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Abstract—The changes in the defect structure in the near-surface layers of lithium tetraborate (Li2B4O7) sin-
gle crystals under the influence of an external electric field applied along the polar direction [001] have been
studied. Using the X-ray diffractometry with 2 ms time resolution the dynamics of the 004 and 008 diffraction
peak parameters (the angular position and the integral intensity) variation was determined. Two types of pro-
cesses caused by the redistribution of the charge localized at the surface of the polar dielectric and by the
migration of lithium ions have been observed with different velocity and response time to the external field
switching. The measurements are carried out at voltages at which the induced effects have reversible charac-
ters. The use of two orders of diffraction with different X-ray extinction lengths made it possible to visualize
space charge layers near the anode and cathode by the intensity variation of the diffraction peaks. The esti-
mation of the effective thickness of the charged near-surface layer gives the value of 25 μm for lithium ions at
the cathode and about 45 μm for lithium vacancies at the anode.

Keywords: charge carriers migration, lithium tetraborate, time-resolved X-ray diffraction, external electric
field
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1. INTRODUCTION
Studying the processes of controlling functional

characteristics of materials are of great interest for
designing advanced systems of the data storage and
energy accumulation. Usually, planar structures are
used for this purpose. The possibility of formation of
quasi-two-dimensional structures in dielectrics due to
the charge carriers migration in an external electric
field determines the interest to studying such processes
in single crystals, too [1].

In strontium titanate (SrTiO3) single crystals with
the perovskite structure, the reversible process of
changing the symmetry caused by a change in the oxy-
gen vacancy concentration near the surface of the
sample anode in the external high-strength electric
field was observed and studied [2–4]. This process was
observed as a broadening of diffraction reflection
curves (DRC). Similar effects were also observed in
paratellurite (α-TeO2) crystals as an electric field was
applied in directions [110] and [100] [5–7]. In that
case, two types of processes were observed. The first
type is related to an increase in the lattice parameter
due to vacancies outflow and takes place near the sam-
ple anode surface. Another type of the processes was

observed for both polarities of the applied electric
voltage as the formation of slowly relaxing domains
with a small angular disorientation due to a strong
piezoelectric deformation.

The main studies in the abovementioned works
were performed by the X-ray diffraction (XRD)
method that enables one to obtain information on the
transformation of the defect structure caused by the
charge carriers migration. Similar X-ray diffraction
pattern reflects the near-surface structural changes in
the crystal lattice (distortions due to defects and phase
transitions) caused by a transfer of coarse charge car-
riers (ions and vacancies) in dielectrics. Strontium
titanate and paratellurite have low ionic conductivity
at room temperature and close resistivity values ρ =
1010–1011 Ω m. Thus, the characteristic time (Maxwell
relaxation time) of charge carriers migration and
establishing the equilibrium state in electric field in
these crystals is several hundred seconds, which made
it possible to study the dynamics of the defect struc-
ture using the diffraction peaks measured by the tradi-
tional mechanical ω-scanning.

At the same time, there is a wide class of crystalline
compounds, in which the changes in the structure due
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to the migration of defect forming charge carriers (ions
and vacancies) occur for the times of several millisec-
onds after switching-on an electric field [8], and the
observation of the dynamics of the effects using the
traditional X-ray diffraction method becomes impos-
sible. Among such crystals is lithium tetraborate
(Li2B4O7), in which the effects of changing DRC in
external electric field similar to the abovementioned
were observed [9].

Recently the techniques and instruments that
enable the study of the dynamics of structural changes
by the registration of X-ray diffraction patterns with a
milli- and even microsecond time resolution on a syn-
chrotron radiation source [10] and a laboratory dif-
fractometer [11, 12] have been developed. In this case,
the technique is based on the influence of a periodic
pulsed external electric field, which requires the repro-
ducibility of the processes under the study and the
relaxation to the initial state for some time after each
pulse.

In this work, we studied the process of formation of
quasi-two-dimensional structures caused by the
migration of charge carriers (lithium ions) from the
bulk to the near-surface region in the lithium tetrabo-
rate crystal in an external pulsed electric field applied
in the direction of the polar tetrad axis. Because of the
comparatively low resistivity (~108 Ω m) and a small
calculation Maxwell relaxation time, the measure-
ments were carried out using the time-resolved X-ray
diffraction method during a pulsed electric field influ-
ence on a sample.

2. LITHIUM TETRABORATE CRYSTALS
2.1. Properties

Lithium tetraborate was synthesized as a promising
material for infrared transmitters [13, 14]. Later, it
began to be used in gas analyzers [15], thermolumines-
cent dosimeters due to their pyroelectric properties
[16, 17] and also in nonlinear optics, due to a wide pass
band [18, 19]. In addition, lithium tetraborate is used
in piezoengineering and acoustoelectronics [20, 21],
since its piezoelectric moduli comparable with those
of piezoceramics.

Lithium tetraborate crystals belong to the tetrago-
nal system, space group I41cd with lattice parameters
a = b = 9.479 Å, c = 10.286 Å. The main structural ele-
ments of lithium tetraborate are boron–oxygen com-
plexes (B4O9), consisting of two plane trigonal (BO3)
and two tetrahedral groups (BO4), while lithium atoms
are localized in interstitial sites [22, 23]. The main
charge carriers are lithium ions [24]. The ionic con-
ductivity of Li2B4O7 is explained by lithium vacancies

 [25], since the high density of atomic packing and
the stiffness of triangular and tetrahedral boron–oxy-
gen polyhedral prevent direct jumps of lithium ions
[26]. The lithium ions move through the one-dimen-

−
LiV
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sion channel of the tetragonal axis [27]. The conduc-
tivity in the direction of polar axis [001] is almost five
orders than that in the perpendicular directions [28].

The pyroelectric coefficient of Li2B4O7 is most
pronounced along direction [001] [29] and with a
change in temperature from 50 to –150°C, changes
from 30 to 120 μC/(m2 K) [20]. The spontaneous
polarization in lithium tetraborate at room tempera-
ture is 1.5 μC/cm2. As the electric field is applied along
the tetrad axis [001], three components of the piezo-
electric tensor d31 = d32 = –2.0 pC/N and d33 =
20.4 pC/N are active [30]. The dielectric permittivity
is ε = 10.0 [31].

2.2. Samples
The lithium tetraborate crystals studied in this

work were grown from high-purity raw materials by
the Czochralski method in platinum crucibles in an
oxygen atmosphere. The obtained crystal was used to
prepare the samples for the measurements, namely,
single-crystal plane-parallel plates with linear sizes
13 × 9 × 0.55 mm and a normal to the surface oriented
in direction [001].

To remove the distorted layer, the preliminarily
polished plates were subjected to chemical etching in
the 50% HNO3 solution. The continuous 30-nm-thick
Ag contacts with 70-nm-thick Cr sublayer (for better
adhesion with the crystal surface) were deposited on
the prepared sample surfaces. The deposition was per-
formed with a small (about 0.5 mm) margin from sam-
ple edges to prevent the formation of electric arc
through the air.

2.3. Electrophysical Characteristics
The resistivity was measured using picoamperme-

ter (Keithley 6487). The electrical current was deter-
mined at the voltages up to 200 V on the sample plates.
The results are shown in Fig. 1. The linear dependence
of the current on voltage is conserved approximately to
40 V and the resistivity is ρ = 7.8 × 107 Ω m. At high
voltages, the electrical resistance decreased in time. In
this case, a steady-state value of the current was
achieved for hundreds seconds. The resulting resistiv-
ity was 1.7 × 107 Ω m at the voltage of 200 V on the
sample plates. The obtained values were used to calcu-
late the Maxwell relaxation time τM = ε0ερ = 3 ms,
where ε0 is the dielectric constant.

3. TECHNIQUE
3.1. Technique of Time-Resolved X-ray

Diffraction Measurements
The high-resolution double-crystal method of

X-ray diffractometry enables one to determine and
analyze the DRC parameters of a chosen reflection
with high accuracy. The parameter of peak full width
0
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Fig. 1. Dependence of the electric current on the applied
voltage at various delay times from the start of electric field
application on the crystal.
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at half maximum (FWHM) and the integral intensity
(the sum over the angle of the elastic coherent diffrac-
tion component and inelastic diffusion scattering by
defects) is one of the main characteristics of the crystal
perfection. (The Bragg angle is related to the lattice
parameter.) The variation of these parameters allows
one to detect the changes in the real crystal structure
[32–34].

The time-resolved technique of the double-crystal
X-ray diffractometry under conditions of applying a
PHY

Fig. 2. The experimental setup of the time-resolved double
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high-strength external electric field is described in
detail in [11, 12]. DRC of a crystal is measured in the
standard double-crystal geometry of the diffraction by
ω-scanning of the sample. The system of a high-accu-
racy TTL synchronization based on the electric pulse
generator (Tektronix) controls all equipment used in
the experiment (Fig. 2): a multichannel intensity ana-
lyzer (ORTEC Easy-MCS), a high-voltage DC
source, and a goniometer. For each angular position of
a sample, the measurement cycle is started-up; during
the cycle, at a certain instant of time, a high-voltage
source (Matsusada) feeds an electric field pulse of a
given strength on the sample. The MCS analyzer
enables one to separate the signal diffracted by the
sample into short time intervals, the duration of which
determines the real time resolution (up to 100 ns). On
completion of the experiment, the obtained results are
a set of the time dependences of the diffracted radia-
tion intensities measured for each angular position of
the sample in the conditions of identical acts of the
external influence. Thus, the crystal state at each
instant of time from the start of the cycle can be
observed by changes in the DRC parameters.

It is important to note that the decisive advantage
of the technique of studying fast processes in a single
crystal used in this work is the possibility of determin-
ing the dynamics of all DRC parameters (position,
integral and maximum intensities, and also the peak
half-width). This circumstance distinguishes favorably
this method from the method of fast measurement the
intensity on the rocking curve slope [35] that can be
used only at the condition of the invariant shape of the
diffraction peak.
SICS OF THE SOLID STATE  Vol. 62  No. 12  2020

-crystal diffractometry with multichannel detecting system.

Sample Mo
X-rays

Collimating
slits Monochromator

Si 220

4-axis
oniometer

Voltage
source

U, V 001

100
010

+

Kα1

–
VLi

·

Li2B4O7



FAST NEAR-SURFACE CHANGES IN THE DEFECT STRUCTURE 2387

Fig. 3. DRC of reflections 004 and 008 of the lithium tetraborate crystal obtained with different time resolutions (exposure per
one point). The line shows the DRC approximation by the analytic pseudo-Voigt function.
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3.2. Experimental Equipment
The technique of time-resolved X-ray diffraction

diagnostics is realized on the base of the laboratory
instrument three-crystal X-ray spectrometer (TXS)
[36, 37]. The setup (Fig. 2) was equipped with a pre-
cise goniometer for angular positioning in a step-by-
step regime of scanning, which enables one to measure
the DRC peaks in high-resolution conditions for fur-
ther quantitative processing of the results. The radia-
tion source was a molybdenum X-ray tube with wave-
length of the Kα1 line 0.70932 Å and the power to
2.5 kW. The beam monochromatization was per-
formed due to diffraction reflection 220 from a high-
perfection Si crystal of the (110) cut and the 0.2–5-
mm slits placed before the sample. The half-width of
the proper DRC for the high-perfection Si 220 single
crystal is 2.1829 arcsec. The radiation diffracted by the
sample was measured by a Radicon scintillation detec-
tor with a dynamic range of intensity of 5 × 105 cps.
The slit before the detector was opened to accumulate
a sufficient statistics in the peak.

3.3. Parameters of the Time-Resolved X-Ray 
Diffraction Experiment

The measurements were performed at the normal
conditions and thermostating the experimental vol-
ume. 500 V pulses were applied on the sample, which
corresponds to electric field strength 900 V/mm in the
sample volume taking into account the crystal thick-
ness. Since [001] is the polar direction, the measure-
ments were performed for two signs of an external
electric field, and the surface irradiated by the X-ray
beam was the anode or cathode, respectively. The
duration of the electric field pulses were 3 s long, since
the changes in the defect structure occurring for this
time are reproducible (reversible). For the complete
PHYSICS OF THE SOLID STATE  Vol. 62  No. 12  202
relaxation of the crystal to the initial state, the time
between the pulses was significantly larger (about
1 min).

The experiments were carried out in the “reflec-
tion” geometry for two orders of symmetric reflection:
004 (the Bragg angle θB = 7.9°) and 008 (θB = 16.0°),
for which the X-ray extinction lengths (Lext) were
Lext = 6.0 μm and Lext = 34.1 μm, respectively.

The time resolution determined by the duration of
one MCS channel was given from the limiting sig-
nal/noise ratio of the diffracted radiation, which is
necessary for the adequate approximation of the
whole data array by the analytical pseudo-Voigt func-
tion in the processing program written on the Python
programming language. The peak profile form
remains during the experiment (Fig. 3). The process-
ing results were used to build the time dependences of
the DRC approximation parameters: its angular posi-
tion and integral intensity. We obtained the time reso-
lution 2 ms for reflection 004 and 4 ms for reflection
008 having a lower reflection coefficient.

4. RESULTS
Figure 4 shows the three-dimensional distribution

pattern of the intensity of the radiation diffracted by
the sample in an angular vicinity of the exact Bragg
position of reflection 004 for lithium tetraborate under
the pulsed electric field with strength of –900 V/mm.
This pattern corresponds to the full data array in the
time–angle–intensity coordinates obtained during
the experiment and describes the dynamics of chang-
ing DRC with the time resolution 2 ms.

Figure 5 presents the results of processing the
experimental data: the angular dependences of the dif-
fraction peak position for the positive and negative
polarities, respectively. The colored region corre-
0
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Fig. 4. Evolution of diffraction rocking curves (DRC) of
004 reflection in lithium teraborate in the pulsed electric
field with strength of 900 V/mm. The intensity distribution
corresponding to the DRC peak is shown by the color. The
time resolution is 2 ms. The electric field is switched-on at
the first second of the cycle with duration of 60 s and is
switched-off at the fourth second. The one-second delay
before is used for the visualization of the stability of the
crystal state. The cycle duration of 60 s is necessary for the
crystal relaxation after the influence. The goniometer
rotates to the following DRC point with a step of 0.5 arcsec
in the cycle end.
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Fig. 5. Time dependences of the DRC peak position Xc along ax
under action of an external electric field with strength –900 V/m
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direction for both polarities. This process has a revers-
ible character. As the field is switched off, we observe
a gradual relaxation of the crystal to the initial state.

Figure 6 shows the plots of the relative change in
the integral intensity for both polarities. At the instant
as the electric pulse is applied, the integral intensities
of the peaks increases with subsequent relaxation to
the initial state. The effect amplitude is maximal on
the diffraction order with a smaller extinction lengths
and at one (negative) polarity.

5. DISCUSSION

The reversible changes in the position (Figs. 5a, 5b)
and also the integral intensity (Figs. 6a, 6b) of the dif-
fraction maxima observed when the pulsed electric
field act on the crystal are characteristic of the process
of moving charged defects from the bulk to the near-
surface region of the crystal [2–4], and the dynamics
of this process is determined by Maxwell relaxation
time. The changes in the both DRC parameters noted
above give complimentary information on both the
crystal lattice deformation and the defect structure in
the crystal.

Similar characters and shifts of the diffraction
maxima are observed for both orders of diffraction.
Since DRCs were measured with the open slit ahead of
the detector, the change in the angular position of the
peak in axis ω is caused by the superposition of two
changes: the rotation of atomic planes through angle
Δωrot and contribution  due to the change in the
interplanar spacing Δd/d along axis [001]. The angular

Δθhkl
d
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Fig. 6. Time dependencies of the integral intensities for two orders of the Bragg reflection: 004 (Lext = 6.0 μm) and 008 (Lext =
34.1 μm). The area highlighted in color corresponds to the electric field pulse.
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shift of the experimental peak of  can be repre-
sented as the sum of two these quantities

(1)

These two contributions can be separated from one
another using the values of the Bragg angles  of two
chosen multiple reflections. As a result, the system of
equations will be as follows

(2)

(3)

Consider the instant of the electric field switching
in more detail. As seen from Figs. 7a, 7b, the main
contribution to the peak shift is given by the bending
deformations. Several time intervals can be distin-
guished. The dependences of the crystal lattice defor-
mation have the specific features on these intervals
T1 and T2 common for both polarities.

Interval T1 (0–50 ms): the fast piezoelectric defor-
mation of the crystal lattice as the electric field is
switched-on and stabilized. For both polarities, the
Δd/d and Δωrot parameters demonstrate oscillations
due to the redistribution of the charge induced near
the polar crystal surface for the Maxwell time. The
opposite-directed bending deformations appear in the
crystal due to an electric field gradient near the surface
(Fig. 7a). To the end of this time interval, we observe
the stabilization of the parameters with the oppositely
directed tensile–compression deformation Δd/d
(Fig. 7b).
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Interval T2 (>50 ms): during this interval, the for-
mation of charged layers in the crystal near the elec-
trodes is continued due to the migration of lithium
ions Li+ and lithium vacancies  from the bulk. A 
layer is formed near the surface with a positive external
potential (anode). The lattice parameter increases due
to a strong piezoelectric deformation (Fig. 7b) with
the steady-state value 5 × 10–5. In the case of the field
distribution homogeneous in thickness, the piezoelec-
tric deformation (piezoelectric modulus d33) is smaller
and must be 1.9 × 10–5 [30]. Near the surface with a
negative potential (cathode), a layer with increased
Li+ concentration in the crystal lattice, in which the
parameter gradually increases. The oppositely
directed bending deformations are also observed for
both polarities (Fig. 7a).

Then, a partial screening of the external field is
observed to the end of the electric pulse. After the
electric field is switched off, the charge accumulated
near the sample plate is gradually relaxed for a time no
larger than the period of the pulse. The activation
energy of lithium ions in Li2B4O7 at room temperature
is 0.35 eV [38]. The activation energy of oxygen vacan-
cies is noticeably higher, about 1.65 eV, which corre-
sponds to a lower conductivity over oxygen and sig-
nificantly larger characteristic times of displacing oxy-
gen vacancies in the crystal. The applying of a pulsed
electric field (with the pulse duration 3 s) enables us to
observe the dynamics of dominantly one type of
charge carriers, namely, lithium ions.

The charge carriers aggregation causes the forma-
tion of a compensating electric layer with a high
strength of the electric field in the near-surface region
of the crystal with a thickness comparable to the X-ray

−
LiV −

LiV
0



2390 KULIKOV et al.

Fig. 7. (a) Dependences of the rotation angle of atomic planes Δωrot and (b) the change in the crystal lattice parameter Δd/d cal-
culated by two multiple diffraction orders 004 and 008 after the switching-on the electric field for the anode (red) and the cathode
(dark blue). The positive value of the deformation Δd/d corresponds to the crystal lattice extension, and the negative one, to its
compression.

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

−8

−4

0

4

8

E on E on

(a)

T1 T2
Δω

ro
t, 

ar
cs

ec

Δδ
/δ

, 1
0−

4

0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6

(b)

T1 T2

Amplitude of piezoelectric
deformation
 d33 = 20.4 pC/N

0

0.5

1.0

1.5

–1.0

–0.5

−900 V/mm 
+900 V/mm 

−900 V/mm 
+900 V/mm 

Time, s Time, s
extinction length, i.e., about several tens of micro-
meters.

The measurements of the integral intensity (Fig. 6)
on different orders of diffraction 004 and 008 more
clearly characterize the defect concentration near the
surface with averaging over a layer whose thickness is
determined by the extinction. In this case, the effect is
also sensitive to the polarity. The time dependence of
changing the peak FWHM-parameter (it is not shown
in figures) is identical to the integral intensity, which
confirms the correlation of these parameters with the
dynamics of the defect structure.

For the negative polarity (near cathode), the accu-
mulation of the large number of Li+ atoms in the near-
surface region causes significant, about 50%, for
reflection 004, increase in the integral intensity, which
is three times higher than that for reflection 008. The
time character of the increase is close to an exponen-
tial law. The characteristic time of the process is τ ≈
370 ms for reflection 004, while, for reflection 008
with the extinction length larger by a factor of 5.6, the
time of the process of ion accumulation τ ≈ 1520 ms
due to a proportionally larger capacity of this layer.

At the same time, for the positive polarity corre-
sponding to the anode, the accumulation of lithium
vacancies  in the near-surface region of the crystal
also causes a change in the integral intensity of the
reflections (about 10–20%) due to remained boron–
oxygen complexes that deform the initial crystal lat-
tice. In all above-mentioned cases, the charge relax-
ation after switching-off the field goes substantially
longer.

−
LiV
PHY
Based on the differences in the integral intensities,
we estimated qualitatively the charge distribution near
the surface (Fig. 8). The calculations were carried out
for the electrostatic case [39], in which the distribution
of electric potential ϕ and induced charge density ρ on
depth z obeys the law:

(4)

(5)

where ϕ0 is the electric potential on the crystal sur-
face, λ is the screening length, and Δ is the Laplace
operator.

For the cathode, the estimation of the effective
thickness of the charged layer λ gives the value
~25 μm, which is almost two times smaller than the
effective layer thickness for the anode (about 45 μm).

The results demonstrate the charge concentration
near the surface on the cathode side and its more
smoothed distribution near the crystal surface with the
positive potential.

Significant differences in the kinetics of the inte-
gral intensities of DRC in the dependence on the dif-
fraction reflection order and the polarity confirm dif-
ferent characters of near-surface charge regions
formed in the crystal on the sides of the cathode and
anode: a larger number of positively charged lithium
ions and negatively charged BO3 complexes, respec-
tively.

−
λϕ = ϕ0( ) ,
z

z e

Δϕ = − ρ
εε0

1( ) ( ),z z
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Fig. 8. (points) Change in the integral intensity ΔI/I of the
reflections 004 and 008 with different extinction lengths
and (solid line) the corresponding assumed distribution of
the charge density in the near-surface crystal region caused
by the migration of lithium ions. The approximation by the
exponential function was performed, according to Eq. (5).
The dashed lines show the effective thicknesses of charged
layers.

50 100 450 500 550

0.1

0.2

0.3

0.4

0.5

0.6

0.7

AnodeCathode

In
du

ce
d 

ch
ar

ge
, a

rb
. u

ni
ts

Li+

Experimental data
Approximation

Crystal depth, �m


I
/I

0

VLi
�

6. CONCLUSIONS
The time-resolved X-ray diffraction technique

made it possible to separate two types of the processes
of changing in the defect structure differ in their kinet-
ics’ in the lithium tetraborate crystal in the pulsed
electric field applied along the polar axis. One process
with characteristic times of several tens of milliseconds
is caused by the redistribution of free charge carriers
near the surface induced due to the spontaneous
polarization of the crystal. Another process with times
of several seconds is related to the migration of charge
carriers Li+ and  from the bulk and their localiza-
tion near the surface. The characteristic times of the
processes studied in this work are determined by high
ionic conductivity of lithium tetraborate.

Using the time-resolved X-ray diffraction tech-
nique, we determined the thicknesses of the regions of
the space charge localization in the layers near the
both sample electrodes from the changes in the inte-
gral intensities of the diffraction peaks of two reflec-
tion orders in electric field of both polarities. The
accumulation of the charge carriers (Li+ and ) near
the sample surfaces for opposite polarities of the
applied electric field agrees well with the observed dif-
ferences in the changing of the defect structure.
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