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1.  Introduction

Domain walls can be functional elements of a material while 
the same functionality does not exist in the bulk. Typical 
examples are superconducting twin walls [1, 2], polarity and 
ferroelectricity in ferroelastic domain walls in CaTiO3 and 
SrTiO3 [3–5] and segregation of chemical species in domain 
walls [6]. The emerging field of domain boundary engineering 

[2, 7] endeavors to develop such functional domain walls as 
device materials. A promising candidate is LiNbO3 which can 
show charged ferroelectric domain walls while such charges 
are absent in the bulk [8, 9]. The condition for charged walls 
is that they are inclined with respect to the equilibrium direc-
tion [10]. They have previously been observed in Pb(Zr,TiO3) 
thin films [11] and calculations from Eliseev et al have shown 
that the static conductivity drastically increases at the inclined 
‘head to head’ domain walls even for small incline angles [12]. 
It has also been amply demonstrated by techniques such as 
electron microscopy that charged domain walls, particularly 
in the most extreme case of a ‘head-to-head’ or ‘tail-to-tail’ 
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Abstract
Monodomain and periodically poled LiNbO3 crystals (congruent composition) show dielectric 
and piezoelectric resonances between 100 K and 900 K. Dielectric measurements show 
resonances in some samples between 10–100 kHz. These resonances vanish under thermal 
anneal in monodomain crystals while they remain stable in periodically poled samples with 
high domain wall densities. The low activation energy of 0.18 eV suggests their electronic 
(bi-polaronic) origin. Resonant piezoelectric spectroscopy, RPS, shows two features in virgin 
samples: a relaxation peak at 420 K and a rapid hardening when the sample was slowly 
heated to ~500 K. The dynamic relaxation and the hardening are related to excitations and 
reorientations of Li defects. The relaxations and hardening are irreversibly suppressed by 
high temperature anneal. We do not observe domain wall related RPS resonances in annealed 
samples, which excludes the existence of highly charged walls. We suggest that domain walls 
stabilize polaronic states with (bi-)polarons located inside or near to the ferroelectric domain 
walls.

Keywords: lithium niobate, domain wall, polarons

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

G F Nataf et al

Printed in the UK

015901

JCOMEL

© 2016 IOP Publishing Ltd

2016

28

J. Phys.: Condens. Matter

CM

0953-8984

10.1088/0953-8984/28/1/015901

Papers

1

Journal of Physics: Condensed Matter

IOP

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 DOI.

0953-8984/16/015901+9$33.00

doi:10.1088/0953-8984/28/1/015901J. Phys.: Condens. Matter 28 (2016) 015901 (9pp)

mailto:ekhard@esc.cam.ac.uk
http://crossmark.crossref.org/dialog/?doi=10.1088/0953-8984/28/1/015901&domain=pdf&date_stamp=2015-12-07
publisher-id
doi
http://creativecommons.org/licenses/by/3.0
http://dx.doi.org/10.1088/0953-8984/28/1/015901


G F Nataf et al

2

configuration, act as barriers for defect movement, creating 
regions of increased defect density [13–15]. Such inclined 
walls generate local strain in the bulk while walls in mechan-
ical equilibrium are neither charged nor do they strain the lat-
tice. Congruent LiNbO3 with non-inclined walls still contain 
significant defect structures [16–18] so that it can be specu-
lated that these defects may decorate the walls and thereby 
generate functionality [19, 20]. For example, the presence 
of defects at domain walls, and especially oxygen vacan-
cies, is proposed to play a role in the conduction observed 
at the walls in BiFeO3 and Pb(Zr,TiO)3 [6, 21, 22]. The same 
mechanisms could apply for the observed photoconductivity 
in LiNbO3 [8]. Kinks in domain walls could also lead to local 
charges and may contribute to the piezoelectric response of 
the sample. (Self-)organized defects have recently been seen 
in KTaO3 where all defects are polar and act as one coherent 
dipole moment at sufficiently low temperatures [23]. It was 
the purpose of this work to explore whether LiNbO3 shows 
similar correlations between defects and domain boundaries.

LiNbO3 is trigonal, belonging to the R c3  space group in 
the paraelectric phase. With the onset of ferroelectricity at Tc 
near 1483 K, the structure remains trigonal, but the inversion 
symmetry of the system is lifted, reducing symmetry to the 
R3c space group. LiNbO3 is hence ferroelectric but not fer-
roelastic below 1483 K. Domain structures consist exclusively 
of 180o ferroelectric walls which are—in good approxima-
tion—strain-free in thermodynamic equilibrium while local 
strains may originate from coupling between the polarization 
and secondary displacements [24, 25]. Non-equilibrium states 
in uniaxial ferroelectrics LiNbO3 and LiTaO3 are commonly 
observed as transient features when the polarity of the samples 
is inverted by an applied electric field [26–29]. Furthermore, 
congruently grown LiNbO3 is highly non-stoichiometric. The 
dominant defects are Nb-antisite defects, i.e. niobium on a 
lithium site (NbLi), with a concentration of about 1%. Charge 
compensation is usually proposed to occur by creation of 
lithium vacancies VLi, of which four are needed to compen-
sate each NbLi. The actual stoichiometry of the crystal is thus 
[Li0.95Nb0.01]NbO3 [17, 18].

We employ dielectric spectroscopy to probe the influ-
ence of defects and domain walls on the dielectric proper-
ties. Several samples showed resonance features near 10 kHz. 
We assume these resonances not to be due to domain wall 
movement since domain walls remain pinned when low volt-
ages are applied in LiNbO3 [30]. Samples were then exam-
ined using resonance piezoelectric spectroscopy (RPS). RPS 
measures all mechanical vibrations which can be excited by a 
weak electric field in the frequency range 100 kHz to 2 MHz. 
The resonances correspond to macroscopic standing strain 
waves, and their squared resonance frequency is proportional 
to the modulus of the excited mode (mainly shear waves). 
The temperature dependences seen in RPS are hence propor-
tional to the temperature evolution of the effective modulus, 
independent of the absolute value of the resonance frequency. 
If polar defects exist, they are excited together with the bulk 
piezoelectricity and show temperature dependences which 
reflect the temperature evolution of the defects together with 
that of the bulk. Wall movements of strain-free 180o walls 

in LiNbO3 do not contribute to piezoelectric resonances. We 
argue in this paper that defect-induced piezoelectric reso-
nances exist in most virgin samples of LiNbO3 but that these 
defects can be eliminated by annealing below 900 K. We 
find a correlation between dielectric defect relaxations and 
the number of domain boundaries and conclude that domain 
walls stabilize and may even attract defects. We conclude that 
ferroelectric walls in LiNbO3 are defect-decorated and hence 
weakly charged.

2.  Methods

Six samples of congruent single crystal LiNbO3 have been 
used for this work. A periodically poled single crystal, com-
mercially available from HC Photonics Corps, labeled as 
PPLNa, had a domain period of 20.4 μm (i.e. a domain wall 
density of 98 mm−1). A periodically poled single crystal with 
domain period 28 μm (i.e. a domain wall density of 71 mm−1), 
labelled as PPLNb, and a monodomain single crystal, 
labelled as MLN1, were purchased from EQ Photonics 
GmbH. Samples MLN2a, MLN2b and MLN2c were 
purchased from PI-KEM Ltd and cut by ourselves from a 
single domain wafer. All sampled had platelet geometry with 
~5  ×  5  ×  0.5 mm3 dimensions and short edges along the c 
direction. The monodomain wafers were poled by the manu
facturer near the Curie temperature, without field-cooling. 
The poling process of the periodically poled single crystals 
is unknown, but conventionally done at room temperature 
or slightly above [31]. The characteristics of the samples are 
summarized in table 1.

Impedance spectroscopy was performed as a function of 
temperature with a Novocontrol Concept 40 dielectric spec-
trometer to study the evolution of the dielectric permittivity 
and loss. The samples were electroded with silver paste. For 
comparison, single measurements were also performed with 
sputtered gold electrodes, but since no significant effect of the 
electrode preparation on the results was observed, the painted 
silver electrodes were preferred as the less complicated prep
aration method. These measurements were made between 
273 K and 473 K in 25 K steps, before RPS. They were repeated 
after RPS between 143 K and 573 K in 15 K steps on heating 
and cooling. The frequency range of the measurements was 
1 Hz–1 MHz with an ac-voltage of 1 V (rms). Each spectrum 
contained 240 points, logarithmically spaced. The data were 
analyzed using the software GRAFITY (GrafityLabs). The 

Table 1.  Main characteristics and experiments performed on the 
samples.

Name
Domain 
period (μm) Supplier Experiments

PPLNa 20.4 HC Photonics Dielectric
PPLNb 28 EQ Photonics Dielectric  +  RPS
MLN1 Monodomain EQ Photonics Dielectric  +  RPS
MLN2a Monodomain PI-KEM Dielectric  +  RPS
MLN2b Monodomain PI-KEM Dielectric
MLN2c Monodomain PI-KEM Dielectric

J. Phys.: Condens. Matter 28 (2016) 015901
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characteristic relaxation times of the dielectric relaxations 
were deduced from a fit using the Debye model.

RPS was performed between 100 K and 860 K. Initially 
samples were inserted into an open cycled (Orange) cryostat 
for measurements between 100 K and 300 K performed on 
heating in 5 K steps. For these measurements an ac-voltage 
of 25 V was applied across the large surfaces of the samples 
using silver paste as electrodes. Each spectrum contained 
65 000 points between 10 and 1200 kHz. After low tempera-
ture measurements, a Netzsch furnace was used to perform 
RPS measurements between 300 K and 860 K in both cooling 
and heating sequences. These measurements were performed 
twice. In the first set of high temperature measurements, 
heating data were collected in 5 K steps while cooling data 
were collected in 10 K steps. In the second set, heating and 
cooling data were collected in 10 K and 20 K steps, respec-
tively. Each spectrum contained 50 000 points between 50 and 
1200 kHz. For high temperature measurements an ac-voltage 
of 10 V was applied to the sample electrodes.

RPS data were analyzed using the software package IGOR 
PRO (WaveMetrics). Peak frequencies f and full widths at half 
maxima (FWHM) Δf of selected resonances were determined 
by fitting with an asymmetric Lorentzian profile. These values 
were used to determine mechanical damping (or, inverse 
mechanical quality factor) Q−1, which can be expressed as 

Δf/f. Since the frequency of the macroscopic standing waves 
depends on the dimensions, density, and orientation of the 
sample [32], samples with different dimensions will have dif-
ferent resonant frequencies. Therefore, in our analysis, we 
selected those resonant peaks with the highest amplitudes and 
those that do not interact with other resonances to obtain Q−1 
and f values more accurately.

3.  Results

3.1.  Defects in thermal equilibrium: MLN1

Figure 1 details the temperature evolution of the permittivity 
in MLN1. Figure 1(a) shows the real part of the permittivity 
ε′ and figure 1(b) the imaginary part ε″ at 323 K (blue), 398 K 
(green) and 448 K (red). ε′ remains flat between 1 Hz and  
106 Hz. ε″ is increasing with decreasing frequencies.

The temperature dependences of the squared frequency  
f 2 and mechanical damping Q−1 of an RPS resonance in MLN1 
at 200 kHz are presented in figure 2 for the temperature range 
between 100 K and 300 K. The squared frequency f 2 increases 

Figure 1.  MLN1. (a) Real and (b) imaginary part of the permittivity 
as a function of the excitation frequency for temperatures between 
323 K and 448 K.

Figure 2.  MLN1. Temperature evolution of squared frequency f2 
and mechanical damping Q−1 for a resonance near 200 kHz.
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Figure 3.  MLN1. Temperature evolution of the squared frequency 
f 2 and mechanical damping Q−1 associated with a resonance peak 
near 270 kHz.
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linearly with decreasing temperature. Mechanical damping for 
this resonance remains low and nearly the same in the whole 
temperature range. The RPS measurements at low temperatures 
hence show the classical behavior of a defect-free sample, with 
stiffening on cooling.

The high-temperature RPS data of MLN1 during the first 
and subsequent heating and cooling runs are compared in 
figure 3. Data for a resonance located around 270 kHz obtained 
during first heating shows a peak in the mechanical damping 
(Q−1) around 420 K accompanied by a step of f 2 at around 
500 K where Q−1 starts to deviate from the background. The 
two sets of measurements were performed without removing 
the sample from the furnace. After the first heating the peak 
near 420 K did not reoccur.

3.2.  Defect variations: MLN2a, MLN2b and MLN2c

Impedance spectroscopy of samples MLN2a, MLN2b and 
MLN2c shows variable behavior even though these samples 
have been cut from the same wafer. Figure  4(a) shows the 
room-temperature ε″ for the three samples. The red curve is 
the data for MLN2a. It shows a relaxation with a maximum 
near 30 kHz and a large increase of ε″ at low frequency. After 
annealing during high-temperature RPS, the relaxation has 
disappeared and the increase at low frequency has diminished. 
ε″ for MLN2b is depicted in the blue curve. It shows a sim-
ilar relaxation with a maximum near 30 kHz, even though the 
height of the peak is reduced. This relaxation in both MLN2a 
and MLN2b has a semi-circular shape on a Cole–Cole plot 
(not shown). The black curve shows ε″ for MLN2c without 
any relaxation peak.

Figure 4(b) shows ε″ for MLN2b at 273 K, 323 K and 
373 K. The relaxation is shifted to higher frequencies on 

heating. As shown in the inset, the temperature-dependence of 
the relaxation frequency is well described by an Arrhenius law 
with an activation energy of 0.18 eV.

RPS measurements of MLN2a were performed between 
100 K and 300 K and repeated after (two) high temperature 
RPS experiments at temperatures up to 860 K. Values for f 2 
and Q−1 for a peak near 80 kHz determined from these meas-
urements are presented in figure 5. The states before and after 
heating differ in f 2. Before heating to 860 K, f 2 shows elastic 
softening at ~230 K that vanishes after high-temperature 
anneal. There is also a clear reduction of Q−1 between 250 and 
300 K after heating compared with the data before heating.

Results from two high-temperature RPS experiments 
of MLN2a are compiled in figure  6. A peak in mechanical 
damping Q−1 near 420 K is similar to that in MLN1 and is 

Figure 4.  (a) Imaginary part of the permittivity at room temperature for MLN2a (before and after RPS), MLN2b and MLN2c. (b) 
Imaginary part of the permittivity at 273 K, 323 K and 373 K for MLN2b. (inset) Arrhenius fit with an activation energy of 0.18 eV.

Figure 5.  MLN2a. Temperature evolution for f 2 and Q−1 for a 
resonance near 80 KHz determined before and after heating the 
sample to 860 K for high temperature RPS measurements.
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followed by an increase of f  2 near 500 K in the first heating 
run. None of these features exist in the second experiment.

3.3.  Periodically poled lithium niobate

Figure 7 details the temperature evolution of the permittivity 
in PPLNa and PPLNb. Figure  7(a) shows the real part of 
the permittivity at 323 K, 398 K and 448 K for data before 
high-temperature measurements; dielectric spectra at 323 K, 
398 K and 443 K are shown for measurements after high-
temperature experiments—up to 473 K for PPLNa and 860 K 
for PPLNb. A change in the slope is visible near 10 kHz. 
Figure 7(b) shows the imaginary part of the permittivity at 
the same temperatures. A peak with a maximum near 10 kHz 
is observed; its position is nearly temperature-independent. 
This peak was observed in all measurements up to 473 K. At 
higher temperatures it was hidden by the increase of conduc-
tivity. A slight shift of the peak is observed between PPLNa 
and PPLNb. The low frequency tail depends on electrodes 
and is not considered any further. Figure  7(c) shows the 
Cole–Cole plots (imaginary versus real part of the permit-
tivity) for PPLNa. The relaxation is the same before and after 
high-temperature experiments. The left end of the curves cor-
responds to high frequencies. The semicircles obtained were 
fitted with the Debye relaxation:

   ε ε
ε ε

π τ
= +

−
+

∞
∞

f1 2i
s

� (1)

where ε∞ is the permittivity at the high frequency limit, εs 
is the low frequency static permittivity, τ is the characteristic 
relaxation time of the dipoles. As shown in figure 7(c), the fit 
is in agreement with the experimental data.

Low temperature RPS measurements of the PPLNb sample 
were performed before and after heating to 860 K. The temper-
ature dependences of the squared frequency and mechanical 
damping of selected resonances are presented in figure 8 for 
the temperature range between 100 K and 300 K. The blue sym-
bols show that f 2 and Q−1 decrease on cooling to ~220 K. No 

phase transition has been reported for LiNbO3 in this tempera-
ture range so that softening has nothing to do with a collective 
transition. After (two) high temperature RPS measurements up 
to 860 K, f  2 data do not indicate any further elastic softening 
on cooling (figure 8, red symbols). There is also a clear reduc-
tion of Q−1 between 170 and 300 K in comparison with earlier 
low temperature measurements of the un-annealed sample. 
However, it is worth noting that for the first measurement, 

Figure 6.  MLN2a. Temperature evolution of the squared frequency 
f 2 and mechanical damping Q−1 associated with a resonance peak 
near 185 kHz.
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between 200 and 250 K, another resonance is interfering with 
the one analyzed, leading artificially to larger values of Q−1.

RPS data of the first high temperature heating and sub-
sequent measurements of PPLNb are compared in figure 9. 
Resonance frequencies near 310 kHz of the first heating show 
a slight softening in f  2 with decreasing temperature and a 
peak in the mechanical damping (Q−1) around 420 K. These 
effects are absent in the first cooling data (blue symbols) but a 
broad maximum in f  2 appears near 500 K (filled blue squares). 
Subsequent heating and cooling measurements (second set, 
green and black symbols) show no anomalies of the tem-
perature evolution of the resonance frequencies and elastic 
damping. However, the rate of increase in f  2 for decreasing 
temperature is different between the four data sets, leading 
to a zigzag pattern in the temperature evolution of f  2 when 
all data sets are combined. f  2 from the first cooling measure-
ments and that from the second heating data (green stars) do 
not coincide for the peak near 310 kHz because the sample 
was removed from the RPS holder and remounted. Different 
amounts of silver paste were used in the two measurements, 
which could explain the discrepancy since f  2 decreases with 
increasing sample mass.

4.  Discussion

A comparison of RPS damping during the first high tempera-
ture heating (red symbols in figures 3, 6 and 9) of the three 
samples is made in figure 10. The activation energies of Q−1 
due to a relaxation process can be calculated using [33]:

   
⎪ ⎪

⎪ ⎪
⎧
⎨
⎩

⎡
⎣
⎢

⎛
⎝
⎜

⎞
⎠
⎟
⎤
⎦
⎥

⎫
⎬
⎭

= −− −
−

Q Q
E

Rr T T
cosh

1 1
m

a

m

1 1

2

1

� (2)

where −Qm
1 is the maximum of mechanical damping, Ea is the 

activation energy, R is the gas constant, and r2 is the spec-
tral width. Here r2 is a measure of the spread of relaxation 
times (activation energies) involved in the process. It indicates 
whether the peak in Q−1 stems from a single relaxation peak 

(r2  =  1) or the product of several overlapping peaks with mul-
tiple relaxations at different frequencies and temperatures. 
The activation energies are found to be in the range 0.5–1 eV.

The resonance peak near 420 K is complemented by an 
increase of the moduli near 500 K. This hardening of the shear 
modulus is irreversible and leads to values which characterize 
monodomain samples under heating and cooling conditions. 
Following the interpretation of Gopalan and Gupta [27] of 
rapid polarization changes in LiTaO3 we assume that LiNbO3 
equally orients its local polar defects along the dominant 
polarization direction near 500 K. Once these local dipoles 
are aligned they no longer change in monodomain samples. 
This alignment is preceded at 420 K by the weak relaxation 
peak where local dipoles resonate with the weak electric 
field and give rise to damping of the piezoelectric response. 
This effect is very strong in the periodically poled sample 
(Q−1  =  22  ×  10−3) while the effect is one order of magni-
tude smaller in samples without domain wall structure. We 
can conclude that domain walls enhance this resonance while 
thermal anneal still destroys it.

Figure 8.  PPLNb. Temperature evolution for f  2 and Q−1 for a 
resonance near 120 kHz determined before and after heating the 
sample to 860 K for high-temperature RPS measurements.
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When the high temperature RPS measurements are 
repeated, the elastic relaxation disappears, indicating that 
annealing of the samples resulted in the settling or redistribu-
tion of defects. In PPLNb we found some very small vari-
ations in f  2. This results mirrors recent work by Biancoli  
et al [34] on solid solutions of BaTiO3 and SrTiO3. They found 
that although thermally stimulated current measurements do 
not show evidence of space charges when the sample was 
cooled immediately after heating, if the measurements are 
repeated after several days, these anomalies re-establish them-
selves, hence reinforcing the built-in polarization due to a pre-
ferred orientation of dipoles even in polycrystalline ceramics. 
Because the second set of heating and cooling measurements 
on PPLNb were performed approximately one week after the 
first set of RPS measurements in heating and cooling cycles, 
it is likely that a few polar dipoles were reoriented during that 
time interval.

Dielectric measurements on MLN1 prove that it is pos-
sible to obtain a relaxation-free spectrum from a monodomain 
sample with intrinsic defects of congruently grown LiNbO3. 
This is in agreement with previous dielectric measurements 
[35, 36]. Samples MLN2a and MLN2b are also monodomain 
samples but show Debye relaxations near 10 kHz which are 
very similar to that of the PPLN. These relaxations vanish 
after high temperature treatment (figure 4). Optical micros-
copy did not reveal domain walls and PFM measurements 
at various sites across the sample surface were compatible 
with the monodomain state. It is not excluded that antipar-
allel domains exist, but their volume fraction is far too low to 
account for the observed dielectric relaxation. In the PPLN 
sample, the intrinsic defects are stabilized against thermal 
anneal by domain walls while in monodomain MLN2a and 
MLN2b this stabilization is absent and the defect-induced 
relaxation is destroyed by heating. A possible explanation is 
the compensation of local charged defects by migration of 
intrinsic defects in congruent LiNbO3 such as lithium vacan-
cies, which become mobile already at moderate temperatures 
around 420 K [37]. This also explains the absence of the 
dielectric relaxation in MLN2c: the chemical composition is 
identical to MLN2a and MLN2b, which have been cut from 
the same wafer. However, the fragile local defect structure 
that causes the dielectric relaxation may have been altered 
in MLN2c, e.g. by uncontrolled heating during machining. 
Influence of annealing on defects and dielectric properties had 
already been observed in iron-doped [36] and magnesium-
doped lithium niobate [38].

The main result is hence that the permittivity of PPLN 
shows a strong Debye relaxation with a maximum near 10 kHz 
(figure 7) that does not change when the sample is annealed at 
860 K. The relaxation is unlikely to stem from the motion of 
the domain walls themselves which would lead to much more 
complex relaxation pattern. Furthermore, the coercive field in 
LiNbO3 is very large and domain walls are effectively pinned 
at the electric field strength employed in this study [30]. The 
dielectric relaxation in PPLN may be electronic or ionic in 
origin. However, since all the samples are of congruent com-
position, variations in the stoichiometry between samples 
cannot account for the observed relaxation. Two observations 

confirm this point: (i) the relaxation is observed in two PPLN 
from different suppliers (ii) MLN1 has a relaxation-free spec-
trum, while it comes from the same supplier as PPLNb. The 
different domain wall densities in PPLNa and PPLNb did not 
have any apparent influence on the dielectric behavior; the 
slightly higher permittivity for the sample with fewer domain 
walls is within the error margin of the experiment. It is worth 
noting that the small shift in the imaginary part of the permit-
tivity between PPLNa and PPLNb might be due to minuscule 
changes in composition or defect structure. We can compare 
the behavior of LiNbO3 with highly twinned leucite [39] 
where small movements of ions were correlated within indi-
vidual domain sizes. Experimentally, the dielectric relaxation 
in leucite shows a frequency maximum which changes with 
changing size of the domains. While it is tempting to explain 
the dielectric resonance peak in PPLNb similarly, we find 
that the activation energy is very small, 0.18 eV. This value is 
smaller than the energies needed for a long range motion of 
ions in lithium niobate: ionic conductivity of lithium, hydrogen 
or oxygen vacancies is associated with much larger activation 
energies of 1–1.25 eV [37, 40, 41]. The origin of the relaxation 
is therefore likely to be of electronic nature. It would be com-
patible with the bi-polaron energy of E  =  0.27 eV discussed 
by Schirmer et al [42] provided that the hopping energy is E/2, 
as usually assumed for (bi-)polarons. In addition, it is pos-
sible that MLN2a and MLN2b contain ionic defects induced 
by the congruent composition, but that these defects are in 
a fixed non-equilibrium configuration after high-temperature 
poling and do no longer contribute to the dielectric relaxation 
after anneal. This agrees with the observation that the single-
domain sample MNL1 shows no dielectric resonance, nor any 

Figure 10.  Mechanical damping in PPLNb, MLN1, and MLN2a 
samples obtained during the first high temperature measurements 
in heating sequences (presented in figures 3, 6 and 9). The blue and 
black lines correspond to a fit with an activation energy of 0.5 eV 
and 1 eV, respectively.
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piezoelectric anomaly, despite the Li deficiency of the congru-
ently melting sample.

V.  A simple model

The dielectric relaxation both in monodomain and periodically 
poled LiNbO3 arises from non-equilibrium charged polaronic 
states such as +NbLi

4  polarons. Annealing single domain sam-
ples leads to a rearrangement of the defect structure, particu-
larly the Li vacancies, that causes the relaxation to vanish. In 
the PPLN sample, ferroelectric 180° domain walls stabilize 
the charged defect structures. The charged states apparently 
do not contribute to dc conductivity [8]. The question is how 
the nominally uncharged and unstrained domain walls can sta-
bilize the defect structure: the walls are not inclined [10] and 
do not share the high concentration of carriers as seen in tran-
sient domain states before thermal anneal. Heating a sample 
eliminates most defects and increases the shear modulus of 
the sample while the wall-related dielectric anomaly persists. 
It is likely, therefore, that the charged defects are located at or 
near ferroelectric domain walls. We can now speculate which 
geometrical domain wall pattern would generate such defects. 
Experimentally the overall orientation of the walls is parallel 
to the crystallographic c-axis. This does not mean that local 
wall bending is impossible, in particular if the domain walls 
are some unit cells wide. Similar geometries are observed on 
LiNbO3 surfaces when domain walls are pinned at defects 
[43, 44]. Such ‘wide’ walls could meander in the matrix 
whereby each bending would lead to a head-to-head or tail-to-
tail configuration of the dipoles in the adjacent matrix. Such 
bends would be energetically favorable in positions where the 
resulting bound charges can be locally compensated, i.e. at 
positions where charges already exists in the form of charged 
polaronic states. The polaronic state and the local deforma-
tion of the domain wall would mutually stabilize one another. 
Following this idea we anticipate that ferroelectric walls in 
LiNbO3 are decorated and weakly charged. We now com-
pare dielectric resonances in periodically poled samples with 
the transient resonances in monodomain samples and find 
that both have the same relaxation frequency. The monodo-
main defects are commonly believed to be related to charge 
Nb-antisites where the defect dipole can be aligned with the 
spontaneous polarization at moderate temperatures [37]. It is 
possible, therefore, that the charged walls contain a similar 
local defect configuration. This would mean that bending a 
domain wall in LiNbO3 would imply the generation of such 
polar, topological point defects including the switch of Li 
positions. This stabilization effect of the domain walls is also 
visible in the lack of temperature dependence of the relax-
ation frequency in the PPLN sample. The fundamental relax-
ation frequency in the monodomain and polydomain samples 
is very similar, but the relaxation frequency in the first one 
increases slightly with increasing temperature, resulting in 
an activation energy of 0.18 eV. In the PPLN sample, there is 
no such temperature dependence. Further work using high-
resolution transmission electron microscopy is highly desir-
able to clarify the proposed model.
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Angelis M, De Nicola S, Fińizio A and Pierattini G 2004 
Investigation of electric internal field in congruent  
LiNbO3 by electro-optic effect Appl. Phys. Lett.  
85 5652

	[29]	 Paturzo M et al 2005 On the origin of internal field in Lithium 
Niobate crystals directly observed by digital holography 
Opt. Express 13 5416

	[30]	 Jach T, Kim S, Gopalan V, Durbin S and Bright D 2004 
Long-range strains and the effects of applied field at 180° 
ferroelectric domain walls in lithium niobate Phys. Rev. B 
69 064113

	[31]	 Myers L E, Eckardt R C, Fejer M M, Byer R L, 
Bosenberg W R and Pierce J W 1995 Quasi-phase-matched 
optical parametric oscillators in bulk periodically poled 
LiNbO3, J. Opt. Soc. Am. B 12 2102

	[32]	 Migliori A and Sarrao J 1997 Resonant Ultrasound 
Spectroscopy (New York: Wiley)

	[33]	 Weller M, Li G Y, Zhang J X, Kê T S and Diehl J 1981 
Accurate determination of activation enthalpies associated 
with the stress-induced migration of oxygen or nitrogen in 
tantalum and niobium Acta Metall. 29 1047–54

	[34]	 Biancoli A, Fancher C M, Jones J L and Damjanovic D 2015 
Breaking of macroscopic centric symmetry in paraelectric 
phases of ferroelectric materials and implications for 
flexoelectricity Nat. Mater. 14 224–9

	[35]	 Mansingh A and Dhar A 1985 The ac conductivity and 
dielectric constant of lithium niobate single crystals  
J. Phys. D.: Appl. Phys. 18 2059–71

	[36]	 Barbosa P C, de Paiva J A C, Filho J M, Hernandes A C, 
Andreeta J P and Sombra A S B 1991 Dielectric relaxation 
process and pyroelectric currents in LiNbO3: Fe single 
crystals Phys. Status Solidi 125 723–9

	[37]	 Gopalan V, Dierolf V and Scrymgeour D A 2007 Defect–
domain wall interactions in trigonal ferroelectrics Annu. 
Rev. Mater. Res. 37 449–89

	[38]	 Meyer N, Nataf G F and Granzow T 2014 Field induced 
modification of defect complexes in magnesium-doped 
lithium niobate J. Appl. Phys. 116 244102

	[39]	 Palmer D and Salje E H 1990 Phase transitions in leucite: 
Dielectric properties and transition mechanism Phys. Chem. 
Miner. 17 444–52

	[40]	 Hüger E, Rahn J, Stahn J, Geue T, Heitjans P and Schmidt H 
2014 Lithium diffusion in congruent LiNbO3 single crystals 
at low temperatures probed by neutron reflectometry. Phys. 
Chem. Chem. Phys. 16 3670–4

	[41]	 Birnie D P 1993 Analysis of diffusion in lithium niobate  
J. Mater. Sci. 28 302–15

	[42]	 Schirmer O F, Imlau M, Merschjann C and Schoke B 2009 
Electron small polarons and bipolarons in LiNbO3  
J. Phys.: Condens. Matter 21 123201

	[43]	 Yang T J, Gopalan V, Swart P J and Mohideen U 1999 Direct 
observation of pinning and bowing of a single ferroelectric 
domain wall Phys. Rev. Lett. 82 4106–9

	[44]	 Yan W et al 2006 The electrostatic depinning mechanism of 
domain wall for near-stoichiometric lithium niobate crystals 
J. Phys. D.: Appl. Phys. 39 4245–9

J. Phys.: Condens. Matter 28 (2016) 015901

http://dx.doi.org/10.1016/0022-0248(68)90139-5
http://dx.doi.org/10.1016/0022-0248(68)90139-5
http://dx.doi.org/10.1016/0022-0248(68)90139-5
http://dx.doi.org/10.1063/1.4789779
http://dx.doi.org/10.1063/1.4789779
http://dx.doi.org/10.1103/PhysRevLett.107.127601
http://dx.doi.org/10.1103/PhysRevLett.107.127601
http://dx.doi.org/10.1002/adma.201102254
http://dx.doi.org/10.1002/adma.201102254
http://dx.doi.org/10.1002/adma.201102254
http://dx.doi.org/10.1103/PhysRevB.90.165309
http://dx.doi.org/10.1103/PhysRevB.90.165309
http://dx.doi.org/10.1103/PhysRevLett.113.207601
http://dx.doi.org/10.1103/PhysRevLett.113.207601
http://dx.doi.org/10.1088/0953-8984/23/14/142203
http://dx.doi.org/10.1088/0953-8984/23/14/142203
http://dx.doi.org/10.1063/1.363684
http://dx.doi.org/10.1063/1.363684
http://dx.doi.org/10.1063/1.116220
http://dx.doi.org/10.1063/1.116220
http://dx.doi.org/10.1364/OPEX.13.005416
http://dx.doi.org/10.1364/OPEX.13.005416
http://dx.doi.org/10.1103/PhysRevB.69.064113
http://dx.doi.org/10.1103/PhysRevB.69.064113
http://dx.doi.org/10.1364/JOSAB.12.002102
http://dx.doi.org/10.1364/JOSAB.12.002102
http://dx.doi.org/10.1016/0001-6160(81)90056-0
http://dx.doi.org/10.1016/0001-6160(81)90056-0
http://dx.doi.org/10.1016/0001-6160(81)90056-0
http://dx.doi.org/10.1088/0022-3727/18/10/016
http://dx.doi.org/10.1088/0022-3727/18/10/016
http://dx.doi.org/10.1088/0022-3727/18/10/016
http://dx.doi.org/10.1002/pssa.2211250231
http://dx.doi.org/10.1002/pssa.2211250231
http://dx.doi.org/10.1002/pssa.2211250231
http://dx.doi.org/10.1146/annurev.matsci.37.052506.084247
http://dx.doi.org/10.1146/annurev.matsci.37.052506.084247
http://dx.doi.org/10.1146/annurev.matsci.37.052506.084247
http://dx.doi.org/10.1063/1.4905021
http://dx.doi.org/10.1063/1.4905021
http://dx.doi.org/10.1039/c3cp54939a
http://dx.doi.org/10.1039/c3cp54939a
http://dx.doi.org/10.1039/c3cp54939a
http://dx.doi.org/10.1007/BF00357800
http://dx.doi.org/10.1007/BF00357800
http://dx.doi.org/10.1007/BF00357800
http://dx.doi.org/10.1088/0953-8984/21/12/123201
http://dx.doi.org/10.1088/0953-8984/21/12/123201
http://dx.doi.org/10.1103/PhysRevLett.82.4106
http://dx.doi.org/10.1103/PhysRevLett.82.4106
http://dx.doi.org/10.1103/PhysRevLett.82.4106
http://dx.doi.org/10.1088/0022-3727/39/19/018
http://dx.doi.org/10.1088/0022-3727/39/19/018
http://dx.doi.org/10.1088/0022-3727/39/19/018

