
Chin. Phys. B Vol. 24, No. 7 (2015) 077104

Electronic and optical properties of lithium niobate
under high pressure: First-principles study∗
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We theoretically study the structural, electronic, and optical properties of lithium niobate under pressure using the
plane-wave pseudopotential density functional theory by CASTEP code. It was found that there is a phase transition from
the R3c structure to the Pnma structure at a pressure of 18.7 GPa. The Pnma structure was dynamically stable according
to the calculation of phonon dispersion. From the charge density distributions, there exist covalent interactions along the
Nb–O bond. The hybridization between O 2p and Nb 4d orbital in the Pnma phase increases with increasing pressure, while
it is not changed in the R3c phase. With increasing pressure, the average Nb–O bond length decreases and the Nb–O bond
population increases, indicating the increased covalent character between Nb and O atoms under high pressure at Pnma
phase, which leads to the increased hybridization between O 2p and Nb 4d orbitals. Furthermore, the optical dielectric
function, refractive index, extinction coefficient, electron energy, loss and reflectivity are calculated.
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1. Introduction
Lithium niobate (LiNbO3, LN) is an important ferroelec-

tric material that is used in several practical applications owing
to its good electro–optic, photorefractive, and nonlinear opti-
cal properties.[1–4] At room temperature, it has trigonal R3c
(C6

3ν
) symmetry, with two formula units in a primitive cell.[5]

At 1480 K, it undergoes a structural phase transition to a para-
electric phase with the rhombohedral space group R3̄c.

Another factor that can induce the structural phase tran-
sition in LN is pressure. Da Jornada et al.[6] made a high
pressure x-ray diffraction study of LN at room temperature
and reported a phase transformation at 30±3 GPa. They con-
cluded that the structure of this high-pressure phase was cubic.
Using high-pressure Raman-scattering method at room tem-
perature, Lin et al.[7] reported that LN became amorphous at
about 31 GPa, which is driven by a significant volume reduc-
tion and the denser packing of highly distorted oxygen octa-
hedra. Mukaide et al.[8] conducted high-pressure in situ x-ray
experiments and found that a phase transition to another phase
(probably NaIO3-type structure) occurred at about 25 GPa at
room temperature. No further transformation was observed up
to 90 GPa. Suchocki et al.[9] showed by high pressure Raman
and x-ray diffraction studies that the pressure at which phase
transitions from R3c to most probably NaIO3-type phase oc-
curred depended on Li/Nb ratio in LN crystals and was re-

duced in near-stoichiometric crystals. Very recently, Naka-

mura et al.[10] explored the pressure-induced phase transition

in LN with first-principles calculations. Although the Cmcm

phase has a better thermodynamic stability than Pnma sym-

metry at higher pressure, taking the atomistic mechanisms be-

hind the phase transition into account, the Pnma symmetry

was predicted as a room temperature, high-pressure phase and

was consistent with the experimental results.

As mentioned above, the phase transition behaviors of the

LN and related mechanisms have been gradually clarified un-

der high pressure. The electronic and optical properties of LN

are important for its functional applications, as in other ABO3

type materials.[11,12] However, this point has scarcely been

tackled and this lack has motivated the present work. Using

the first-principles calculations method, we theoretically in-

vestigated the electronic and optical structure of both R3c and

Pnma phases of LN under high pressure. The charge transfer

process was also discussed. The rest of this paper is organized

as follows. In Section 2, we briefly describe the computational

techniques used in this work. Then, in Section 3 we report and

discuss the main results of this work. Finally, a brief summary

will be given in Section 4.
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2. Computational details
The calculation was performed based on the density

functional theory (DFT) and pseudopotential methods im-
plemented in the Cambridge Serial Total Energy Package
(CASTEP) code.[13] The electron–ion interaction was de-
scribed by Vanderbilt type ultrasoft pseudopotentials.[14] The
exchange and correlation terms were described with gen-
eralized gradient approximations (GGA) in the scheme of
Perdew–Burke–Ernzerhof (PBE) exchange-correlational en-
ergy functional.[15] The structure was optimized with the
Broyden–Fletcher–Goldfarb–Shanno (BFGS) method.[16] In-
tegrations in the Brillouin zone were performed using special
k points generated with 9×9×9, 8×9×6 for the R3c and Pnma
structures, respectively, which make the separation of the re-
ciprocal space to less than 0.02 Å−1. One-electron valence
states are expanded on a basis of plane waves with a cutoff en-
ergy of 700 eV in the electronic property calculations for both
phases. Such parameters have been tested to be sufficient for
convergence (< 10−3 eV). During the structure optimization,
the total energy is minimized by varying the cell parameters
and atomic positions under the restriction of the given sym-
metry. In the geometrical optimization, all of the forces on the
atoms were converged to less than 0.001 eV/Å, and the total
stress tensor was reduced to the order of 0.01 GPa by using the
finite basis set corrections.[17]

3. Results and discussion
3.1. Electronic properties

As we know, the thermodynamic stable phase at a given
pressure and temperature is the one with the lowest Gibbs free
energy G, given by

G =U +PV −T S. (1)

Here, U is the internal energy, P is the pressure, V is the vol-
ume, T is the temperature, and S is the entropy. Since the com-
putational approach is based on constant-pressure static quan-
tum mechanical calculations at T = 0 K, the relative stability
of different structures can be deduced from the pressure depen-
dence of the enthalpy instead of the Gibbs free energy.[18] As
shown in Fig. 1, the calculation suggests that there is a transi-
tion from the R3c to Pnma structure. The pressure correspond-
ing to ∆H = H −HR3c approaching zero is the transition pres-
sure. To examine the dynamic stability of the Pnma phase, we
calculated its phonon dispersion. As can be seen from Fig. 2,
there are no imaginary phonon modes in the whole Brillouin
zone, indicating that the Pnma phase is dynamically stable.

Figure 3 shows the calculated band structure and the pres-
sure dependence of bandgap for LN. As pressure increases,
the bandgap width increases in the R3c phase (dEg/dP > 0),

whereas it decreases in the Pnma phase (dEg/dP < 0). The
charge density distributions have been calculated to achieve
a proper understanding of the electronic bond of the system
being studied. Charge density distributions serve as a com-
plementary tool that can be used to achieve a proper under-
standing of the electronic structure of the system being stud-
ied. From Fig. 4, we can see that there are some electrons
between Nb atoms and O atoms in both phases, indicating that
there are mainly covalent interactions along the Nb–O bond.
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Fig. 1. The calculated enthalpies of Pnma relative to R3c as a function of
pressure.
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Fig. 2. Phonon dispersion for the Pnma phase at 30 GPa.

The density of states (DOSs) of both phases are plot-
ted in Fig. 5. The lowest band between −20 and −15 eV is
mainly composed of O 2p state. The upper valence-band in
the range between 0 and −10 eV is mainly divided into two
regions: the low-energy region and the high-energy region.
In the low-energy region, the O 2p states strongly hybridize
with Nb 4d states. The high-energy region is predominately
made up of O 2p state. Above the Fermi level, the conduc-
tion band of LN is dominated by Li 2s states and O 2p states.
It can be seen that the hybridization has formed between O
2p and Nb 4d orbitals in the Pnma phase, and it increases as
the pressure increases. However, the hybridization change is
not pronounced in the R3c phase. As pressure increases, the
charge distribution transfer happens from Nb5+ ion to O2− ion
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in the Pnma phase, which causes an enhancement in the elec-
tron localization around O atoms. This conclusion is further
substantiated by the difference of charge density, as shown
in Fig. 6. As pressure increases, the electron charge trans-
fer happens from Nb5+ ion to O2− ion in the Pnma phase,

which causes an enhancement in electron localization around
O atoms. The charge transfer process under high pressure may
lead to a change in the resistance and dielectric behavior of
LN, which is also related to the variation of band gap with
pressure.
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Fig. 3. The band structure of (a) R3c phase at 0 GPa and (b) Pnma phase at 40 GPa, (c) the pressure dependence of energy bandgap in the two phases.
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Fig. 4. (color online) Calculated valence charge density distribution for (a) R3c phase at 0 GPa and (b) Pnma phase at 40 GPa in a plane which contains Nb,
O, and Li atoms.

The compressibility of LN is thought to be related to the
compressibility of the bond. Therefore, we have investigated
the charge and chemical bonding of Pnma phase using a de-
tailed Mulliken population analysis. The bond populations in-
dicate the overlap degree of the electron cloud of two bonding
atoms and can be used to access the covalent or ionic nature
of a chemical bond. For the bond populations, the lowest and
highest values imply that the chemical bond exhibits strong
iconicity and covalency, respectively.[19] The changes in the

average Nb–O bond length and the bond population is shown

in Fig. 7. As pressure increases, the average Nb–O bond length

decreases while the Nb–O bond population increases as the

pressure increases, indicating the increased covalent charac-

ter between Nb and O atoms under high pressure at the Pnma

phase. The increase of the Nb–O interactions under high pres-

sure leads to the increase of hybridization between O 2p and

Nb 4d orbitals at the Pnma phase.
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Fig. 5. (color online) Calculated partial DOS at 4 GPa (a) and 16 GPa (b) for R3c phase, and at 30 GPa (c) and 40 GPa (d) for Pnma phase, respectively.
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Fig. 6. (color online) Calculated difference charge density maps through
the Nb and O atoms at 30 GPa (a) and 40 GPa (b) for Pnma phase. The
purple, red, and cyan balls denote the Li, O, and Nb atoms, respectively.
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Fig. 7. (color online) Nb–O bond length (a) and bond population (b)
change as a function of pressure.

3.2. Optical properties

The optical properties are important for this compound
because it can find potential applications in photoelectron de-
vices and in the semiconductor industry. For the structures
observed in the optical spectra, we consider transitions from
occupied to unoccupied bands in the electronic energy band
structure at high symmetry points in the Brillouin zone.[20]

The optical properties are studied by dielectric function, which
describes the features of linear response of the system to an
electromagnetic radiation and governs the propagation behav-
ior of radiation in a medium.[19] This is related to the interac-
tion of photons with electrons. The imaginary part of dielectric
function ε2(ω) can be calculated by the momentum matrix el-
ements between the occupied and unoccupied wave functions
within the selection rules, and the real part ε1(ω) can be evalu-
ated by applying the Kramer–Kronig relationship. The refrac-
tive index, electron energy-loss function, and reflectivity can
be deduced from the dielectric function.[21]

Figure 8 shows the calculated ε1(ω) and ε2(ω) of the
dielectric function, refractive index n(ω), extinction coeffi-
cient k(ω), energy loss function, reflectivity of LN at 0 GPa
and 16 GPa of R3c phase, and 30 GPa and 40 GPa of Pnma
phase, respectively. In the R3c phase, two main peaks in the
ε1(ω) spectra are located at about 3.7 and 7.7 eV. The ε1(ω) at

077104-4



Chin. Phys. B Vol. 24, No. 7 (2015) 077104

the zero frequency limit is the static dielectric constant ε1(0),
which is related to the reflective index measured at a frequency
above the lattice vibration frequencies. The calculated values
of ε1(0) are 4.7, 5.0 at 0 and 16 GPa, and 5.7 and 6.0 at 30 and
40 GPa in the R3c and Pnma phases, respectively. In the R3c
phase, there are two main peaks in the ε2(ω) around 4.8 and
9.1 eV. The peak at 4.8 eV mainly originates from the optical

transitions between O 2p and Nb 4d states, while the peak at
9.1 eV is due to the optical transitions between Li 2s and Nb
4d states. As pressure increases, the ε2(ω) peaks shift to the
high-energy region, which can be attributed to the broadening
of the bandgap under pressure. For the Pnma phase, the ε2(ω)
peak at 5.0 eV is related to the optical transition between O 2p
and Nb 4d states.
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Fig. 8. (color online) (a) Real part of dielectric function ε1(ω); (b) imaginary part of dielectric function ε2(ω); (c) refractive index n(ω); (d) extinction
coefficient k(ω); (e) energy loss function and (f) reflectivity of LN at (0 and 16 GPa) for the R3c phase, and (30 and 40 GPa) for the Pnma phase, respectively.

The refractive index n(ω) and the extinction coefficient
k(ω) have also been calculated for R3c phase under 0 and
16 GPa, and the Pnma phase under 30 and 40 GPa, as dis-
played in Figs. 8(c) and 8(d), respectively. For the R3c phase
at ambient pressure, the static refractive index is n0 = 2.2.
Moreover, n0 of both R3c and Pnma increases as the pressure
increases. The k(ω) shows two main peaks at around 5.6 and
9.2 eV at 0 GPa and one main peak at 5.7 eV at 30 GPa, respec-
tively. Both the refractive index and the extinction coefficient
shift toward the higher-energy region as pressure increases.
The values of some optical parameters were compared with
the existing experimental data,[22] as shown in Table 1, the er-
ror was less than 10%.

Energy-loss function L(ω) is an important optical factor,
which indicates the energy-loss of a fast electron traversing in
the material.[23] The peaks in L(ω) spectra represent the char-

acteristic associated with the plasma resonance and the corre-
sponding energy is the plasma energy. As shown in Fig. 8(e),
the calculated plasma energies are (15.3 and 16.5 eV) and
(36.2 and 36.9 eV) for the R3c phase at (0 and 16 GPa) and
the Pnma phase at (30 and 40 GPa), respectively. The plasma
energy increases as pressure increases in both phases. The
peaks of L(ω) correspond to the trailing edges in the reflection
spectra, as displayed in Fig. 8(f). The maximum reflectivity
values are (64% and 57%) at (0 and 16 GPa) for the R3c phase
occurred at (14.9 and 16.1 eV), while for the Pnma phase, the
maximum reflectivity values are located at around 13.0 eV.

Table 1. Calculated and experimental optical properties of LN at ambi-
ent conditions.

Optical properties Refractive index (at 2 eV) Absorption edge
Calculated 2.29 3.54

Experimental[22] 2.28 3.87
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4. Conclusions
A detailed investigation of the structural, electronic, and

optical properties of LN under high pressure has been per-
formed using first-principles plane-wave pesudopotential cal-
culations. Our calculations show that LN undergoes a phase
transition from R3c to Pnma structure at about 18.7 GPa.
There are mainly covalent interactions along Nb–O bond in
both phases. As pressure increases, the charge distribution
transfer happens from Nb5+ ion to O2− ion in the Pnma phase,
which causes an enhancement in electron localization around
O atoms. The optical properties (such as the dielectric func-
tion, the refractive index, the extinction coefficient, the elec-
tron energy loss, and the reflectivity) were calculated under
pressure, which were explained in terms of the computed elec-
tronic structure.
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[9] Suchocki A, Paszkowicz W, Kamińka A, Durygin A, Saxena S K, Ariz-

mendi L and Bermudez V 2006 Appl. Phys. Lett. 89 261908
[10] Nakamura K, Higuchi S and Ohnuma T 2012 J. Appl. Phys. 111 033522
[11] Li Z, An X, Cheng X, Wang X, Zhang H, Peng L and Wu W 2014 Chin.

Phys. B 23 037104
[12] Feng L, Wang Z, Liu Q, Tan T and Liu Z 2012 Chin. Phys. Lett. 29

127103
[13] Segall M D, Lindan P J D, Probert M J, Pickard C J, Hasnip P J, Clark

S J and Payne M C 2002 J. Phys.: Condens. Matter 14 2717
[14] Vanderbilt D 1990 Phys. Rev. B 41 7892
[15] Perdew J P, Burke K and Ernzerhof M 1996 Phys. Rev. Lett. 77 3865
[16] Fischer T H and Almlof J 1992 J. Phys. Chem. 96 9768
[17] Francis G and Payne M 1990 J. Phys.: Condens. Matter 2 4395
[18] Ma Y, Eremets M, Oganov A R, Xie Y, Trojan I, Medvedev S, Lyakhov

A O, Valle M and Prakapenka V 2009 Nature 458 182
[19] Hao A, Yang X, Wang X, Zhu Y, Liu X and Liu R 2010 J. Appl. Phys.

108 063531
[20] King-Smith R D and Vanderbilt D 1993 Phys. Rev. B 47 1651
[21] Sharma S, Verma A S and Jindal V K 2014 Physica B: Condens. Matter

438 97
[22] Yan T 2011 Growth, Structure and Properties of High Quality LiNbO3

and LiTaO3 Crystals (Shandong University) (in Chinese)
[23] Bouhemadou A and Khenata R 2007 Comput. Mater. Sci. 39 803

077104-6

http://dx.doi.org/10.1103/PhysRevB.65.214302
http://dx.doi.org/10.1103/PhysRevB.73.064113
http://dx.doi.org/10.1016/j.optmat.2005.04.007
http://dx.doi.org/10.1063/1.2170434
http://dx.doi.org/10.1063/1.2170434
http://dx.doi.org/10.1016/0022-3697(67)90142-4
http://dx.doi.org/10.1063/1.334682
http://dx.doi.org/10.1063/1.334682
http://dx.doi.org/10.1063/1.358596
http://dx.doi.org/10.1063/1.1556570
http://dx.doi.org/10.1063/1.2424662
http://dx.doi.org/10.1063/1.3682522
http://dx.doi.org/10.1088/1674-1056/23/3/037104
http://dx.doi.org/10.1088/1674-1056/23/3/037104
http://dx.doi.org/10.1088/0256-307X/29/12/127103
http://dx.doi.org/10.1088/0256-307X/29/12/127103
http://dx.doi.org/10.1088/0953-8984/14/11/301
http://dx.doi.org/10.1103/PhysRevB.41.7892
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1021/j100203a036
http://dx.doi.org/10.1088/0953-8984/2/19/007
http://dx.doi.org/10.1038/nature07786
http://dx.doi.org/10.1063/1.3478717
http://dx.doi.org/10.1063/1.3478717
http://dx.doi.org/10.1103/PhysRevB.47.1651
http://dx.doi.org/10.1016/j.physb.2013.12.031
http://dx.doi.org/10.1016/j.physb.2013.12.031
http://dx.doi.org/10.1016/j.commatsci.2006.10.003

	1. Introduction
	2. Computational details
	3. Results and discussion
	3.1. Electronic properties 
	3.2. Optical properties

	4. Conclusions
	References



