the luminescence and TA decay times
deviate by a factor of at least 1000 from each other and a TA
of such STEs—if present—should have been clearly visible.
Furthermore, to the best of our knowledge, evidence for the
presence of excitonic infrared/ultraviolet absorption in LN is
not reported in literature, so far.

Concerning the absorption properties of pinned STEs, we
have no experimental indication for the presence of a near-
infrared absorption. The ‘quenching’ of infrared-absorption
may be understood by taking into account proposed dynamic
or static models of trapped hole O~ centers containing a
unique Nb neighbor in a strongly preferred position for elec-
tron trapping [46, 47]. In such cases electron hopping may
be hampered or requires much higher energy. The blue/ultra-
violet absorption of pinned STEs, though present, might be
nearly indistinguishable from the absorption of an O~ trapped
hole.

6.3. Two-step recombination model of STEs pinned
on Fe®* centers

STEs should also be capable to get pinned on iron centers.
Most Fe; ™ centers in LN may be assumed to have a nearest
neighbor charge-compensating lithium vacancy (V|;) sug-
gesting the following scenario: the constituents of a nearby
STE are attracted by the constituents of the Fei;r — Vi, dipole
leading to an STE pinned on Fei?' — Vi; with the Nb*™ and
O~ sites at nearest neighbor positions of the Feii+ and Vi;
sites, respectively. A single jump of the electron from Nb;ﬁ
to the Fe site (along the ¢ axis) transfers the complex into a
new state, which is a coupled Fe;” — O(Vy;)~ defect. Both
Fei;r and the hole constituent absorb in the blue, their aggre-
gate causing a net increase of the total blue TA with respect to
the pinned STE absorption, thus providing a rising TA comp-
onent. However, this new defect state again has a metastable
excitonic character and tends to recombine, restoring the
original Feii+ — Vi defect having no absorption at all. Thus
we consider a strongly localized two-step STE recombina-
tion process where the electron constituent, starting from a
Nbiﬁ; state, proceeds to a lower FeiiJr level before rejoining its
O~ partner. Since both the pinned STE and the intermediary
Feﬁ— — O(VLi)~ complex can be assumed to have metastable
ground states with differently relaxed lattice environments,
both jumps have to be phonon-induced/assisted, and may
involve significant, separate temperature dependent time
delays. This two-step STE recombination path, leading to an
interim TA maximum with a subsequent steep decay clearly

explains the most conspicuous features of the TA at 445nm,
while it seems to be much less pronounced at 488 nm. As the
second jump seems to take significantly longer than the first,
a description in terms of two separate KW W-functions has to
be a good approximation.

The derived activation energies support the two-step
relaxation model of the STE pinned on Feii+ — Vi, yielding
EL ~0.71 eV for the first and a larger E3 ~ 0.78 eV for
the second step, the latter corresponding to the decay of
the strongly distorted Fei}*‘ — O(Vyi) - state, and roughly
equaling one fourth of the strong absorption measured at
445nm (2.79eV). A similar ratio may hold for the STE pinned
on Feii+ — VL in the first step as well, confirming o< Eop/4 as
the activation energy characterizing the hopping of a polaron
from a given site to an adjacent one [12]. Negligible differ-
ences between 488 nm and 445 nm data (7, (3) in Fe:LN indi-
cate small superpositions from other recombination centers
not containing Fe.

At low temperatures the proposed two-step relaxation of
the STE pinned on Fei?' — Vi clearly dominates the 445 nm
TA spectrum in Fe:LN for # > 10 ms (see figure 2(b)). While
these two steps seem to explain both the rising and decreasing
445nm components in Fe:LLN, an important contribution to
the long decreasing component in Mg:LN may come from
STEs pinned on hole-trap defects like (V|;)-pinned STEs.
Contributions from such pinned STEs correspond to centers
with observed lifetimes in the minute range and have been
attributed to O~ -type centers in 5 mol% Mg-doped LN by
Xin et al [40]. In fact, our probe wavelengths are in the central
part of the O~ and on the very wing of a TA band attributed to
(O (MgZN'{;) centers in [40].

Accordinglytheﬁrst—steplifetimeofthe(Feii+ — VLi)-pinned
STE state recombination may correspond to the lifetimes of
the rising components 77 and 7}, observed at 445 nm in Fe:LN
at low temperatures and in Mg:LN at RT, respectively. In con-
trast, much longer second-step lifetime may correspond to 7,
of the long decreasing component at 445nm in Fe:LN. The
separation of time domains of polaron and pinned-STE decay
is rather large in Mg:LN (figure 3). However, there may be
a considerable overlap in Fe:LN at RT which resulted in the
earlier misinterpretation of the blue TA components discussed
above.

7. Summary and conclusion

In this paper the question is answered whether STEs play a
role in polaronic recombination processes in LN. In a first step
it was shown that STEs can be optically generated in Mg:LN
in the whole temperature range from 15-300 K. In particular,
our data, collected for the first time continuously up to 300
K, demonstrate that the PL signal can clearly be assigned to
similar STEs in the entire temperature range.

In the next step shortcomings of earlier microscopic
polaronic recombination models were demonstrated.
Transient absorption measurements in an extended temper-
ature and spectral range on Fe:LN and Mg:LN reveal

1
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inconsistencies when Herth’s model is applied on these
new data sets: (i) the decay of bound polarons absorbing in
the near-infrared is not correlated with the increase of blue
absorption, (ii) the fact that the 5 coefficient in the blue spec-
tral range is larger for lower temperatures is in contrast to the
state-of-the-art knowledge for small, strong-coupling polaron
dynamics in LN.

Third, the temperature-dependent TA was compared with
the corresponding TRPL data to check whether features in
TA could also be attributed to STEs. The striking increase of
the stretching factor § with decreasing temperature attributed
to STEs in TRPL, but present also in TA in the blue spec-
tral range, was found to be such a fingerprint. In fact, this is
in contrast to the usual 3(T) behavior which is expected for
small polarons in LN.

Based on these results, we propose and discuss for the first
time an excitation and recombination model by including a
STE branch in addition to the established polaron recom-
bination branch. Both together are capable to describe in
a comprehensive model TA and PL over a broad temper-
ature-range. Here, STEs and pinned STEs formed during
or immediately after pumping were found to be important
transporters of negative charges towards deep Fe’t traps.
The presence of long-lived perturbed O~ centers containing
an adjacent lithium vacancy in their clusters have to be
assumed in both LN systems, while a second distinct group
of STE hosts can be attributed to doping (Mgy, or Fe,).
The varying accessibility of these centers and/or the dif-
ferent stability of the corresponding pinned STEs can be
ascribed to different clustering with intrinsic and extrinsic
defects, taking into account that clustering not only results
in various levels of charge compensation but may also result
in different restrictions for polaron and exciton hopping.
However, further investigations are required regarding the
absorption of the emitting STEs on even shorter timescales
and the type of centers at which pinned STEs are formed.
We further assume that the concept of both the polaron and
(pinned) STE branch in LN could also be transferred to
other materials with perovskite structure such as KNbOj,
LiTaO;, etc, since all these materials may host similar kinds
of defects. Furthermore, we expect that our approach may
also serve as a basis for new models and insights to describe
related phenomena such as photocatalysis in TiO,, MgO
and/or ZnO.
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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;'/ 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) - 1022 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
Feﬁ' — O™ — V; 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 Nb4N; i Small, 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
Fei;r/ 3* _ratio, and/or by means of pulse peak energy and/or photon energies is missing in literature
completely, so far.

The presence of transient absorption in the blue-green spectral range in LN was discovered in
2005 by Herth ef 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 Vi, 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

#363158 https://doi.org/10.1364/OME.9.002748
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as X-center of unknown microscopic nature. Quite recently, Messerschmidt ef 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 100 K [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., Feﬁr — O™ — V1. 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 Fe%:ir - O -V, 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., Nbﬁ'/ >* or Fe?*/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 ez al. [16] and Sanson et al. [17] showed that the
i;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
F Z:r/ 3*_ratio in order to account for three of the most common optical excitation paths in Fe:LN
[18-20]:

* Iron D-band excitation, £ = 2.6 €V: A charge transfer from iron to the conduction band:
Feft — Nb%r

* Iron C-band excitation, Eyps> 3.1€V: A charge transfer from the valence band to iron:
o - Fei?

* Interband excitation, E,ps> (3.8 — 4.1)eV: A charge transfer from the valence to the
conduction band: 0%~ — NbSN’l’)

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

The individual spectra reveal that any spectral and temporal feature of the (E — £)-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 Feii+ -0 - Vi
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 100s 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 Nbﬁ) electron
polarons, remain hidden.

delay
generator

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. Ly 5 3: lenses, Fy »: optical filters, M: mirror, CM: cold mirror,
P: polarizing beamsplitter cube, Dt: 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
(trwam = 8ns, extraordinarily polarized, 4 = 532nm (2.33eV) or 4 = 355nm (3.49¢V),
respectively) and probe sources (tpwpm< 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
(Acut = 950 nm). 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 = 100 ns—10ms so that the data points are equidistant on a logarithmic time axis. Data
points for > 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 ay;(E, 1) = —(1/d) - In[I(E, 1)/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 Feii+ 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 (CFeE+) in the samples, obtained from MolTech GmbH (Fe:LN_1) and the
University of Padova (Fe:LN_Z, Fe:LLN_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 Fef‘.+ -concentrations were
determined by optical absorption measurements [23,24]. d is denoting the thickness of the sample
and «(2.6 eV) the steady-state absorption at 2.6 eV.

Sample d (mm) a (2.6eV) (m™) CFey; (mol %) Crezt (10"7cm™3) Cpezt /cpeil+
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 Feﬁr to
NbsNJ{) (schematically sketched in Fig. 2 (right)).

The study is performed with sample Fe:LN_1 that obeys a high Fei;r-concentration. Further-
more, we have chosen a photon energy of 2.33 eV for the pump pulse that is close to resonant
excitation (Feﬁ’ peaks at 2.6 eV). The transients can be detected with sufficient signal-to-noise
ratio in the spectral range of 0.7¢eV to ~ 3 eV and are exemplarily shown for a weak pulse
peak intensity of Ip ~ 30 MW/cm?. The (E — )-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 «j; 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., ag; * 0m™" and yellow regions mark noticeable changes with amplitudes up
to agi = 75m~!. Black lines indicate a contour plot in steps of Aa;; = 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.

3.0 % CB (Nb3)
2.5
g 2.0 Fe2+ Nb/Li
= L5 25 \8: ¥ polaron
1.0 Fei'i" branch
0 VB (02)

106 10* 102 10°

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 Aeg; = 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 cxlrin""‘ ~ 75 m~! with a full width at half maximum of ~ 0.9 eV. 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(1.58eV) = 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 O?~ valence
band to Fej'¥ (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 Wlthm a few microseconds is obvious (tgww(1.58 eV) = 2 us and stretching
factor B(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 eV. It follows as well a single
stretched-exponential function with Tgww(2.54€V) = 2s and B(2.54¢eV) = 0.7.
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Fig. 3. Left: Transient absorption after an incident ns-pump pulse (E = 3.49¢V, 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; = 70m~!. 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 + TPA

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 NbIS\;I“J conduction band (cf. Fig. 4 (right)).
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Fig. 4. Left: Supercontinuum transient absorption after 3.49 €V pulse exposure (Ip =
12 MW/cmz) in the sample Fe:LN_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 Ag; = 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.
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Again, a photon energy of 3.49 ¢V 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 ™ ~ 100 m~!. It 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 B(1.58 V) = 0.3. In
contrast, a temporally constant transient absorption value (e;;> 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 o/ ~ 100 m~!is
detected. Similar to the findings in section 3.2, it peaks around 2.85 eV and the long decay can be
described with the parameters Tgww(2.54 eV) = 2s and B(2.54eV) = 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 10s. Obviously, both spectra reveal a comparable
shape with respect to the peak position of Epea = (2.85+0.05) eV and full width at half maximum
of FWHM= (1.00 + 0.25) eV.
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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 r>1-1073s
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 eV 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 a a by (eV) by (eV) cy (eV) ¢y (eV)
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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where a2, b1 2 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 Epe.x ~ 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 o**(2.54 eV)
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:

. , r
aﬁMX(E’ I) = aﬁmx(E’I - OO) : [1 —exp (_1_2)] ’ (2)
a
where a;**(E, I — oo) is the saturation value and /,, is the characteristic intensity. A fit of Eq. (2)
to the data reveals ] (2.54 €V, 1 — o) = (276 + 25) m~!and I, = (50 + 5) MW/cm?.

TS Fena | 256
e: _

E fit o §f E

S200- -

° )

<t

19 100 + )

(o]

P &

;:d: 0,‘ . . . .

0 25 50 75 100
I (MW /cm?)

Fig. 6. Maximum amplitude of the long-lived blue absorption probed at 2.54 eV 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 — )-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 ez al. [9]. Then, we focus on the absorption features of the Felzj’ —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 Nb;’lg - 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 Fei;’—
concentration, pump wavelength near the maximum of the Felzfir absorption band). We therefore
analyze the transients by considering optical excitation/subsequent relaxation from/back to
Fei?/ 3* and the interim formation of small Nbﬁ'/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 a light-induced transparency due to less Fei;’ (ground-state bleach) and an increased absorption
due to the formation of small bound polarons, i.e., a;;(E) = ANNbﬁ O (E)+ ANFeﬁ " O (E).
Here, ANNbiT = _ANFefj 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 Nbii*. At the same time, no changes are expected for the blue-green
spectral range since the absorption cross sections of Nbii+ and Feﬁr strongly overlap in this
region and are nearly identical: o+ (blue) ~ o+ (blue) [15]. Our experimental findings in
Fig. 2 are in full agreement with both expectationls: 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 Nbﬁ': 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 Nbi{[’ 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~ — Vy; hole and Feﬁr polarons may be assumed considering the
charge-transfer from 0¥ to Feii+ [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;' — O™ — Vp; 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 eV, 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 + TPA

The third measurement in this study was performed with a sample containing a lower Feii*—
and Fei;“—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™ — Vi
hole and Nbﬁr bound polarons as well as STEs which can be pinned next to Fei}r (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 Feﬁr into Feﬁr — O™ -V, 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 Feﬁ’ — O™ — Vy; STEs 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 Fei;' — O™ — Vi, 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 Fei;r — O™ — V1, 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 eV). 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 Felzj’ 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 coeflicient of the STE then is given by a.s(E) = a1(E) + a2 (E)
in this case.

Second, we intend to estimate the effective absorption cross-section of the Fei;r -0 -Vu
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.,
efi(E) = 0ef(E) - N. In our case, the number density N can be determined experimentally by
intensity dependent measurements of ay;(7) as depicted in Fig. 6. It is because N(I) saturates due
to a limited Fei:’—concentration such that a;;(/) saturates, too. The experimentally determined
saturation value 7**(E,I — oo) then enables the calculation of the effective cross-section
via oe(E) = off™(E,I — o0)/cgs+. 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 ce(2.54¢eV) = (3 = 2) - 1072 m?. This value
serves for scaling the right y-axis in Fig. 5 which leads to a maximum effective cross-section of
o (2.85eV) = (4+2)- 10722 m2. 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 a result 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 Feﬁr — O™ — V1, STE:s 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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