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1 | INTRODUCTION assumed that the Vs behave as isolated particles without
interactions. However, increasing theoretical evidences sug-

It is well-known that a native defect, oxygen vacancy (V), gest that, when the concentration of Vs is high enough, the

plays a decisive role in controlling the properties of oxides." vacancies will interact with each other forming an ordered

Our fundamental knowledge about how the Vs work in ox- state—V clusters.”® As a result, the Vs show collective be-

ides, in fact, is still at a nascent stage. It has been generally havior rather than individual behavior. It is naturally expected
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that the V, clusters would result in novel properties as com-
pared with the isolated vacancies. Since the V(s are virtually
donors, when they aggregate into clusters, this would lead to
electrical inhomogeneity in the material. Hence, the anticipa-
tion of novel dielectric and electric behavior raises interesting
issues.

To gain insight into these issues, lithium niobate (LiNbO;)
single crystals were selected as model samples. LiNbO; crys-
tal was selected for this study because it exhibits rich physical
properties, such as electro-optic, acousto-optic, photoelastic,
photorefractive, and photovoltaic effects, as well as ferro-,
pyro-, and piezoelectric properties, which make it a multi-
functional material.* It has been widely reported that both
intrinsic and extrinsic point defects have a remarkable influ-
ence on these effects and properties.5 6 Among them, the in-
trinsic point defects, such as Li, Nb, and O vacancies, lead to
nonstoichiometry, which significantly changes the properties
of LiNbO3.7 Therefore, a comprehensive knowledge of the
point defects is the key requisite for better understanding and
control of the properties of LiNbO;. In the earlier literature,
the oxygen-vacancy model was widely used to explain the
conductivity and photogalvanic properties of LiNbO3.8_10
Later, this model was discarded because theoretical results
revealed that the formation of cation vacancies, rather than
oxygen vacancies, in LiNbOj; is energetically favorable.!' ™'
Recent results have shown that oxygen vacancy plays a deci-
sive role in the magnetism, magnetocapacitance, and mem-
ristive behavior in LiNbO3.15_17

The above background indicates that the role of oxygen
vacancy in LiNbO; has not been fully understood. It is well
known that low frequency (below 1 MHz) dielectric spec-
troscopy might be a powerful technique to investigate the
dynamic behavior of point defects.'® Although a wealth of
dielectric studies related to LiNbO; ceramics, single crys-
tals, and composites have been reported,7’19_25
reports on the effects of oxygen vacancies on the dielectric
properties of LiNbOj crystals. It was the purpose of this
work to explore the role played by oxygen vacancies in the
dielectric and electric properties of LiNbO;. Our results re-
vealed that oxygen vacancies change from an isolated state
to a clustered state when their concentration is high enough.
The clustered state induces a phase-transition-like dielectric
anomaly, a first-order phase transition, and a prominent resis-
tance switching effect.

there are few

2 | EXPERIMENTAL
PROCEDURES

All the LiNbO; (LN) crystal samples used in the present study
were grown from the congruent melt by the Czochralski tech-
nique. Colorless transparent (104) LN wafers were cut from
large single-crystal boules (see Figure S1). These wafers are

usually referred to as “congruent lithium niobate (CLN)”
wafers. In order to tune the oxygen vacancy level, the CLN
wafers were buried in a mixture of iron and lithium carbonate
(Fe:Li,CO; = 5:100 by mass) and held in a muffle furnace
at different temperatures in the range of 450°C-550°C under
flowing nitrogen gas. The reduction process involved heat-
ing the samples to the desired temperature, holding them for
6 hours and then slowly cooling down to room temperature.
After chemical reduction, the color of the samples changed,
from grey to black and almost opaque, depending on the
treatment temperature. Grey lithium niobate wafers were ob-
tained at 460°C and are denoted as “GLN” wafers. Likewise,
black lithium niobate wafers were obtained at 540°C and are
denoted as “BLN" wafers [see the inset of Figure S1].

Phase purity of the crystal wafers was characterized by
X-ray powder diffraction (XRD) performed on a Rigaku
SmartLab diffractometer (Rigaku Beijing Co., Beijing,
China) with CuK,, radiation. X-ray photoelectron spectros-
copy (XPS, Thermo-Fisher ESCALAB 250Xi) was used to
analyze the valence state of O element. The concentration
of oxygen vacancies was found to increase as the colour
of the crystal became darker (see Figure S2). Differential
scanning calorimetry (DSC) measurements were carried
out with a PE Pyres-1 DSC apparatus at a heating rate of
10°C/min. Dielectric properties were measured using a
Wayne Kerr 6500B precise impedance analyzer (Wayne
Kerr Electronic Instrument Co., Shenzhen, China) with the
sample mounted in a holder placed inside a PST-2000HL
dielectric measuring system (Partulab Co., Wuhan, China).
The ac measurement signal was 100 mV. Electrodes were
made by printing silver paste on both sides of the disk-type
samples. The synchrotron X-ray Laue diffraction experi-
ments were performed at Beamline 12.3.2 in the Advanced
Light Source of the Lawrence Berkeley National Laboratory,
Berkeley, California. The polychromatic beam energy ranged
from 6 to 22 keV. A one micron beam was obtained via a
Kirkpatrick-Baez (KB) mirror. A silicon single crystal was
used for calibration to precisely determine the experimental
geometry such as the sample-to-detector distance. The sam-
ple was placed on an Anton-Paar DHS 900 heating stage, and
the patterns were collected at several temperatures between
ambient and 600°C. The current-voltage characteristics were
collected using a Keithley 2400 SourceMeter.

3 | RESULTS AND DISCUSSIONS

Figure 1 summarizes the temperature (T) dependence of the
dielectric properties for the CLN (A-C), GLN (D-F), and
BLN (G-I) crystals. The curves recorded at the frequencies
of 102, 103, 104, 105, 5 % 105, and 10° Hz were selected to
be shown in the figure. It is seen that the dielectric constant,
€'(T), of the CLN initially exhibits a slight increase followed
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FIGURE 1 Temperature dependence of dielectric properties for the CLN (A-C), GLN (D-F), and BLN (G-I). The inset in (B) is the

Arrhenius plots for the relaxations P1 and P3 found in CLN, GLN, and BLN. The straight lines are linear fitting results. The insets in (E) and (H)
are enlarged view of the low-temperature range. The vertical lines in (F) and (I) indicate the melting point of the oxygen-vacancy clusters [Color

figure can be viewed at wileyonlinelibrary.com]

by a rapid increase around 800 K (Figure 1A). Meanwhile, a
pronounced loss tangent [tand(7)] peak corresponding to the
rapid increase is found (Figure 1B). This fact indicates that
there is a relaxation process in CLN. The relaxation peak can
be only observed in the tand(7) curve measured at 100 Hz,
whereas the peaks in the curves measured at frequencies
higher than 100 Hz move towards higher temperatures be-
yond the tested temperature window. This prevents us from
obtaining the relaxation parameters. To shed light on this re-
laxation, the dielectric function of electric modulus, defined
as M*=M'"+jM" =1/&*, is applied. It was reported that the
relaxation time for the electric modulus (zy,) is lower than that
of the dielectric loss tangent (z;), 7y < 15.26 Therefore, com-
pared with the dielectric loss tangent, the relaxation should
occur at a lower temperature in the spectra of the electric
modulus. Figure 1C displays the temperature dependence of
the imaginary part of the electric modulus for the CLN, from
which a set of relaxation peaks can be clearly seen. The meas-
urement frequency (f) was plotted as a function of the recipro-
cal of the peak position (7p) according to the Arrhenius law:

f=fyexp (-E,[kgTp) (1)

where f; is the prefactor, E, is the activation energy of the re-
laxation, and kg is the Boltzmann constant. The Arrhenius plot
of the relaxation is shown in the inset of Figure 1B. A linear
fit yields the relaxation parameters f; = 2.36 X 10" Hz and
E, = 1.28 eV. The activation energy value locates in the range
of ~1.0to 1.5 eV for the relaxation caused by hopping motion of
individual oxygen vacancies,”’*’ indicating that the relaxation
might be related to oxygen vacancies.

The crystals of GLN and BLN show similar dielectric
behavior, that is, €¢'(T) exhibits a broad anomaly, which
is composed of a step-like increase followed by a re-
laxor-like peak. The peaks recorded at different frequen-
cies converge to a well-defined temperature ~7,,728 K for
GLN and ~751 K for BLN as indicated by the arrows in
Figure 1D,G, respectively. In the temperature range above
T, €'(T) for both crystals rapidly increases with increas-

ing temperature, showing the same behavior as that of the
CLN. In the tand (T) curves, there is a set of relaxation
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peaks (P1) corresponding to the step-like increase in €'(7)
[see the enlarged plots of the low-temperature range of tand
(T) curves shown as insets in Figure 1E,H]. The Arrhenius
plots of P1 [inset of Figure 1B] yield the relaxation param-
eters f, = 5.21 x 10'" Hz and E, = 0.68 eV for GLN, and
fy =3.18 x 10" Hz and E, = 0.67 eV for BLN. The acti-
vation energy for both crystals is very close to the typical
value of ~ 0.70 eV for the relaxation associated with oxy-
gen-vacancy clusters.”’>%3! The migration of an isolated
vacancy is fulfilled via hopping motion. The relaxation
related to the isolated vacancy is composed of two con-
tributions: E, +Eg+Ey, with Eg and Ey being the defect
generation and hopping energies, respectively. Whereas
for the clusters, lattice distortions induced by the oxygen
vacancies will overlap, leading to the formation of defect
band in the band gap.32 The hopping motion then trans-
forms to band conduction. The relaxation related to the
clustered vacancies is solely determined by Eg. Therefore,
aremarkable decrease in the activation energy occurs when
the oxygen vacancies condense into clusters. This finding
strongly supports the theoretical prediction that a high oxy-
gen vacancy concentration would lead to interaction of the
oxygen vacancies with each other so as to form an ordered
state,z’33 and demonstrates that the anomaly is related to
oxygen vacancies.

An oxygen-vacancy-related dielectric anomaly has been
widely reported in oxides at high enough temperatures.34
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This behavior is now called pseudo-relaxor behavior,** which
is composed of two close relaxations, with the low tempera-
ture one being a dipolar relaxation and the high temperature
one being a Maxwell-Wagner relaxation.* Although the
two relaxations are not observed in the tans(7) curves in the
anomaly temperature range, they can be well-identified in
the modulus spectra (see Figure 1FE]I). For clarification, the
modulus spectra recorded at 100 Hz for the GLN and BLN
are presented in Figure S3 of the Supporting Information.
From which, one can clearly see that the second relaxation
peak (P1") occurs at 553 K for GLN and 562 K for BLN. The
Maxwell-Wagner nature of the P1’ peak is confirmed by the
impedance measurements under different dc biases as seen
in Figure S4. This finding leads to the conclusion that the
anomaly found in GLN and BLN is the so-called pseudo-re-
laxor behavior caused by Maxwell-Wagner relaxation. Since
the Maxwell-Wagner relaxation is linked to the kind of in-
terface, a pertinent question is what kind of interface exists
in the present crystal? The ferroelectric domain walls and
sample-electrode contacts can be excluded because both of
them exist in CLN, which, however, shows no detectable di-
electric anomalies. A tentative explanation for the anomaly
is that the oxygen vacancies form an ordered phase. It is the
phase boundary between the cluster phase and the matrix
phase that leads to the Maxwell-Wagner relaxation. When
the measurement temperature is high enough, the escaping
of the vacancies from the cluster phase becomes notable. It
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FIGURE 2 Comparison of the temperature dependence of the dielectric constant for GLN (A) and BLN (B) in the as-received, O,-annealed,
and N,-annealed cases. Temperature dependence of the dielectric constant for GLN (A) and BLN (B) measured without and with a dc bias of 3 V

[Color figure can be viewed at wileyonlinelibrary.com]
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is natural to expect a critical temperature, 7, at which the
oxygen-vacancy cluster phase may be “de-clustered” because
the interaction energy of the vacancies cannot resist the ther-
mal fluctuation. The T, is actually the “melting point” of the
clusters. In the temperature range higher than 7, the vacan-
cies exhibit individual behavior, and their hopping motions
yield a relaxation with an activation energy around 1.0 eV
or higher.

To substantially corroborate the relationship between
the oxygen vacancies and the observed dielectric anomaly,
crystals of GLN and BLN were subjected to two consecutive
post-annealing treatments: first in oxygen and then in nitro-
gen atmosphere (both with purity >99.99% and a flow rate of
200 mL min~") at 1073 K for 2 hours. After each treatment,
the dielectric properties were measured as a function of tem-
perature. Figure 2A,B compares the temperature dependence
of the dielectric constant (obtained at 100 Hz) for the GLN
and BLN, respectively, in the as-received, O,-annealed, and
N,-annealed cases. It is clearly seen that the step-like increase
and the relaxor-like anomaly for both crystals disappear com-
pletely after the O,-annealing treatment and reappear after
the N,-annealing treatment. This result unambiguously con-
firms that both the step-like increase and the relaxor-like
anomaly are associated with oxygen vacancies.

It is noteworthy that there are two visible tand peaks
(P2 and P3) in GLN and BLN occurring in the temperature
range above that of the P1 peak. These peaks can be identi-
fied in the curves measured at low frequencies, for example,
100 Hz. A detailed investigation of &'(T) at lower frequencies
(<10° Hz) reveals that P2 is a phase-transition-type peak (be-
cause the peak position is independent of the measurement
frequency) and P3 is a relaxation-type peak (see Figure S5).
The transition temperature (7) is found to be 715 K for GLN
and 740 K for BLN. Both occur in the temperature range
below T, where the oxygen-vacancy-ordering dominates
the dielectric properties of the crystal. Similar to what was
found in NaO_SBiO_SCu3Ti4012,36 the ordering of oxygen va-
cancies may incur the ferroelectric phase transition. This kind
of ferroelectricity is now named as “electric ferroelectricity”,
which is almost a common dielectric phenomenon in tran-
sition-metal oxides occurring at high enough temperatures.
Instead of a change in crystal structure, the mechanism of
such ferroelectric behavior involves a change in electronic
structure that breaks the space-inversion symmetry giving
rise to a macroscopic polarization.33 7 Therefore, the P2 peak
can be reasonably ascribed to an electric-ferroelectric phase
transition. The relaxation-type P3 peak appears in the tem-
perature range higher than 7,, and can be clearly seen in the
modulus spectra (see Figure 1F,I).

Due to the phase transition, the peak of P1’ is strongly dis-
turbed. The range of the disturbance is from 7 to T,,. This
interference prevents us from deducing the relaxation param-
eters of P1’. We therefore focus on calculating the relaxation
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parameters of P1 and P3 from the modulus spectra. Arrhenius
plots for P1 and P3 are shown in the inset of Figure 1B. The
relaxation parameters were calculated, and the results are
given in Table S1 of the Supporting Information. From this
table, we can see that the relaxation parameters of P3 agree
well with those of CLN, indicating that the dielectric behav-
ior of GLN and BLN in the temperature range of 7' > T, is
dominated by individual oxygen vacancies. The relaxation
parameters of the P1 peak for GLN and BLN agree well with
those deduced from the tand (7) curves, indicating that the
dielectric behavior of GLN and BLN in the temperature range
of T < T¢ is associated with the clustered state of oxygen va-
cancies. In other words, the oxygen vacancies show collec-
tive behavior in this temperature range. The oxygen-vacancy
ordering scenario is firmly supported by the results of ther-
mal analysis (see Figure S6 of the), which clearly reveal a
well-defined endothermic peak at ~432 K for BLN. This peak
becomes broader and much weaker in GLN and invisible in
CLN. This finding clearly demonstrates that (a) the oxygen
vacancies in GLN and BLN undergo a redistribution process
from an ordered state to a disordered state, that is, the cluster
melting process, (b) no clustered state exists in CLN, that is,
the vacancies therein are in an isolated state, and (c) the clus-
tered state becomes notable with increasing oxygen-vacancy
concentration. It is worth pointing out that the phase transition
temperature deduced from the DSC results is lower than that
deduced from the dielectric results. This is because that the
phase transition temperature of a clustered system is strong
size-dependent.38 The DSC measurement requires the bulk
crystal to be ground into powders. The reduction in sample
size leads to the decrease in the phase transition temperature.

The ordering of oxygen vacancies has been reported in a
few oxides to have a preferential direction.* However, the in
situ synchrotron Laue x-ray diffraction studies on the BLN
recorded at a series of temperatures reveal no extra diffrac-
tion spots (see Figure S7). This fact indicates that the vacan-
cies in the present crystals just condense into clusters without
a long-range order.

In view of the above discussion, it is instructive to modu-
late the clustered state by a dc bias, as the motion of oxygen
vacancies can be both thermally activated and electrically
activated. A dc field is expected to promote the migration
of the vacancies, which is beneficial to the formation and/
or growth of the clusters. The dielectric constant curves as a
function of temperature without and with a dc bias of 3 V for
GLN and BLN are presented in Figure 2C,D, respectively.
One can clearly see that the dc bias shifts the anomaly peak
by 40 K for GLN and 45 K for BLN towards lower tempera-
ture. This result confirms that the dc field is favorable for the
clustered state. On the other hand, the peak intensity for both
crystals was greatly depressed by the bias. This is because
the Maxwell-Wagner relaxation is usually associated with a
Schottky barrier that can be depressed by dc bias.*
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(A) Temperature dependence of the electric modulus of the GLN from another batch of crystals. (B-F) The calculated resistance

as a function of voltage for the selected temperatures. (G-H) Schematic illustration showing the overlapping state of the oxygen-vacancy clusters

(G) and the melted state (H) [Color figure can be viewed at wileyonlinelibrary.com]

As a small dc field is found to be helpful for the formation
and/or growth of the clusters, one would intuitively anticipate
that, when the clusters become large enough, they can merge
into a bigger one and contact with the electrodes forming
a conductive filament. In this case, a memristive/resistive
switching effect should be observed. To gain more insight,
current-voltage (I-V) curves of the GLN were collected from
another batch of crystals at different temperatures by sweep-
ing the voltage in the sequence of 0—10—-0—-10—-0 V.
The crystal shows T and 7, of 715 and 752 K, respectively
(Figure 3A). The calculated resistance (R) values as a func-
tion of voltage at selected temperatures are shown in Figure
3B-F. It was found that the resistance is almost indepen-
dent of the dc bias in the temperature range below 550 K
[Figure 3(B)]. This is because that the Vs in this range are
in the clustered state, few residual isolated vacancies can
be driven by the dc field and contribute to the conductivity.
Meanwhile, the clusters themselves are almost “frozen,” and
“hard” enough to be deformed by the applied field, thereby

making negligible contribution to the conductivity. At tem-
peratures near 7, for example, 700 K, the cluster growth
from oxygen vacancy migration becomes notable. This pro-
cess yields much smaller values of R compared to the frozen
cluster state. At high biases, the cluster growth tends to be
finished. The resistance then greatly increases with increas-
ing bias, giving rise to a low resistance state (LRS or ON)
in the forward branch (increasing bias) and a high resistance
state (HRS or OFF) in the backward branch (decreasing
bias) for both positive and negative biases (Figure 3C). In
the temperature range between T and T,,, the clusters be-
come ‘“soft,” they can be easily elongated by the applied
field. As illustrated in Figure 3G, when several elongated
clusters overlap each other, a conductive filament is gen-
erated, which leads to an abrupt resistance switching from
the HRS to the LRS (Figure 3D,E). The resistance switch-
ing voltage in the forward branch was found to be ~6 V at
725 K. In the backward branch, the opposite effect, that is,
the LRS jumping to the HRS is observed. Due to the inertia
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of the vacancies, the jumping voltage was found to occur
at the lower value of ~2.2 V. A prominent resistance OFF/
ON ratio of ~2 x 10” at 725 K and 1.3 x 10*at 750 K were
achieved. Similar behavior was found in the negative bias
side. In the temperature range higher than 7., the clusters
are melted, and the vacancies are in an isolated state. The
isolated vacancies can be moved by the field, and they will
finally accumulate near the cathode because the electrode
cannot conduct ions. The accumulated vacancies will create
an internal field opposite to the field of the dc bias, which
prevents more vacancies from moving towards the cathode.
As a result, the resistance increases with increasing bias
until the electrons at the cathode overcome the barrier and
are injected into the sample [as depicted in Figure 3H]. The
injected electrons will weaken the internal field and thus the
resistance in the high-bias range decreases with increasing
bias, yielding a R, in the forward branch as indicated by
the olive arrow. In the backward branch, due to the inertia of
the vacancies, the resistance goes along a curve with lower
resistance values than those of the forward branch, which
gives rise to a clockwise loop (Figure 3F).

It is important to emphasize that the memristive effect in
LiNbOj; single crystals induced by the melting of oxygen-
vacancy clusters obviates a high-field electron-forming step
and can be achieved at a small field on the order of ~10 V/
cm. If this prominent memristive effect could be shifted to
temperatures around room temperature, it would be very ex-
citing for device implementation, which still awaits numerous
further efforts.

4 | CONCLUSIONS

In summary, we demonstrate that Vs in LiNbOj; single crys-
tals change from an isolated state to a clustered state with
increasing the concentration of Vs. A relaxor-like dielectric
anomaly and a first-order phase transition were induced by
the Vj, clustering. The relaxor-like dielectric anomaly was
argued to be a pseudo-relaxor behavior and the first-order
phase transition was related to be an electric-ferroelectric
phase transition. A prominent memristive effect was found in
the temperature range close to the melting point of the clus-
ters. This effect is ascribed to the formation of a conductive
filament under a small dc field.
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