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The charge transport behavior of lithium niobate has been investigated by in situ impedance

measurement up to 40.6 GPa. The Liþ ionic conduction plays a dominant role in the transport

process. The relaxation process is described by the Maxwell-Wagner relaxation arising at the interfa-

ces between grains and grain boundaries. The grain boundary microstructure rearranges after the

phase transition, which improves the bulk dielectric performance. The theoretical calculations show

that the decrease of bulk permittivity with increasing pressure in the Pnma phase is caused by the

pressure-induced enhancement of electron localization around O atoms, which limits the polarization

of Nb-O electric dipoles. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916828]

Lithium niobate (LiNbO3, LN) is a kind of important

ferroelectric materials with many potential applications due

to its good electro-optic, photorefractive, and nonlinear

optical properties.1–4 As the functional electro-optic materi-

als, the conductive and dielectric properties of LN are

determined by the creation, transportation, and recombina-

tion of charge carriers from the non-equilibrium to the equi-

librium state. But different from the single crystal of LN,

the polycrystals consist of many grain boundaries, and the

transport properties are not only determined simply by the

grains but also affected by the grain boundaries. Therefore,

the polycrystalline may have some unique properties that

would not be presented in the single crystals,5 which is

worth exploring.

The electric conductive and dielectric performance of

LN are inextricably bound up with the types of the charge

carriers (electrons or ions) and their scattering processes

both in the grains and the grain boundaries. However, the

above-mentioned issues have not been studied in detail. In

this paper, we conduct an alternate-current (AC) impedance

measurement of polycrystalline LN under high pressure up

to 40 GPa to investigate the conduction mechanism involved

in the charge transport process. The results show that both

ionic and electronic conduction exist in LN, and the Liþ

ionic conduction plays a dominant role. The rearrangement

of grain boundary microstructure can improve the bulk

dielectric performance of LN. The first-principles calcula-

tions are also conducted for the better understanding of the

electronic transport behavior of LN under compression.

A diamond anvil cell (DAC) with the culet diameter of

400 lm was utilized to generate high pressure. Impedance

spectroscopy was measured with the double-plate electrodes

that were integrated on the two diamond anvils. The experi-

mental and theoretical calculation details can be found in the

previous works.6–8 The sample studied here was LN powder

brought from Alfa Aesar Co. with a purity of 99.9995%.

The Nyquist representation of the impedance spectros-

copy of LN under various pressures was shown in Fig. 1(a).

As accepted for powdered sample, the equivalent circuit

method is a reliable approach to describe the impedance

spectra. In order to analyze the ionic conduction of Liþ, the

FIG. 1. (a) Nyquist impedance spectrum under various pressures. (b) The Z0

vs x�1/2 plots at low frequencies. (c) Circuit diagram equivalent to the con-

duction mechanism. The subscripts of the RC combinations are b for bulk,

gb for grain boundary, and Wi denotes the Warburg impedance. (d) Nyquist-

diagram at 23.4 GPa (data points). The continuous line represents the simu-

lated spectra. R1 and R2 are two intercepts on the real impedance axis.
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Nyquist representation was replotted into a Z0 �x�1/2 plots

as shown in Fig. 1(b). A linear relation between Z0 and x�1/2

was found in the low frequency region, indicating that there

exists the diffusion of Liþ ions through the grain boundaries

at low frequencies. Thus, considering the ionic conduction, a

Warburg impedance element to describe the diffusion of the

Liþ ions has been added to the equivalent circuit diagram

[Fig. 1(c)]. The agreement of the simulated spectra with the

experimental data [Fig. 1(d)] indicates the validity of consid-

ering the Liþ ionic conduction in LN.

If more than one kind of charge carriers coexist in the

materials, it is necessary to clarify which kind of carrier is

dominant. The parameter for describing the contributions of

one kind of carrier to the transport process is the transference

number. In the case of LN, there are two kinds of charge car-

riers, Liþ ions and the electrons. We define the transference

number of Liþ ion as ti and electron as te.
9 According to the

impedance spectra, we calculated the ionic and electronic

transference number as shown in Fig. 2(b). It can be seen

that in the whole pressure range, the dominant charge

carriers in LN are Liþ ions. In the R3c phase, the ionic trans-

ference number decreases with increasing pressure, while in

the Pnma phase it increases.

From the impedance data, we can get the bulk dielectric

constant using the following relation:

eb ¼ Cbl=ðe0SÞ; (1)

where Cb is the bulk capacitance, S is the area of the elec-

trode, l is the thickness of the sample, and e0 is the vacuum

permittivity. The relaxation frequency of grains (fb) can be

obtained from the relationship of imaginary part Z00 versus

frequency. The pressure dependent diffusion coefficient,

bulk resistance, grain boundary resistance, bulk relaxation

frequency, and bulk dielectric constant are shown in Fig. 2.

For each parameter, a discontinuous change can be found at

about 25.2 GPa. Because LN undergoes a phase transition

from R3c to Pnma around 25 GPa,10 the discontinuous change

can be attributed qualitatively to the pressure-induced struc-

tural phase transition. These results show that the phase transi-

tion is accompanied by the detectable changes in the electrical

transport behavior.

In the R3c phase, the Liþ ions diffusion coefficient

decreases with increasing pressure, while increases in the

Pnma phase. This indicates that the grain boundary micro-

structure rearranged after the structural phase transition. In the

R3c phase, the pressure makes the Liþ ions diffusion through

the boundaries more difficult, but the electronic transport eas-

ier [Figs. 2(a) and 2(c)]. In the Pnma phase, on the contrary,

the pressure makes the Liþ ions diffusion through the bounda-

ries easier but has little effect on the electronic transport. The

effect of pressure on diffusion coefficient in R3c and Pnma
phases is attributed to the pressure-induced change in the ionic

transference number.

The transport property of the electrons in LN depends

on the scattering effect and the defect concentration of grain

boundaries. As shown in Fig. 2(c), in the whole pressure

range, the grain boundary resistance shows a relatively larger

contribution to the total resistance, as compared to the bulk

resistance, which indicates that the defects at grain bounda-

ries dominate the electronic transport process. Below

25.2 GPa, the grain impedance increases with increasing

pressure, which is caused by the following reasons: (i) The

electron concentration keeps unchanged, but the defect

energy level increases which results in the enhancement of

the scattering effect. (ii) The defect energy level is fixed but

the electron carrier concentration decreased, which is due to

the bandgap broadening. We will discuss this issue later.

The combined usage of Z00 and M00 (M*¼ jxC0Z*) plots

is particularly useful to understand the electronic transport

behavior, since the Z00 plots highlight phenomena character-

ized by the large resistance, whereas the M00 plots identify

the electrical responses with small capacitance.11 The

appearance and nature of Z00 peaks at a characteristic fre-

quency provide the information of the type and strength of

the dielectric relaxation. At all pressures, the Z00 curves have

a relative weak peak at about 102–104 Hz.9 The peak height

increases with increasing pressure from 3.4 to 25.2 GPa and

then decreases above 25.2 GPa, which is caused by the struc-

tural phase transition. Each curve is accompanied with a

strong tail on the low frequency side. Similar phenomenon

has also been observed in CaCu3Ti4O12 (CCTO) reported by

Liu et al.12 Since the electronic response from grain bound-

ary is associated with larger resistance, the response fre-

quency is thus much lower than that of grains, which results

in a relatively strong tail in the Z00-f plot. The weak responses

in Z00-f are attributed to the grains and the strong responses

are from the grain boundaries.

For an ideal Debye case, the Z00 and the imaginary mod-

ulus (M00) peaks of a particular RC component should be

coincident on the frequency scale.11 However, in our experi-

ment, a significant mismatch between Z00 and M00 peaks can

be found, and this can be attributed to the localized elec-

tronic conduction (here is the dipole relaxation for LN) in

FIG. 2. Relationships of diffusion coefficient, transference number, bulk and

grain boundary resistance, bulk relaxation frequency, and bulk dielectric

constant versus pressure for LN. D0 represents the diffusion coefficient at

3.4 GPa.
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the bulk sample.13 Moreover, whether there is a peak in M00-f
curve can be used to determine the electronic conduction

mechanism in the grains (i.e., localized or non-localized

process).14 A peak appears in the entire pressure range, indi-

cating that the electronic conduction type in the grains is

localized and cannot be changed by pressure.

To gain a deeper insight into the energy exchange in the

relaxation process, the complex dielectric behavior of LN

has been investigated. In alternating-current impedance mea-

surement, the molecular or atomic polarization by an applied

electric field is time dependent. Because of the damping of

the atoms motion in the dielectric, there is a delay of polar-

ization corresponding to the change in field, which gives the

dissipation factor tand, and is proportional to the energy

absorbed per cycle by the dielectric from the field.15

The variation of the complex permittivity and the

dielectric loss tangent with frequency under different pres-

sures is shown in Figs. 3(a) and 3(b), respectively. In the

high frequency region (>1 MHz), the e00 increases with

increasing frequency, accompanying the step decrease in e0.
This Debye-like relaxation (dipole relaxation) is so-called

Maxwell-Wagner (M-W) relaxation and often occurs in the

heterogeneous systems in which the component dielectrics

have different conductivities. In polycrystalline LN mate-

rial, there exist two heterogeneous dielectrics: the grains

and the grain boundaries, in which the conductivities are

different and therefore the system satisfies M-W condition.

When electric current passes through the grain boundaries,

the charges pile up at the boundaries and give rise to a

Debye-like relaxation process under an external alternating

field. At low frequency, the dipoles align themselves along

the field and contribute fully to the total polarization. At

higher frequency, the variation of the field is too rapid for

the dipoles to align themselves, so their contribution to the

polarization becomes negligible, leading to the decrease of

e0 with increasing frequency.

The imaginary part of dielectric dispersion reflects the

energy loss in LN caused by the electronic conduction and

the relaxation process [Fig. 3(a)]. When frequency is less

than 1 MHz, e00 reduces linearly with increasing frequency,

whereas the frequency is greater than 1 MHz, e00 increased.

This is a marked characteristic of the energy loss caused by

the electronic conduction and the dipole relaxation, respec-

tively. The observed dispersion of the permittivity implies

that the hopping of electron carriers plays an important role

among the localized states.16 In the hopping process, the

electron disorders its surroundings while its neighboring

atoms move away from their equilibrium positions, causing

the structural defects at the Nb sites of LN.15 This has been

reflected in the loss tangent curves [Fig. 3(b)], where well-

defined peaks are observed. These peaks exhibit distributions

of Debye-like relaxation processes and are consistent with

the M-W relaxation model.17–19

The electron carrier transport in LN grains can be

regarded as a charging process in a RC resonance circuit and

the relaxation frequency actually denotes the charge-discharge

rate of dipoles oscillation process, and its activation energy

represents the energy to activate the resonance. The pressure

dependent activation energy can be obtained by fitting the

pressure dependence of bulk relaxation frequency in Fig. 2(d)

to the differential form of Arrhenius equation

dðlnfbÞ=dP ¼ �ð1=kBTÞðdH=dPÞ; (2)

where H represents the activation energy, kB is the

Boltzmann constant, and T represents room temperature. The

results are listed in Table SI, with the error less than 2%. It

can be seen that the activation energy increases with increas-

ing pressure in the R3c phase, but decreases in the Pnma
phase. This indicates that the pressure could make the

charge-discharge processes in the R3c phase of the LN more

difficult, but make it much easier in the Pnma phase.

To obtain the pressure dependence of bandgap of LN,

we performed band structure calculations. It is found that

d(lnRb)/dP and dEg/dP in each phase satisfy the Arrhenius

relationship9

dðlnRbÞ=dP ¼ ð1=2kBTÞðdEg=dPÞ; (3)

where Rb is the bulk resistance obtained from the experi-

ments, Eg represents the bandgap obtained from band struc-

ture calculation, kB is the Boltzmann constant, and T
represents the room temperature. Above results indicate that

the resistance increase in the R3c phase is due to the bandg-

ap’s widening, while the resistance decrease in the Pnma
phase results from the bandgap’s narrowing. The pressure-

induced variation in bandgap leads to the change of electron

carrier concentration.

For achieving a proper understanding of the electron

carrier transportation of LN, the difference charge density

calculations have been conducted.9 As the pressure increas-

ing, the electron charge transfer happens from Nb5þ ion to

O2� ion in the Pnma phase, which causes an enhancement in

electron localization around O atoms. Thus, the decrease of

bulk relative permittivity in the Pnma phase is caused by the

pressure-induced strengthening of electron localization
FIG. 3. Frequency dependence of (a) real and imaginary parts of permittivity

and (b) tand for LN at different pressures.
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around O atom, and the polarization of Nb-O electric dipoles

becomes more difficult. In the R3c phase, the charge transfer

is not pronounced and the bulk relative permittivity has

almost no perceptible variation.

It should be noted that the compression has different

effects on the polarization behavior of LN in R3c and Pnma
phases. The loss tangent at 3.4 GPa and 3.2 GPa after pres-

sure release is given in Fig. 4. Compared with the Z00-f peaks

in grains, the corresponding frequency at the loss peak

decreases about two orders of magnitude, thus the dielectric

loss is mainly ascribed to the grain boundaries effects. When

pressure is released to 3.2 GPa, the loss peak value decreases

and the loss response frequency region narrows greatly,

which indicates again that the grain boundary microstructure

rearranges after the phase transition, and it does not go back

to the initial state after the pressure release. In addition, after

a pressure cycle, the dielectric loss in low frequency region

has dropped considerably. Therefore, the dielectric perform-

ance of the material can be improved by modulating the

grain boundary microstructure.

In summary, the pressure-induced electrical transport

properties of LiNbO3 have been investigated under pressure

by in situ impedance measurement. The dominant transport

carrier is Liþ ions in the pressure range. The Debye-like

relaxation can be explained by the Maxwell-Wagner relaxa-

tion arising at the interfaces between grain and grain bound-

ary. Based on difference charge density calculations, the

decrease of relative permittivity in the Pnma phase is caused

by pressure-induced strengthening of electron localization

around O atoms. The rearrangement of grain boundary

microstructure after the phase transition makes the diffusion

of Liþ ions through the boundaries easier and improves the

bulk dielectric performance of LiNbO3. The idea of grain

boundary design and control, i.e., the manipulation of poly-

crystalline dielectric performance through altering the grain

boundary distribution, can be regarded as a promising

approach to improve the bulk properties of materials.
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