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First-principles study of the dielectric and dynamical properties of lithium niobate

M. Veithen and Ph. Ghosez
Département de Physique, Universite´ de Liège, B-5, B-4000 Sart-Tilman, Belgium

~Received 6 November 2001; revised manuscript received 18 January 2002; published 20 May 2002!

Using a first-principles approach based on density-functional theory, the electronic, dielectric, and dynamical
properties of the two phases of lithium niobate are studied. In particular, the spontaneous polarization, the
optical dielectric tensors, the Born effective charges, and the zone-center phonons are computed. The Born
effective charges are found to be significantly larger than the nominal ionic charges of the ions, a feature
similar to what is observed in relatedABO3 compounds and attributed to the hybridization between the O 2p
and Nb 4d states. The analysis of the zone-center phonons in the paraelectric phase reveals an unstableA2u

mode to be responsible for the phase transition. The origin of the structural instability is attributed to destabi-
lizing long-range dipolar interactions, which are not fully compensated by stabilizing short-range forces.
Finally, the identification of theE modes in the ferroelectric phase, which is still the cause for debates in spite
of the numerous experimental and theoretical studies, is discussed and an assignation based on the analysis of
the mode-oscillator strengths and the angular dispersion relation of extraordinary phonons is proposed.

DOI: 10.1103/PhysRevB.65.214302 PACS number~s!: 63.20.2e, 77.84.2s, 31.15.Ar
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I. INTRODUCTION

Lithium niobate (LiNbO3) belongs to the class of ferro
electric oxides. Its good electro-optic, photorefractive, a
nonlinear optical properties make it nowadays a widely u
material in devices such as modulators for fiber-optic co
munications systems1–3 or holographic applications.4,5

Many ABO3 coumpounds such as BaTiO3 have a perov-
skite structure.1 In contrast, lithium niobate has two phas
of trigonal symmetry with ten atoms per unit cell: a hig

symmetric paraelectric phase~space groupR3̄c) stable
above 1480 K and a ferroelectric ground state~space group
R3c). Because of its high transition temperatureTc and due
to the fact that its melting point~about 1520 K! is quite close
to Tc , only few experimental data are available on t
paraelectric phase. On the contrary, during the last deca
the ferroelectric phase has been the subject of numerous
perimental and theoretical studies.

A good review that summarizes a wide range of expe
mental results is proposed in Ref. 6. From a theoretical p
of view, a few first-principles studies have been perform
Without being exhaustive, let us cite the papers of Inbar
Cohen,7,8 who identified the nature of the phase transition
be mainly of the order-disorder type. More recently, Cac
and co-workers9,10 have calculated zone-center phonons
the ferroelectric phase, and Parlinski, Li, and Kawawzo11

have obtained phonon-dispersion relations in the two pha
The present work is intended to complete the set of ex

ing data on lithium niobate. In particular, we report the Bo
effective charges and the optical dielectric tensors in the
phases. The knowledge of these quantities allows us to
duce the frequencies of the longitudinal phonon modes at
G point and to investigate the origin of the ferroelectric i
stability. We also pay particular attention to the assignat
of the E phonon modes in the ferroelectric phase. We dr
several comparisons with the perovskites and show tha
spite of its different structure, LiNbO3 has a very similar
behavior. Beside using the local-density approximat
0163-1829/2002/65~21!/214302~12!/$20.00 65 2143
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~LDA !, as was the case in the previous works cited abo
we also compute some properties within a generalized
dient approximation~GGA! for the exchange-correlation en
ergy. This allows to compare the results and to examine
impact of both kinds of approximations.

Our paper is organized as follows. Using a first-princip
density-functional approach, we first study ground-st
properties~Sec. III! such as the atomic and electronic stru
tures and the spontaneous polarization appearing during
phase transition. We then discuss dielectric properties~Sec.
IV ! such as the optical dielectric tensor and the Born eff
tive charges. We finally report the phonons at theG point
~Sec. V! in the two phases and deduce the static dielec
tensor for the ferroelectric phase.

II. METHOD

Our calculations were performed in the framework
the density-functional theory~DFT!, as was developed by
Hohenberg, Kohn, and Sham.12,13 We used theABINIT

package,14 a plane-wave pseudopotential DFT code, whic
in addition to usual ground-state calculations allows line
response computations of the phonon frequencies, Born
fective charges, and dielectric constants.15,16 It relies on an
efficient fast Fourier transform algorithm17 for the conver-
sion of wave functions between real and reciprocal space
the adaptation to a fixed potential of the band-by-ba
conjugate-gradient method,18 and on a potential-base
conjugate-gradient algorithm for the determination of t
self-consistent potential.19

For the exchange-correlation functional, we chose eit
the LDA as parametrized by Perdew and Wang20 or the GGA
proposed by Perdew, Burke, and Ernzerhof.21 The all-
electron potentials were replaced by norm-conserv
pseudopotentials generated according to the Troull
Martins scheme22 thanks to a package developed at the Fri
Haber Institute, Berlin.23 Niobium 4s, 4p, 4d, and 5s elec-
trons, lithium 1s and 2s electrons, as well as oxygen 2s and
2p electrons were considered as valence states in the
©2002 The American Physical Society02-1
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struction of the pseudopotentials.
For the calculations within the LDA, the wave function

were expanded in plane waves up to a kinetic-energy cu
of 45 hartree and the Brillouin zone was sampled using
3636 Monkhorst-Pack24 mesh of specialk points. These
parameters were necessary to obtain converged results i
linear-response calculations of phonon frequencies and B
effective charges. A 35 hartree cutoff and a 43434 grid of
specialk points were already enough to obtain converg
values for the lattice constants and atomic positions and w
used in the GGA determination of these quantities.

III. GROUND-STATE PROPERTIES

A. Structural data

As a first step, we determined the structural parameter
lithium niobate in its two phases by relaxing simultaneou
the cell shape and the atomic positions. In the optimiz
structures reported here, the forces on the atoms are less
1025 hartree/bohr and the stresses on the unit cell
smaller than 1027 hartree/bohr3. The two phases of LiNbO3
are rhombohedral with ten atoms in the unit cell. To descr
their geometry, one can either use the primitive~rhombohe-
dral! or an hexagonal unit cell. In the discussion of our
sults, the symbolsa and c correspond to the lengths of th
basis vectors of the hexagonal unit cell. Atomic positions
given in hexagonal coordinates.

The paraelectric phase belongs to the space groupR3̄c.
The positions of the ten atoms in the rhombohedral unit
are shown on Fig. 1. The threefold axis is formed by a ch
of equidistant niobium and lithium atoms. Each niobium
located at the center of an octaedron formed by six oxy
atoms. In Table I, we define the parameters that determ
the atomic positions in the two phases by reporting the h
agonal coordinates of five atoms of the rhombohedral u
cell. The coordinates of the other atoms can easily be
tained by using the symmetry operations of the space gro
R3̄c andR3c.

In the paraelectric phase, the positions of the niobium
lithium atoms are fixed by symmetry, while the positions
the oxygen atoms are determined by the internal parametx.
The results of our structural optimizations are summarize
Table II. They are compared to the results obtained by P
linski et al.11 and Postnikovet al.9 as well as to the experi
mental data deduced from neutron diffraction on a powde25

The GGA gives the closest agreement with experime
whereas our LDA results present errors similar to those
the previous DFT calculations~also performed within the
LDA !.

The ferroelectric phase belongs to the space groupR3c.
During the structural optimizations, we held the niobium N1
atom fixed at the origin. The coordinates of the lithium a
oxygen atoms are reported in the lower part of Table I. O
results for the ferroelectric phase are summarized in Ta
III. As for the paraelectric phase, our values are close
those of Parlinskiet al.11 Again, we tried to improve the
accuracy of the calculation using the GGA. However, t
does not yield a significative improvement: looking, for e
21430
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ample, at the value of the parametera, we observe that the
GGA tends to overcorrect the errors of the LDA, a fact
ready observed in this kind of calculations.26,27

Comparing Tables II and III, we see that our values
the lattice parameters are in better agreement with the exp
ment for the ferroelectric than for the paraelectric phase
possible explanation is that we determined the ground s
of the compound at 0 K and we thus neglected the effects
the thermal expansion. As the paraelectric phase of lithi
niobate is only stable above 1480 K, these effects are m

FIG. 1. Primitive unit cell of the paraelectric phase of LiNbO3.

TABLE I. Atomic positions ~in hexagonal coordinates! in the
two phases of litihium niobate.

Phase Atom Position

Paraelectric Nb1 (0,0,0)
Li 1 (0,0,14 )
O1 (2

1
3 ,2 1

3 1x, 7
12)

O2 ( 1
3 2x,2x, 7

12)
O3 (x, 1

3 , 7
12)

Ferroelectric Nb1 ~0, 0, 0!
Li1 (0,0,14 1z)
O1 (2

1
3 2u,2 1

3 1v, 7
122w)

O2 ( 1
3 2v,2u2v, 7

122w)
O3 (u1v, 1

3 1u, 7
122w)
2-2
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FIRST-PRINCIPLES STUDY OF THE DIELECTRIC . . . PHYSICAL REVIEW B 65 214302
important for this phase than for the ferroelectric one and
calculated parameters tend to be smaller than the meas
ones.

B. Electronic properties

In Fig. 2, we report the Kohn-Sham band structure of
paraelectric phase of lithium niobate obtained within t
LDA. The notations of the high-symmetry points betwe
which we have drawn the band structure correspond to th
chosen in Ref. 28. We observe the presence of well-separ
groups of bands. Each of these groups has a marked d
nant character and has been labeled by the name of
atomic orbital that mainly composes this energy state in
solid.

As previously discussed by Inbar and Cohen,7,8 the
chemical bonding in lithium niobate has a mixed covale
ionic character. The Nb 4d and O 2p atomic orbitals
strongly interact to form the valence and conduction ba
near the Fermi level, while the Li atoms completely loo
their 2s electrons. In other words, the bonding between n
bium and oxygen atoms has a non-negligible covalent c
acter, while the bonding with the lithium atoms is essentia
ionic. This mixed feature is similar to what has been o
served in most perovskiteABO3 compounds such as KNbO3
and BaTiO3 ~Ref. 29! but different from the case o
PbTiO3,30–32 in which the lead atom has a covalent intera
tion with the oxygen.

The transition to the ferroelectric state mainly affects
bands in the region close to the Fermi level. In LDA t
indirect band gapEg increases from 2.60 to 3.48 eV and th
spread of the O 2p bands reduces from 5.06 to 4.71 eV.
GGA, we obtained similar values forEg ~2.51 and 3.50 eV!,
while the O 2p group is narrower than in LDA in both th
paraelectric~4.80 eV! and the ferroelectric phase~4.48 eV!.
We note that, in spite of the well-known DFT band g

TABLE II. Lattice constants and atomic position parametex
~see Table I! in the paraelectric phase of lithium niobate.

a (Å) c (Å) x

Expt. ~Ref. 25! 5.289 13.848 0.060
Calc. ~LDA ! ~Ref. 9! 5.138 13.499 0.049
Calc. ~LDA ! ~Ref. 11! 5.097 13.708 0.036

Present~LDA ! 5.125 13.548 0.042
Present~GGA! 5.255 13.791 0.048
21430
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problem,33 the values ofEg in the ferroelectric phase only
slightly underestimate the experimental value of 3.78 eV34

For the deeper bands, the spread remains unaffected a
transition while the position with respect to the top of t
valence band is slightly shifted to higher energies. We c
clude that the only significant effect of the phase transit
on the electronic properties is to modify the hybridizatio
between O 2p and Nb 4d orbitals.

C. Spontaneous polarization

The modern theory of polarization, as was developed
Resta,35 and King-Smith and Vanderbilt,36,37 identifies the
spontaneous polarization of a ferroelectric material to a Z
phase of the electronic wave functions. We used this
proach to calculate the spontaneous polarization of lithi
niobate.

The formulas we used are described in Ref. 36@in par-
ticular, Eq.~16!#. To calculate the polarization, we sample
the Brillouin zone by a 434320 mesh ofk points. We cal-
culated the polarization for the two phases of LiNbO3 and
then took the difference to get the spontaneous polarizat
Our results, obtained in the LDA and GGA, are summariz
in Table IV. We compare them to experimental values o
tained by a field reversal method38 and a pyroelectric
measurement.39 For completeness, we also mention a val

FIG. 2. Kohn-Sham electronic band structure in the paraelec
phase of LiNbO3 calculated within the LDA.
TABLE III. Lattice constants and atomic position parameters~see notations of Table I! in the ferroelectric
phase of lithium niobate.

a (Å) c (Å) z u v w

Expt. ~Ref. 25! 5.151 13.876 0.0329 0.00947 0.0383 0.0192
Calc. ~LDA ! ~Ref. 11! 5.086 13.723 0.0350 0.01497 0.0247 0.0186

Present~LDA ! 5.067 13.721 0.0337 0.01250 0.0302 0.0183
Present~GGA! 5.200 13.873 0.0318 0.00973 0.0382 0.0199
2-3
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M. VEITHEN AND PH. GHOSEZ PHYSICAL REVIEW B65 214302
reported by Hafid and Michel-Calendini,40 even if their cal-
culation was conceptually wrong in the sense that it w
making use of static charges deduced from a popula
analysis of theXa electronic distribution of a NbO6 cluster,
instead of the dynamical Born effective charges~see Sec.
IV B !.

Our values overestimate the experimental results
0.1 C/m2. This agreement is not perfect, but comparable
what has been obtained in perovskite ferroelectrics.41 Part of
the error could be assigned to the use of DFT and appr
mate functionals.42 Another origin for the error could be at
tributed to the fact that our calculated value is an upper lim
related to an idealized perfect crystal. A real sample alw
presents defects that tend to lower the measured polariza

IV. DIELECTRIC PROPERTIES

A. The optical dielectric tensor

We have calculated the optical dielectric permitivity te
sors«ab

` in the two phases of lithium niobate. This tensor
related to a second derivative of the electronic energy w
respect to an electric field and has been computed usin
linear-response technique.15 All calculations were done using
the LDA and no scissors correction has been included.
results are summarized in Table V, where we also comp
the values in the ferroelectric phase to the experiment.
tensors are reported in Cartesian coordinates with thez axis
along the ferroelectric direction~vector c of the hexagonal
unit cell, see Sec. III A!, they axis in a gliding plane perpen
dicular to thea axis, andx alonga.

The calculated values overestimate the experime
results.43 This problem has been previously discussed in
literature44,45 and has been related to the lack of polarizat
dependence of local and quasilocal exchange-correla
functionals~LDA, GGA!. In spite of this error on the abso
lute value, the evolutions of«` are, in general, qualitatively
well described by LDA calculations.

TABLE IV. Spontaneous polarization of lithium niobate.

Ps (C/m2)

Expt. ~Ref. 38! 0.71
Expt. ~Ref. 39! 0.70
Calc. ~Ref. 40! 0.77

LDA 0.80
GGA 0.80

TABLE V. Optical dielectric tensors~in Cartesian coordinates!
in the two phases of lithium niobate.

Phase Reference «xx
` «yy

` «zz
`

Paraelectric Calc. Present 6.1 6.1 6.9

Ferroelectric Calc. Present 5.6 5.6 5.5
Expt. 60 5.0 5.0 4.6
21430
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We first notice that, as observed in relatedABO3 perov-
skite compounds such as BaTiO3 ~Ref. 46! and KNbO3,47 the
amplitude of the dielectric tensor decreases at the trans
from the paraelectric to the ferroelectric phase. This can
correlated with the evolution of the band gap. Also, the lo
ering is strongest along the ferroelectricz direction so that
the nature of LiNbO3 changes at the transition from pos
tively uniaxial («zz

` /«xx
` .1) to negatively uniaxial («zz

` /«xx
`

,1). Another interesting comparison with perovskite co
pounds concerns the absolute value of«`. The amplitude of
«zz

` in LiNbO3 is close to what is reported for the cubic an
rhombohedral phases of KNbO3 ~Ref. 47! ~6.63 and 5.49,
respectively!, while the elements«xx

` and «xx
` are slightly

smaller~6.63 and 5.93, repectively, in KNbO3).

B. Born effective charges

The Born effective chargesZ* play a fundamental role in
the dynamics of insulating crystal lattices. They govern
amplitude of the long-range Coulomb interaction betwe
nuclei and the splitting between longitudinal~LO! and trans-
verse~TO! optic phonon modes. The Born effective char
tensor of an atomk is defined as the coefficient of propo
tionality, at the linear order and under the condition of ze
macroscopic electric field, between the macroscopic po
ization per unit cell created in the directionb and a coopera-
tive displacement of atomsk in the directiona,

Zk,ab* 5V0

]Pb

]tk,a
U
E50

, ~1!

whereV0 is the unit-cell volume. As previously discussed
the literature~see, for instance Ref. 48!, Z* is a dynamical
quantity, strongly influenced by dynamical changes of orb
hybridization induced by the atomic displacements. As
consequence, its amplitude is not directly related to tha
the static charges and can take anomalous values.

We calculated the Born effective charge tensors in the
phases of LiNbO3 using both the linear-response formalis
~LDA calculation! and the Berry phase approach (LD
1GGA calculations!. Table VI summarizes the results ob
tained by linear response for Li1 , Nb1, and the three O1, O2 ,
O3 oxygen atoms. In the last row, we mention the eigenv
ues of the symmetric part ofZO* that are identical for all the
oxygens. The labels of the atoms correspond to those defi
in Sec. III A. The tensors are reported in Cartesian coo
nates using the same set of axes as for the dielectric te
~Sec. IV A!.

For comparison, we also determinedZNb* using the so-
called ‘‘Berry phase approach,’’ by approximating Eq.~1! by
a finite difference expression

Zk,ab* .V0

DPb

Dtk,a
. ~2!

in which the electronic contribution to the change of pola
ization is estimated using the same approach as in Sec. I
To calculateZNb* , we displaced the niobium atom by 0.0
bohr along the three primitive vectors of reciprocal space
2-4
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calculated the polarization difference between this confi
ration and the equilibrum configuration along these three
rections. As in Sec. III C, we used a grid of 20k points in the
direction along which we calculated the polarization, a
four k points in the other two directions. We finally pe
formed a transformation to get the Cartesian component
these tensors. LDA and GGA results are summarized
Table VII.

As expected, within the LDA, the tensors obtained
linear response or using the Berry phase approach are i
tical within the accuracy of the calculation (60.02). How-
ever, we note that we had to use a plane-wave kinetic-en
cutoff of 45 hartree to get converged results by linear
sponse, whereas a smaller value of 35 hartree was suffic
using the Berry phase approach. We also observe differe

TABLE VI. Born effective charges~in atomic units! of Nb1 ,
Li 1 , O1 , O2, and O3 in the two phases of lithium niobate. The la
row gives the eigenvalues of the symmetric part ofZO* ~identical for
all the oxygens!.

Paraelectric phase Ferroelectric phase

Li1 1.15 0 0 1.19 20.25 0
0 1.15 0 0.25 1.19 0
0 0 1.11 0 0 1.02

Nb1 8.28 2.07 0 7.32 1.65 0
22.07 8.28 0 21.65 7.32 0

0 0 9.17 0 0 6.94

O1 21.80 0 0 21.62 0.31 20.17
0 24.48 2.46 0.23 24.06 1.79
0 2.32 23.43 20.13 1.85 22.66

O2 23.81 21.16 22.13 23.22 21.15 21.46
21.16 22.47 21.23 21.23 22.46 21.04
22.01 21.16 23.43 21.53 21.04 22.66

O3 23.81 1.16 2.13 23.68 0.96 1.63
1.16 22.47 21.23 0.88 22.00 20.75
2.01 21.16 23.43 1.67 20.81 22.66

O Eigenvalues 26.40 21.51 21.80 25.33 21.41 21.60

TABLE VII. Born effective charges of the niobium atom calcu
lated using the Berry phase approach in LDA and GGA.

Paraelectric phase Ferroelectric phase

LDA 8.26 2.07 0 7.30 1.61 0
22.07 8.26 0 21.61 7.30 0

0 0 9.08 0 0 6.83

GGA 8.40 2.10 0 7.23 1.59 0
22.10 8.40 0 21.59 7.23 0

0 0 9.29 0 0 6.46
21430
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between the LDA and GGA results, the largest one being
the ZNb,33* element. In order to get a better insight into th
influence of the exchange-correlation functional, we reco
puted ZNb* in the paraelectric phase using the GGA wa
functions but with the geometric parameters~atomic posi-
tions and lattice constants! obtained in LDA:

ZNb* 5S 8.30 2.08 0

22.08 8.30 0

0 0 9.12
D . ~3!

We observe that the tensor is now very close to that obtai
in the LDA. The difference between the results reported
Table VII comes, therefore, principally from the fact th
LDA and GGA give slightly different geometrical param
eters, whereas the Berry phase itself is quite insensitive
the approximation used for the exchange-correlation ene

Analyzing now the charges reported in Table VI, we o
serve thatZLi* is nearly isotropic and that the diagonal el
ments have a value close to the nominal charge of the lith
atom (11). On the other hand, the amplitude ofZNb* is
highly anomalousin the sense that it is significantly large
than the nominal charge expected in a purely ionic crys
(15). The niobium charge is slightly anisotropic with a si
nificantly different value along the trigonal axis. For the ox
gen atoms, the anisotropy is much stronger. This feature
pears clearly from the inspection of the tensor eigenvalu
The highest eigenvalue is stronglyanomalous(26.4 for the
paraelectric phase, compared to the nominal charge of22)
and the inspection of the associated eigenvector reveals
it is the charge associated with an oxygen displacem
~nearly! along the Nb-O bond. In contrast, the two oth
eigenvalues~associated with oxygen displacement in t
plane perpendicular to the Nb-O bond! are smaller than
22.

Most of our observations on LiNbO3 are comparable to
what has been previously reported for related perovs
compounds such as KNbO3 ~Refs. 41 and 47! or NaNbO3.41

For instance, the Nb charge in the paraelectric phase f
displacement along the Nb-O bond is, respectively, equa
8.75, 9.11, and 9.23 in LiNbO3, NaNbO3,41 and KNbO3,41

while the Li, Na, and K charges are equal, respectively,
1.11, 1.13, and 1.14.

The amplitude of the charge in LiNbO3 can be explained
following the same line of thought as Ghosezet al. for per-
ovskite compounds in Ref. 48. The Li atom is close to a fu
ionized configuration and only carries its nominal charge.
the other hand, there is a partly covalent interaction betw
Nb and O, which is responsible for theiranomalouseffective
charges and for the strong anisotropy of the oxygen tenso
is made plausible within the bond orbital model
Harisson.49 During an atomic displacement, the paramet
that determine the covalent interactions between the Nbd
and O 2p atomic orbitals~the hopping integrals! vary. This
variation produces a dynamical charge transfer between
niobium and the oxygen atoms, which is at the origin of t
anomalous part ofZNb* andZO* .
2-5
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The essential role played by the O 2p bands can be em
phasized from the analysis of the contribution of the differ
isolated sets of bands~as identified in Fig. 2! to the global
niobium charge. Individual contributions were obtain
thanks to formula~16! of Ref. 36 by considering only the
Bloch functions associated with a particular set of bands
elements of the overlap matrix. The results of the decom
sition are summarized in Table VIII. The first line (Zcore)
brings together the nucleus and core electron contributio
The last row corresponds to the total charge. The sec
column refers to the isotropic nominal value that would
expected in a purely ionic compound. All the deviations w
respect to this referenceisotropic nominal value are referred
to asanomalous.

Focusing first on the deep Nb 4s and Li 1s levels, we do
not identify any significant anomalous contribution, in agre
ment with the fact that these electrons do not participate
the bonding. On the contrary, the anomalous O 2p contribu-
tion is very large and mainly responsible for the total anom
lous charge. This can be explained by dynamical change
the Nb 4d orbital contribution to the O 2p bands producing
a dynamical transfer of electrons from O to Nb when t
Nb-O distance shortens. We note finally small and comp
sating anomalous contributions at the level of the Nb 4p and
O 2s bands: they reveal the existence of hybridizations
tween these levels.

TABLE VIII. Band-by-band decomposition of the Born effec
tive charge of the niobium atom~LDA calculation!.

Bands Nominal Paraelectric phase Ferroelectric phas

Zcore 13.00 13.00 0 0 13.00 0 0
0 13.00 0 0 13.00 0
0 0 13.00 0 0 13.00

Nb 4s 22.00 22.04 0.03 0.00 22.06 0.02 0.00
20.03 22.04 0.00 20.02 22.06 0.00

0.00 0.00 22.02 0.00 0.00 22.04

Li 1s 0.00 0.01 20.01 0.00 0.01 20.00 0.00
0.01 0.01 0.00 0.00 0.01 0.0
0.00 0.00 0.00 0.00 0.00 0.0

Nb 4p 26.00 26.42 20.06 0.00 26.49 20.05 0.00
0.06 26.42 0.00 0.05 26.49 0.00
0.00 0.00 26.37 0.00 0.00 26.35

O 2s 0.00 0.57 0.09 0.00 0.60 0.10 0.0
20.09 0.57 0.00 20.10 0.60 0.00

0.00 0.00 0.58 0.00 0.00 0.5

O 2p 0.00 3.14 1.89 0.00 2.25 1.45 0.0
21.89 3.14 0.00 21.45 2.25 0.00

0.00 0.00 3.89 0.00 0.00 1.7

Total 5.00 8.26 2.07 0.00 7.30 1.62 0.0
22.07 8.26 0.00 21.62 7.30 0.00

0.00 0.00 9.08 0.00 0.00 6.8
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If we now compare the result in the paraelectric and in
ferroelectric phases in Table VI, we observe a global
crease of the charges in the ferroelectric state, espec
along the ferroelectric direction. This is similar to what h
been reported for the perovskite compounds. If we look
Table VIII, we see that forZNb* this reduction originates in a
modification of the O 2p contribution only. It confirms the
strong influence of the phase transition on the O 2p–Nb 4d
hybridizations as discussed in Sec. III B. All the other co
tributions remain unaffected confirming that only the O 2p
bands are affected by the phase transition.

In Sec. III C, we had computed the spontaneous polar
tion of lithium niobate by using the Berry phase formulatio
proposed by King-Smith and Vanderbilt. From the tens
reported in Table VI, one can also obtain a rough estimate
the spontaneous polarization by using the following formu

Ps,a5
1

V0
(
k,b

Zk,ab* dtk,b , ~4!

wheredtk,b represents the displacement of atomk during
the phase transition. The calculation can be performed u
the atomic positions reported in Sec. III A and keeping t
lattice constants of the paraelectric phase. We obtain a v
of 0.83 C/m2 and 0.67 C/m2 by using, respectively, the ef
fective charges of the paraelectric and ferroelectric pha
At first, this illustrates that the reduction ofZ* has a strong
effect on the magnitude ofPs . Moreover, comparing thes
values to those reported in Table IV, we see that the spo
neous polarization is not the mean of the two values e
mated from the effective charges: this points out that
evolution of the charges along the ferroelectric path
atomic displacement is highlynonlinear. A similar behavior
was observed for barium titanate.48

V. PHONONS AT THE G POINT

A. Paraelectric phase

The paraelectric phase belongs to the space groupR3̄c. At
the G point, the optical-phonon modes can be classified
cording to its irreductible representations into

A1g% 2A1u% 3A2g% 3A2u% 4Eg% 5Eu .

The A2u and Eu modes are infrared active. At theG point,
they are split into transverse and longitudinal compone
A2u

T (Eu
T) andA2u

L (Eu
L). This splitting can be calculated from

the Born effective charges and the optical dielectric ten
~see Sec. IV A!, as described in Ref. 15.

The frequencies of the transverse and longitudinal mo
are listed in Table IX. As no experimental data are availab
we only compare our results to the frequencies calculated
Parlinskiet al.11 Both calculations identify unstableA2u and
A2g modes. Our calculated frequencies are mostly in reas
able agreement with those of Parlinskyet al., but there are
exceptions, as for theEg mode at 501 cm21. That could
eventually be explained by strong anharmonicities of the
tential energy to which our method is less sensitive. Anot
major difference is that the lowestEu

T mode is unstable in ou
2-6
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FIRST-PRINCIPLES STUDY OF THE DIELECTRIC . . . PHYSICAL REVIEW B 65 214302
calculation, whereas Parlinskiet al. identify it as stable. The
frequency of this mode is low, so that it is probably ve
sensitive to numerical errors. Anticipating what is discuss
at the end of this section, we note that the instability of t
mode is related to its giant effective charge and is, theref
plausible.

At first, we note that it is the most unstableA2u
T mode that

drives the paraelectric to ferroelectric phase transition. T
dynamical matrix eigenvectors associated with this mode

Li1~0,0,0.466!,

Nb1~0,0,0.216!,

O1~0,20.050,20.276!,

O2~0.043,0.025,20.276!,

O3~20.043,0.025,20.276!.

It is worth noticing that it has an overlap of 0.99 with th
vector representing the atomic displacements during
phase transition~for which we have chosen the same norm
ization as for the phonon eigenvectors!.

To have a better insight into the microscopic origin of t
different instabilities, we can use a model already applied
Ghosezet al.46 to explain the phonon instability in barium
titanate, which is based on a seminal idea of Cochran.50 The
interatomic forces in a crystal can be decomposed into sh
range forces and long-range Coulomb~dipole-dipole! inter-
actions. A structural instability can appear from the canc
lation of both contributions.

By following the notations of Ref. 46, we can write th
full dynamical matrixA as the sum of a contribution due t
the short-range forces (ASR) and a contribution due to th
dipole-dipole interactions (ADD). The latter one can be
evaluated by using Ewald summation techniques, as is
scribed in Ref. 51, whereasASR is obtained by subtracting
ADD from the full dynamical matrixA. Using this approach
we can decomposev2 as the sum of two contributionsvDD

2

TABLE IX. Phonon frequencies~in cm21) of the transverse and
longitudinal modes in the paraelectric phase of lithium niobate.

Silent modes Infrared active modes
Present Ref. 11 Present Ref. 11 Prese

A1g 403 415 A2u
T 201i 227i A2u

L 90i
A1u 279 294 94 116 346

435 481 478 520 838
A2g 115i 151i

405 393 Eu
T 53i 77 Eu

L 174
889 912 177 152 274

Eg 175 162 393 411 419
425 433 460 539 508
501 617 532 614 844
589 644
21430
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2 :

~5!

whereh is an eigenvector of the full dynamical matrix. Tab
X gives the results of this decomposition for the three u
stable modes of the paraelectric phase.

The A2u
T mode that drives the phase transition is stron

destabilized by the dipole-dipole interactions that are
fully compensated by the short-range forces, which tend
stabilize the paraelectric structure. The large amplitude of
dipolar interaction must be related to the high mode effect
charge equal to 6.71.54 Similarly, theEu

T mode at 53i cm21

is strongly destabilized by the dipole-dipole interactions
we could expect from its even larger mode effective cha
equal to 9.78. It is interesting to note that the square of
frequency is the sum of two very large terms that nea
cancel so that the resultant frequency is quite small.

B. Ferroelectric phase

At the G point, the optical phonons can be classified a
cording to the irreductible representations of the space gr
R3c into

4A1% 5A2% 9E.

The A1 andE modes are Raman and infrared active so t
they are split into transverse and longitudinal component

1. A modes

Tables XI and XII summarize the frequencies of the tra
verse and longitudinalA1 modes that we have compute
Our results are compared to the frequencies calculated
Parlinskiet al.11 and Caciucet al.10 and to the experimenta
frequencies obtained by Raman and infrared spectrosc
We note that the longitudinal frequencies reported by Par

t

TABLE X. DD and SR contributions to the TO mode frequen
squared (cm22) for the soft modes in the paraelectric phase.

A2u
T (201i ) A2g (115i ) Eu

T (53i )

vDD
2 288803 109023 2298387

vSR
2 48260 2122248 295571

v2 240543 213225 22816

TABLE XI. Phonon frequencies~in cm21) of the four trans-
verseA1 modes in the ferroelectric phase.

Calc. frequencies Expt. frequencies
Present Ref. 10 Ref. 11 Ref. 52 Ref. 53 Ref. 6

243 208 239 252 251 252
288 279 320 275 273 276
355 344 381 332 331 333
617 583 607 632 631 634
2-7
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ski et al. were obtained using an empirical guess of the B
effective charges and the optical dielectric tensor. The lon
tudinal modes have their wave vector along thez axis while
the wave vectors of the transverse modes are perpendi
to it.

The calculated and measured frequencies of theA2 modes
are summarized in Table XIII. Experimental data comes fr
inelastic neutron scattering.55 Our results are quite close t
the experimental data. They present, in general, a sim
error as those obtained in previous calculations.

The A1 mode at 234 cm21 has the strongest overla
~0.82! with the A2u mode that drives the phase transition
the paraelectric phase. By analyzing the interatomic for
for this mode, we foundvDD

2 5267 649 cm22 and vSR
2

5126 618 cm22, respectively. This helps us to clarify th
stabilization of the soft mode after the phase transition.
though the Born effective charges decrease at the transi
the dipole-dipole interactions remain quite strong in t
ferroelectric phase~strong enough to destabilize the mode
the paraelectric phase!, and it is the increase of the shor
range forces that stabilizes this mode. This behavior c
trasts with what was observed in barium titanate,46 where it
is a decrease of the dipole-dipole interactions that stabil
the ferroelectric mode in the rhombohedral phase.

2. E modes

The analysis of the nineE modes is more difficult. In the
literature, many different frequencies have been repor
which where differently assigned. This comes from the f
that the properties of lithium niobate crystals strongly d
pend on the internal and external defects.6 In particular, Ra-
man spectroscopy is very sensitive to small modifications
the structure and to the stoichiometry of the samples.56,57

For the transverse optic phonons, most authors seem
agree on seven modes around 152, 237, 265, 322, 368,

TABLE XII. Phonon frequencies~in cm21) of the four longitu-
dinal A1 modes in the ferroelectric phase.

Calc. frequencies Expt. frequencies
Present Ref. 11 Ref. 60 Ref. 59 Ref. 61

287 309 273 275 273
348 381 306 333 332
413 548 423 436 436
855 831 869 876 873

TABLE XIII. Phonon frequencies~in cm21) of theA2 modes in
the ferroelectric phase.

Calc. frequencies Expt. frequency
Present Ref. 10 Ref. 11 Ref. 55

218 153 220 224
297 287 321 314
412 417 432
454 439 462 455
892 883 893
21430
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and 580 cm21. For the two missing modes, Ridahet al.56

and Repelin et al.57 suggest frequencies at 180 an
610 cm21, Kaminow and Johnston58 report modes at 92 and
630 cm21 and Clauset al.59 mention phonons at 668 an
743 cm21. Barker and Loudon60 were tempted to identify
the modes at 180 and 610 cm21 for mixed phonons that
have their wave vector at 45° from thez axis and the mode a
670 cm21 for a combination band. Yanget al.61 report
modes at 152 and 530 cm21 and suggest that the frequen
cies at 741 and 667 cm21 are due to combination bands.

For the transverseE modes, all the experimental value
mentioned above as well as the theoretical results of Ca
et al.10 and Parlinskiet al.11 are summarized in Table XIV
while the frequencies of the longitudinalE modes are given
in Table XV.

One can see that there are some discrepancies betwee
frequencies reported by the various authors. Even the pr
ous first-principles calculations do not clarify all ambiguitie
Parlinski et al., whose results are relatively similar to our
assign the seven modes reported by most authors as we
phonons at 423 and 690 cm21, while Caciucet al. suggest
the existence of phonons at 167 and 617 cm21, as was pro-
posed by Ridahet al. and Repelinet al. In order to clarify
the identification of theE modes, we will analyze two quan
tities related to the phonon modes that have been meas
experimentally in the past: the directional dispersi
branches of the extraordinary phonons~Fig. 3! and the mode
oscillator strengths~Table XVI!.

Figure 3 shows the dependence of the phonon frequen
on the angleu between thec axis and the phonon wavevecto
q in the limit of long wavelengths (q→0). This calculated
directional dispersion relation agrees with the experimen
measurements of Refs. 59 and 61 for the branches~1!–~5!
and ~8!–~13!. One main difference is the absence of bran
~7! in both works and the fact that they report a differe
behavior for branch~6!: according to their results, theA1L
mode transforms into anA1T mode and not into anEL mode
as we have observed. This discrepancy is probably due to
fact that our calculation slightly overestimates the frequen
of the correspondingA1T mode and predicts a frequenc
larger than that of theEL mode, while experimentally the
inverse has been found. Further differences concern bran
at 743 cm21 ~Ref. 59! and 152 and 530 cm21 ~Ref. 61! that
are not reproduced by our calculation and that have not b
found in the other experimental studies. We can assume
they are not related to first-order phonons.

On the basis of Fig. 3 we will now discuss the assignat
of selected phonon modes in Tables XIV and XV. Rid
et al.and Repelinet al. report anET mode at 180 cm21 that
has also been found by Caciucet al. but not by Parlinski
et al. and neither in our study. As mentioned before, Bark
et al. associate this frequency to a mixed phonon with
wave vector at 45° with thez axis. By looking at the spectra
reported in the papers of Ridahet al. and Repelinet al. ~Fig.
3 of Ref. 56 and Fig. 2~b! of Ref. 57!, we see that this mode
has indeed its wave vector in this direction@Ridahet al., for
example, measure it only in anX(ZY)Z orientation, which
allows them to detect transverseE modes, whose wave vec
2-8
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TABLE XIV. Phonon frequencies~in cm21) of transverseE modes in the ferroelectric phase.

Calc. frequencies Expt. frequencies
Present Ref. 10 Ref. 11 Ref. 56 Ref. 57 Ref. 58 Ref. 59 Ref. 60 Ref.

92
155 151 157 153 155 152 155 152 152 152a

167 177 180
218 236 214 238 238 238 238 236 238 236
264 269 264 265 262 265 265 264 263
330 307 349 322 325 322 325 322 321 322

334
372 352 419 369 368 363 367
384 423 371 371 370
428 432 446 432 431 436 431 431 434 431

530
585 526 605 580 582 582 582 586 579 578

617 610 610
630

677 690 668 670
743

aThe authors of Ref. 61 suggest that there are two differentET modes at 152 cm21.
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tors form an angle of 45° with thez axis#. One can see from
Fig. 3 that theET mode at 155 cm21 @branch~1!# transforms
smoothly into theEL mode at 197 cm21 whenu varies from
0° to 90°. At 45°, the frequency of this mode is 174 cm21

and it has a strong transverse component@q is along the
direction (0,1,1)# as one can see it from its mode effecti
charge

~0,22.92,2.35!.

Therefore, we believe that Ridahet al. and Repelinet al.
have measured this particular mode and we propose tha
second pure transverseE mode has in fact a frequency o
234 cm21, in agreement with the results of Parlinskiet al.
We should note that we observe a similar behavior for bra

TABLE XV. Phonon frequencies~in cm21) of longitudinal E
modes in the ferroelectric phase.

Calc. frequencies Expt. frequencies
Present Ref. 11 Ref. 60 Ref. 59 Ref. 61 Ref. 5

152 186
197 204 198 198 194 195
224 216 238 243 240 240
298 316 296 295 295 299
349 372 342 345
384 422 371 370
423 445 418 428 425 424
452 570 450 454 460 456

530
625

675 677 660 668
739

863 856 878 880 878 878
21430
he

h

~11!: the ET mode at 585 cm21 gives rise to a mode o
601 cm21 for u545°. As Barkeret al., we are, therefore,
tempted to assign the reported frequencies around 610 c21

to such a kind of mixed phonon and not to a pure transve
mode.62

One can see also from Table XIV that Caciucet al.do not
associate the measured mode at 264 cm21 to any of their
calculated phonons in spite of the fact that it has been
served in all the experiments cited above. They suggest
the measured line is due to a breaking of the Raman selec
rules caused by anharmonic effects and that it correspond
the lowestA1T mode. Their main argument is that Clau
et al. have observed that thisET mode transforms into the
mentionedA1T mode asu varies from 0° to 90°. On the
other hand~but in agreement with Parlinskiet al.!, we repro-
duce in our calculation a mode at 264 cm21 of E symmetry.
Moreover, as illustrated in Fig. 3, this mode exhibits an a
gular disipersion@branch~3!# similar to that experimentally
measured by Clauset al. This gives us a strong argument
propose that the measured mode at 264 cm21 is a real
E-mode.

The last point we would like to discuss related to Fig.
concerns theET modes at 372 and 384 cm21. In Table XIV,
they were associated with measured frequencies at 369
371 cm21 that we believe to be related to two differe
phonons in spite of the fact that all the other authors ass
ate them to the same. This is in fact already plausible from
careful analysis of the existing experimental data: TheET
and EL modes at 384 cm21 in Tables XIV and XV corre-
spond to branch~8! in Fig. 3. This branch has been measur
by Clauset al.and Yanget al.while line ~7! is absent in both
works. Now, it is interesting to note that Ridahet al. and
Barker et al. report a couple ofET-EL modes at 369 and
342 cm21 that have not been reported by Clauset al. and
Yandet al., but that we believe to be related to line~7!. This
2-9
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observation suggests that the measured frequencies of
and 371 cm21 correspond to two different first-orderET
modes that cannot be distinguished in the spectra due to
small difference in their frequencies.

A considerably stronger certification of the existence
two phonons arround 370 cm21 can be obtained from the
inspection of Table XVI, where we compare the mod
oscillator strengths to the experimental values measured
Barkeret al.The mode-oscillator strengthSm,ab for modem
was calculated from the Born effective charges and the p
non eigenvectors according to the relation

Sm,ab5S (
k,g

Zk,ga* h (m)~k,g! D S (
k,g

Zk,gb* h (m)~k,g! D .

~6!

For theA1 modes, the agreement is reasonable. For moE
modes, the agreement with experiment is much better ex
for the last mode. The table shows, in particular, that
assumption concerning theE modes at 369~372! and
371(384) cm21 is reasonable: Barkeret al. report a mode-
oscillator strength of 3.59 for the mode at 369 cm21, in
agreement with what we found for the mode at 372 cm21.
The fact that they did not observe the mode at 371 cm21 in
their infrared measurements can also easily be understoo
originating in its small mode-oscillator strength.

On the contrary, Yanget al. as well as Clauset al. mea-
sured a mode at 371 cm21 for which they report a frequenc
that does not vary withu. If this frequency was related to th
phonon measured by Barkeret al., the mode oscillator
strength of 3.59 would give rise to a measurable angu
dependence. The abscence of angular dispersion is, there
the proof that it must correspond to another phonon wit
negligible oscillator strength, as our mode at 384 cm21 as-
sociated with line~8! in Fig. 3.

Let us conclude this section by mentioning that the iso
pic effect 7Li→ 6Li on the phonon frequencies has been
cently investigated by Repelinet al.57 For the mode at
371 cm21, they measured a shift of 17 cm21. For the mode
at 372 cm21 and 384 cm21 our calculations reproduce
shift of 22 cm21 and 23 cm21, respectively. These two val
ues are comparable to what has been measured. More
the similar shift of the two modes justifies why no splittin
21430
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has been identified for these two nearly degenerated mo
during the isotopic effect experiment.

3. Static dielectric tensor

In Sec. IV A, we have reported the optical dielectric te
sor«ab

` . This quantity describes the response of the elect
gas to a homogenous electric field if the ions are taken
fixed at their equilibrum positions. To include the response
the crystal lattice to the electric field, one can use a mo
that assimilates the solid to a system of undamped harm
oscillators,15

«ab
0 5«ab~`!1

4p

V0
(
m

Sm,ab

vm
2

. ~7!

FIG. 3. Directional dispersion branches of extraordina
phonons in the ferroelectric phase of LiNbO3 . u is the angle be-
tween thec axis and the phonon wave vectorq.
ric
TABLE XVI. Mode-oscillator strengths~in 1024 atomic units) of the active modes in the ferroelect
phase of lithium niobate. For each mode, we also recall the calculated frequency.

A1 modes E modes
Freq. Sm , Calc. Sm , Expt. ~Ref. 60! Freq. Sm , Calc Sm , Expt. ~Ref. 60!

243 13.29 11.66 155 5.89 6.02
288 0.20 0.89 218 0.55 0.53
355 0.45 0.18 264 4.38 4.58
617 14.57 11.92 330 2.71 2.70

372 3.59 3.59
384 0.15
428 0.31 0.40
585 14.33 13.43
677 0.37 1.06
2-10
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The calculated and measured elements of«ab
0 are summa-

rized in Table XVII. The agreement is very good for th
elements«xx

0 and «yy
0 , while «zz

0 overestimates the exper
mental value. This result was predictable because we sa
the preceding section that the calculated mode-oscill
strengths agree better for theE modes than for theA1 modes.

Looking back at Table XVI, we observe that the twoA1
modes at 243 and 617 cm21 have a large oscillator strength
However, due to their different frequency they do not co
tribute equally to«zz

0 : the main contribution (84%) come
from theA1 mode at 243 cm21, while only 14% are origi-
nating from the mode at 617 cm21. For «xx

0 and«yy
0 we do

not observe such a clear domination of one mode. The m
important contributions come from the modes at 155 cm21

(59%), 264 cm21 (15%) and 585 cm21 (10%).

VI. CONCLUSIONS

Using a plane-wave pseudopotential approach to den
functional theory, we studied structural, electronic, dielect
and dynamical properties of the two phases of lithium n
bate. In particular, the amplitude of the optical dielectric te
sor and of the Born effective charges have been obtaine

Some of our results were computed within the LDA a
GGA for the exchange-correlation energy. We found that
use of the GGA has only a small influence on quantities s

TABLE XVII. Static dielectric tensor in the ferroelectric phas
of lithium niobate.

Reference «xx
0 «yy

0 «zz
0

Calc. Present 42.4 42.4 29.3
Expt. 60 41.5 41.5 26.0
Expt. 61 43.6 43.6 24.3
,

nd

.
n,

.
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as the Born effective charges or the spontaneous polariza
while it has a stronger impact on the optimized lattice p
rameters and atomic positions.

The analysis of the Born effective charges revealed s
eral features that have already been observed in similar s
ies performed on perovskite oxides:ZNb* as well asZO* are
larger than their nominal ionic charge whileZLi* is rather
close to it. The first two tensors decrease during the tra
tion from the paraelectric to the ferroelectric phase, while
latter one remains quite constant. All these results could
explained from the mixed ionic/covalent character of t
chemical bonds in lithium niobate, especially from the part
hybridization between Nb 4d and O 2p states.

By examining the zone-center phonons in the paraelec
phase, we have shown that a softA2u mode is responsible fo
the ferroelectric transition, and from a model calculation
identified the destabilizing long-range dipolar forces to be
the origin of this phonon instability. During the discussion
the phonons in the ferroelectric phase, we paid much at
tion to the identification of theE modes. We tried to clarify
the remaining ambiguities and proposed an assignation
tified by the analysis of the mode-oscillator strengths and
angular dispersion relation of the extraordinary phonons.
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