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First-principles study of the structure and lattice dielectric response of CaCyTi,O;,
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Structural and electronic properties of CaTiyO,, are calculated using density-functional theory within the

local spin-density approximation. After an analysis of structural stability, zone-center optical phonon frequen-
cies are evaluated using the frozen-phonon method and mode effective charges are determined from computed
Berry-phase polarizations. Excellent agreement between calculated and measured phonon frequencies is ob-
tained. The calculated mode effective charges are in poorer agreement with experiment, although they are of
the correct order of magnitude and the lattice contribution to the static dielectric constant is calculated to be
~40. On the basis of these results, various mechanisms are considered for the enormous dielectric response
reported in recent experiments. No direct evidence is found for intrinsic lattice or electronic mechanisms,
suggesting that increased attention should be given to extrinsic effects.
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I. INTRODUCTION scribed to be mainly twinned, i.e., containing nanoscale
domaing differing in the sign of the rotation of the TiO

Recently CaCyTi,O,, (CCTO) was discovered to possess octahedra. The presence of the associated and other domain
one of the largest static dielectric constants ever measuretipundaries may have important consequences for the dielec-
reaching nearlye,~80000 for single-crystal samples at tric properties, as we shall discuss further below.
room temperaturé.® Remarkably, the enormous static sus- The crystal structure of CCTO is body-centered cubic
ceptibility is almostconstantover a wide temperature range with four ATiO3 perovskite-type formula units per primitive
(~0-500 K). Moreover, measurements of the dynamiccell (whereA is either Ca or Cu The doubled conventional
susceptibility show thate falls from its huge static value to 40-atom unit cell is shown in Fig. 1. The local moments
a more conventionaé~ 100 with increasing frequency, and associated withd holes on the Ci™ cations result in the
that this crossover shows a Debye-like frequency deperformation of long-range magnetic order; transport, Raman,
dence(e.g.,7 =1 kHz at 80 K with a relaxation rate-™*
exhibiting an activated dependence on temperature. How
ever, the physical origins of the enormogsand the related
Debye relaxation process remain mysterious.

It is tempting to classify a solid exhibiting such a prodi-
gious dielectric response as a relaxor or a ferroelectric, bur .
mounting empirical evidence tends to exclude CCTO from :
either category. The low-temperature static dielectric re-
sponse of perovskite ferroelectrics can surpass $0@ng :
rapidly above this value with increasing temperature and
peaking near the ferroelectric phase transition temperature :
However, this peak in response is generally confined to & :
limited temperature range around the transition, whereas tha@
seen in CCTO appears quite temperature indepen@snt
fixed low frequencyover a much wider range. Furthermore,
high-resolution x-ray and neutron powder diffraction mea- !
surements on CCTO reveal a centrosymmetric crystal struc :
ture (space groupm3) persisting down to 35 K, rulingouta
conventional ferroelectric phase transition. The Debye- :
Waller factors are also found to be normal over a wide tem-
perature range, from 35 K to beyond room temperature,
inconsistent with random local polar displacements of the@ -------------
magnitude typical in ferroelectrics or their disordered
paraelectric phases. Nanodomains or disorder effects, com- FiG. 1. Structure of CaGi,0,, (CCTO), showing tilted oxy-
mon to relaxor materials, are notably absent: neither supegen octahedra. White, light, dark, and black atoms are O, Ca, Cu,
structure peaks nor strong diffuse scattering are observed #hd Ti, respectively. Dashed lines indicate 40-atom primitive cell of
diffraction experiments. Single-crystal samples were deantiferromagnetic spin structure.
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and neutron diffraction experiments indicate that CCTO is an TABLE I. Comparison of calculated and measured structural
antiferromagnetic insulator having a &ldemperaturd, of ~ parameters of CCTO. CCTO has space group3 (point

25 K (and Weiss constarft,= —34 K)1%°0Thus, the 40- group Tp); the Wyckoff positions are G8,0,0, Cu1/2,0,0,
atom simple-cubic cell in Fig. 1 is also the primitive cell of Ti(1/4,1/4,1/4, O(x,y,0).

the spin structure. Although the extraordinary dielectric be-

havior persists far above the temperature scale of the mag-Structural parameter LSDA Exp35 K)
netic order, the influence of the strongly correlated local mo- a (A) 7.290 7.384
ments, which will likely remain abovely, is currently X 0.303 0.303
unknown. y 0.175 0.179

The purpose of this study is to examine rigorously the
ground-state properties of this material using first-principles
calculations in order to identify or exclude possible mechasijngle five-atom perovskite unit cgliDoubling the cutoff or

nisms underlying the large dielectric response. Our calculaghe sjze of thek-point mesh does not significantly change the
tions within the local spin-density approximation can serveyota| energy or forces.

as an important first step toward the eventual elucidation of
this unusual phenomenon. After briefly discussing the tech-
nical aspects of our first-principles calculations in Sec. I, we
provide a detailed analysis of the ground-state structural and The structure of CaGi,0,, was first determined from
electronic properties in Sec. Ill. In Sec. IV we present theneutron powder-diffraction data over twenty years é[ﬁo_
results of frozen-phonon calculations from which we deter-These results have also been confirmed by more recent
mine the frequencies of the zone-center optical modes. Ageutron-diffraction measuremeritsThe primitive cell is
emphasized below, all modes are found to be stable, consigody-centered cubic, with space and point group8 and
tent with the absence of a structural transition at low tem-T, | respectively, and contains 20 atoms. This space group
perature. Our calculated frequencies agree well with thosgcludes inversion symmetry, precluding the possibility of a
measured by Homest al,® although we predict one extra net spontaneous polarization or ferroelectricity in this struc-
mode apparently absent from their data. The phonon contriyre. Because there are three?Cications in the primitive
bution to the static dielectric constant we calculate from first20-atom cell, this structure cannot easily accommodate an
principles does not agree with empirical observation nearlyntiferromagnetic(AFM) spin structure. In fact, neutron
as well as our computed phonon frequencies, but it nonetheiffraction® indicates that the AFM state can be described
less underestimates the measured contribution from the IRyith a doubled 40-atom simple-cubic unit cell as shown in
active lattice modes seen in recent experiment8@)>by a  Fig. 1. In this structure, each Cu-Cu nearest-neighbor pair
factor of less than 3. In Sec. V we discuss possible explanshas antiparallel spins. All calculations are performed using
tions for the observed enormous static dielectric responsghis 40-atom cell, although it should be kept in mind that the
and associated Debye relaxation behavior, focusing attentiogxomic coordinates and total charge density have the period-
on possible extrinsic mechanisms as well as considering incity of the 20-atom bcc cell.
trinsic lattice and electronic mechanisms. We conclude in Beginning with the experimental structural parameters,
Sec. VL. the 40-atom cubic cell is first relaxed for a set of fixed vol-
umes, and the equilibrium lattice constant is then determined
by minimizing the total energy as a function of volume. Our
calculated lattice constantés=7.290 A, less than the value
To investigate the ground-state structural, electronic, andf 7.384 A measured at 35 K by slightly more than 1%, as is
lattice-dynamical properties of antiferromagnetic CCTO, wetypical in LDA calculations. The internal parameters of the
employ density functional theofywithin the local spin- structure are then relaxed at our calculated lattice constant;
density approximationLSDA)® via the Viennaab initio  their values appear in Table I. The stability of tne3 struc-
Simulations Packagévasp).®asp utilizes a plane-wave ture is also checked by randomly displacing the idowver-
basis and Vanderbilt ultrasoft pseudopotenttalsOur  ing the point symmetry fror,, to C;) and allowing them to
pseudopotentials include nonlinear core correcfibmad, relax steadily toward their equilibrium positions. We also
for Ca and Ti, these potentials treat the highest occupied randomly displaced the ions in the same Cartesian direction,
shell electrons explicitly as valence. For Cu we also considein this case reducing the point symmetry @, . Impor-
electrons in the 8 and 4 shells self-consistently. A 37 Ry tantly, in both cases the ions returned to their high-symmetry
plane-wave cutoff results in convergence of the total energylm3) sites, indicating the absence of unstakiee.,
to 1 meV/ion. The ions are steadily relaxed towards equilibimaginary-frequencyzone-center optical phonoriiere we
rium until the Hellmann-Feynman forces are less thanimit ourselves to lattice distortions having the same random
1072 eV/A. When calculating the phonon frequencies, wedisplacements in each simple cubic unit cell. Thus both zone-
converge the forces to 16 eV/A, resulting in precision of center and111) zone-boundary instabilities have been inves-
less than 1 cm®. Brillouin-zone integrations are performed tigated for the bcc structur.
with a Gaussian broadening of 0.1 eV during all relaxations. As is evident from Fig. 1, thém3 structure of CCTO can
All calculations are performed with aX22 <2 Monkhorst-  be obtained from an ideal simple-cubic CaJiPerovskite
Pack k-point mesh(equivalent to a 44x4 mesh for a by substituting 3/4 of the Ca ions by Cu in a bcc pattern and

Ill. STRUCTURE

Il. METHODOLOGY
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FIG. 2. Density of state$DOS) for CCTO. Spin-up and spin- FIG. 3. Total DOS(states/eV cell spinand site-projected partial
down DOS are identical, as expected for an antiferromagnet. VertibOS (PDOS (states/eV site spjnfor CCTO. Solid and dashed
cal dashed line indicates valence-band maximum. curves are spin-up and spin-down densities, respectively. Vertical

dashed line indicates valence-band maximum. The PDOS is calcu-

rotating each TiQ octahedron by a fixed angle about one of'ated using sphere radii of 0.7, 0.7, and 1.25 A for Cu, Ti, and O,
the four {111 axes. Each Ti ion is then fully coordinated respectively. The PDOS of Ca, not shown, is very small in this
with six equidistant oxygen ions, calculated to be 1.94 ASNeray range.

away. Despit_e Fhese rotations, t_he Ca ion continu_es 10 POSions of Cu 3 orbitals and O P orbitals pointing to the Cu
sess 12 equidistant oxygen neighbécslculated distance from its four near oxygen neighbofsore about this to fol-

2.55 AIZ' as might beHexpectedhfm;_lfaéionst 'r? éhe (;deal Jow below). The unoccupied conduction-band states above 1
perovskite structure. However, the tilted octahedra do resuly; i, rig 2 are primarily Ti @-like, with mainly t,, states

in a radically different local environment for eachCuion: aking up the bands in the 1-4 eV range and maigly

all copper ions aré coordinated by a planar arrangement ‘gt]ates above 4.5 eV and continuing up to about 7.5 eV.
four nearest-neighbor oxygeriat 1.92 A) and eight oxy- More details are provided in Fig. 3, which affords a mag-
gens that are con§|<jeraply further away. The tilting oceurs Qiified view of the total DOS near the fundamental gap and
rehgve tension ongmqtmg from'the relatively small ionic decomposes the DOS into a site-projected partial DOS
radii of both A-type cajuogs. In this context we note that the (PDOS for the constituent Cu, Ti, and O atoms in the crys-
ground states O.f CaTig}* and to a ]esser extent SIT®® tal. (The PDOS of Ca is quite small in this energy randgy
also exhibit similar octahedral rotations. symmetry, the total DOS and the Ti PDOS are not spin po-
larized, but the spin splitting shows up clearly on Cu and O
IV. ELECTRONIC AND MAGNETIC STRUCTURE sitgs where spin-up and spin—dow_n densi.ties are indicatgd by
solid and dashed curves, respectively. Figure 3 clearly illus-
Our calculation of electronic structure, performed on thetrates that the fundamental band gap and local magnetic mo-
fully relaxed geometry, confirms that the ground state is amment arise from the splitting of the six weakly dispersive
antiferromagneti¢AFM) insulator(at T=0) and further il-  bands of Cu(8)-O(2p) antibonding orbitals in the
luminates the bonding in CCTO. We find the total charge—0.5-1 eV energy range.
density to be symmetric, and the spin density to be antisym- Further insight about these states can be gained by in-
metric, under the fractional lattice translatioa/Z,a/2,a/2)  specting Fig. 4, where a contour plot is shown of the spin-up
consistent with the expected AFM statelerea is the lattice  and spin-down charge densities associated with the lower
constand. We plot the density of single-particle sta{@0S)  three occupied valence-band states in this group
in Fig. 2, calculated within the LSDA for a single spin chan- (—0.5-0 eV). A plot for the three unoccupied conduction-
nel. Both spin channels exhibit identical DOS, as expectethand state$0.2—0.7 eV would look similar but with spins
for an AFM insulator. The bands in the energy range extendreversed. Figure 4 clearly reveals the Cd)30(2p)
ing from —7 to 1 eV are mainly O @ and Cu 3l in char-  g-antibonding nature of the states, which extend over the
acter. The states deeper in these bands, frem to central cluster composed of a Cu ion and its four close oxy-
—0.5 eV, are found to consist mainly of Cual®rbitals that gen neighbors at 1.92 fee Sec. I This cluster evidently
hybridize weakly with O » orbitals that point toward their forms a strongly spin-polarized unit with a ferromagnetic
Ti neighbors. In the range from 0.5 eV to 1 eV we find alignment of the magnetic moments on the Cu and O atoms
two narrow bands, each containing just three weakly dispereomprising it, indicating a significant role of the oxygen at-
sive states, composed of stronglyantibonding combina- oms in the magnetic structure. From the spin densities we
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we computed the total energies of the ferromagnéfigl)
and unpolarized paramagnetM) states and found them to
be higher than the energy of the AFM ground state by 30 and
60 meV/Cu ion, respectively. Further, both our FM and PM
states aremetallic Because of the inadequacies of the
LSDA, the temptation to use the AFM-FM splitting to esti-
mate the Weiss constant or &letemperature should be
avoided; both would be unphysically large. Moreover, within
the conventional picture of a Mott-Hubbard insulator we ex-
pect the system to remain insulating, with little change in the
optical gap, as the system is switched from an AFM to a FM
state, or even as the temperature is raised through tleé Ne
temperature to create a disordered spin state.

Clearly, the LSDA has serious limitations for a system of
this kind, and therefore it would be of value to explore the
electronic and magnetic structure of this system using more
sophisticated many-body tools. One such direction would be
along the lines of quasiparticle theory, perhaps using the
Bethe-Salpeter extensitnof the GW theonf? An alterna-

ﬁ tive approach could be along the lines of LSBA (Ref. 23
@ or dynamical mean-field theoryDMFT)2* These ap-
FIG. 4. Spin-up(left pane) and spin-dowr(right pane) charge proaches, which have the capability of taking strong

densities associated with the three highest occupied valence banagectro'n-electron |nteraqt|9ns Into .ac'count, would presum-
of CCTO plotted with logarithmic contourdive intervals per de- aoly give a more realistic description of the electronic

cade in thez=0 plane. Each density actually has mirror symmetry 9round state and its excitations in a material such as CCTO.
across the central dividing line. To facilitate comparison of magni-

tudes between panels, densities falling below an arbitrary threshold

are shown dashed. Atoms are shaded as in Fig. 1. V. ZONE-CENTER OPTICAL PHONONS

In most insulating perovskites such at SrfiGnd
estimate the magnetic moment of each GwOmplex to be  CaTiO;, the dominant contribution to the static dielectric
~0.8%ug, whereug is the Bohr magneton. Nearly 85% of constant comes from the lattice susceptibility associated with
this moment is derived from electrons in the uppermost thre¢he |R-active phonon modé8.Thus, we are strongly moti-
valence bands. A closer examination indicates that each fated to calculate the frequencies and dynamical mode effec-
the four O ions contribute as much as Qdion to the total  tive charges of these zone-center optical phonon modes, in
magnetic moment of the CuyQunit. The development of order to test whether the lattice susceptibility can explain the
such large magnetic moments on oxygen ions has been prenormous observed static dielectric constant of CCTO.
viously predicted in LjCuQ,, a cuprate containing one- Moreover, the zone-center optical modes are also of interest
dimensional Cu@chains'® We also note that our calculation in view of some seemingly anomalous behavior observed in
compares well with the most recent experimental value othe optical IR and Raman spectra as a function of
~0.8ug extracted from neutron Bragg-peak intensities oftemperaturé:® Only ten IR-active modes are observed, de-
CCTO? although less favorably with a previous value of spite the fact that the symmetry of the crystal requires eleven
~0.96ug.” Both, however, are significantly largelby  distinct IR-active optical phonons. And, perhaps more cru-
nearly a factor of 2than moments seen in some undopedcial, the lowest peak, with a frequency ef122 cm'! at
cuprates, such as g@u04,y,18 which are notably parent room temperature, shifts to slightly lower frequencies, broad-
compounds of the doped high:- superconductors. ens, and develops a pronounced shoulder as the temperature

We calculate an indirect band gap of 0.19 é®ef. 19 decreases. Interestingly, the oscillator strength associated
and a minimum direct gap of 0.27 eV. Our computed gapwith this peak alsdncreasesby a factor of 3.6, in apparent
thus greatly underestimates the experimental optical gapjolation of thef-sum rule. Raman measureménsveal not
which must exceed 1.5 eV according to recent dafhat  only three sharp phonon lines, but also some weaker features
the LSDA underestimates the gap dramatically in this case iand a peculiar continuum extending from about 210 to
not particularly surprising; the localizeddrbitals centered 420 cni®. It is unclear whether or not these IR and Raman
on the C@" ions will almost certainly result in strong on-site anomalies are connected with the huge static dielectric re-
Coulomb interactions, which are not adequately treated at theponse, but it is clearly of interest to investigate them as far
level of the LSDA. In fact, we expect these interactions to beas possible. With these motivations in view, we calculate the
sufficiently strong that the material is best described as &equencies of all zone-center optical phonon frequencies in
Mott-Hubbard insulator. In view of this, some additional de- CCTO, and for IR-active modes we also compute the dy-
tails of our calculated electronic and magnetic structuresiamical effective charges needed to evaluate the lattice con-
should not necessarily be taken at face value. For exampléiibution to the static dielectric constant.
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A. Symmetry analysis TABLE II. Calculated mode frequencias, , effective charges
* i —027%27,.2 _arti
Since the Hamiltonian remains invariant under a lattice?: + 319 oscillator strengtf, = gZy*/ v} of IR-activeT, modes,

translation of the 20-atom primitive bcc cell with an accom-compalIreOI with experimental values extracted from Ref. 3.

panying spin reversal, the force constant matrix elements, o (cm Y 2% s,
which are the second derivatives of the total energy wit SDA Exp LSDA A Exp LSDA Exp
respect to atomic displacements only, are also unchange i i i
Thus the force-constant matrix has the translational symmet25 122.3 0.51 0.94 4.1 14.3
try of the 20-atom cell, and in what follows, we use the 141 140.8 0.65 1.12 5.4 15.9
symmetry-adapted modes determined from the 20-atomegg 160.8 0.91 0.84 8.1 6.92
primitive cell (and not the 40-atom conventional geli our  oq5 198.9 055 0.93 1.8 5.25
analysis of zone-center phonons. 264 253.9 1.79 1.95 11.5 13.8
To calculate the phonon contribution to the dielectric re-z;4 307.6 0.66 0.52 11 0.68
sponse, we need only determine frequencies and mode effegg, 382.1 0.36 11 0.2 1.96
tive charge of the IR-active phonons at the Brillouin-zone ,q 4210 1.83 112 46 1.72
(BZ) center. Altogether there are 60 distinct modes atlthe 483 144 29
point, including the three acoustizero-frequency modes. 507 504.2 0'67 0.89 (')4 078
To minimize the numerical burden, we first decompose thesg63 552'4 0'73 0'88 0'4 0'62

modes into the six allowed irreducible representations:

[ =2A4®2E,® 4T @ 2A,®2E,®12T,,. (1)

Symmetry-adapted modes transforming as each of the iky s are normalized accordin

reducible representations given above were constructed u
ing the SMODES symmetry-analysis software package.
Among those phonon modes, only thg modes are infrared
(IR) active; theA, and E, are silent and the remaining
modes are Raman active.

B. Zone-center phonon frequencies

For each irreducible representatidh we construct an
NrX Ny dynamical matrix from a series of frozen-phonon

reference mass chosen here to be 1 &hvand the eigenvec-
gtg,-M-u,=6,,.

S~ The results for the IR-active modes are shown in Table II.
The overall agreement with experim@ig excellent, except
for one mode =483 cm ') apparently missing in the
measurement. By symmetry, there should be 11 optical
modes(plus 1 acoustic modein total, yet only 10 optical
modes were observed by experiment. It is possible that the
oscillator strength for this mode is immeasurably small; al-
ternatively, its frequency may be so close to that of another
mode =507 cm ') that the pair of modes appears to-

calculations in which the structure is distorted according tgdether as a single peak in the optical data. As we show in the
each of theN; symmetry-adapted coordinates consisten’€Xt S€ction, however, we compute an appreciable, nonzero
with this irreducible representation. For example, for theoScillator strength for this mode, which is mainly composed

case of theNr=12 IR-active T, modes(each of which is
threefold degeneraiewe set up a 1 12 dynamical matrix.
In all cases, the forces are calculated on the ions in the 4

of displacements of Ti and O ions. Furthermore, the sum of
the calculated oscillator strengths of the modes at both 483

@nd 507 cm® would greatly exceed that obtained from the

atom cell and with respect to the correct AFM referencedPserved peak. We return to these inconsistencies below in

ground state within the LSDA. After calculating the residual
Hellmann-Feynman forceB;* on ioni and in Cartesian di-
rectiona due to displacememgg of ionj in direction 3, we
displace the ions according to the symmetry coordinate fo
each mode by 0.1% of lattice constant and recalculate th
forces. The force constant matrix

q)qB: _
. ul

)

is then obtained by finite differences by freezing in a small

amplitude of each symmetry-adapted distortion pattern tha
contributes to the modes of a given symmetry and computin%

the resulting forces that arise. The normal modeand their
frequenciesw, are then obtained through solution of the ei-
genvalue equation

)

Here Mi‘}5=(mi/m0)5ij5aﬁ is the dimensionless diagonal
mass matrix, wheren; is the mass of atomh and my is a

(I)'U)\:(D)Z\M'U)\.

Sec. VID.

We also calculate the frequencies of the Raman-active
modes and silent modes; the results are listed in Table IIl. In
the case of the Raman modes, we also give proposed assign
[ .

{anentsf of the ex_per_lmentally observed modes. In the R_aman
&xperimentt the incident and scattered light were polarized
parallel to each othél, in which case the symmetry of the
Raman tensor requires the intensity of dlj modes to
vanish?® The experimental spectrfmshows three clear
peaks at 445, 513, and 577 ¢t In addition, there is an
anomalous temperature-dependent continuum extending
ftrom about 210 to 420 cm', on which is superimposed a
eak peak at approximately 290 ¢t Finally, there is also

W
weak broad peak at approximately 760 ¢mThe three

. strong peaks are easily assigned as in Table Ill, and the weak

low-frequency peak is almost certainly associated with the
Ey mode calculated to lie at 292 cm. The feature ob-
served at 760 cm® could be attributed to théy mode com-
puted at 739 cm! if the assumed polarization alignment
was imperfect, allowing some leakage Tof mode intensity
into the spectrum. We cannot directly explain the continuum
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TABLE Ill. Frequencies(in cm 1) of Raman-active and silent C. Effective charges and lattice dielectric response
modes of CCTO, with proposed assignments for the three modes

- ; . ; We now turn our attention to a calculation of the lattice
observed experimentally in Ref. 2. Irreducible representations argontribution to the static dielectri nstant. in order to test
given in parentheses. 0 the static dielectric constant, in order to tes

whether the predicted response is of the correct order of

LSDA Exper. magnitude to explain the enormous observed susceptibility.
For this purpose, and also to understand better the observed
Raman modes 277Tg) anomalous temperature dependence of the oscillator strength
292 (Eg) of the 122 cm?! mode (see Sec. VIR we calculate the
437 (Ty) effective charges of the IR-active modes and their contribu-
439 (A) 445 tion to the dielectric constant. The dielectric function in the
519 (A,) 513 frequency range near the lattice vibrations can be written as a
552 (T,) sum
0 @) > €(0)= €.+ ep®) @

of electronic and lattice contributions. In most insulating cu-

Silent modes 123 &,) bic perovskite oxidese.g., ferroelectrics and related materi-
179 (A) als) one has,,~5 andey= €(0)~20-100, so that the lattice
472 (A contribution is expected to dominate. It can be written
490 (E,)
Vide
epn(©)= Q52 ———, (5)
A w)\ w

observed in the 210-420 crhrange, but note that it could
result from two-phonon Raman processes, possibly involvingvherew, andZ} are, respectively, the mode frequencies and
pairs of IR-active modes. Overall, we find excellent agreemode dynamical charges, afitf=4me?mgyV is a charac-
ment between theory and experiment for the frequencies Ggristic frequency having the interpretation of a plasma fre-
Raman-active modes. quency of a gas of objects of masg=1 amu?® chargee,

To summarize, we have computed the frequency of allg densityv ! (V is the 20-atom primitive cell volume
zone-center modes of CCTO and confirmed that all are stablgere we have used the cubic symmetry of CCTO to restrict
(w?>0), consistent with experiments and with our structuraline sum ovei to just one member of each of the 11 three-
r_elaxauon. In particular, our co_mputed grOL_lnd state is CON{o|d degenerate sets of IR-actife, modes, namely, the one
firmed to be locally stable against all possible ferroelectr|cpo|arized alongz, and the mode dynamical charge is then

lattice distortions. , expressed in terms of atomic dynamical effective charges
To test whether thém3 structure is truly a global or only 7» ~-o
a local minimum, we also calculated the forces and frequen- lep
cies along the direction defined by some phonon modes at . v
different displacement amplitudes, including the lowest fre- VAN =2 ZiazUni » (6)
qguency IR phonon. It is found that these phonons remain "
harmonic for amplitudes up to 4% of the lattice constant. Wewhere indices are defined as in Eg).
also examined the possibility of coupling between the low- In practice we compute the mode dynamical charge by
frequency 122 cm® mode (r) and the Raman modes finite differences asZy=VAP,/uy, where AP,=P,(Ugq
Uraman (@=277 and 292 cm?'), which have frequencies +Ugu,)—P,(Uey) andug is a small frozen-ion amplitude of
roughly twice that of the lowest-frequency IR mode, to see ifthe normal modeu, added to the equilibrium position of
multiphonon processef.e., anharmonicity could explain each ion.AP has both ionic and electronic contributions.
the anomalies present in the Raman spectrum and opticdlhe ionic contribution is obtained by summing the product
response measurements. For each of the two lowesbf the displacement of each ion with the nominal charge of
frequency Raman modes, we calculate the total energy veits rigid core. The electronic contribution is computed from
sus displacement along two separate directions defined Hyrst principles using the Berry-phase theory of
both Ujg + Uraman@Nd Uir — UramanCOMbinations of these two polarization® More specifically, the electronic part of the
modes. Our calculations along these four directitm® as-  polarization is determined to within a constgan integer
sociated with each Raman modadicate that the total en- multiple of the polarization “quantum&R/V, whereR is a
ergy is quite quadratic for a wide range of amplitudes to  lattice vectoy by evaluating the phase of the product of over-
4% of the lattice constaptindicating that the coupling is too laps between cell-periodic Bloch functions at succes&ive
weak among these modes to explain the magnitude of thpoints along a densely sampled string of pointkispace.
observed anomalies. Our calculations do not, however, absd-his string is chosen so it is parallel to the direction of the
lutely rule out the possibility of significant coupling between desired polarization. For each calculation we use one sym-
more general combinations of phonons. A more completenetrized string consisting of fol points(corresponding to
stability analysis would require the calculation of the full eightk points/string in a five-atom perovskite gelincreas-
phonon spectrum; we leave this formidable task for a futuréng the number ofk points along the string from 4 to 8
investigation. changes the effective charges by less than 1%. The electronic
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contribution to the polarization is calculated separately forily intrinsic and one primarilyextrinsic By intrinsic, we
each spin channel. The total polarization is then the sum ofnean the response that would be measured in a perfectly
the two spin contributions with the ionic contribution. stoichiometric, defect-free, single-domain crystal of CCTO.
The calculated mode effective charges are listed in Tabl&Xxtrinsic effects, on the other hand, would be those associ-
II, where they are Compared to values obtained from th@teq with domain boundaries, defects, or other Crystal imper—
optical conductivity measurement of Homesal® Surpris- ~ fections.
ingly, though the agreement is excellent between our calcu-
lated frequencies and those measured at room temperature,
the theoretical values of the mode effective charges are in We first consider the possibility that the origin of the di-
poorer agreement with the measured oscillator strength&l€ctric response is actually intrinsic, in which case the fact
That the experimental values refer to room temperature ant@t our calculations do not reproduce the observed behavior
the computations to 0 K may account for some of the dis.c0uld be ascribed to some approximation or restriction of our
crepancies, although the large increase measured in the dgiculation(e.g., the local spin-density approximation or the

cillator strength of the lowest-frequency mode at low tem- act that we work at zero temperatiur®ne class of intrinsic

. origins for the anomal r nse woul rel
perature would compare even less favorably with our, 9 the anomalous response would be related to a

calculations. In this context. we note that the measured o attice instability resulting in ferroelectric or relaxorlike be-
: ’ Shavior. The anomalies recently observed in both the IR and

cillator strengths are strongly temperature depen_dent, Wh“?iaman spectra indeed raise the possibility of a close connec-
the mode frequencies are only weakly so, suggesting a strong,, petween the lattice modes and the enormous dielectric
temperature dependence of the mode effective charges. Bgssponse. Yet, in view of existing experimental evidence and
cause the mode effective charges are essentially electronige results of our calculations discussed above, any such con-
quantities, these observations could possibly suggest that thg,ction between the large dielectric response and lattice dy-
electronic structure of this compound is unusual in sOM& amics cannot be described by simple ferroelectricity. Addi-
way, and perhaps that this peculiarity is related to the enorgong|ly, there are several specific objections to a relaxor
mous dielectric response. These issues will be discussed f%icture, even from a purely experimental point of view. First,
ther in the next section. , relaxors are typically solid solutions[e.g., PMN
_ Havmg.the.se mode effectlye chargesl, we estimate the lat= Pb(Mg,sNb,/9) Os] in which the random identity of atoms
tice contr|2but|on2 tozthe static«{—0) dielectric constant 4, gne of the sublattices provides an obvious source for dis-
pr(0)= 062,23 Ty =2,S, . Using the eigenmodes and order. In CCTO the Ca/Cu sublattice is well ordered, and
their effective charges in Table I, we obtaip,~40 (at zero  hence there is no obvious source for relaxorlike disorder.
temperature Assuming a typicak..~5-10, we expeck;  Second, it is very hard to reconcile a picture of this kind with
~45-50, to be compared with a sub-IR-frequency dielectrighe diffraction experiments, all of which fail to observe any
constant of~70 at room temperature and120 at 10 K. of the broadening, superstructure, reduced Bragg intensities,
Thus despite some detailed disagreement between the expesi- diffuse background that should be associated with such
ment and theory for the mode effective charges, the totadtructural disorder. Third, either the domains are small
contribution of these modes to the dielectric constant is oknough to fluctuate freely in orientation, or they are large
roughly the right order of magnitude in this frequency range enough so that reorientation of their polarization can occur
only by domain-wall motion. In the former case, a tempera-
ture independent dielectric constant is unlikely. In the latter
case, the magnitude of the dielectric constant should be com-
parable only to that observed in other ferroelectrics contain-
Although we obtain satisfactory agreement with experi-ing domains, unless the local polarization is unusually large
ment for computed structural, electronic, magnetic, andr the domain-wall mobility monumentally facile.
lattice-dynamical properties, our calculatios notsuggest Moreover, a relaxor picture is difficult to reconcile with
any obvious explanation for either the low-frequency Debyeour theoretical calculations, since it requires the structure to
relaxation or its associated enormous static dielectric rebe unstable to some kind of local polar lattice distortion, and
sponse. In addition, the observed anomalies associated witke do not observe such instabilities in our calculations. Of
the temperature dependence of the IR and Raman phononsurse, one could argue that one of the IR modes really is
also remain unexplained. The strofigdependence of the soft (0><0) even though the LSDA calculation indicates
oscillator strength of the lowest-frequency IR-active mode isotherwise (?>0). However, our computed phonon fre-
especially strange. In this section we consider various posguencies for the undistorteldn3 structure are in excellent
sible explanations for these distinctive features of CCTO andgreement with the experimentally observed ones.
suggest further experiments that might shed new light on Another possible intrinsic origin of the observed dielectric
these puzzling phenomena. response could be a novel, highly correlated electronic
ground state. Given that CCTO is an antiferromagnetic Mott
insulator with an electronic structure containing relatively
localizedd states as well as dispersigeand p bands, one
possibility would be that its anomalous dielectric response
We consider two classes of possible explanations for theould be explained by the formation of electronic ferroelec-
dielectric response and its frequency dependence, one primaicity (EFE).2°-32As it is unlikely that the LSDA calcula-

1. Intrinsic mechanisms

VI. DISCUSSION AND COMPARISON
WITH EXPERIMENT

A. Possible origins of the large dielectric response and low-
frequency Debye relaxation
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tions would correctly describe such a state, our prediction ofway from such boundaries, CCTO actually has a weak bulk
a conventional antiferromagnetic ground state should not beonductivity o, resulting from point defects of some kind.
taken as definitive evidence against this scenario. Nonethédoreover, assume that the conductance of the sample as a
less it can be shown based on symmetry considerations thatghole is eliminated by the presence of insulating antiphase
purely electronic ferroelectric stais not possiblein an EFE  or twin boundaries that divide the sample into nonpercolat-
state, quantities such as the electronic charge density anfy, conducting domains. A static dielectric constant on the
one-particle density matrix would break tfig point-group  grder of ¢,,./f would then be expected, wheeg, is the
symmetry(and in particular, inversion symmeinSince the  gielectric constant of the insulating interlayer phase fisd
IR-active optlcal_phonons would necessarily couple to such &g yolume fraction. Assuming;,«~ 10 and f~10"3, an
symmetry breaking, we expect these modes to develop noRsyera| static dielectric constant of 40s quite plausible.
zero static mode amplitudes in the EFE state, a result thafjoreover, the observetemperature independenas this
would be evident in the diffraction or optical spectimless  acroscopic response is easily explained as long,aand
the coupling is unusually small , f do not vary significantly with temperatufen particular, a
Several more specific objections to other possible elecétrongly temperature-dependent, is allowed. Such a

tronic origins can also be raised. First, an electronic instabilmodd predicts a Debye relaxation behavior, with a relax-
ity is most likely in a system with a small gap. However, the ’

. . . tion time 7 scaling aso, *, and the observed activated be-
experiments suggest that the optical gap in CCTO exceecﬁavior of 71 is then naturally ascribed to an activated be-
1.5 eV, as would be consistent with the picture of a conveny

fional Mot insulator. It is hard to understand how excitons o 2Vi0F ©f the intradomain conductivity, .>3 The observed
onat Vott insulator. ft1s nard to understa OW EXCITONS OFy iy ation energy of 54 meV could be consistent with a va-
other low-frequency excitations could condense in a syste

) . ) f hani f h i ivity. F
with such a robust gap. Second, regarding our theoretic ety of mechanisms for such an activated conductivity. For

) S . i xample, one could assume electronic conductivity associ-
calculations, it is difficult to reconcile our reproduction of

the observed phonon frequencies with the inability of theated with gap states arising from stoichiometric variations or

o .~dopant impurities, or even ionic conductivity associated with
LSDA to reproduce the qualitative nature of the electronic o - e :
. . : S mobility of charged defects. This model, which is essentiall
ground state. Third, the Debye relaxation timewhich is Yy g ! whien | 1y

' . ) n elaboration of ion m ramagtiah in
observed to be activated with an attempt frequency in tha elaboration of a suggestion made by Subramaztiah

i & “note added in proof” in their Ref. 1, can include the
MHz to .GHZ range, appears to be too slow to attribute to arbossibility that the blocking occurs at the contacts instead of
electronic mechanism.

at internal boundaries.
Perhaps the trickiest aspect of such models is that they
require the insulating blocking layers to be so uniform and
In view of the experimental and theoretical difficulties ropust that they completely prevent conductivity of the
associated with an intrinsic explanation, we observe thagample as a whole, despite their small volume fraction. One
many puzzling aspects of the behavior of CCTO becomevould then expect that small variations in sample prepara-
easier to understand if one assumes that the large observgegn procedures might generate samples having enough
static dielectric response arises from extrinsic mechanismsholes” in the blocking layers that a measurable conductiv-
such as point, line, or planar defects, or more generally, withty could be observed. In fact, there are hints of such behav-
sample microstructure, morphology, or boundary layers. Inor in the experimental work’ Further, if the enormous di-
this case, the intrinsic static dielectric susceptibility wouldelectric constant of CCTO does in fact originate from the
actually be on the order of 70-120, as is typical for con- suggested extrinsic mechanism, the width of the blocking
ventional dielectrics in the same structural cladhe large layers, and thence the size of the dielectric response, might
response would then be consistent with our theoretical calbe controllable. Accordingly, it would be interesting to ex-
culations, and with most of the experimental observationplore the internal morphology of single-crystal CCTO
(x-ray and neutron diffraction, IR, and Raman phonon specsamples, both theoreticafffand experimentally. In this con-
tra, etc) that would effectively observe only the conventional text, we also note that recent studies have uncovered two
dielectric material. In this scenario, the observed anomaliegther new materials, Ca-doped KTaNb,O; (KTN:Ca)
in the IR and Raman spectra and the huge Debye dielectriRef. 34 and La-doped PbTi@(PLT—A),35 which also ex-
response would be completely unrelated phenomena. hibit Debye-like relaxation. However, in KTN:Ca this relax-
Since the dielectric response seems to be too large to hgion occurs at temperaturedovethe ferroelectric transi-
explained by pointor line) defects alone, boundary or inter- tion, in PLT-A it occurs at temperaturedelow the
face effects would be needed. There are two obvious candferroelectric transition, and in CCTO it evidently appears in
dates for such internal interfaces even in “single-crystal”the absenceof a ferroelectric transition. This would further
samples: antiphase boundaries separating regions in whighdicate that the relaxation process is not necessarily related
the identity of the Ca sublattice is shifted by a primitive- to ferroelectric or relaxorlike behavior at all.
cubic lattice vector, and twin boundaries separating domains
in which the sense of rotation of the oxygen octahedra re-
verses. Diffraction datadoes not rule out the occurrence of
either kind of domain wall. Several types of experiments might be useful in testing
If such domain boundaries exist, they could possibly givewhether any of the mechanisms proposed above are at work
rise to a large dielectric response as follows. Suppose thaitp) CCTO. First, it would be interesting to test whether, when

2. Extrinsic mechanisms

3. Suggestions for experimental tests
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looking at sample-dependent variations, one observes artg hold, where the integral runs over the frequency domain of
correlation between the behavior of the huge dielectric relaxthe lattice modes and

ation (e.g.,eq values and properties that are clearly intrinsic

(e.g., the oscillator strength of the lowest-frequency IR 5 47re? (Zi*2>

mode. Such a correlation would tend to rule out an extrinsic Qp: Z Vi M- 8
mechanism and establish a connection between the phonon '

anomalies and the huge dielectric response. Second, fefas the interpretation of a “plasma frequency” associated
samples prepared in such a way as to have a measurable @fth the ionic charges and masses. Hierens over atoms in
conductivity, it would be very interesting to test whether the unit cell of volumeV, Z* is the Born effective charge
their conductivity is activated in the same way as required tQisotropically averagetl) of atomi, and the angle brackets
explain the Debye behavior in the macroscopically nonconingicate a thermal ensemble average. This result follows di-
ducting samples. ThirdC-V measurements might give rectly from the Kramers-Kronig relations and the high-
strong indications about which type of model is correct.frequency lattice dielectric response &e)=e..— Q% »?
Models based on lattice or electronic ferroelectricity W°U|dexpected in the frequency region above the Iatticfa modes,
tend to predict a saturation of the polarization at a charactefynere the equations of motion are dominated by electric
istic bulk “spontaneous polarization,” while the extrinsic o ces and inertia.

models predict a more-or-less linear behavior up to some The observed strong temperature dependence of the left-
kind of breakdown voltage. Nonlinearities would reveal thegnd side of Eq.(7) need not violate any physical law.
importance of anharmonic effects. _ _ Rather, it suggests one of two things. First, it may simply be

Some other possible avenues of future experimental ing 4t the atomi* values are strongly dependent on the local
vestigation would be to use electronic probes such as angl?ﬂsplacements of the atoms, in such a way that the thermal
resolved photoemission and inverse photoemission to St“dé(xpectation value on the right side of Ef) acquires a
the nature of the valence and conduction band edges and ,nq temperature dependence. Second, if some kind of con-
look for unusual quasipartical behavior, or to use opticakj,,ym of low-frequency electronic excitations extends down
measurements to characterize the dielectric response in thg ihe frequency range of the lattice modes, then the assump-
vicinity of the optical edge. Experiments that could be senjons ynderlying the derivation of Ed7) are not valid. In
sitive to local structural distortionge.g., EXAFS, nuclear g case, the electronic structui fixed ionic coordinatés
electric quadrupole, efcor to glassy dynamiceNMR, spin  might be strongly temperature dependent in the temperature
echg would also be worth pursuing. An isotope experlmentrange of the anomaly.
may provide essential evidence for or against a latlice oy theoretical calculations do not provide any guidance
mechanism. Experiments designed to image the assumgd gisiinguishing between these possibilities. The second
domain-boundary blocking layefs.g., TEM, and to deter- qsipility could be suggestive of some kind of electronic
mine their chemical and physical properties, would obvi-mechanism for the enormous dielectric response. However,
ously be of interest. we note that the temperature and frequency ranges of the IR
anomalies are rather different from those of the Debye relax-
ation, so that such a connection is not necessarily expected.
Perhaps careful and precise measurementg(af) in the

We now discuss the anomalous behavior of the |0W~frequency range above all phonon modés., above
frequency peak in the IR response observed by Haehes® 750 cnv 1) would be the best way of testing whether or not
This mode, which appears at 122 chat room tempera- the assumed adiabatic separation between lattice and elec-
ture, is observed to broaden and shift to lower frequencytronic degrees of freedom really does occur. Additionally,
(~115 cm* at 10 K) as the temperature is reduced, wheremeasuring the oscillator strengths as a functiomprssure
it appears to develop a high-frequency shoulder. Most surmay aid in uncovering the nature of the missing mode, as
prisingly, however, its oscillator strength is found to increasewell as providing further information about the anomalous

by almost a factor of four as the temperature drops from 30@mperature dependence of the oscillator strengths of the
to 10 K. Moreover, this increase does not seem to be offsajther modes.

by a decrease of oscillator strength of other modes; in fact,
the total oscillator strength summed over all IR modes is also
observed to rise, growing by 10% from 300 to 10 K. This
seems especially puzzling since it appears to result in a vio- We have performed first-principles calculations within the
lation of an oscillator-strengtfisum rule. local-density approximation on Cagli,O;, in order to gain
To be precise, it is possible to show that, provided there isnsight into the enormous dielectric response reported in re-
a good adiabatic separation between the frequency scales @nt experiments. Our calculated ground-state structural
lattice and electronic responses, one expects a sum rule pfoperties and phonon frequencies agree quite well with pre-
the form existing measurements. The electronic structure we calculate
appears to underestimate the empirical optical gap in a man-
ner consistent with previous calculations within the LSDA.
EJ’ Im — 02 Our computed effective charges are of the correct order of
e(w)wdo=05 (7) ; . . e
magnitude or better and result in a lattice contribution to the

B. Experimental IR anomalies

VII. CONCLUSIONS
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dielectric constant that is roughly consistent with that ob-nism were at work. It is also consistent with the observation
served in the IR range. that our computed zone-center phonon frequencies are in ex-

While this work does not provide a theoretical explana-cellent agreement with experiment. By the same token, how-
tion for either the Debye relaxation or the unusually largeever, such a mechanism cannot explain the observed phonon
and temperature-independent dielectric response that is obnomalies, which would have to be attributed to an unrelated
served, our calculations do appear to limit certain intrinsiccause.
mechanisms and point toward an extrinsic cause. We find In any case, it is of the utmost importance to clarify which
CCTO to be stable in a centrosymmetric crystal structurgype of mechanism really is responsible for the huge dielec-
with space groudm3, arguing against the possibility that tric response and the Debye relaxation behavior in CCTO.
CCTO is a conventional ferroelectric or relaxor. Our use ofFor this purpose, the ultimate test must be experimental. We
the local-density approximation constrains our ability to rulehave suggested numerous future avenues of experimental as
out more unconventional, purely electronic mechanismswell as theoretical investigations that could help settle this
though we note that there is currently no evidence of elecquestion. It is our hope that the work described here can
tronic excitations in the optical spectrum. We also add thaserve as a firm theoretical foundation for future investiga-
there is no experimental support from existing structural ottions of this intriguing material.
electrical measurements for the large dipole moment, Note added in proofAfter this paper was submitted, a
whether electronic or displacive in origin, required in eachrecent repoft has also suggested an extrinsic origin for the
unit cell to produce the anomalous response. We are unablarge, low-frequency dielectric response. Using arguments
to provide a quantitative explanation for the changes in ossimilar to those given in our Sec. VI A 2, and providing ad-
cillator strength of the low-frequency IR-active mode ob- ditional experimental evidence on other materials, they pro-
served in experiment as a function of temperature, althouglposed the formation of blocking layers at the interface be-
on the basis of existing measurements, we speculate thattiveen crystal and electrodes as a source for the observed
may be uncorrelated with the large dielectric response.  giant dielectric constant.
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