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Editors’ Suggestion

Charge separation and directed migration of photoelectrons in LiNbQO; : Fe crystals after excitation
by nanosecond laser pulses
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Unusual time-delayed changes in the x-ray diffraction parameters of LiNbO3 and LiNbOj; : Fe crystals were
observed under nanosecond laser impact. Subnanosecond time resolution in the registration of diffraction rocking
curve (DRC) dynamics was achieved through the synchronization of a 4 ns laser pulse with the circulation phase
of electron bunches within a synchrotron storage ring. The response of the crystals to optical impact resulted in
a reversible center-of-mass shift and integral intensity decrease of the DRC recovering in ~35 ns. The dynamics
of lattice deformation indicates the process of formation and subsequent decay of an electrical charged layer
near the surface due to directed migration of photoelectrons as a result of the bulk photovoltaic effect. The drop
in the integral intensity of the DRCs is apparently caused by a running wave generated by a sharp change in the

deformation of the crystal lattice. In the case of the nominally undoped crystal, the time-delayed processes occur
within the same time interval but with significantly smaller amplitudes.
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Introduction. Generation of adjustable strains is a promis-
ing approach to controlling the physical properties of
functional crystalline materials, which opens opportunities
for creating the next generation of energy-efficient sensors,
computing devices, and information storage systems [1-4].
The formation of strains with high spatial localization in
crystal near-surface layers can be achieved through exter-
nal influences of various natures [5,6]. One of the possible
methods for efficient, fast, and contactless control of defor-
mations is based on the combination of the bulk photovoltaic
effect (BPE) [7] and the converse piezoelectric effect—the
piezophotovoltaic effect [8]. According to the BPE mech-
anism, the excited electrons migrate in a specific direction
with relevance to the photovoltaic tensor [9-11]. Moreover,
drift and diffusion can also contribute to the movement of
the charge carriers [12]; for example, in narrow-band-gap
semiconductors, the Dember effect would play the dominant
role [13]. However, the BPE even occurs at impurities of low-
absorbing dielectrics, which makes it the most controllable
for memory devices [14]. The parameters of the BPE-induced
electric field (localization area, electric field intensity, and
formation time) can be controlled via changes of the laser
impact parameters. This provides an opportunity to generate
specific strains in the crystal. Special attention should be
given to the temporal characteristics of the charge separa-
tion process that leads to the formation of an electric field
within the mechanism of the BPE. This process was mainly
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investigated using electrophysical methods [15-17], particu-
larly by the Hall method which, however, allows data to be
recorded only integrally [18]. Recently, notable advancements
have been made in time-resolved x-ray optical experimental
techniques, which have been used to explore laser-induced
physical processes and phenomena encompassing phase tran-
sitions, shock-wave generation, phonon dynamics, and crystal
lattice deformation [19,20]. The potential to retrieve the dy-
namics of these processes has been facilitated by the evolution
of x-ray free-electron lasers [21] and attosecond laser systems
[22], alongside the progress in synchrotron radiation sources
and laser-plasma x-ray sources [23,24]. The latter has made it
possible to measure x-ray diffraction in a pump-probe regime
to reveal polarized-dependent photocurrent in lithium niobate
with a picosecond resolution [25]. For diagnostics of pro-
cesses induced by short (nanosecond) laser pulses, thoughtful
consideration is essential when selecting an x-ray radiation
source and experimental technique. The use of high-intensity
x-ray sources brings about associated challenges due to the
substantial power applied on the object, which can lead to
its destruction or the initiation of various nonlinear processes,
frequently complicating the clear interpretation of experimen-
tal results. Synchrotron radiation sources stand out as some
of the most practical x-ray radiation sources for investigating
phenomena occurring on the time scale from hundreds of
picoseconds up to milliseconds. Leveraging laser-synchrotron
complexes [26] enables precise time-resolved measurements
with subnanosecond resolution and the acquisition of high-
quality statistical data. In this letter, the approach outlined
in Ref. [26] was optimized to perform time-resolved x-ray
diffraction analyses of the deformation dynamics of nominally
pure LiNbO3 and LiNbOj : Fe at a synchrotron radiation (SR)
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FIG. 1. Schematic diagram of the x-ray diffraction experiment:
(1) The synchrotron radiation (SR) source; (2) bending magnet; (3)
white incident SR beam; (4) input mask of the white beam; (5)
monochromator with a pair of Si 111 crystals; (6) monochromatic
o-polarized x-ray beam with a bunch time structure of the storage
ring; (7) x-ray slits; (8) laser; (9) pulsed laser radiation; (10) optical
elements; (11) sample; (12) multicircle goniometer with 6, 20, ¢,
and x axis; (13) avalanche photodiode detector; (14) FPGA-based
TTL synchronization system with a delay control (Ctrl) relative to ra-
diofrequency (RF) signal on the input; (15) high-speed oscilloscope;
(16) computer; (17) scheme of the sample illumination by laser and
x-ray radiation; extinction length of x rays L.y = 3.7um corre-
sponds to the 0012 reflection; E, is a component of photoinduced
electric field; and (18) and (19) rocking curves of LN and LN : Fe,
respectively (reflection 0012), obtained by mechanical step-mode 6
scan (black dashed line) and angular positions for the time-resolved
measurements (red open circles).

source under nanosecond laser impact. By synchronizing the
laser and detection system with the circulation period of the
electron bunches in the storage ring, a time resolution <1 ns
was achieved.

Experiment and methodology. We performed a comparative
analysis of lattice dynamics induced by laser impact onto
two specimens: nominally pure lithium niobate LiNbO3 (LN)
and iron-doped LN : Fe (Fe,O3 0.1 wt. %). The samples for
analysis were fabricated from monodomain single crystals in
the form of plane-parallel rectangular polished plates with
(001) orientation, cross-sectional dimensions of 10 x 10 mm,
and a thickness of 0.5 mm. The experimental setup for time-
resolved x-ray diffractometry was assembled at the RKFM
beamline of the synchrotron radiation source KISI-Kurchatov,
National Research Center “Kurchatov Institute,” the experi-
mental setup is shown in Fig. 1. In the experiments, a 12
keV x-ray beam (0.5 x 0.2 mm) after monochromator was
directed onto the sample, mounted in an optically transparent
crystal holder on the diffractometer. The sample was aligned
to the 0012 reflection with a Bragg angle of 6 = 26.562°
and an extinction length of L. = 3.7 um. The intensity of
the beam, detected by an avalanche photodiode detector was
collected through the digital oscilloscope. An optical impact
was performed by a pulsed laser system with a duration of
~4 ns, a wavelength X,,, = 532 nm, and energy up to ~20 mJ
in each pulse. A system of mirrors directed the laser radiation

onto a long-focus lens (~250 mm), ensuring the overlap of
the optical and x-ray beams in the region on the sample sur-
face (diameter of the laser spot projection is ~2.0 mm). The
laser beam was normally incident on the sample with linear
polarization directed along the crystallographic x axis [210].
The impact of the laser pulses on the sample was synchro-
nized with the circulation phase of electron bunches in the
synchrotron storage ring [27]. The technique of time-resolved
x-ray diffractometry involves recording the time evolution
of diffracted x-ray radiation intensity at various angular po-
sitions of the diffraction rocking curve (DRC) [28,29]. All
details about experimental technique and methodology are
described in the Supplemental Material [30]. The feature
of our experiments is the use of laser pulses of relatively
low intensity. As a result, we disregard potential nonlinear
optical effects, particularly the excitation of two-photon pro-
cesses, as their contribution is four times lower, considering
two-photon absorption coefficient for 532 nm wavelength
B = 1.2107* m/GW [31]. Therefore, we consider that the
green laser activates the generation of photoelectrons only
from in-gap states which correspond to impurities in the
crystal.

Experimental results. The dynamics of DRC of the 0012
reflection was recorded for LN : Fe and LN crystals. Fig-
ure 2(a) demonstrates a segment of the three-dimensional map
with a duration of 900 ns for the LN : Fe crystal, which
encompasses the interval of laser pulse impact (4 ns) and
two full circulation periods of the electron bunches in the
storage ring of Ty, = 414 ns each. Figures 2(b) and 2(c)
illustrate segments for the doped and nominally pure samples,
respectively, within a range of —50 to +100 ns relative to the
laser pulse. Figure 3 illustrates alterations in DRC parameters
occurring within the 0-35 ns range following the laser pulse
impact, notably demonstrated by a reduction in integral inten-
sity. This observation is prominently evident when reviewing
the DRC profiles obtained at various points along the time
coordinate. In Fig. 3(a), a series of DRCs for the LN : Fe
crystal is presented, corresponding to the specific changes in
the DRC dynamics from Fig. 2(b). A dashed line indicates the
initial DRC of the experimental sample. It is evident from the
figure that the laser pulse impact leads to a significant decrease
in the peak intensity, accompanied by a complex alteration
in the shape of the peak. These morphological alterations
also induce a shift in the center of mass of the curve. The
DRC parameters are observed to return to their initial state
at ~35 ns after laser pulse impact. Figure 3(b) shows the
time evolution of both the DRC center of mass position and
its integral intensity for the LN : Fe and nominally pure LN
crystals. Analysis of Figs. 2 and 3 reveals that the response of
experimental samples to the laser impact increase and decays
within ~35 ns after laser pulse; thus, DRC parameters have
time to return to their original values before the next pulse.
In the interval of 0-20 ns after laser impact, a decrease in
the integral intensity of the diffracted x-ray beam is observed
(by ~60%), and the position of the DRC peak shifts toward
smaller angles, reaching a value of —0.7 arcsec relative to
the initial averaged value after 14 ns. This is followed by a
symmetrical shift of the DRC toward greater angles, reaching
+0.7 arcsec, with the subsequent relaxation of the parameters
to its initial values. On the submillisecond to millisecond time

L100302-2



CHARGE SEPARATION AND DIRECTED MIGRATION OF ...

PHYSICAL REVIEW B 110, L100302 (2024)

Laser
Pulse T, T,

Laser
Pulse

Laser
Pulse

10.0 = : ‘
7512 \4

5.0
2.5+ i v

0.0 ) .| ' | n.' . '
-2.51
-5.0+
-7.51 ! I

o (arcsec)

)
. 1.4
@ T 1.2
1.0
’ 0.9

-10.0 ‘ ——

0.5
0.3
0.2
0.0

0 100 200 300 400 500 600 700 800 -50 25 0 25 50 75100 -50-25 0 25 50 75 100

Time (ns)

Time (ns) Time (ns)

FIG. 2. (a) Dynamics of diffraction rocking curve (DRC) of a LN : Fe crystal exposed to a 4 ns laser pulse with ~1 J/cm? fluence over a
time range of 900 ns, obtained for the 0012 reflection. Ty, is the storage ring period of the KISI-Kurchatov synchrotron. The DRC dynamics
under the impact of a laser pulse on enlarged scale for (b) an iron-doped LN : Fe and for (c) an undoped LN samples.

scale [32], we did not observe thermal drift of the DRC or
changes in its shape. Furthermore, over several hours of con-
tinuous operation, no shifts in the DRC were detected. Based
on these data, it seems reasonable to suggest that temperature
effects do not influence the experiments. The obtained re-
sults could be applied for the characterization of the recorded
process. The shift of the DRC peak allows us to quantify
the electric field strength of the BPE and the magnitude of
deformations. Furthermore, the temporal characteristics of the
process offer insights into the mechanism of its occurrence.
Both the doped and nominally pure samples exhibit responses
to the laser pulse within an identical time window. However,
the doped sample demonstrates a noticeably more pronounced
change in the integral intensity of the DRC.

Discussion. An intriguing aspect of the observed effect is
the delay in the response of the DRC after the nanoseond
laser pulse impact, occurring on the nanosecond time scale.
This time scale is considerably longer than the time delays
associated with the formation and propagation of possible
light-induced strain waves, which are usually bipolar [33]
and previously were observed for BiFeO3; [34], GaAs [35],
and PTO [36]. In our case, considering the sound velocity
(vy = 7.33 nm/ns for longitudinal and vy = 3.57 nm/ns

for shear wave types) [37], the propagation of such a wave
through the extinction depth should occur within hundreds of
picoseconds, and its observation on the nanosecond time scale
is unlikely. Therefore, we could attribute the observed delayed
effect to thermalized electrons creating a screening layer near
the surface. The internal built-in electric field E;, ~ 2.3-3.5
kV/mm [38,39] caused by the relatively high spontaneous
polarization ~71 uC/cm? [40] may be partially screened even
before the appearance of photoelectrons, for example, by
vacancies or electrons from impurities. However, due to the
low dark conductivity, the near-surface fields will be weakly
expressed. Upon optical photon absorption, the excitation of
electrons to the conduction band, i.e., photoelectron genera-
tion, occurs from the Fe?* energy level for a doped crystal and
from uncontrolled impurities for an undoped one. For lithium
niobate with an iron doping of 0.1 wt. % of Fe, O3, the concen-
tration of injection centers (Fe>*) was ~10% m~3 [41], and
photoelectrons were generated almost uniformly throughout
the thickness of the crystal since the measured optical pene-
tration depth of laser radiation in doped lithium niobate is 1/«
= 0.91 mm. Nonthermalized laser-induced electrons cause a
coherent shift current directed along the spontaneous polariza-
tion [42,43]. This shift current makes the greatest contribution
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FIG. 3. (a) LN : Fe diffraction rocking curves (DRCs) of 0012 reflection at several time positions after the laser pulse (dotted curve is the
initial DRC); (b) the dynamics of the DRC peak position (black line) and the integral intensity (red line) for LN : Fe as well as the dynamics
of the integral intensity for undoped LN (blue dashed line) in comparison. Green bar indicates the duration of the optical pulse.
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to the formation of BPE in LN under laser impact due to
their high mobility 1073 to 10~ m®> V~!s~!, and in an open-
circuit regime, the saturation BPE field values can reach up to
10 kV/mm [12,15]. After transition to the conduction band,
laser-induced electrons are thermalized, forming small po-
larons, and rapidly lose their mobility [44]. Small polarons are
trapped in shallow traps associated with Nb** due to their rel-
atively low mobility of u, = 1078 m? V=' s~! [45] and have a
relatively longer lifetime up to 10! ns and longer [46,47]. The
directed migration of polarons leads to the spatial separation
of negative and positive electric charges (polarons and holes).
Polaron drift current is directed along the polarization and
leads to the formation of a screening layer near the surface
with fields up to several kV/mm, creating strong piezoelectric
deformations in the near-surface region, which distort and
split the Bragg peak ~10 ns after laser impact [see Fig. 3(a)].
The piezoelectric deformation of the LN : Fe crystal, retrieved
from the shift of the DRC peak, starts with the laser impact
and increases to a magnitude of Ad/d = 0.68 x 10~ within
7 ns, corresponding to the screening electric field of E,. = 1.1
kV/mm. The variation in polarization charge density on the
surface can be estimated as o, = jt = Nqu,Eiyt amounting
to ~30 nC/cm?. The induced screening electric field, with
a depth-dependent strength gradient induces a lattice defor-
mation and a shift of the DRC center of mass through the
activation of the ds3 piezoelectric tensor component. This
leads to a region of tension (screening near-surface fields)
and a region of compression (compensated internal field)
within the initial lattice, resulting in asymmetric DRC shape
and the formation of peak satellites ~15 ns [see Fig. 3(a)].
Subsequently, after 20 ns, considering the recombination of
polarons, the screening field diminishes gradually, and by
~35 ns after the laser impact, the diffraction peak returns to
its original symmetric shape. The decrease in DRC integral
intensity [Fig. 3(b)] within the same time frame may be linked
to the propagation of a running strain wave. The intricate dy-
namics of the DRC reflects the inhomogeneous contribution to
the diffracted signal in depth, resulting from the interference
of layers with varying lattice parameters [48,49]. The profile
of deformation distribution in depth changes continuously due
to the propagation of the screening bound. The screening field
directed along [001] induces strong piezoelectric deformation
in that direction due to the coefficient d33 and much weaker
along the orthogonal axes [50]. Thus, the strain wave propa-
gates along the [001] direction as well. The above-described
mechanism is schematically illustrated in Fig. 4. This model
is supported by the results obtained for nominally pure LN
[Figs. 2(c) and 3(b)]. Due to the presence of impurities and
defects, this crystal also exhibits a time-delayed response to
the laser pulse impact within the same time window. However,
the magnitude of the observed effect in the undoped sample
is noticeably less pronounced. With lower impurity concen-
trations in the crystal, the efficiency of compensating fields
decreases, resulting in incomplete screening by photoinduced
carriers. Beyond the main line of the narrative, the discovered
hints on dependence of the DRC parameters on the optical po-
larization can be noted. The rotation of the optical polarization
by 7 /2 reduces the magnitude of the effect by almost an order
of magnitude, supporting the BPE nature of the described
effect [44].
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FIG. 4. Schematic representation of the rocking-curve-parameter
evolution during the photoelectrons migration and the following
screening electric field formation for different delays after laser illu-
mination: (a) 2 ns, (b) 12 ns, and (c) 20 ns. Ej,, is the built-in electric
field directed antiparallel to the spontaneous polarization Ps; Ej,. is
screening electric field with characteristic screening depth of L.
The resulting rocking curve forms by the depth-dependent diffraction
signal which corresponds to both tensile and compression parts of the
crystal lattice; L.y, is the extinction length of x rays

Conclusions. Using time-resolved x-ray diffractometry,
we revealed an unusual time-delayed effect representing
the dynamics of the formation of BPE-induced screen-
ing electric field and the resulting lattice deformations in
LN : Fe crystals and nominally pure LN under the im-
pact of a nanosecond laser pulse. The obtained dynamics
of the DRCs indicates that the process of the near-surface
charge layer formation and decay occurs within ~35 ns
after the laser impact. The subnanosecond time resolution
achieved in the experiments made it possible to study the
dynamics of laser-induced processes in LN. The use of low-
frequency laser pulses with comparative low fluence of ~1
J/cm? significantly facilitates the interpretation of the ob-
served phenomena in the dynamics of the piezophotovoltaic
effect. In general, the presented results show possibilities
for obtaining information about the mechanisms of di-
rected migration of photoelectrons, including the dynamics
of the formation of charged layers and deformations in
crystals.
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