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Phonons and static dielectric constant in CaTiO3 from first principles

Eric Cockayne and Benjamin P. Burton
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Maryland 20899-8520
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CaTiO3 has a static dielectric constant that extrapolates to a value greater than 300 at zero temperature. We
investigate the origin of this large dielectric response on a microscopic level, using first-principles plane-wave
pseudopotential density functional theory calculations. The electronic dielectric tensor and the complete set of
zone center phonons and ionic Born effective charges are determined for CaTiO3 in its low temperature
20-atom per cell orthorhombic phase via frozen phonon electronic structure, polarization, and force constant
calculations. Dispersion theory is then used to obtain the dielectric tensor. The dielectric response is dominated
by low frequency (n'90 cm21) polar optical modes in which cation motion opposes oxygen motion. The
frequencies of these phonons, and thus the dielectric constant, are predicted to be pressure sensitive.
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I. INTRODUCTION

Ceramic solid solutions involving CaTiO3 are among the
candidate systems for high-quality microwave dielect
materials.1 Pure CaTiO3 has a dielectric constant of abo
180 at room temperature. The dielectric constant increa
monotonically as temperature decreases over the meas
range from 430 to 4.2 K, and extrapolates to a value gre
than 300 at zero temperature.2,3 Associated with the trends in
dielectric constant is a large positive temperature coeffic
of resonant frequency (t f[] f /]T) ~Ref. 4! for dielectric
resonators made from CaTiO3. The solid solution
CaTi0.54(Al1/2Ta1/2)0.46O3, however, hast f50.1 As a first
step toward understanding the dielectric properties
CaTiO3-based solid solutions at the microscopic level,
present a first-principles investigation of the low-temperat
zero-frequency dielectric response of CaTiO3.

For T.'1580 K, CaTiO3 has the ideal perovskite struc
ture. As temperature decreases, CaTiO3 undergoes a se
quence of phase transitions. Experiments have not yet
pointed the number of phases and exact phase trans
temperatures.5 A recent powder neutron diffraction study6

suggests that there may be as many as three phase t
tions: ~i! from cubic to body-centered tetragonal atT
'1580 K, ~ii ! to a possible centered orthorhombic phase
T'1500 K, and~iii ! to the low-temperature primitive ortho
rhombic phase atT'1380 K. All of the structures are relate
to the perovskite structure via small distortions of ions fro
their ideal perovskite positions.6 The structure of the low-
temperature phase is shown in Fig. 1. It has four CaT3

formula units in an orthorhombic cell witha'b'A2a0 and
c'2a0, where a0 is the lattice parameter of the high
temperature perovskite phase. Its structure can largely be
scribed as an oxygen-octahedron tilting structure (a2a2c1

in Glazer’s notation7,8!, although the resultant symmetr
breaking also displaces Ca ions from their ideal perovs
positions.

By definition, the relative dielectric permittivity tensor o
a materialkab is related to its dielectric susceptibility9

xab[
1

e0

]Pa

]Eb
~1!
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kab5dab1xab , ~2!

whereP is the polarization,E the applied electric field, and
dab the Kronecker delta function.

It is not possible, however, to calculate the static diel
tric tensor of a material in a plane-wave density function
theory calculation directly from Eqs.~1!,~2!, because peri-
odic boundary conditions do not allow a finite macrosco
field. Fortunately, there exists an alternate expression fok
in terms of quantities that can be computed under zero-fi
boundary conditions. In the classical dispersion formula
the static dielectric tensor of a complex lattice,10

FIG. 1. Slightly distorted perovskite experimental room
temperature structure of CaTiO3. The origin of the unit cell is
shifted by (20.25,0.25,0) in cell parameters with respect to t
conventional setting in order to make the TiO6 octahedra more
clear.
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kab5~k`!ab1 (
vm

2 Þ0

Z̄!
maZ̄!

mb

Ve0m0vm
2

, ~3!

where k` is the electronic dielectric tensor,m labels the
zone-center (q50) normal modes of the system,vm their
~angular! frequencies,Z̄!

ma their effective charges in Carte
sian directiona, V the volume per unit cell, ande0 the
permittivity of free space. The mode effective charge in
a direction for a given modem is defined as

~ Z̄m
! !a[(

ig
Ziag

! ~m0 /mi !
1/2~am! ig , ~4!

whereZi
! is the Born effective charge tensor for ioni, mi its

mass, (am) ig the component of the normalized dynamic
matrix eigenvector for modem involving ion i in the g di-
rection, andm0 an arbitrary mass, which is cancelled by t
denominator of Eq.~3!. We choosem05 1 amu in this work.
Finally, the components of the Born effective charge ten
for a given ioni are defined as follows:

Ziag
! [V

]Pa

]uig
, ~5!

whereP is the polarization of the system anduig the coor-
dinate of ioni in directiong.

Historically, Eq.~3! has mainly found experimental appl
cations to simple systems, such as alkali halides, for wh
the phonon eigenvectors are determined by symmetry.10 Re-
cently, optical reflectivity experiments have been used to
termine the individual mode contributions to the dielect
constant in more complex systems such as Ba(B1/28 B1/29 )O3

perovskites11,12 and BaMg1/3Ta2/3O3.13,14 The most complex
system for which this has been done has 16 infrared ac
modes. In its low-temperature phase, CaTiO3 has 25 infrared
active modes, with, as we show later, widely differentZ̄m

! . It
thus appears that measurement of the mode-by-mode co
bution tok in CaTiO3 is at the limit of present experimenta
capabilities.

Even if one could measure the contribution of each mo
to k and thus eachZ̄m

! experimentally, it is not possible to

break downZ̄m
! into the individual phonon eigenvectors an

ionic effective charges via Eq.~4! without making additional
assumptions~see, e.g., Ref. 12! because Eq.~4! is indetermi-
nate. First principles calculations have shown that one m
be careful in making assumptions for two reasons.~1! The
Born effective charges of perovskite-related materials
quently differ significantly from their nominal values.15,16~2!
The eigenvectors of corresponding modes in seemingly s
lar systems can be quite different, even in simp
perovskites.17,18 In order to understand the origin of the d
electric behavior of CaTiO3 on the microscopic level in a
manner free from assumptions, we turn to first princip
methods.

Lee, Ghosez, and Gonze19 did a fully first principles cal-
culation of the static dielectric tensor in rutile TiO2, a com-
pound with six atoms per unit cell and four sets of infrare
active modes, obtaining good agreement with experimen
this work, we apply first-principles methods to investiga
e
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the dielectric properties of CaTiO3, with 20 atoms per unit
cell and 25 infrared-active modes.

II. FIRST-PRINCIPLES CALCULATIONS

All calculations are performed usingVASP ~the Viennaab
initio simulation package20–23!. VASP is a code for plane-
wave pseudopotential density functional theory calculatio
We used ultrasoft Vanderbilt type pseudopotentials24 as sup-
plied by Kresse and Hafner.25 Semicorep electrons were
treated as valence electrons for the Ca and Ti pseudopo
tials, but semicores electrons were treated as core electro
The total number of valence electrons was 8 for Ca, 10
Ti, and 6 for oxygen. All of our calculations were done usi
the VASP high precision option, i.e., a plane-wave ener
cutoff of 494.6 eV. We used the local density approximati
~LDA ! for the exchange-correlation energy. Brillouin zon
integration was obtained by calculating Kohn-Sham wa
functions for a set of 128k points in the Brillouin zone,
positioned so as to be equivalent to an 83838 Monkhorst-
Pack grid for a primitive perovskite cell.

III. RESULTS

A. Structure

There is some choice in the CaTiO3 structure on which to
base in the first principles dielectric calculations. First, th
is the experimental structure. Various experiments rep
slightly different parameters for the structure of CaTiO3. In
Table I~a!, we report the weighted average of the four stru
ture refinements tabulated in Ref. 26. Secondly, there is
structure obtained by fixing the cell parameters at the exp

TABLE I. Structure of CaTiO3. ~a! Weighted average of four
room temperature structure refinements.~b! LDA ionic relaxation
with same cell parameters as~a!. ~c! Full LDA ionic and cell relax-
ation. ~d! Ideal perovskite with same volume as~a!. Space group
Pbnm, a, b, c in Å.

~a! ~b! ~c! ~d!

a 5.3804 5.3804 5.2898 5.4086
b 5.4422 5.4422 5.4122 5.4086
c 7.6417 7.6417 7.5374 7.6490
Ca
x 0.9935 0.9903 0.9892 0
y 0.0349 0.0443 0.0480 0
z 1/4 1/4 1/4 1/4
Ti
x 0 0 0 0
y 1/2 1/2 1/2 1/2
z 0 0 0 0
O~1!

x 0.0707 0.0807 0.0838 0
y 0.4842 0.4783 0.4776 1/2
z 1/4 1/4 1/4 1/4
O~2!

x 0.7111 0.7093 0.7063 3/4
y 0.2884 0.2904 0.2927 1/4
z 0.0372 0.0427 0.0441 0
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mental value and performing a first-principles ionic rela
ation; these parameters are shown in Table I~b!. Next, one
can allow both ionic positions and cell parameters to re
under the LDA; the results are given in Table I~c!. All of the
first-principles relaxations were done to a convergence
better than 1026 eV per formula unit, with relaxed structure
used as the input for additional relaxations to make cer
that the minimum was achieved. Finally, to contrast
properties of the ground state of CaTiO3 with those of the
high temperature perovskite structure, we present in Ta
I~d! the parameters for an ideal perovskite cell whose volu
is the same as that of the experimental one. The ideal pe
skite structure actually has a primitive five-atom cubic c
with lattice parameter 3.8245 Å .

The theoretical structures generally have larger distorti
from the ideal perovskite structure than the experimen
ones. However, the theoretical calculation is inherently
zero-temperature calculation. Liu and Liebermann27 report
the structure parameters for CaTiO3 at both 298 and 673 K
Applying the thermal expansion factors, etc., of their resu
between 298 and 673 K to linearly extrapolate the aver
experimental structure to zero temperature givesa
55.3565, b55.4316, c57.6103, Cax50.9921, Cay
50.0410, O(1)x50.0784, O(1)y50.4839, O(2)x50.7102,
O(2)y50.2878, and O(2)z50.0404. We find that roughly
half of the apparent discrepancy between experimental
relaxedab initio atomic positions in CaTiO3 is due to the
fact that the experimental results are at room temperature
not zero temperature. The rest is due both to possible
tematic experimental errors due to twinning, grain boun
aries, etc., and to systematic errors in the first-principles
culations, in particular the LDA. In fact, the ful
minimization leads to a cell volume that is 3.5% less th
that of the experimental volume at room temperature
2.5% less than that of the extrapolation of the experime
cell to zero temperature. The error in the cell parameter
about 1%, typical LDA error for perovskite oxides. The d
tortion of the atomic positions is slightly larger in the fu
LDA relaxation than the constrained one, showing an inve
correlation between cell size and amount of distortion. F
LDA relaxations predict a larger strain than is observed
perimentally (b/a51.019 vs 1.011 vs 1.014 extrapolate
low temperature!. In summary, a full first-principles LDA
relaxation on CaTiO3 underestimates the unit cell volume b
about 3%, predicts distortions of ions from their ideal pero
skite positions that are about 20% larger than observed
perimentally, and overestimates the anisotropic strain.

B. Born effective charges

We used the King-Smith and Vanderbilt~KSV! ~Ref. 28!
method to calculate the polarizations of perturbed cells
from this, the Born effective charge tensors of the ions. T
KSV method gives the electronic contribution to polariz
tion, to which the ionic contribution is added to obtain t
total polarizationP. The component of the electronic contr
bution to polarization along lattice vectoraa is computed via
a set of Berry’s phase calculationsfa,k'

along straight-line

paths in the Brillouin zone, where reciprocal lattice vectorba
is the path vector,J the number of evenly spacedk points in
the path, andk' the component ofk orthogonal toba along
-
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the path. The Berry’s phase is the phase of the comp
product of the determinants of all wave function overlap m
trices between successivek points in the path. One finally
obtains

Pelectronic5
1

V (
a

Dfā

2p
aa~2ueu!, ~6!

where Dfā is the average ofDfa,k'
across the Brillouin

zone cross section,Dfa,k'
being the difference betwee

fa,k'
for the polar phase andfa,k'

for a nonpolar phase
related to the polar phase by an adiabatic transforma
which remains insulating. In practice, we find thatfa,k'

for
nonpolar phases in our calculations are easily identified
multiples of p and do not need to be explicitly calculate
See Refs. 28–30 for more details on the Berry’s phase
proach to polarization.

For each structureA–C, we perturbed each atom, in turn
in thex, y, andz directions and calculated the charge dens
self-consistently via a total energy calculation. We then p
formed non-self-consistent wave function calculations in
der to obtain the wave functions for the Berry’s phase cal
lations. We usedJ510 alongz andJ514 alongx andy. For
structureA, we obtained the cross-section average by av
aging the phases fork' on a 434 Monkhorst-Pack grid. To
reduce computational effort for structuresB andC, we only
calculated wave functions for half the points of a 434
Monkhorst-Pack grid, and scaled the undetermined phase
the same average way with respect to structureA as the de-
termined phases. For structureD, we calculated Born effec-
tive charges using a primitive cell,J520, and a centered 4
34 Monkhorst Pack grid. The grids used were necessary
sufficient to converge effective charges to about 0.02.
each case, there was a slight~order 0.01e or less! deviation
from charge neutrality in the sum of the resultant effect
charge tensors due to finite difference errors. To ensure s
charge neutrality, we added a correction to each diago
component of each ionic effective charge tensor that w
proportional to the corresponding electronic contribution
the component.

The Born effective charge tensors for structuresA through
D are shown in Table II. The principal components of effe
tive charges, obtained by diagonalizing the tensors,
shown in Table III, along with the corresponding results
Zhong, King-Smith, and Vanderbilt for CaTiO3 ~Ref. 15! in
the ideal perovskite structure. The nominal ionic charges
Ca, Ti, and O are, respectively, 2, 4, and22. The dynami-
cal effective charges are generally larger in magnitude t
the nominal charges, especially for Ti and for O in the dire
tion of the Ti-O bonds. These anomalously large effect
charges appear to be a general feature of AB3
perovskites.15,16 The effective charges are somewhat sen
tive to the structural details, generally becoming closer
their nominal ionic values with increasing deviation from t
ideal perovskite structure. In previous studies, it has b
found that effective charges are sensitive to polar distortio
becoming closer to their nominal values when ferroelec
relaxation occurs.16,31–35This work shows that nonpolar re
laxation has the same effect. While we did not study
effect of pressure independently of ionic relaxations, pre
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TABLE II. Born effective charge tensors for each of the structures shown in Table I~in ueu).

~a! ~b! ~c! ~d! ~a! ~b! ~c! ~d!

ZCa,xx
! 2.47 2.45 2.45 2.57 Z01,xx

! 22.06 22.07 22.09 22.04
ZCa,xy

! 0.17 0.18 0.18 B Z01,xy
! 20.13 20.16 20.17 B

ZCa,yx
! 0.15 0.14 0.15 B Z01,yx

! 0.03 0.02 0.02 B

ZCa,yy
! 2.43 2.41 2.40 2.57 Z01,yy

! 21.89 21.89 21.87 22.04
ZCa,zz

! 2.42 2.38 2.37 2.57 Z01,zz
! 25.46 25.37 25.35 25.69

ZTi,xx
! 6.91 6.88 6.79 7.20 Z02,xx

! 23.66 23.63 23.58 23.86
ZTi,xy

! 0.46 0.47 0.49 B Z02,xy
! 21.74 21.74 21.69 21.82

ZTi,xz
! 0.63 0.71 0.72 B Z02,xz

! 0.01 0.00 0.00 B

ZTi,yx
! 20.57 20.63 20.66 B Z02,yx

! 21.69 21.67 21.65 21.82
ZTi,yy

! 6.97 6.94 6.94 7.20 Z02,yy
! 23.76 23.73 23.74 23.86

ZTi,yz
! 20.16 20.23 20.23 B Z02,yz

! 20.08 20.09 20.10 B

ZTi,zx
! 20.77 20.91 20.90 B Z02,zx

! 0.00 0.00 0.00 B

ZTi,zy
! 20.04 20.06 20.06 B Z02,zy

! 20.06 20.07 20.07 B

ZTi,zz
! 6.99 6.90 6.90 7.20 Z02,zz

! 21.98 21.96 21.96 22.04
re
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ous studies have shown that Born effective charges are
tively insensitive to pressure.16,33

There is a very good agreement between the effec
charges that we found here for CaTiO3 in the ideal perov-
skite structure and those determined by Zhong, King-Sm
and Vanderbilt15 ~Table III!. We suspect that the main reaso
for the slight discrepancies is that our calculations treat
Ti and Ca semicores electrons as core electrons, while th
were treated as valence electrons in Zhong, King-Smith,
Vanderbilt.

In the orthorhombic CaTiO3 structures, the relatively
large off-diagonal components of the Ti Born effecti
charge tensorsZTi

! and their asymmetries were unexpect
because the TiO6 octahedra are nearly ideal. Cubic local e
vironments imply diagonal, isotropicZ!. The large off-
diagonal components ofZTi

! show thatZTi
! is not determined

solely by nearest-neighbor Ti-O interactions, but is stron
influenced by further-neighbor interactions which mo
strongly break cubic symmetry.ZTi

! in all of the orthorhom-

TABLE III. Principal components of Born effective charge te
sors of Table II~in ueu) and comparison with results of Zhong
King-Smith, and Vanderbilt~ZKV ! ~Ref. 15!.

~a! ~b! ~c! ~d! ZKV

ZCa,1
! 2.61 2.59 2.59 2.57 2.58

ZCa,2
! 2.42 2.38 2.37 2.57 2.58

ZCa,3
! 2.29 2.27 2.26 2.57 2.58

ZTi,1
! 7.07 7.06 7.06 7.20 7.08

ZTi,2
! 6.95a 6.90a 6.86a 7.20 7.08

ZTi,3
! 6.95a 6.90a 6.86a 7.20 7.08

Z01,1
! 25.46 25.37 25.35 25.69 25.65

Z01,2
! 22.03 22.05 22.07 22.04 22.00

Z01,3
! 21.92 21.91 21.89 22.04 22.00

Z02,1
! 25.43 25.38 25.33 25.69 25.65

Z02,2
! 22.03 22.02 22.03 22.04 22.00

Z02,3
! 21.93 21.91 21.91 22.04 22.00

aModulus of complex eigenvalue.
la-

e

,

e

d

-

y

bic structures is so asymmetric that two of its eigenvalues
complex. For these eigenvalues, we report the modulus
Table III.

C. Electronic dielectric tensor

To calculate the electronic contribution to the dielect
tensors, we used a modification of the method of Bernard
Fiorentini, and Vanderbilt~BFV!.36,37In the BFV method, an
artificial supercell of a homogeneous nonpolar material
tended in thea direction is created, where the half of the ce
with xa,0.5 is givenionic polarizationP1

(0) and the half of
the cell withxa.0.5 is givenionic polarizationP2

(0) by small
displacements of the ions in each half.

By applying classical electrostatics to the ‘‘interface
charge density atxa50.5, s, BFV obtained a formula for the
electronic dielectric tensor components~for the case of diag-
onal k` , such as for orthorhombic CaTiO3):

~k`!aa5
P1a

(0)2P2a
(0)

s
. ~7!

In practice, we have found that it is difficult to determin
s unambiguously, because it is spread out over atomic
mensions alonga and because it is small relative to th
fluctuations of charge density due to the atomicity of t
material. Instead, we used the energy of the Ti semicorep
electrons orthogonal to the macroscopic field as a ‘‘prob
of the local potential. By calculating the difference of Ti 2p
electron energies on different planes, we determined
macroscopic electric fieldsE1a andE2a , and fromE1a and
E2a , used

~k`!aa5
P1a

(0)2P2a
(0)

e0~E2a2E1a!
~8!

to obtaink` .
In detail, we created 40 atom supercells from the 20 at

CaTiO3 cellsA–D by doubling in each of thea5x, y, andz
directions. Then we moved each ion in the original cell in t
a direction by 0.001a/(Ziaa

! ) (a53.8245 Å ) and each ion
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in the second cell by20.001a/(Ziaa
! ), using the values of

Zi
! found in Sec. III B, in order to make the polarizations

the two layers equal, in opposite directions, and as unifo
as possible. We found that the local field converges rap
with supercell size, and already within 1% for our doub
supercells.

The results for electronic dielectric tensor are shown
Table IV. The values are within 10% for the different stru
tures, decreasing as the distortion from the ideal perovs
structure increases. Previous studies have shown thatpolar
distortions tend to decreasek` ;32–34 here we find that non-
polar distortions have the same effect. The experime
value is k`55.81,15 compared to our value of 6.12 fo
CaTiO3 in its experimental structure. It is typical for LDA
calculations to overestimatek` slightly. Fiorentini and Ber-
nardini reportk`55.87 for CaTiO3 in its ideal perovskite
structure, using their method, much closer to its experime
value, but they do not report the lattice parameter used.

D. Phonons

After calculating the residual Hellmann-Feynman forc
on each structure in Table I, we displaced each ion in turn
each Cartesian direction by60.01 Å and recalculated th
forces. From finite differences, we determined the force c
stants matrices. We diagonalized the corresponding dyna
cal matrices to obtain the normal mode frequencies
eigenvectors.

The phonon spectra for structuresA-C are shown in
Tables V–IX. Each table gives the spectra for one or m
irreducible representations~irreps! of the point group of
CaTiO3. The mode effective charges, as defined in Eq. 4,
given for each infrared active~polar! mode in Tables V–VII.

TABLE IV. Electronic dielectric tensor for each of the stru
tures shown in Table I.

~a! ~b! ~c! ~d!

kxx 6.06 6.03 5.64 6.19
kyy 6.05 6.02 5.64 6.19
kzz 6.26 6.19 6.06 6.19
(kxx1kyy1kzz)/3 6.12 6.08 5.78 6.19

TABLE V. Normal modes frequencies~in cm21), effective
charges~in ueu), and contribution to dielectric susceptibility fo
infrared-active modes with irreducible representationB1u of point
groupD2h for structures~a!, ~b!, and~c! of Table I.

~a! ~b! ~c!

n Z̄!
z

(km)zz n Z̄!
z

(km)zz n Z̄!
z

(km)zz

0 0 0 0 0 0 0 0 0
94 2.67 176 87 2.84 236 129 1.11 17
122 0.17 0 112 1.31 30 157 2.08 40
174 1.96 28 171 1.19 11 202 2.10 25
240 0.17 0 251 0.39 1 283 0.59 1
428 0.65 1 423 0.74 1 438 0.84 1
490 0.06 0 468 0.04 0 501 0.06 0
530 1.63 2 508 1.36 2 540 1.63 2
ly

n

te

al

al

s
in

-
i-
d

e

re

The phonon frequencies are similar for the different str
tures. The root mean square variation between correspon
phonon frequencies with the same irrep for the differe
structures varies between 13 and 40 cm21. The phonon fre-
quencies generally increase with pressure~compare structure
C with structuresA andB), as is observed experimentally,38

and as is expected, since short-range repulsion between
increases as the distance between them decreases.

The distortion of the CaTiO3 ground state structure from
the ideal perovskite structure projects entirely onto mo
with irrep Ag in the orthorhombic phase. These modes stiff
significantly as the ions relax to their LDA ground state, w
fixed cell parameters, going from structureA to structureB.
There is a particularly good agreement between the pho
frequencies of the infrared modes of structuresA andB; thus
the anharmonic coupling of theAg modes to the infrared-
active modes is relatively small.

For every infrared-active irrep in structureA and B, the
mode with the highest effective charge has the lowest
quency. By projecting the eigenvectors onto the norm
mode eigenvectors of CaTiO3 in its ideal perovskite struc-
ture, we find that these modes are closely associated with
140i cm21 ferroelectric instability of CaTiO3 . CaTiO3 is
nonpolar rather than ferroelectric, because competing, st
ger, octahedron-tilting instabilities at theM and R points
freeze in first. Anharmonic coupling stabilizes the would-
ferroelectric instability and no ferroelectric phase transiti

TABLE VI. Same as Table V, forB2u modes.

~a! ~b! ~c!

n Z̄!
y

(km)yy n Z̄!
y

(km)yy n Z̄!
y

(km)yy

0 0 0 0 0 0 0 0 0
88 2.99 253 104 3.10 197 145 2.30 57
157 1.35 16 161 1.29 14 183 2.11 30
195 0.59 2 217 0.38 1 238 0.50 1
233 0.14 0 250 0.55 1 268 0.54 1
290 0.75 1 294 0.75 1 314 1.13 3
320 0.11 0 332 0.18 0 362 0.17 0
485 0.22 0 480 0.47 0 496 0.25 0
519 1.54 2 505 1.20 1 529 1.50 2
547 0.05 0 546 0.12 0 565 0.06 0

TABLE VII. Same as Table V, forB3u modes.

~a! ~b! ~c!

n Z̄!
x

(km)xx n Z̄!
x

(km)xx n Z̄!
x

(km)xx

0 0 0 0 0 0 0 0 0
89 2.78 216 85 3.15 298 141 2.41 67
151 1.74 29 160 0.94 8 175 1.94 28
191 0.07 0 199 0.50 1 221 0.53 1
245 0.12 0 271 0.01 0 286 0.04 0
292 0.58 1 311 0.64 1 331 0.80 1
345 0.36 0 362 0.29 0 386 0.35 0
434 0.68 1 424 0.80 1 447 0.96 1
484 0.01 0 483 0.04 0 495 0.07 0
536 1.46 2 525 1.24 1 549 1.36 1



e

c
s

s
d
lts

ta

to
ng
so
s

in

n-

th

ny
-
ities

are
late
pt

cies.
ts
d

on
ic

or-
uld

l

06
40
59
40
16

or

il-
are
ate
ely.
-

tes

uc-
ata
r

3740 PRB 62ERIC COCKAYNE AND BENJAMIN P. BURTON
occurs in CaTiO3. For structureC, there are no longer singl
modes within any infrared-active irrep in whichZ̄m

! clearly
dominates; rather there is a pair of relatively-low-frequen
modes withZ̄m

! '2. The would-be ferroelectric instability i
very sensitive to pressure in CaTiO3 and significant eigen-
vector mixing occurs at the pressures of structureC.

Our analysis of the polarG point mode frequencies agree
well with previous work by Zhong, King-Smith, an
Vanderbilt15 ~Table X!, and we have extended their resu
by determining the frequency of the nonpolarG25 mode and
all the modes at theX, M, and R points. We find both a
ferroelectric instability of the perovskite structure and oc
hedral tilting instabilities at bothM andR. Instabilities have
been found forall perovskite titanate systems studied
date.18,39Systematic trends in the instabilities with increasi
lattice parameter can be identified. For example, the
modes involving Ti motion against O along the Ti-O chain
such as the softest antiferroelectricM38 mode, tend to be-
come more unstable as the lattice parameter increases~see
Fig. 2!. The octahedral tilting modes~e.g.,R25) tend to be-
come more stable. The trend in the ferroelectricG15 instabil-
ity is not monotonic with size; however we do find a trend
the nature of the ferroelectric instabilityeigenvector. The
normalized ferroelectric instability dynamical matrix eige
vector for perovskite CaTiO3 is (Ca,Ti,O' ,O' ,Oi)
5(0.6338,0.1535,20.5027,20.5027,20.2632). By com-
parison with the other perovskite systems for which

TABLE VIII. Frequencies~in cm21) for Raman active norma
modes. The second row gives irreducible representations

~a! ~b! ~c!

Ag B1g B2g B3g Ag B1g B2g B3g Ag B1g B2g B3g

n n n n n n n n n n n n
100 137 155 174 140 177 189 184 158 193 206 2
139 162 224 325 168 189 226 327 182 206 239 3
225 195 342 439 243 219 348 444 265 241 371 4
268 346 512 518 290 354 494 496 306 373 532 5
314 431 746 807 337 438 718 783 361 455 757 8
446 469 447 476 465 493
533 774 515 753 551 782

TABLE IX. Frequencies~in cm21) for normal modes with irre-
ducible representationAu . These modes are neither infrared n
Raman active.

~a! ~b! ~c!

n n n
119 107 125
135 122 156
142 140 164
178 194 213
266 274 292
426 421 439
472 439 484
510 498 522
y

-

ft
,

e

ferroelectric eigenvector has been reported,18 we find that the
Ti and O motion along Ti-O bonds (Oi) increases as the
lattice parameter increases, and theA cation and transverse O
motion ~O') decreases.

A number of studies have reported infrared38,40 and
Raman38,41–43spectra for CaTiO3. Interpretation of the data
is difficult because, as Table VIII shows, there are so ma
Raman-active modes in CaTiO3 that significant overlap be
tween peaks is expected. Furthermore, the relative intens
of different Raman peaks in CaTiO3 are very sensitive to
temperature.38 Because the experimental peak intensities
sensitive to temperature and because we did not calcu
theoretical Raman scattering strengths, we will not attem
here to correlate predicted and measured Raman frequen

Perryet al. interpreted infrared reflectivity measuremen
on CaTiO3 in terms of two polar phonon triplets at 148 an
178 cm21 and a split triplet at 443 and 549 cm21. A mate-
rial with an ideal perovskite structure has three polar phon
triplets. Although symmetry analysis of the orthorhomb
CaTiO3 phase yields 25 polar phonon singlets, if the dist
tion from the ideal perovskite structure is small, there sho

TABLE X. Frequencies~in cm21) for ideal perovskite CaTiO3
normal modes. Full results for high symmetry points in the Br
louin zone are given in columns. For a given point, phonons
grouped by irreducible representation. A, TO, and LO indic
acoustic, transverse optical, and longitudinal optical, respectiv
Values in parentheses forG are those reported by Zhong, King
Smith, and Vanderbilt.15

G15(A) 0 X1 270 M1 440 R28 913
G15~TO! 140 i ~153 i ) X1 538 M2 620 R128 592
G15~TO! 200 ~188! X28 203 M28 70 R15 86
G15~TO! 625 ~610! X28 836 M3 207 i R15 426
G15~LO! 136 ~133! X3 201 M38 148 R25 219 i
G15~LO! 428 ~427! X5 81 M38 591 R258 460
G15~LO! 864 ~866! X5 159 M4 878
G25 130 X5 608 M5 278

X58 20 M58 48 i
X58 283 M58 238

M58 505

FIG. 2. Comparison of soft modes in the perovskite titana
CaTiO3 , SrTiO3 , PbTiO3, and BaTiO3. All results are from first
principles calculations on materials with the ideal perovskite str
ture. Imaginary frequencies indicate harmonic instabilities. The d
for PbTiO3 and BaTiO3 are compiled in Ref. 18. The data fo
SrTiO3 are reported in Ref. 39. The data for CaTiO3 are from the
present study.
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be three pseudotriplets of phonons with largeZ̄!. By study-
ing the evolution of the interpolated dynamical matrix eige
modes as the structure is distorted from from structureD to
structuresA, B, and C, we find that the ideal perovskit
625 cm21 polar mode evolves to a pseudotriplet of modes
the 500 to 550 cm21 range in each case. For structureA, the
pseudotriplet of modes at 88 to 94 cm21 emanates from the
140i cm21 ferroelectric instability, while the 151 to
174 cm21 pseudotriplet emanates from the ideal perovsk
200 cm21 modes. For structuresB andC, there is increasing
mixing among the low-frequency sets of modes. By comp
ing the results of Perryet al. with our calculations for struc-
ture A, we conclude that the experimental 549 cm21 peak
corresponds to the pseudotriplet in the 519 to 536 cm21

range. The experimental 443 cm21 peak corresponds to th
calculated medium-Z̄! peaks in the 423 to 434 cm21 range
with B1u andB3u symmetry, which are actually most close
associated with the antiferroelectric Ti motio
460 cm21 R258 mode of the ideal perovskite structure. Th
148 and 179 cm21 experimental peaks actually correspo
to peaks in the same pseudotriplet. Finally, there is a ca
lated pseudotriplet in the 85 to 104 cm21 range with very
large Z̄! which was not observed experimentally. There
some discrepancy between the predicted and measured
quencies. Whether this is due to finite temperature effect
LDA errors remains to be seen.

Finally, the contribution of each infrared active mode
the static dielectric tensor is given in Tables V–VII, usin
Eq. ~3! with vm52pnm . The total static dielectric tenso
obtained by summing up the mode contributions and
electronic dielectric tensor, are given in Table XI. Table
also gives the ‘‘average dielectric constant’’ for the mater
1
3 (kxx1kyy1kzz) which is the dielectric constant that on
would measure for an ideal ceramic sample of a mate
with an anisotropic dielectric tensor. These values ra
from 100 for structureC to 275 for structureB.

IV. DISCUSSION

The measured dielectric constant of CaTiO3 in the limit of
zero temperature ranges from about 330 for a cera
sample3 to greater than 350 for a single crystal~of undeter-
mined orientation!.2 The experimental results are about 30
greater than the calculated results for structuresA and B,
based on the experimental lattice parameters, but more
three times the calculated dielectric constant of 100 for
fully relaxed LDA structure. Clearly, first principles calcula

TABLE XI. Phonon contribution to, and total static dielectr
tensor (k5k`1kphonon) for structures~a!–~c!.

~a! ~b! ~c!

(kphonon)xx 249 310 100
(kphonon)yy 275 216 95
(kphonon)zz 207 279 85
kxx 255 316 106
kyy 281 222 100
kzz 214 286 91
(kxx1kyy1kzz)/3 250 275 99
-
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r-

u-
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tions do a better job predicting the dielectric constant if t
experimental lattice parameters are used rather than the L
lattice parameters. The remaining discrepancies betw
computed and measured dielectric constants can be
plained by LDA errors in force constants. By modifying th
force constant matrices for structuresA andB and recomput-
ing the dielectric constants, we find that errors as smal
5% in the force constants involving bonding along Ti-
chains can account for the 30% difference between the c
puted and measured dielectric constants.

The calculated average stress on structureB, with LDA
ionic relaxation and experimental lattice parameters,
26.75 GPa. Adjusting the external pressure to correct for
LDA volume error, structureC is the predicted structure o
CaTiO3 under 6.75 GPa pressure, and we predict that
dielectric constant of CaTiO3 will decrease to about 100 a
this pressure.

The dielectric constant is predicted to be sensitive to pr
sure, but less sensitive to nonpolar relaxation, as can be
by the small difference in dielectric constant between str
turesA andB. For single crystals, we predict an anisotropy
dielectric constant along different axes that is of order 30
40 %, an effect that has yet to be investigated experimenta
The axis of largest dielectric constant does depend on
details of the structure, being in they direction for structure
A and thex direction for structureB.

The ability of first principles to reproduce the large e
perimental dielectric constant of CaTiO3 to within 30% al-
lows the microscopic origin of this large dielectric consta
to be determined. Normal mode analysis shows that 85
90 % of the dielectric constant magnitude is due to a sin
pseudotriplet of modes withn'90 cm21 and largeZ̄!. The
large Z̄! of these modes is due both to anomalously la
ionic Born effective charges in CaTiO3 ~if the dynamical
charges had their nominal values,k would be only about 100
for structuresA andB), and the nature of the phonon eige
vector, which involves significant motion of all ions, wit
cation motion opposing oxygen motion~see Fig. 3!. De-
crease ofk with pressure is due to the hardening of t
low-frequency phonons with pressure, but the magnitude
Z̄! for the lowest frequency modes also decreases sig
cantly.

Experimentally,k in CaTiO3 decreases rapidly with tem
perature, with a value of 170–190 at room temperature.2,3 In
fact, the dielectric constant as a function of temperature
lows a Curie-Weiss law appropriate for an ‘‘incipient ferr
electric’’ with a negativeTc .3,44 First-principles effective
Hamiltonians based on projecting the ionic degrees of fr
dom of ferroelectrics to those responsible for the ferroelec
phase transition45 correctly reproduce their Curie-Weiss d
electric behavior.46,47 This suggests that a similar approa
be applied to computing the temperature dependence of
dielectric response of CaTiO3. For a successful effective
Hamiltonian approach to dielectric behavior, it is necess
that the bulk of the dielectric response be due to a set of
modes emanating from a subspace of normal modes of
ideal perovskite structure which is invariant under cub
symmetry. This is indeed the case for CaTiO3, where most of
the dielectric behavior is due to a pseudotriplet of mod
which emanate from aG15 instability of the ideal perovskite
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structure. The situation in CaTiO3 is complicated, however
by the competing octahedron tilting instabilities which gi
rise to the observed structural phase transitions, as we
the coupling of these modes to the soft polar modes. A p
vious attempt to derive an effective Hamiltonian for CaTiO3

FIG. 3. Eigenvector for 94 cm21 B1u mode of structureA.
e

t,

m

u,

hy

r.

s

.

as
e-

in terms of ferroelectric and octahedral tilting instabilitie
and their coupling to each other resulted in a model48 which
did not correctly reproduce the observed ground state, p
ably due to the lack of sufficient anharmonic terms in t
Hamiltonian. Nonetheless, with sufficient anharmonic term
the use of the effective Hamiltonian method to calculate
temperature dependence of the dielectric properties
CaTiO3 should be straightforward in principle, if compli
cated in detail.

V. CONCLUSIONS

We have used first-principles methods to successf
compute the low-temperature phonon and dielectric prop
ties of CaTiO3. Using dispersion theory, we relate the diele
tric properties to the phonon properties and have shown
the large dielectric constant in CaTiO3 is mainly due to a
pseudotriplet of low frequency phonons with large mode
fective charge. First-principles classification of phonon pro
erties is ideally suited for investigating the microscop
physical origin of the dielectric constant of systems w
complex structures where experimental determination
phonon properties is difficult.
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