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Lattice dielectric response of CdCu3Ti4O12 and CaCu3Ti4O12 from first principles
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Structural, vibrational, and lattice dielectric properties of CdCu3Ti4O12 are studied using the density-
functional theory within the local spin-density approximation, and the results are compared with those com-
puted previously for CaCu3Ti4O12. Replacing Ca with Cd is found to leave many calculated quantities largely
unaltered, although significant differences do emerge in zone-center optical phonon frequencies and mode
effective charges. The computed phonon frequencies of CdCu3Ti4O12 are found to be in excellent agreement
with experiment, and the computed lattice contribution to the intrinsic static dielectric constant (;60) also
agrees exceptionally well with a recent optical absorption experiment. These results provide further support for
a picture in which the lattice dielectric response is essentially conventional, suggesting an extrinsic origin for
the anomalous low-frequency dielectric response recently observed in both materials.
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The complex perovskite compound CaCu3Ti4O12 ~CCTO!
has recently attracted considerable attention in view of
anomalously large dielectric response. Low-frequency st
ies uncovered dielectric constants near 16 000 for cerami1,2

and 80 000 for single-crystal samples3 that arenearly con-
stantover a wide temperature range (;1002600 K). More-
over, above a critical frequency that ranges between;10 Hz
and 1 MHz depending on temperature, the dielectric cons
drops to a rather ordinary value of;100, typical of conven-
tional perovskite insulators4 where contributions from zone
center infrared-active phonons can easily result in value
this magnitude. Detailed measurements of the dynamic
ceptibility indicated that the low-temperature crossover is
characteristic of an activated Debye-type relaxation proce3

In a previous first-principles study of CCTO,5 we calcu-
lated the lattice contribution to the dielectric constant, a
found it to be in order-of-magnitude agreement with t
measured far-infrared value3 and drastically lower than the
static value. Thus, while the dielectric response in the in
red range is essentially well understood, the origin of
enormous low-frequency response and its dynamic beha
remain perplexing. An extrinsic mechanism, i.e., one ass
ated with defects, domain boundaries, or other crystal
deficiencies, was initially proposed by Subramanianet al.1

These authors reported twinning in CCTO samples and s
gested that internal capacitive barrier layers, formed by
main boundaries, might explain the unusual dielectric
sponse. A similar explanation has been proposed by ano
group.6 We discussed some of these issues in Ref. 5 and
the absence of direct evidence for intrinsic lattice or el
tronic origins, we concluded that extrinsic effects were
likely source of the unusual low-frequency behavior. A su
sequent report by Lunkenheimeret al.7 discussed a scenario
in which barrier layers associated with poor metallic conta
are responsible for the Debye relaxation. Further discus
of extrinsic mechanisms will be given elsewhere.8

While the enormous low-frequency response is the
mary puzzle in this material, two other aspects of the
sponse at higher frequencies are also currently enigm
First, the oscillator strength of one low-frequency IR-acti
mode has been observed toincreasestrongly with decreasing
0163-1829/2003/67~1!/012103~4!/$20.00 67 0121
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temperature. And second, one IR-active mode, at somew
higher frequency, is not observed at all, although it is e
pected by symmetry and has been predicted to posse
nonvanishing oscillator strength.5,9 It is not clear whether
there could be any connection between these IR anoma
and the enormous low-frequency response, but in any c
further experimental and theoretical scrutiny of the infrar
phonon spectrum would clearly be of significant physic
interest.3

In this report, we extend our previous work on CCTO
carrying out a parallel study on the closely related mate
CdCu3Ti4O12 ~CdCTO!.1,9 A recent experimental study o
ceramic CdCTO samples9 has revealed that CdCTO also h
a temperature-independent anomalous response over a
range and shows a similar Debye crossover between l
and high-frequency regimes. While the magnitude of t
response (e;400 for ceramic samples! is considerable, it is
nonetheless significantly lower than in CCTO, which
somewhat surprising since Cd and Ca are chemically
similar. ~Anomalies also appear in the low-frequency IR
active mode oscillator strengths of CdCTO.! After calculat-
ing ground-state and dielectric properties of CdCTO,
compare with recent experiments and with the correspond
quantities for CCTO. The results obtained for both materi
are similar, typical of ordinary perovskite oxides, and in e
cellent agreement with recent optical experiments.3,9 Our re-
sults indicate no significant fundamental differences in
intrinsic properties of these two materials and thus prov
support for an extrinsic origin of their substantial low
frequency responses.

Our first-principles study of CdCTO employs the densi
functional theory within the local spin-density approximatio
~LSDA!, as implemented within the Viennaab initio simula-
tions package~VASP!.10,11VASP utilizes a plane-wave basi
and Vanderbilt ultrasoft pseudopotentials.12 All pseudopoten-
tials include nonlinear core corrections.13 For Ca and Ti,
these potentials treat the highest occupiedp shell electrons
explicitly as valence; for Cu, we also consider electrons
the 3d and 4s shells self-consistently; and for Cd, the 4d and
5s shells are included explicitly. The ions are relaxed
©2003 The American Physical Society03-1
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wards equilibrium until the Hellmann-Feynman forces a
less than 1023 eV/Å. Brillouin-zone integrations are per
formed with a Gaussian broadening of 0.1 eV during
relaxations. A 37-Ry plane-wave cutoff and a 23232
Monkhorst-Packk-point mesh ~equivalent to a 43434
mesh for a single 5-atom perovskite unit cell! results in good
convergence of all properties reported here.

Neutron-diffraction measurements1 suggest that, as with
CCTO, CdCTO crystallizes in a lattice with a 20-atom bod
centered cubic primitive cell14 having space and point group
Im3 andTh , respectively. Since theIm3 space group is cen
trosymmetric, the spontaneous polarization necessarily v
ishes by symmetry. To accommodate the observed antife
magnetic ~AFM! spin arrangement, all calculations a
performed using a doubled 40-atom simple-cubic unit c
containing eight perovskite 5-atom units, of which 3/4 ha
Cu on theA site and 1/4 have Ca or Cd on theA site. ~Each
Cu-Cu nearest-neighbor pair has antiparallel spins.!

Structural parameters resulting from the relaxation app
in Table I. Replacing Ca with Cd leaves the lattice const
virtually unchanged,15 and the internal parameters also r
main essentially the same. Only minor structural chan
would be expected, given the similar nominal valenc
(12) and ionic radii of Ca and Cd~1.48 and 1.45 Å,
respectively.16! Unfortunately, we are unaware of any expe
mental refinements of the internal structural parameters
CdCTO, and thus the direct comparison of our compu
oxygen positions with experiment is not possible. As for t
lattice parameters, however, our LSDA results are consis
with the near-negligible difference (,0.1%) between the
lattice constants measured for CCTO and CdCTO~7.391 and
7.384 Å at 298 K, respectively!. ~The CCT0 lattice constan
at 35 K is smaller and, coincidentally, 7.384 Å; a low
temperature lattice constant for CdCTO has yet to be m
sured.! Lattice constants computed within the generaliz
gradient approximation17 are calculated to be about 1.2%
larger than experiment for both CCTO and CdCTO. All r
sults presented below were computed within the LSDA wi
out gradient corrections.

The computed electronic structure~at T50) is quite simi-
lar for both materials; replacing Ca with Cd evidently h
little effect on electronic and magnetic properties. CdCTO
found to possess an antiferromagnetic insulating gro

TABLE I. Comparison of calculated and measured structu
parameters of CCTO and CdCTO. Both have the space groupIm3
~point groupTh); the Wyckoff positions are Ca/Cd~0,0,0!, Cu~1/
2,0,0!, Ti~1/4,1/4,1/4!, O(x,y,0). See Ref. 15 for further details.

Structural parameter LSDA Expt.

CaCu3Ti4O12 a ~Å! 7.324 7.384
O(x) 0.303 0.303
O(y) 0.175 0.179

CdCu3Ti4O12 a ~Å! 7.324 7.384
O(x) 0.306
O(y) 0.176

a35 K (a57.391 Å at 298 K!.
b298 K.
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state, and its single-particle density of states closely co
sponds to that of CCTO near the band edges~see Figs. 2 and
3 in Ref. 5!. Although the Cd ion has a nominal valence
12, its electronic configuration includes a filled 4d shell,
which results in a well-localized set ofd bands located abou
8 eV below the valence-band maximum. As with CCTO, t
gap and magnetic moment of CdCTO originate from a sp
ting of hybridized Cu(3d)-O(2p) s-antibonding states. The
magnetic moment of each CuO4 plaquette, estimated from
spin densities, is;0.84mB , and the~indirect! band gap is
computed to be about 0.19 eV. To our knowledge, exp
mental values for the optical gap remain unavailable. Ho
ever, the observed gap will undoubtedly be strongly und
estimated by our calculations, as was found for CCT
owing to the well-known limitations of the LSDA.

The lattice contribution to the dielectric constant that w
computed for CCTO (;40) was roughly a factor of 2
smaller than the value measured by far-infrar
spectroscopy.3 We now perform a similar calculation fo
CdCTO and carefully examine any differences between
materials.

The staticlattice dielectric response can be approximat
~neglecting anharmonicity! as the zero-frequency response
a system of classical Lorentz oscillators, i.e.,

eph5V0
2(

l

Zl*
2

vl
2 , ~1!

wherevl andZl* are, respectively, the IR-active mode fr
quencies and mode dynamical charges, andV0

2

54pe2/m0V is a characteristic frequency having the inte
pretation of a plasma frequency of a gas of objects of m
m051 amu, chargee, and densityV21 (V is the 20-atom
primitive cell volume!.

The lattice dielectric constanteph is obtained by first cal-
culating the frequency and mode effective charges of e
zone-center IR-active phonon, and then inserting these q
tities into Eq.~1!. Since CdCTO and CCTO possess the sa
structure, their zone-center phonons are computed and
lyzed as in our previous study.5 As discussed there, of the si
irreducible representations allowed by theTh point group,
only the Tu modes display IR activity. After obtaining
symmetry-adapted modes ofTu symmetry, IR-active phonon
frequencies and corresponding eigenvectors are calcul
using the frozen-phonon method, as described in de
elsewhere.5 The results appear in Table II, where we al
compare with the corresponding theoretical results
CCTO18 and with recent experimental data. As was the c
for CCTO, all CdCTO IR-active modes are found to b
stable (v2.0) and their computed frequencies agree ve
well with experiment.9

Given that Ca and Cd are isoelectronic, and that CC
and CdCTO possess similar structural and electronic pro
ties, we may expect their phonon frequencies and eigen
tors to be similar as well, especially for modes that do n
involve Ca or Cd. To investigate this and related issues,
find it useful to sort the zone-center mode frequencies fr
lowest to highest in frequency, and then project each CC
eigenvector onto the corresponding one of CdCTO. For

l

3-2
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BRIEF REPORTS PHYSICAL REVIEW B67, 012103 ~2003!
but the lowest four modes, the projections result in valu
.0.9, reflecting a close correspondence between the cha
ter of their eigenmodes. However, the third- and four
lowest eigenvectors~the 148 and 170 cm21 modes of
CdCTO and the 158 and 199 cm21 modes of CCTO! are
substantially mixed by the replacement of Ca with Cd, a
possess considerably different eigenvectors. Further, the
quencies of the lowest two modes reverse order on goin
the Cd from the Ca material: the 72 cm21 mode of CdCTO
shares nearly the same eigenvector with the 135 cm21 mode
in CCTO, and we observe a close correspondence betw
the 125 cm21 modes of CdCTO and CCTO. The latter tw
are dominated by Cu-O motion, and thus are unaffected
the replacement of Ca with Cd. We note here that pecu
changes in oscillator strengths with temperature are obse
to occur for this mode in both materials,9 indirect confirma-
tion of their similar character.

The conspicuous reduction in frequency of the 135 cm21

mode in CCTO to 72 cm21 in CdCTO originates from both
inertial and chemical effects. The masses of Ca and Cd
112.4 and 40.1 amu, respectively; on this basis alone,
frequency could decline at most by a ratio ofAMCa/MCd
50.597. Since Ca/Cu motion accounts for only 38% of
eigenvector character, the inertial shift must actually be c
siderably smaller, and thus cannot account for the calcula
frequencies. Indeed, we carried out a test calculation
which the Ca mass was replaced by that of Cd while reta
ing the force-constant matrix of CCTO. Rediagonalizing t
dynamical matrix, we observe that the lowest-four frequ
cies change to 102, 126, 155, and 186 cm21, respectively
~the other seven remain almost unchanged!. Thus, the mass
effect alone would only be able to explain a decrease fr
135 cm21 to 102 cm21, i.e., a downward shift of abou
24%. This is much less than the reduction observed exp
mentally~48%! or theoretically~47%!. The remainder of the
shift is associated with an appreciable softening (;40%) of
the force constants of this mode. Evidently this softening

TABLE II. Comparison of calculated mode frequenciesvl , ef-
fective chargesZl* , and oscillator strengthsSl5V0

2 Zl*
2/vl

2 of IR-
active Tu modes with the experimental values~at T5295 K) of
Homeset al. ~Refs. 3,9!. See Ref. 18 for further details.

CaCu3Ti4O12 CdCu3Ti4O12

v (cm21) Sl v (cm21) Sl

LSDA Expt LSDA Expt LSDA Expt LSDA Expt

125 122.3 4.6 14.3 72 75 15.1 21.5
135 140.8 9.3 15.9 125 122 7.3 12.7
158 160.8 7.5 6.92 148 156 0.4 7.7
199 198.9 2.7 5.25 170 166 11.8 12.
261 253.9 12.5 13.8 238 237 12.6 9.9
310 307.6 1.0 0.68 303 292 2.4 2.6
385 382.1 0.5 1.96 385 383 0.7 1.9
416 421.0 5.5 1.72 405 419 2.4 1.2
471 1.5 461 468 4.2 0.3
494 504.2 0.6 0.78 499 494 0.4 1.0
547 552.4 0.4 0.62 545 550 0.3 0.8
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connected with chemical differences between the two ato
e.g., the 4d shell present in Cd but absent in Ca.

In our previous work,5 we calculated the mode effectiv
chargesZl* 5VDPz /u0 for eachz-polarized IR-active mode
of CCTO using the Berry-phase formalism.19 ~Here DPz

5Pz(ueq2u0ul)2Pz(ueq), ueq is the equilibrium configu-
ration of ions, andul is the eigenvector of model andu0 is
its amplitude.! We repeat the process for CdCTO and obta
the mode effective charges; the corresponding oscilla
strengths are compared with experiment in Table II. As
found for CCTO, the individual oscillator strengths disagr
with experimental values for some of the modes. Rema
ably, however, the mode that was absent from the meas
spectrum of CCTO reappears in the case of the CdCTO~Ref.
9!, albeit with an oscillator strength of only 0.3; for bot
materials this mode is primarily composed of O (;80%)
and Ti (;15%) displacements.

From the mode effective charges we now estimate
lattice contribution to the static lattice dielectric constant
summing over our calculated oscillator strengths, i.e.,eph

5V0
2(lZl*

2/vl
25(lSl . Using the eigenmodes and their e

fective charges in Table II, we obtaineph557.6, in good
agreement with the experimental value at room tempera
(eph571.5) but somewhat less than the low-temperat
value (eph5127 at 10 K!, where an anomalous increase
the oscillator strength has been observed.3 Compared with
the value of;45 computed for CCTO, that obtained fo
CdCTO is ;28% larger, a consequence of the lowe
frequency IR phonon in CdCTO having a lower frequen
and larger effective charge than the corresponding mod
CCTO. Thus, despite differences in computed oscilla
strengths for these modes, their combined contribution to
dielectric constant is remarkably close to that observed
perimentally. Since the computed frequencies agree m
better with experiment than the oscillator strengths,
agreement foreph implies some degree of error cancellatio
in the latter.

To complete our comparative study of these two mate
als, we also compute their atomic effective charge tens
This is done in practice by starting with the mode effecti
charges and then using the corresponding mode eigenve
to transform back to an atomic displacement basis.~The re-
sults for CCTO were not reported in Ref. 5.! As can be seen
from Table III, the atomic effective charge tensors are vir
ally identical for both materials,20 and thus the same discus
sion applies to both. The Ca and Cd cations have diago
and isotropic effective charge tensors of almost identi
magnitude,12.46 and12.47, respectively. Thus, while th
force constants are quite sensitive to the different underly
atomic shell structure of the Ca and Cd ions, the effect
charge is not, suggesting that there is little dynamical cha
transfer between this cation and its oxygen neighbors.
Cu, the two components associated with displacements
allel to the CuO4 plaquettes are close to the nominal valen
(12), while the third component corresponding to norm
displacements is considerably smaller. Except for the p
ence of some small off-diagonal components permitted
symmetry, the results for Ti and O are strongly reminisc
3-3



o
-
tiv
on

ors

at

of
-
val-
for
the
ebye
ion
for

ent,
logy
be-
w

for
.

ch-
nt

n-
t

BRIEF REPORTS PHYSICAL REVIEW B67, 012103 ~2003!
of other perovskites: we find thatZ* for Ti has a large posi-
tive anomalous component~relative to the nominal14), and
correspondingly each oxygen has a negative anomalous c
ponent~relative to the nominal22) for displacements to
ward the nearest-neighbor Ti. Indeed, the atomic effec
charges computed for Ca, Cd, Ti, and O are all entirely c

TABLE III. Comparison of calculated Born effective charge te
sorsZ* ~in a Cartesian basis! for CCTO and CdCTO. Atoms are a
Wyckoff positions given in the caption of Table I.

CaCu3Ti4O12 CdCu3Ti4O12

Ca/Cd 2.46 0 0 2.47 0 0
0 2.46 0 0 2.47 0
0 0 2.46 0 0 2.47

Cu 2.06 0 0 2.09 0 0
0 1.85 0 0 1.87 0
0 0 1.21 0 0 1.10

Ti 6.98 20.13 0.06 6.91 20.18 0.03
0.06 6.98 20.13 0.03 6.91 20.18

20.13 0.06 6.98 20.18 0.03 6.91
O 21.92 0.54 0 21.94 0.54 0

0.22 21.94 0 0.25 21.91 0
0 0 25.01 0 0 24.94
.
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sistent with those computed in other perovskite insulat
such as BaTiO3 Refs. 21,22 or CaTiO3,23 all of which pos-
sess rather typical lattice dielectric constants ofeph

;10–100.
In summary, our first-principle calculations indicate th

both CCTO and CdCTO possess similarintrinsic structural,
vibrational, and dielectric properties. Our computations
the lattice contributionseph(0) to the static dielectric con
stant are in good order-of-magnitude agreement with the
ues measured experimentally in the far-infrared range
both CdCTO and CCTO, but are drastically smaller than
enormous values measured at frequencies below the D
cutoff range. The latter discrepancy reinforces the conclus
that some extrinsic mechanism is likely to be responsible
the large dielectric constant present in both materials.8 Sev-
eral important issues remain to be resolved by experim
such as the connection between internal sample morpho
and the large response, and the origin of the anomalous
havior of the oscillator strengths of the Cu-O mode at lo
frequency observed in both materials.

We would like to thank C. C. Homes and collaborators
providing results prior to publication. We acknowledge M
Marsman for his implementation of the Berry phase te
nique within VASP. This work was supported by NSF Gra
No. DMR-99-81193.
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