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The large, temperature-independent, low-frequency dielectric constant recently observed in
single-crystal CaCyTi,O,, is most plausibly interpreted as arising from spatial inhomogenities of

its local dielectric response. Probable sources of inhomogeneity are the various domain boundaries
endemic in such materials: twin, Ca ordering, and antiphase boundaries. The material in, and
neighboring, such boundaries can be insulating or conducting. We construct a decision tree for the
resulting six possible morphologies, and derive or present expressions for the dielectric constant for
models of each morphology. We conclude that all six morphologies can yield dielectric behavior
consistent with observations. Thus, present experimental findings are insufficient to establish the
internal morphology responsible for the remarkable properties of €EED,,, and we suggest
further experiments to distinguish among them.2003 American Institute of Physics.

[DOI: 10.1063/1.1595708

I. INTRODUCTION a failure of the conducting regions to percolate, or else by the
presence of thin insulating blocking layers at the surfaces or
The low-frequency limitey, of the dielectric constant at internal domain boundaries. The various morphologies as-
€(w) of CaCuyTi,O4, (CCTO) single crystals can be as much sociated with these possibilities can all be consistent with an
as 1§ times larger than that expected by extrapolating fromenormous enhancement of the static dielectric constant and
electron and infrared phonon contributions, approachir‘?g 10with a Debye-like frequency response, although there are
and remaining constant over a broad temperature rarige. characteristic details of the dielectric response that may help
With a decrease in temperature or increase in frequency, distinguish between them.
falls off, displaying Debye-like relaxation behavior with an We identify and thoroughly analyze those morphologies
activated relaxation rafe® Such unexpected behavior is star- consistent with existing experimental results for CCTO. We
tling scientifically and intriguing technologically and, ac- begin in Sec. Il by listing six morphology classes, conceived
cordingly, has attracted much attentir, including com-  from general arguments, that are associated with internal and
parative studies involving its Cd counterpart, CdUYO;,  external boundaries probably present in CCTO and may give
(CdCTO, which apparently shows similar though less pro-rise to the observed dielectric response. Internal domain
nounced behavior in ceramic samptes. boundaries present in CCTO could be conducting or noncon-
The central question is now whether the large dielectricjucting, and if the former is the case, the bulk must be insu-
response is intrinsic to a perfect crystal of CCTO or extrinsidating for a large dielectric response to be possible; alterna-
in that it originates with defects, inhomogeneities, etc., intively, if the latter is the case, the bulk must be conducting.
particular samples. Based on our first-principles calculation®f course, given either instance, intrinsic or electrode-
of the structure, the phonon spectrum, and the dynamicghduced insulatingor blocking layers must be present at the
effective charges of both CCT@Ref. 7) and CACTO(Ref.  syrface if the internal conducting regions percolate through
8), together with the agreement of our results withthe sample, since a finite dielectric response is observed.
experiment'®and an assessment of the existing experimenand, if they do not percolate, blocking layers may or may
tal facts;~>'%we have argued strongly against an intrinsic not be present. After sorting out the possible morphological
interpretation, as have others on empirical grounds?At  scenarios, the dielectric response of blocked morphologies is
issue now is the nature of the extrinsic mechanism, which wejiscussed in Sec. I11. We then provide useful exact bounds on
address in the present article. €0 in Sec. IV, and afterward analyze the two unblocked mor-
Empirically, the single-crystal samples of CCTO areppologies in detail, completing our analysis. The dielectric
known to be to be highly twinnebiand the transport behav- properties of a solid exhibiting bulk conductivity with insu-
ior of these domains and their boundaries, as well as those qgting boundaries and no blocking are derived in Sec. V; the
other such domains and boundarigs both single-crystal  conyerse morphology is treated in Sec. VI. We conclude, in
and ceramic samplgscould play a significant role in the gec, vii, that any of these six morphologies would yield
observed Iow-frequeg(i)l/ giant dielectric response, as Wagjelectric responses consistent with observatiofignd that
noted in earlier vyorR: " The basic idea is that the bulk of eyisting experiments do not distinguish them. Accordingly,
the material is either conducting or nearly so, and that thgye propose various experiments, including the use of nanos-
conductivity of the entire sample is only prevented either bycje probes to examine the local conductivity, to discriminate
among the various possibilities presented here. Once the in-
dElectronic mail: mhcohen@prodigy.net ternal morphology responsible for the remarkable dielectric
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properties is established, a path to control over that morphol- INHOMOGENEITY
ogy, allowing for fine tuning of the dielectric properties,
might then become evident. / \

We do not consider here the possibility that the extrinsic NP P
behavior arises from point or line defects randomly but ho- / \ /
mogeneously distributed throughout the bulk. One such pos-
sibility would be that oxygen vacancies, common to cB Cl  CB/SB (5) Cl/SB (6)
perovskite-like oxides and which we dendtg, are respon- / / \
sible. This has already been proposed by Raméteal.®
and they point out that &, concentration of order 1G UB (1) SB(2) UB(3) SB(4)

would be_ requ_lred. If the act|va_t|or1 energies MOOJr and FIG. 1. Morphological decision tree showing how the possible morphologi-
(Vo)™ ", i.e., singly and doubly ionized vacancies, are Com-ca| elements lead to six distinct morphologies which are nonpercolating
parable to those in other perovskité$and if the mobilities  (NP), percolating P), conducting bulk(CB), conducting interface$Cl),

of electrons in the conduction band are similarly unblocked(UB), or surface blockedSB). The numbers in parentheses cor-
comparablé5~17a concentration o/ of order 103 would ~ espond to those in Table I.

give rise to a dc bulk resisitivity many orders of magnitude

smaller than that observed or inferred for these material
Accordingly, we have confined our attention to two-
dimensional defects.

Yhe boundaries and extended along them, and which possess
a fundamental gap signficantly smaller than the intrinsic bulk
gap. This would allow the formation of shallow traps asso-
ciated with the boundary imperfections. Conductivity could
Il. SIX MORPHOLOGIES originate. Wi.th thermally acti\{ated traps or with ordinary ther-
mal excitation across the interfacial energy gap. For ex-
Large quasistatic dielectric constanég can arise in  ample, consider Cu—Cu antiphase boundaries. CCTO is a
macroscopic insulators containing conducting regions apMott—Hubbard insulator with an intrinsic gap of at least 1.5
proaching a percolation threshold. While this may occur ineV3’ The highest valence band and lowest conduction band
principle for a wide range of morphologies, we consider herestates are primarilgl orbitals hybridized with thep orbitals
those six which we perceive as relevant to the good singlesf the four nearest-neighbor oxygens in each EuO
crystal CCTO samples possessing the largest valueg.df  plaquette. The coupling between neighboring plaguettes is
Each morphology can be decomposed into two or thregveak, as evidenced by the small valence and conduction
broadly defined regions(l) domains,(2) their associated bandwidths. Within a tight-binding model, the effective Hub-
boundaries, and3) blocking layers(if any) parallel to the bardU is thus substantially larger than the effective number
electrodes. Several domain typ@sd, therefore, boundaries of neighborsz times the effective electron transfer integral
are possible. In addition to twin boundaries, a necessary byzt is then a measure of the bandwidth within this madel
product of the observed twinnirig;** two other categories However, locally, at a Cu—Cu antiphase boundaryand,
may exist, both associated with variant chemical orderingtherefore, the bandwidthincreases,U/zt decreases, the
The first arises from the fact that the Ca sublattice may ocHubbard gap decreases, and the possibility of boundary con-
cupy four possibléA sites, thus making possible four differ- ductivity arises. An exces¢, concentration could also give
ently ordered domains and their associated domain boundise to boundary conductivity as discussed further in Sec.
aries. The second includes antiphase domain boundaries i,
A—A or B—B type separating domains in which thAeatoms We conclude that in the present state of our knowledge
have changed registry with tliatoms within the perovskite of CCTO, we must suppose that the conducting b@B)
structure. Thus, if spatial heterogeneity in the electrical reand the conducting interfadgeCl) morphologies are equally
sponse occurs in CCTO single crystals, it may be plausiblylausible. The conducting regions can be below the percola-
and economically associated with an intersecting set of lotion threshold, i.e., nonpercolatiriyP), or above the perco-
cally planar twin, antiphase, and/or compositional-orderingating threshold P). If the latter (P), conduction must be
domain boundaries. blocked by a surface barri¢8B) layer. The barrier layer can
While each of the boundary regions contain planar depe intrinsic to the surface or be associated with the
fects, their composition may differ from that of the bulk electrode—CCTO interface. In the nonpercolating case, there
through the Gibbs adsorption phenomenon; it follows thainay or may not be a blocking layer.
their effective thickness may be substantial in the present These possibilities can be represented by a morphologi-
context. We can thus distinguish two possibilities. The do-cal decision tree, illustrated in Fig. 1. Six distinct morpholo-
mains themselves can be conducting or insulating in thegjies result, which are listed in the Table | along with the
bulk. If the domains are conducting, their boundaries must bécronyms by which we identify them in the remainder of the
blocking, and vice versa. Impurities or oxygen deficienciesarticle.
could give rise to the bulk conductivity. Alternatively, if the
impurities or vacancies segregate at or near the boundarieﬁl,
the bulk would be insulating and the boundaries conducting. -
Conductivity may also arise at a boundary through the  We suppose that the CCTO samples have plane—parallel
formation of bands of interface states, which are localized aboundaries normal to their smallest dimension, forming good

BLOCKED MORPHOLOGIES
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TABLE I. Six possible morphologies that could produce the large dielectric

response.
Morphology Acronym

1 Nonpercolating, conducting bulk, unblocked NP/CB/UB
2 Nonpercolating, conducting bulk, surface blocked NP/CB/SB
3 Nonperc., conducting interfaces, unblocked NP/CI/UB
4 Nonperc., conducting interfaces, surface blocked NP/CI/SB
5 Percolating, conducting bulk, surface blocked P/CB/SB
6 Percolating, conducting interfaces, surface blocked  P/CI/SB

Cohen et al. 3301

Neglectinge.., the asymptotidhigh-frequency behav-
ior of the real part ofe*, denoted here’, is

;1 [4mo(w)]?
€~————,
€p w

@)

thus falling off with w more slowly than the pure Debye case
of w~ 2. Such behavior is also consistent with the experimen-
tal results of Ref. 3, and thus the two percolating blocked
cases P/SB, entries 5 and 6 of Tablg,|cannot be elimi-
nated on the basis of their frequency dependence.

Using Eq.(4) with a value ofe, ~10?, an e, of order

planar electrode—sample interfaces. The effective complex®® can be achieved if we take the blocking layer volume

dielectric constant* for all blocked cases is then simply
1 f 1-f
L L

e €

: 1)

€M

wheref, is the volume fraction of the two blocking layers,

which is equal to the sum of their relative thicknessgs,
their dielectric constanassumed to be entirely r¢aandey,

the complex macroscopic dielectric constant of the materia

fraction asf, ~10" 3. As typical samples have thicknesses of
the order of millimeters, the implied widths of the blocking
layers are of the order of microns. It is unlikely, though not
impossible, that barrier widths are actually that large. More-
over, values ofe, as low as 5 10° have been observed,
implying barrier widths of the order of tens of microns,
which would be improbably large. And finallgonducting
samples have been fabricat€dwhich is inconsistent with

We now focus on two possible sample morphologies, botihe existence of such an electrode barrier and mitigates
containing conducting regions, which lead to a large Debye2dainst theP/CB/SB andP/CI/SB cases.

like low-frequency dielectric response; in one the conducting

regions percolate, and in the other they do not.

A. Dielectric response of morphologies with
percolating conducting regions

For morphologies in which the bulk material contains
percolating P) conducting regions, the frequency-dependen

dielectric constanty, can be expressed as

)

with ey(w) and o(w) real. Inserting Eq(2) into Eq. (1)
yields the Debye form

en=en(w)+armio(w)l o,

. €)— €x 3
€ 76 l-iwr(w) ©
where
f
e, l=¢* 1(w—>0)——|', (4)
€L
f 1-f
—-1_ 1 __L L
= Mo = S ®)
and
€ €en(w)

In Eq. (5), em(°) is a representative value @f,(w) for o
such thatw 7(w)>1.

It follows from the above that if a percolating morphol-
ogy actually occurs, it must be well beyond the percolation

threshold. This results from the fact thag};(0) diverges at

In the event that a percolating morphology is demon-
strated to be the most relevant to CCTO after all, a simple
experiment would distinguish between intrinsic surface and
electrode-induced blocking layers. Suppose an insulating
film of relative thicknessf,/2 and dielectric constary, is
fabricated or deposited between each electrode and the
sample. The low frequency effective dielectric constant of

1Ihe compositeblocking layers plus insulating filim egﬁ, is

given by
1 f f
=t ®
Eoff € €L

An intrinsic surface blocking layer should be affected but not
eliminated by the additional insulator. On the other hand, the
effects of an electrode blockin@B) layer should certainly

be eliminated. Thus, measuringsi{ for values off, greater
than thef for the blocking layer and then extrapolating the
resulting 1kgﬂ vs f, towards zerd, should yield a vanishing
intercept for the EB case. A similar procedure would yield a
finite intercept for the intrinsic case, according(®). This
experiment can be carried out by depositing an electrode
directly on one face of a thin CCTO sample. On the other
face, a wedge of insulator is deposited followed by the depo-
sition of a set of separated electrode strips parallel to the
wedge boundary. A set of values fyfin Eq. (10) embracing
zero is thus achieved with a single sample.

B. Dielectric response of morphologies with
nonpercolating conducting regions

For sample morphologies with nonpercolating conduct-

the percolation threshold, so that sufficiently close to theing regions(NP), we use forey, the generic form

threshold one expects no significant difference betwegn
ande., ; theney()>¢q, in direct contradiction to the ob-
servations €..<<eg).

EO_EOG
M M
6K/|—E°|\j|+

(€)

l-iwmy(w)’
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The origin of this form will be discussed in more detail for the lower bound an equality for all inhomogeneities bounded
the first four cases of Table | in Secs. V and VI. Inserting Eq.by planes parallel to the electrode plariesnstant electric
(9) into Eq.(1) again yields the Debye fori8) but now with  displacementD) and the upper bound an equality for all
fo1-f, inhomogeneities bounded by planes perpendicular to the
1_

€ l=—+—5—, (10) electrode plane&constant glectric field&). When applied_ to

€L €M the unblocked morphologies, these bounds are particularly

illuminating, as we show below.
s fe IR (11)
€eo €L 63,\(;' ’
and V. UNBLOCKED MORPHOLOGIES WITH INSULATING
o INTERNAL BOUNDARIES
T(w)=§E—MTM(w). (12 .
€ e(,\),l In the absence of blocking layers, we suppose that there

is a bulk volume fractiorf, with finite conductivityo, and a
nonconducting internal interfadboundary volume fraction
fi=1—f, with a finite dielectric constank;. Since ¢,
~4gmioplw—* asw—0, Eq.(15) simplifies to

For a value ofey close to the observed value of approxi-
mately 16, it follows from Eq. (10) that f_ /e, and (1
- fL)/eﬁ,I must be each less than 10 Sincee, should be of
order 16, the value ofe,, it follows thatf, should be 102
or less anded, 10° or larger. For a value oé., of approxi- €lfisese. (16)
mately 16, it then follows from Eq.(11) that ey =e.,
=10%. These two results imply, with Eq12), that 7(w)
=mu(w).

Interposing insulating films, as in the percolating mor-
phology in Sec. Ill A above, should not affect the intrinsic
surface barrier. This implies that

The upper bound pertains to systems above the percolation
threshold. Most interesting, however, is the lower bound; a
small volume fractionf;~10 2 associated with the inter-
faces and interface dielectric constanteptomparable tac,
together imply a lower bound comparable to the observed

€p-
1 f f, 1-f—f 1 If all internal boundaries are parallel to the electrode
o=t t—% —— 0 (13 planes, the frequency-dependent dielectric constant becomes
€off € €L €Em €
as f;—0. In the electrode-induced case the barrier at the e(w)=ep+ &, (17)
electrode is eliminated anij —0 so that l-iwr(w)
1 f 1-f 1 1 €0=ep/fi, (18)
o=t o= (14)
€eff €I €m €v €0 T(w)=(1—f) egldmo,(w), (29

In Egs.(13) and(14) the arrows signify an extrapolation to jth f; the volume fraction of the internal blocking layers;
f;=0, which is carried out as described in Sec. Ill A above.yjith the dielectric constant of the blocking layers assumed
Thus, if the extrapolated value ef; exceedss, one leams  equal toe, : and witho,(w) the bulk conductivity within the
from this experiment that the sample is blocked by andomains. A volume fractiorf; of 1072 associated with the
electrode-induced layer and thef exceedsey. If eg¢ does  plocking domain boundaries would account for the large ob-
not exceede, whenf,—0, the experiment does not distin- served value o&,.3 Raevskiet al*® have obtained dielectric
guish between the two possible sources of surface blockingesponses similar to those of CCTO in the nonferroelectric
perovskite ceramics ARgB;,,05; with A being Ba, Sr, or Ca,
and B being Nb, Ta, or Sh. They interpret their results as
IV. EXACT BOUNDS ON THE STATIC DIELECTRIC indicating that a Maxwell-Wagner mechanfShis respon-
CONSTANT sible for the large permittivity and its temperature depen-
dence, and they use a simple layered structure to illustrate
Before discussing the nonpercolating unblock&B)  their argument empirically. The layered geometry is certainly
casegNP/CB/UB and NP/CI/UB and, equivalently, the ori- too artificial, however, as in reality CCTO is likely to possess
gin of expression9) for €, in the nonpercolating blocked a more complicate@and strongly nonplanaarrangement of
cases of Sec. Il B, it is convenient to have exact bounds o@omains and boundaries.
the totalstatic dielectric constang,. A less unrealistic morphology would be spherical con-
We make the simplification that the local dielectric and ducting domains surrounded by spherical shells of insulator,
conductivity tensors are isotropic. Suppose an inhomogewith e(w) derived within the effective medium
neous material has a spt;} of different local static dielec- approximatiorf! The result is
tric constants with a corresponding set of volume fractions

{f;}. The staticmacroscopiddielectric constant, then lies _ 3ec(@)— 2(ec(@) ~ ep)fi
- €( €p (20
between the exact Wiener bounds 3ept (ec(w)—ep)f;
s 111 s where
fi—| <es< fieil, 15 )
T e S|4 i€ (19 e(w)=ey+amioy(w)l o, (21
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is the complex dielectric constant of the conducting domainsSince the overall symmetry is still cubic, we note tlaas a
and we have set;= €, for simplicity. This can also be re- scalar, and thus the response can be computed by assuming
written in the Debye forn{17) with an electric field and polarization parallel to a single cubic
c0=3(1—f)ey/f, 22) axis. We now derivee* via an effective-medium approxima-
0 Eb I tion. Suppose that each disk is at the center of a sphere of
m(w)=eo/(1—f)Amop(w). (23)  radiusb of the bulk material with complex susceptibiligy, ,

o ) where
Note thate is increased above the lower bound in EbE)

by a factor of 3(+ f;) in this morphology, according to the ep=1+4mxy, (29

effective medium approximation. In both morphologies,  outside of which is the effective medium. The volume frac-

increases monotonically dsdecreases, a feature common totjon within the sphere of bulk material then becomes

all nonpercolative morphologies. o
The above simple treatments lead to deviations from De- _ § a-c

bye relaxation only through the frequency dependence of 2 b

op(w), which may or may not be significant for these mate-yhich eads to an important condition: for the conducting

rials given our lack of understanding of the conductionyigis to contain the spheres completely and, therefore, be
mechanisms. In particular, randomness in the morpholog)semw the percolation threshold, we must have
can lead to such deviations, particularly as close to the per- '

colation threshold as the samples appear to be, fyith3 2a’

X 1072 for e,~ 107 ande,~10°. Our careful examination of 3o o<t
the observed frequency dependence’ofind €” shows that
the expected deviations from Debye-like behavior are indee
present This case of conducting domains enveloped by in- o

sulating domain boundaries is identical to that of cermet¢™ Bulk polarization

with a low volume fraction of ceramic or of varistors. Since The total macroscopic polarization contains contribu-
these have been exhaustively studied, we need comment fiens from the bulk-like insulating domains, and also their
further on this case. Note that Eq47), (22), and(23) pro-  associated internal conducting interfaces. We derive each
vide a basis for the generic form ef;, Eq. (9), introduced  contribution in turn. The polarization in the bulk material,

(26)

(i:p order to make contact with experiments.

without justification in Sec. Il B. Py, is related to the local field within the bulEP°, as
Po=xbE5°, (27)

VI, UNBLOCKED MORPHOLOGIES WITH the local field inside the bulk material can be expressed in

CONDUCTING INTERNAL BOUNDARIES terms of local and macroscopic polarizations, and also the

macroscopic field, as

In this section, we present a model of a spatially inho- Ao
megenous material whose bulk is insulating but whose inter- E'lfcz Emact = (Pmac— Pb). (28)
nal boundary or interface regions are conducting. The model 3
is developed from the premise that the conducting boundwhereE,,,.is the macroscopic field in the effective medium
aries are randomly parallel to one of three orthogonal cubigndp,,,.is given by
planes; as a simplification, we initially treat the boundaries
as disjoint disks which we further simplify to oblate ellip-
soids, identical except for their random orientation, with
principal axesa=b>c and occupying volume fractiok.  \ynere
For such a model to apply to CCTO, continuous conducting
pathways through the sample formed from boundaries are € =1+ 4T X ac (30
forbidden, and so, while the conducting boundaries are al- 14 gptain e*, we need an expression for the macro-

lowed to intersect, we force the sample to be in a NONPErcoscopic polarizationP e, in terms of ;... We begin by

lating regime. The complex dielectric constasit of our  first obtainingP,, in terms ofE, . Inserting Eq.(29) into
simple morphogenetic model system, derived below via afkq. (28) gives

effective medium approximation, agrees quantitatively with
experiments, reproducing both the magnitude and frequency —ioc_ € +2 E _— 4—7TP (31)
dependence of the observed dielectric response in CCTOand ° 3 ~mac 3 "b
related materials.

We begin by supposing that our model material contain
a densityN of conducting boundary segments, which for

. e —1
Pmac= XmaEmac™ “4n Emacs (29

now, inserting Eq(31) into Eq. (27), we obtain the desired
Fesult

simplicity we take to be in the form of disjoint thin disks of } 4o

radiusa’ and thickness @ randomly distributed in the three 3(6 )Xo

cubic planes with volume fraction Po=—— Emac (32
bp=27Na'2c’. (24) 3
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B. Polarization of the conducting internal interfaces C. Dielectric response

Deriving the conducting-interface contribution to the We now recask* =1+ 47P ./ Emac in the suggestive
macroscopic polarization is slightly more involved, and, toform
simplify the discussion without loss of generality, we now

replace conducting disks with ellipsoids of the same volume €n+ 8_7TBI¢
4ma’c/3=2ma’’c’ and the same eccentricity . 3 a1)
a2 a2 1 47’8 & ,
e=\/— - =\/<—, -1>1, (33 3
c c
o here we define
where a=(3/2)"%a’, so that the polarization and electro- W W I
static field inside remain uniform. The volume fraction of 1 1 1
ellipsoids to bulk materiglEq. (26)] then becomes Bi:g; L,1-iwr,’ (42)
2
a‘c
= F (34) and
1 1
The local fieldE" inside the ellipsoid differs fronE,>° by Toa=\ T Xo| o (43)
a I

the depolarizing field introduced by the surface charge aris-
ing from the change in polarization across the the ellipsoid-The quantitie3; can be thought of as inverse depolarization
bulk interface: factors, with an additional dynamical correction. Equation
loc__ —loc (41) is a generalization of the Clausius—Mossotti relation,
Eai=Ep +La(Po—Pai), (39 which displays the proper limiting behavior, as follows. First,
whereP,,; is the polarization inside, ,, is the depolarization € reduces toe, when ¢ vanishes. Second, it reduces to the
factor, anda specifies the cubic axess normal to the bound-Clausius—Mossotti relation in standard form for an array of
ary plane, i.e., normal to the semiminor axis where Mmetallic spheres for whicly,=0, Bi—3/4m as w—0; that

> L .=4. Using the linear relatio® ;= x*E'%, and also IS,
Eq. (35), we find . 87TN
—~ N«
X (AHLaxn) o - -3 )
ol AT e
1- ?Na
where
i where a=a® is the polarizability for the case that=a.
XF=xp+ —', (37 Third, wheno;—0, the material becomes uniform ard
w

reduces tae,.
In the present cas®; is the sum of two terms and can
be written explicitly as

1

Bi:3 L,1l-iwr,

is the complex susceptibility of the boundary region,its
conductivity, and the real part af* has been taken ag, for
simplicity. Using Eqs(31) and(32), E{° can be expressed in
terms ofE,,c as

1
+o— =B,+B.,

L. 1l-iwT, (45

=(€*+2)Emac whereB, and B, are associated with the semimajor axes
loc_ andc, and
E yp= ; (38
1+ 3 Xb Ta=(xp+ 1L )/ oy, (46)
and from Eqgs.(36) and (38), we relateP,; and E,,., as and
desired: me=(xp+ L)/ 0. (47)
1 *(1+L, E ifshi i
Pai:_(6+2)Xl ( i(b) mac (39 From Landau and LifshitZ we obtain
3 1+L,x N 47 142
3 Xb Lo=47m——(e—tan "e), (48)
We now impose the effective-medium self-consistency )
condition thatP,,,.is the volumetric average d¥,, i.e., La=z(47—Lo), (49

Poac=(1— )Py + &P, , (40) with e given by Eq.(33). For the oblate ellipsoids/c ande
are large enough so thht approaches # andL, becomes
where we have taken the orientational average  small,

=1/3> _,P,i. The above equation, with the values Bf,;
and P, derived above, expressé%,,. linearly in terms of

Emac-

L,=m? (50)

o
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InsertingL .=4 and Eq.(50) for L, into Egs.(45) and(46) is the volume fraction of the regions of the sample within
yields which the electrostatic field is screened out by d@heriented
conducting boundaries, an analogue of the Faraday cage ef-

B :iz a ; (51)  fect. The Debye relaxation time is now given by
& 3rccl-iowr,’
and =2 (61)
1 1 1-f
(52)

As for Eq.(23) for the NP/CB/UB case, all temperature and
frequency dependences ofarise from the conductivityr; .

There is a pseudopercolation threshold atl at which

<127 l-iwr’

with

4 a tet1 € in Eq. (59) diverges when the field-free regions percolate.
mc . b However, this mean-field theory and the geometry of the
Ta™ 4o (53 model both grossly overestimate the value of the percolation

threshold through neglect of randomnéslhis overesti-
and mated threshold occurs at a valuedpfibout 1.5% below the
true percolation threshold of our disk-in-a-sphere model

€]
b (549  when the disk and sphere radii coincide, also overestimated.

Tp= .
b 470,

B, and B, assume their maximum magnitudes at=0; VIIl. DISCUSSION AND CONCLUSIONS
explicitly,

We have constructed six possible morphologies for inho-
mogeneity in the local dielectric response of CCTO by sup-
posing the properties of the internal boundary regions to be
opposite from those of the bulkf one conducts, the other is
insulating, and vice vergaWe have pointed out that the
large dielectric constants result either when the conducting
regions almost percolate or when they percolate but are
blocked at the surface or electrode interface. We have ana-
lyzed the expected dielectric properties of all six morpholo-
. 4 a 1 gies in Secs. llI-VI, in some cases explicitly and in others by
T_b_ P a 1- 6_b (56) model calculation. Without exception, the dielectric proper-

N ) ties of each of the six morphologies can be consistent with
Under the suppositions that-c and ¢<1, it can be shown 5 reported observatiods® Our principal conclusion is that

from Egs. (31), £53)’ and (56) that B, does not contribute  gyisting experiments do not distinguish between grossly dif-
significantly toe* at any frequency, independent of the rela-ferent morphologies, e.g., conducting bulk inhibited from

2 a 1
Ba(o):ﬁE>BC(O):E1 (55

provideda/c>1. Since<<0 and e,~80—-90(Refs. 3 and
7), (87/3)B.(0)¢ is negligible relative tae, in the numera-
tor of €*, Eq. (41), and (47/3)B.(0)¢ is negligible com-
pared with unity in the denominator ef. From Eq.(51),
the ratio of the relaxation times is

tive magnitudes oé/c ande;, in Eq. (56). . percolation by insulating internal boundaries, and conducting
B, can thus be safely neglected, a#flcan be put into  internal boundaries embedded in and disrupted by insulating

the Debye form withe..= ¢, and bulk. As discussed in Sec. I, distinguishing between intrin-
8 sic and electrode-induced surface barriers can be achieved by

€pt ?NE\S studying the dielectric response as a function of the thick-
€= (570 nesses of insulating layers interposed between the CCTO
1- TNad sample and electrodes. However, the central questions are

3 about the morphology of the conducting regions: are they

Remarkably, Eq(57) allows the dielectric constant to be bulk or are they associated with specific internal two-
interpreted as that arising from a collection of metallic dimensional faults? The nonlinear current—voltage character-

spheres of effective radius istics of the two morpholgies should differ quantitatively. In
both cases there should be a threshold field at which current
= (i a=2a (58) rises rapidly with voltage, going over to a superlinear voltage
9 37 dependence. In the conducting boundary morphol@ase
embedded in a medium of dielectric constapt
Equation(57) can be rewritten as

1/3 2

3), field concentration would occur at the breaks in the cur-
rent pathways along the boundaries; this would not occur if
the bulk were conductingcase 2, and thus its threshold
€p+2T voltage would be higher.
€= —, (59 Additional dielectric measurements at low frequencies
1-f (<1 MHz) and temperaturesT& 100 K) may be able to
where distingu?sh morpho_logies with_condqcting bu(icB) from
those with conducting boundaries or interfa¢g$). Accord-
4—7TN§3 (60) ing to Homeset al.® theintrinsic bulk dielectric constané,
3 ' is enhanced by about 75% as the temperature is reduced to
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10 K from room temperature, a surprising increase which camhat they have lower values af, suggest that it is more

be linked mainly to an increase in oscillator strength of oneadvisable to focus on the case of the single-crystal samples.
low-frequency IR-active mod&.This temperature depen- For these, we cannot yet distinguish between conducting and
dence would carry over to the extrinsic giant dielectric re-insulating internal boundaries. Tseleval,?* however, have
sponse in Cl cases, since in these scenarios the giant rargued for the conducting bulk and insulating internal bound-
sponse comes about from an amplification of the kylkin ~ ary morphology in single-crystal samples, the conductivity
CB morphologies, however, the intrinisic boundaymay  being associated with oxygen vacancies and the insulating
or may not be different from that of the bulk, and would not boundaries being deficient in oxygen vacancies.

necessarily exhibit a temperature dependence. Thus, if mea- In conclusion, we reiterate that establishing the internal
surements of the giant response at low temperat(@es  morphology responsible for the remarkable dielectric prop-
lower frequenciesdid not show the increase expected from erties of CCTO is an important goal because it could lead to
that of the bulkey, one could infer that the Cl morphologies new strategies for exercising control. In particular, reproduc-
do not occur and that in the CB morphologies the boundaryble and directed fine tuning of the dielectric properties of
€y differs significantly in its temperature dependence fromthis material may then become achievable.

that of the bulk. In addition, we note in both CCTO and

CdCTOg, increase dramatically at higher temperatures. ThiACKNOWLEDGMENTS
would follow directly from a thermally stimulated increase  Thjs work was supported by NSF Grant No. DMR-
in conductivity locally throughout the material, bringing it 9981193 and by the Center for Piezoelectric De<igRD)
closer to the perocolation threshold. Howeyer, SU_Ch WOU"_j b@nder ONR Grant No. N0001401-1-0365. The authors would
the c_:ase for all morphologies and, accordingly, is not diagiike to thank I. Naumov, K. M. Rabe, and A. Tselev for
nostic. . . _ providing results prior to publication.
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