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Ferroelectric-to-relaxor crossover and oxygen vacancy hopping in the compositionally
disordered perovskites KTa1ÀxNbxO3:Ca

G. A. Samara
Sandia National Laboratories, Albuquerque, New Mexico 87185-1421

L. A. Boatner
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6056

~Received 18 August 1999!

It is shown that lattice disorder induced by Nb and Ca substitution has a strong influence on the dielectric
and relaxational properties of KTaO3. Both substituents are believed to occupy off-center positions at the Ta
site, and the difference in valence between the Ca21 and Ta51 ions leads to the formation of oxygen vacancies
(VO). Specifically, for a KTa12xNbxO3:Ca crystal withx50.023 and with a 0.055 at. % Ca doping, we
observe~i! a ferroelectric transition at atmospheric pressure~1 bar!; ~ii ! a large enhancement of the transition
temperature by Ca doping;~iii ! a pressure-induced crossover from ferroelectric-to-relaxor behavior;~iv! the
impending vanishing of the relaxor phase at high pressure;~v! the reorientation of the Ca-oxygen vacancy
(Ca:VO) pair defect; and~vi! the variation of the energetics and dynamics of this reorientation with pressure.
Most of these effects are associated with Nb- and Ca-induced dipolar entities and appear to be general features
of soft mode ferroelectrics with random-site polar nanodomains. The ferroelectric-to-relaxor crossover can be
understood in terms of a large decrease with pressure in the correlation length among polar nanodomains—a
unique property of soft ferroelectric mode systems.
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I. INTRODUCTION

The static and dynamic properties of so-called relaxor
roelectrics~or relaxors! have been of much recent interes1

On cooling, these materials exhibit slowing down of the
laxation of their orientational degrees of freedom, ultimat
resulting in a frozen-in dipolar state which lacks long-ran
order. A universal signature of relaxors is a broa
frequency-dependent peak in the temperature-dependen
ceptibility. The peak defines a dynamic freezing or ‘‘glas
transition temperature.

In ferroelectrics, relaxor behavior results from either fru
tration or compositionally induced disorder.1–3 The latter
type of disorder and related random fields are believed to
responsible for the relaxor properties of mixedABO3 perov-
skite oxides~Fig. 1! such as Pb~Mg1/3Nb2/3!O3 ~or PMN!,
and La-modified PbZr12yTiyO3 ~or PLZT!.1–6 All of these
materials involve structural and or chemical complexit
which have made detailed understanding of the relaxor s
difficult.

In the present work we have investigated a Ca-do
KTa12xNbxO3 single crystal ~henceforth designate
KTN:Ca! and observed a number of properties which s
gest that Ca-doped KTN may be a model system for study
the role of disorder in perovskites. Specifically, for our cry
tal with x50.023 and 0.055 at. % Ca doping, we observ
ferroelectric~FE! transition at atmospheric pressure~1 bar!; a
large enhancement of the transition temperature with
doping; a pressure-induced crossover from FE-to-relaxor~R!
behavior; the impending vanishing of the relaxor phase
high pressure; and the energetics and dynamics of the r
entation of the Ca-oxygen vacancy (Ca:VO) pair defect. In
this paper we first comment on the nature of Nb and
PRB 610163-1829/2000/61~6!/3889~8!/$15.00
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substitution in KTaO3 and then describe briefly the exper
mental details followed by presentation of the results a
their interpretation.

II. NATURE OF Nb AND Ca SUBSTITUTION IN KTaO 3

Pure KTaO3 ~KT! is the classic incipient perovskite ferro
electric. Its soft ferroelectric~FE! mode is stabilized at low
temperatures by quantum fluctuations; consequently,
crystal does not undergo a FE transition and remains cu
down to the lowest temperatures.7 However, the substitution
of Nb for Ta at concentrationsx>0.02 yields mixed crystals
which exhibit transitions to one or more FE phases depe
ing on the composition.8,9 At low Nb concentrations (0.02
,x,0.10), the system exhibits a single cubic-rhombohed
transition.9 Because the Nb51 and Ta51 ions have compa-

FIG. 1. The cubic perovskite structure of KTaO3. On substitut-
ing for Ta51 at theB site a Nb51 ion occupies an off-center positio
along a^111& direction and a Ca21 ion occupies an off-center posi
tion along a^100& direction. To preserve charge neutrality the su
stitution of Ca21 for Ta51 is accommodated by the formation o
oxygen vacancies.
3889 ©2000 The American Physical Society
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3890 PRB 61G. A. SAMARA AND L. A. BOATNER
rable sizes and electronic polarizabilities, the Nb51 ion
would be expected to substitute for Ta51 at theB site in the
ABO3 lattice ~Fig. 1!. However, there is strong evidence th
the Nb51 occupies an off-center position along the^111& di-
rection both below and above the transition.3,10 There are
eight equivalent such positions in the perovskite lattice~Fig.
1!, and the Nb51 can hop among them. In the off-cent
position the Nb51 is displaced10 by ;0.14 Å and induces a
relatively large dipole moment. The presence of strong,
entable dipolar entities in the highly polarizable KT ho
lattice provides just the ingredient that can trigger the on
of ferroelectricity.3

Very little is known about the details of Ca substitution
KT or KTN, and it is thus worthwhile to develop a hypoth
esis as to what can be expected. Intuitively, Ca21 might be
expected to substitute for K1 at theA site ~Fig. 1!; however,
size considerations~ionic radii, r i50.99 A for Ca21 vs 1.33
A for K1) could make this substitution unfavorable. Alte
natively, Ca21 would substitute for Ta51 (r i50.68 A) at the
B site. Electron spin resonance~ESR! studies of a number o
divalent transition-metal ion~e.g., Mn21, Cu21, Co21) dop-
ants in KT have shown that the substitution occurs at thB
site.11,12 These ions are intermediate in size between C21

and Ta51 suggesting that Ca21 might also favor theB site.
Indeed, the results to be discussed below support this as
ment.

To preserve charge neutrality on substituting Ca21 for
Ta51, the Ca21 ions would be accommodated by the form
tion of oxygen vacancies (VO); 1.5VO’s for each Ca21. Ref-
erence to Fig. 1 shows that this substitution leads to
formation of a^100& Ca:VO pair defect on adjacentB and O
sites. This pair is an electric dipole which in theABO3 lattice
has six equivalent positions and may thus undergo reorie
tion among these positions. Such reorientation can take p
simply by the hopping of the vacancy among the oxyg
sites. As discussed later, we find evidence in the pre
work for this reorientation in applied ac fields, a conclusi
that is supported by early ESR studies on divalent transi
metal dopants11,12 which revealed̂ 100& axial spectra con-
firming the existence of such a pair defect and its reorien
tion.

An additional feature relevant to the present work is
fact that the Ca21 and VO have opposite effective charge
and can thus be expected to be drawn together by Coulom
attraction. Indeed, the early ESR work on the transitio
metal: VO pairs in perovskites showed that the metal i
~e.g., Mn21 in SrTiO3) moves by a substantial distance~0.2
A! towards the oxygen vacancy.13 We expect a comparabl
shift for Ca21 in KT. The important point here is that th
Ca21 does not sit at a center of symmetry, but is off cent
The presence of off-center Ca21 and Ca21:VO dipolar enti-
ties in the highly polarizable KT~or KTN! host lattice is
another ingredient that can strengthen long-range corr
tions and the FE state.

III. EXPERIMENTAL DETAILS

The sample used in the present work was a light b
single-crystal plate (0.2-cm230.1-cm thick! cut from a Ca-
doped KTN boule grown by solidification from a nonst
ichiometric melt using a process similar to that origina
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described by Hannon.14 The crystal was oriented using x-ra
Laue back-reflection methods, sectioned along^100& direc-
tions, and the~100! faces were polished using colloida
silica. The Ca content was 0.055 at. % based on the am
of CaCO3 added to the melt during growth. The Nb conte
was determined by inductively-coupled plasma~ICP! mass
spectrometry and found to be 79006300 ppm by weight
which translates tox50.023, or 2.3% of the Ta51 ions re-
placed by Nb51 ions. The sample was investigated by diele
tric spectroscopy with measurements of the real («8) and
imaginary («9, or the dielectric loss, tand! parts of the di-
electric constant performed as functions of frequen
(102– 106 Hz), temperature~4–300 K! and hydrostatic pres
sure ~0–10 kbars!. Helium was used as the pressure tran
mitting medium.

IV. RESULTS AND DISCUSSION

Experimentally, Nb and Ca substitution produces rema
able changes in the dielectric properties of KT. Figure
contrasts the temperature dependence of«8 of our KTN:Ca
sample with that of KT. Above 50 K,«8(T) of KT obeys a
Curie-Weiss law, and below this temperature«8 increases
less rapidly with decreasing temperature than is predicted
this law due to quantum fluctuations.7 Ultimately, «8(T)
reaches a plateau asT→0 K as required by the third law o
thermodynamics, and«8 is very large~;4000!. This «8(T)
response, which is frequency independent in the audio
quency range, is well understood in terms of soft-mo
theory.7 Specifically, the frequencyvs of the soft FE mode
~a q50 TO phonon! of KT in the cubic paraelectric phas

FIG. 2. Temperature dependences of the static dielectric c
stant («8) and dielectric loss~tan d! for a Ca-doped KTa12xNbxO3

~or KTN! crystal withx50.023 measured at different frequencie
The inset shows the ferroelectric transition temperature (Tc) of this
crystal relative to theTc vs x phase diagram for KTN.
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decreases with decreasingT accounting for the Curie-Weis
«8(T) response and deviations thereof, sincevs and«8 are
related by a Lyddane-Sachs-Teller relationship such
vs

2«85const.vs becomes sufficiently small at low temper
tures, but is prevented by quantum fluctuations from van
ing and precipitating a FE transition. Consequently, KT do
not undergo a FE transition down to the lowe
temperatures.7

The dielectric spectrum of KTN:Ca is remarkably diffe
ent as shown in Fig. 2. First«8 increases with increasingT,
rises to a sharp, frequency-independent peak at 44 K
then decreases in a Curie-Weiss-like fashion on further h
ing. These are the characteristics of a FE transition withTc
544 K, and the results to follow support this contention. T
second main feature in the«8(T) response is the turnaroun
in «8 with increasing T above Tc . This turnaround is
strongly frequency dependent and is also marked by a la
relaxational peak in tand(T) as shown in the lower portion o
Fig. 2. Above this feature«8 reaches a very large and near
temperature- and frequency-independent value. We bel
that this feature in the dielectric response, which is absen
KTN samples of the same composition but without Ca d
ing, is associated with the hopping motion of the Ca:VO pair
defect as we shall shortly justify.

It should be noted in passing here that a weak relaxatio
peak in tand(T) is known to occur in both ‘‘pure’’ and in-
tentionally doped KTaO3.

15 The peak is observed at;40 K
~at 1 kHz!, has a characteristic activation energy ofE
5440 K, and an intensity that is sample dependent. It
been attributed to the presence of extended defects loc
around rhombic Fe31 ions associated with oxyge
vacancies,15 but this assertion has not been definitely co
firmed. In the present work, this relaxation peak is swam
by the much larger dielectric losses associated with the ph
transition at 44 K and with the hopping of the Ca:VO pair
defect which occurs at higher temperatures. Thus we s
not deal with the 40 K relaxational peak in the present pap

The two main features in the dielectric response of
KTN:Ca crystal at 1 bar are thus the FE phase transition
the hopping motion of the Ca:VO. Fortunately, these two
phenomena are sufficiently separated in temperature to a
us to study them and the effects of pressure on them s
rately. We begin with the ferroelectric transition.

A. Ferroelectric transition and ferroelectric-to-relaxor
crossover

Figure 3 shows the dielectric response associated with
FE transition as well as the influence of pressure on
response.~In this figure we have subtracted the part of t
total response well aboveTc due to the hopping motion o
VO and associated Ca:VO dipolar pair.! At 1 bar the response
is the classic ferroelectric signature: it is essentially f
quency independent, the weak frequency dispersion at
peak and aboveTc being a vestige of the large«8 and tand
associated with the Ca:VO reorientation~see Fig. 2!. The
inset in Fig. 2 shows the transition temperatureTc544 K for
our sample relative to theTc vs x phase diagram9 for KTN. It
is seen that the relatively small amount of Ca in thex
50.023 KTN sample has a remarkably strong influence
Tc , raising it from;32 to 44 K. Evidently the presence o
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even a few Ca:VO dipoles in the highly polarizable KTN
host strongly enhances the long-range correlations am
dipolar entities, thereby raisingTc .

Modest pressure has a strong influence on the dielec
response as shown in Fig. 3. Initially and up to 6 kbars,
main influence of pressure is a shift ofTc to lower tempera-
tures withdTc /dP523.0 K/kbars. This slope is comparab
to those of many other soft mode ferroelectrics.7 The influ-
ence of pressure onTc is readily understood in terms of so
mode theory.7 Specifically and simply, pressure increasesvs
making it necessary to go to lower temperatures~hence a
lower Tc) to destabilize the mode and precipitate the tran
tion.

Above 6.5–7.0 kbars, the dielectric response chan
qualitatively as shown for the 7.5- and 8.3-kbar isobars
Fig. 3. The broad«8(T) peaks and the strong frequency di
persion on the low-temperature side at these pressures ar
hallmarks of a relaxor phase. Thus our KTN:Ca sample
hibits a pressure-induced crossover from normal ferroelec
to relaxor behavior. Evidence for this crossover is also s
in the dielectric loss, tand, which becomes both larger an
frequency dependent in the relaxor phase.

In the relaxor phase, the«8(T) peak defines a dynami
glasslike transition temperature which is designated byTm .
Pressure suppressesTm at about the same rate asTc . Al-
thoughTm is dependent on frequency, its pressure derivat
is weakly frequency dependent.

There has been considerable recent interest in the pro
ties of relaxors and the normal ferroelectric~FE!-to-relaxor
~R! crossover; however, the physics of relaxors and
mechanism for this crossover phenomenon are still

FIG. 3. Temperature dependence of the static dielectric cons
of KTN:Ca measured at different frequencies and hydrostatic p
sure. The crystal exhibits a pressure-induced normal ferroelec
to-relaxor crossover as can be seen by comparing the 4- and
kbar isobars.
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settled.1 As already noted, relaxor behavior is very prevale
in composionally disordered perovskites. The early conv
tional wisdom~the Smolenskii model! has been that relaxo
behavior and the associated diffuse phase transition
mixed perovskite ferroelectrics at 1 bar are induced by co
positional fluctuations leading to large fluctuations in tran
tion temperatures.2,16 Thus a common approach of studyin
these properties has been to vary the composition,
thereby the degree of disorder, in order to induce rela
behavior.1,4 However, this approach introduces complic
tions such as added randomness, lattice defects, la
strains, and altered interatomic forces. Consequently, the
considerable vagueness in the interpretation and unders
ing of the experimental results.

Illuminating new insight into the physics of systems
this type has recently come from high pressure experim
on La-modified PbZr12xTixO3 ~or PLZT! samples.6 Starting
with compositions that exhibit normal FE behavior at 1 b
it was demonstrated that pressure induces a crossover
relaxor phase. Since pressure clearly does not induce
creased compositional fluctuations and disorder in sam
of fixed compositions, the pressure results brought into qu
tion the early mechanisms proposed to account for rela
behavior in perovskites. In contrast to changing the com
sition at 1 bar, the application of pressure changes only
interatomic interactions and the balance between long-
short-range forces making it easier to get to the esse
physics.

The present results on KTN:Ca, earlier work3 on a KTN
sample withx50.02 and the PLZT results6 suggest that the
pressure-induced FE-R crossover is a general feature of so
mode ferroelectrics with dipolar impurities or polar na
odomains. We attribute this crossover to the unique pres
dependence of the soft-mode frequencyvs , which controls
the polarizability of the lattice as we now demonstrate.

The decrease ofvs with decreasingT in the PE phase
causes the polarizability of the lattice and thereby the co
lation length (r c) for polar fluctuations~which is inversely
related tovs) to increase rapidly asT→Tc . Becausevs is
determined by a delicate balance between long-range
short-range interactions, it is very strongly pressure~or vol-
umeV) dependent.7 A measure of this dependence is the s
mode Gru¨neisen parameter,g[2(]1nvs /]1nV)T . For or-
dinary dielectricsg for transverse optic~TO! phonons is on
the order of 1–2 and is very weakly temperature depend
However, for soft ferroelectric~TO! mode systems, like KT
PZT’s, and other perovskites,g is very large and strongly
temperature dependent—approaching values of several
dred nearTc .7

The large value ofg translates to a large increase~de-
crease! in vs (r c) with pressure. Figure 4 shows the variatio
of r c with temperature at 1 bar and at elevated pressures
our KTN:Ca specimen. These results are deduced from
pressure and temperature dependences of«8.3,17 We cannot
determine the absolute value ofr c in this way, but we can
evaluate the relative change in this quantity. Hence in Fig
r c is given in arbitrary units. The 1-bar results show the la
increase inr c with decreasing temperature, a remarkable f
ture of the large, temperature dependent polarizability of
lattice. The decrease ofr c with pressure is nonlinear and
largest nearTc where it is estimated to be about 103 larger
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than the decrease in the lattice constant of the host.3 For
example, at 44 K in Fig. 4r c decreases by about a factor
8 between 0 and 8.5 kbars, and the corresponding decrea
correlation volume is very large.

On the basis of the above results and discussion, the
electric response of KTN:Ca can be understood as follow
is clear from the data in Figs. 2 and 3 that the presence
localized, oscillating Nb-induced and Ca21:VO dipoles in the
highly polarizable KT host lattice greatly increases the p
larizability of the crystal in the high-temperature PE pha
We envision each dipole inducing polarization~or dipoles! in
adjoining unit cells and forming a dynamic polarizatio
‘‘cloud’’ whose extent is determined by the correlatio
length for dipolar fluctuations,r c . At high temperaturesr c is
small and the polarization clouds are effectively polar~FE!
nanodomains. With decreasingT at low pressures~<6–7
kbars!, the rapidly increasingr c couples these nanodomain
into rapidly growing polar clusters and increases their C
lombic interactions. Ultimately, these clusters percolate~or
permeate! the whole sample and precipitate a static, coope
tive long-range ordered FE state atT<Tc . At sufficiently
high pressure~7.7 kbars in Fig. 3! on the other hand, the
clusters increase in size on decreasingT in the PE phase, bu
do not become large enough to permeate the whole sam
~or grains! and precipitate a FE transition. Rather, the clu
ters exhibit a dynamic ‘‘slowing down’’ of their fluctuation
at T<Tm leading to the observed relaxor behavior. Becau
r c decreases continuously with increasing pressure, the p
clusters become smaller with increasing pressure—a fact
accounts for the observed increase in the frequency dis
sion and suppression of the dielectric anomaly~e.g., compare
the 7.5- and 8.3-kbar response in Fig. 3!. It is thus seen that
the FE-to-R crossover results simply from the large decrea
in r c with pressure—a unique property of soft FE mode m
terials.

B. Random fields and domain state

The dipolar entities formed by the substitution of Nb51

and Ca21, of course, create random electric fields in the h
KTaO3 lattice. The lattice strainsxi j associated with these
substituents also couple to the polarization via terms of
form xi j PkP1 setting up additional random fields or enhan
ing their presence. There has been much interest in the in

FIG. 4. Variation of the correlation length for dipolar intera
tions with temperature at different pressures for KTN:Ca.
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ence of random fields on long-range order. Quite somet
ago it was shown theoretically18,19 that when the order pa
rameter has continuous symmetry, the ordered state
large system of less thand54 dimensions is unstable again
an arbitrarily weak random field, i.e., a field much weak
than the interactions which favor the ordered state. Instea
a long-range ordered state, it becomes energetically fa
able for such a system to break up on cooling into su
ciently large domains to form a so-called low-temperat
domain state. The size of the domains is determined b
balance between the domain-wall energy and the statistic
the random field.18

For systems with uniaxial or cubic anisotropy, long-ran
order for d53 can exist in equilibrium, if the width of the
random-field distributiond does not exceed a critical valu
dc . A quantitative estimate ofdc was obtained by Schneide
and Pytte20 for an Ising spin model with infinite-ranged in
teraction with statistically independent site fields with
Gaussian distribution. More recently, Vugmeister21 exam-
ined the existence of long-range~or ferroelectric! order in
random-site dipole systems with electric dipole mome
possessing cubic anisotropy. He showed that in disorde
random-site systems, the critical concentration for the
pearance of long-range order is determined by a balance
tween two competing effects:~i! the interaction energy of the
dipolar entities separated by a mean distancer and ~ii ! the
width of the static random-field distribution. Using an Isin
model Hamiltonian with random fieldshi of the form

H52J(
iÞ j

SiSj2(
i

hiSi , ~1!

where the ‘‘spins’’Si , j located on sitesi and j are electric
dipoles with~1/2! orientations that have an interaction p
tential of the form

J~r !5J0 exp~2r /r c* ! ~2!

and with a Lorentz form of the static field distribution. Vug
meister calculated the phase diagram for the system in te
of the quantitynrc*

3, wheren is the density of dipoles and
r c* is the critical separation needed for the onset of lo
range order.

In the dilute limit, the system considered by Vugmeiste21

produces a dipolar glasslike phase, and the long-ran
ordered state appears only after exceeding a certain cri
concentration of dipoles which determines the critical se
ration r c* . Interpreted in terms of this model, the concent
tion of dipolesn for our KTN:Ca crystal exceeds the critica
concentration below;6 kbars, and the crystals exhibit
long-range-ordered FE state at low temperatures. With
creasing pressure,n scales with the density—a very sma
effect, i.e.,n is essentially constant, butr c* decreases rapidly
ultimately falling below the critical value forp.;7 kbars.
Consequently, the dipolar system can no longer achi
long-range order and thus forms a relaxor phase at low t
peratures. This is effectively the argument we advanced
Sec. IV A above and in an earlier study3 on KTN. Here we
take r c* to be essentially equivalent to the correlation leng
r c .
e

a

r
of
r-
-
e
a
of

e

s
ed
-
e-

s

-

e-
al
-

-

-

e
-

in

There has been considerable effort aimed at seeking
dence for the existence of a domain state in mixed pero
kites. For example, Bednorz and Mu¨ller22 investigated the
system Sr12xCaxTiO8 and observed relatively sharp«8(T)
peaks for 0.0018,x,0.016 which were attributed to a tran
sition to a low-temperature quantum FE state. Forx.0.016
these peaks give way to much broader rounded peaks w
intensities decrease and breadths increase with increasix.
These rounded peaks, whose peak temperature is frequ
independent, were attributed to the formation of a rando
field-induced low-temperature domain state. A puzzling
pect of this work, however, is why the domain state is n
obtained for x,0.016 given that Ca-substitution-induce
random fields exist below this composition. The author22

and others23 noted this concern and offered possible exp
nations, but the issue is not yet resolved. In another exam
Schremmer, Kleemann, and Rytz24 noted that a domain stat
exists in K0.937Li 0.063TaO3 below;90 K. This state is attrib-
uted to the random dipolar fields associated with frozen
off-center Li1 ions, and its signature is a ‘‘gentle drop’’~a
change in slope! in «8(T) below 90 K. These random field
are cancelled by applied electric fields which induce a sh
FE transition. In a third example, Westphal, Kleemann, a
Glinchuk25 have argued that random fields are respons
for the observed strong slowing down of the dynamics of
best-known and most-studied relaxor PMN and for its ev
tual freezing into a domain state.

It is clear from the above three examples that there
pears to be no common, or unique, dielectric signature
the transition to a ‘‘domain state,’’ and that the presence
weak random fields does not seem to suppress the FE
sition in dilute Sr12xCaxTiO3. More generally, the existenc
of a domain state in the perovskites remains an unset
issue as does the distinction between such a state and
laxor state that consists of critically slowed down, random
oriented nanodomains which ultimately freeze in a dipo
glasslike fashion at sufficiently low temperature. For o
KTN:Ca sample, the sharp«8(T) peaks we observe forp
<6 kbars are signatures of FE transitions, and the br
peaks and strong low-temperature frequency dispersion
set in for p.7.5 kbars are the universal signatures of t
relaxor state.

The existence of Nb51- and Ca21-induced polar nan-
odomains in KTN:Ca should be manifested at temperatu
considerably higher thanTc or Tm . These domains will be
randomly oriented so that the net polarization of the sam
SP should be zero. However,SP2 will not be zero, and the
existence of the polarization will be reflected in propert
that depend onP2. Two such properties are electrostrictio
as evidenced in the linear thermal expansion,2 (D l / l ), and
the quadratic electrooptic effect evidenced in the tempera
dependence of the index of refractionn.26 Measurements of
(D l / l ) and n vs T on KTN:Ca should be quite revealing i
this regard. In our picture, the nanodomains grow with d
creasingT as a result of the increase in correlation length a
lead to the formation of a FE state atTc if they become
sufficiently large to permeate the whole sample or gra
thereof; otherwise, they exhibit a critical slowing down a
form a relaxor state belowTm .
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C. Oxygen vacancy hopping

We now turn our attention to the second main feature
the dielectric response of KTN:Ca in Fig. 2 which we a
tribute to the hopping motion of the oxygen vacancy. A
earlier ESR study11 investigated the reorientation of th
Mn21-VO dipole in KT:Mn which involves hopping of the
VO within the next-nearest shell of the paramagnetic Mn21

ion. The Arrhenius temperature dependence of the width
the Mn21 ESR line yieldedE50.115 eV for the barrier
height between equivalent orientations andv054.4
31013s21 for the jump frequency. A later study reveale
relaxation in the dielectric response of KT doped with
number of transition-metal ions.27 The signature of this re
laxation is a Debye-type loss peak of the form

tand5
d«8

«8
•

vt

11v2t2 , ~3!

where d«8 is the difference between the relaxed~low fre-
quency! and unrelaxed~high frequency! dielectric constant,
v is the angular frequency andt is the relaxation time. The
relaxation time exhibited Arrhenius temperature depende
of the form

t215v0 exp~2E/kT! ~4!

from which the activation energyE and pre-exponential fac
tor, or jump frequency,v0 , were obtained. For the particula
case KT:Mn21 the results wereE50.11 eV and v055
31013s21 in excellent agreement with the ESR results. T
agreement clearly establishes that the relaxational tand(T)
peak in KT:Mn21 is associated with the reorientation of th
Mn21-VO pair defect.

For the present KTN:Ca21 case, tand(T) peaks such as
those in Fig. 2 measured at different frequencies show
t21(T) obeys Eq.~4! as shown in Fig. 5. At 1 barE
50.081 eV andv053.631012s21. Comparison of these pa
rameters with the earlier results on KT:Mn21 and KT:Co21

reveal trends which strongly indicate that this dielectric
laxation in KTN:Ca21 is indeed associated with the hoppin
motion of VO of the Ca21-VO pair defect. These trends ar
summarized in Table I. It is seen thatE for the KTN:Ca21

defect is somewhat smaller than that for KT:Mn21 consistent
with its loss peaks occurring at lower temperatures~only the
values of Tmax at 103 Hz are shown in the table!. For
KT:Co21, E is much larger also consistent with its muc
higherTmax. We have also listed in Table I the ionic radii o
the dopant ions in comparison with that of Ta51 ~0.68 A!.
Viewed against these radii, theE’s in the table reveal a
distinct trend, namely an inverse relationship betweenE and
r i . The Co21 ion is nearly the same size as Ta51 and causes
little local distortion or relaxation of the oxygen octahedr
around it~Fig. 1!. Hopping ofVO is relatively difficult in this
case. The Mn21 ion, which is significantly larger than Ta51,
causes more local relaxation and a lowerE. Ca21 causes the
largest relaxation and leads to the lowestE. Evidently, the
larger the relaxation, the easier the hopping of theM21-VO
pair ~where M21 is a divalent metal ion!. Undoubtedly in
KTN:Ca the presence of off-center Nb would have so
influence onVO hopping, but the results suggest that th
influence is not major at the Nb concentrations involved.
n

of

ce

s

at

-

e

Our observation that the larger the local relaxation,
lower is the activation energy for the hopping of th
M21-VO pair begs the question, why? We believe that t
issues here are essentially the same as those recently r
by Nowick, et al.27 concerning the two observations th
these activation energies in perovskites, which fall in t
range 0.1–0.4 eV, are:~i! much smaller than the activatio
energy for dc ionic conductivity~;1.0 eV for KT!, and~ii !
also much smaller than the migration energy for the oxyg
vacancy~.1.0 eV! obtained from computer simulations. A
for these latter two observations, Nowicket al. suggest that
the answer lies in the off-symmetry~or off-center! configu-
ration of theM21-VO defect. In this configuration the ion
surrounding the defect undergo sufficient relaxation to cre
a lower symmetry configuration than would be the case if
defect pair occupied normal lattice sites. In an applied
field the defect can then flip among equivalent lo
symmetry configurations, a process that should invo

FIG. 5. Arrhenius plot of the reciprocal of the relaxation time
the hopping motion of the oxygen vacancy of the Ca21-VO pair
defect in KTN:Ca measured at different pressures. The inset sh
the pressure dependence of the activation energy and the jump
quency for the process.

TABLE I. Values of the tand peak temperature (Tmax), activa-
tion energy~E! and attempt frequency (v0) associated with the
hopping motion of the oxygen vacancy in KT:Ca. Values of t
ionic radii (r i) of the Ca21, Mn21, and Co21 ions are also listed.

Tmax@103 Hz
~K!

E
~eV!

v0

~s21!
r i

~Å!

KT:Ca21 44 0.08 431012 0.99
KT:Mn21 56 0.11 531013 0.80
KT:Co21 186 0.36 431013 0.73
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smaller motions and, consequently, lowerE than for the flip-
ping of the unrelaxed configuration with the defect occup
ing normal sites.27 The essential feature of the explanation
that sufficiently large ionic displacements occur around
M21 dopant so as to greatly facilitate the hopping of t
pair. As noted in Sec. II, the ESR data provide strong e
dence for large off-center displacements for this defec
perovskites.

The explanation for our observation that the larger
ionic dopant~which results in larger off-center displacemen
and larger local relaxations!, the easier the hopping motio
of the M21-VO pair then simply follows from the abov
considerations. Also related to this is the strength of
M21-VO dipole. As we noted earlier, theM21 ion andVO
attract each other. Large off-center ionic displacements b
the pair closer together reducing its dipole moment.
smaller dipole moment should make it easier to flip the o
entation among equivalent configurations, i.e., a lowerE.

With increasing pressure the tand peaks shift to lower
temperatures reflecting the influence of pressure on the
netics and energetics of the relaxation process. Some o
results are shown in Fig. 5. We find thatE decreases linearly
with pressure at a rate of 2.8 meV/kbar over the range of
measurements, andv0 decreases by; a factor of 4 between
0 and 8 kbars.

Analysis of our data indicates that essentially a sin
relaxation time defines theVO hopping process, i.e., the pro
cess is a Debye relaxation. This can be seen in the follow
way. From Eqs.~3! and~4! we note that a plot of tand vs 1/T
gives a symmetric peak for a Debye process. It can
shown27 that the widthD(1/T) at half maximum of this peak
is given byD(1/T)52.635 k/E. A distribution of relaxation
times would lead to a wider peak. Some of our results
shown in Fig. 6 for one frequency. TheD’s obtained from
such plots yieldedE’s that are only;15% smaller than
those determined from the Arrhenius plots as in Fig. 5, in
cating that essentially a single relaxation time is involve
This finding is in accord with the light Ca doping of ou
sample which implies a weak interaction among Ca21-VO
pairs and between these pair defects and the off-cente
ions.

Going back to Fig. 1 we note that it is the reorientation
the Ca21-VO dipoles that enhances the polarizability of t
lattice and causes the upturn in«8(T) near and above the
tand(T) peaks. At temperatures significantly above t
peaks, these dipoles are freely reorienting leading to the
served saturation in«8(T). Here it is worth emphasizing
again that the Ca21-VO dipoles reside in a highly polarizabl
~or soft FE mode! KTN lattice so that their polarizing influ-
ence extends over many interatomic spacings. This fea
appears to be largely responsible for the very large value
«8 at high temperatures despite the low Ca21 concentration
in the sample. Another contributing factor may be the pos
bility of having some Ca21 on the K11 site resulting in free-
carrier absorption and high conductivity.

V. CONCLUDING REMARKS

The mixed KTN:Ca crystal investigated here exhibits
richness of properties and effects related to the presenc
disorder in perovskite oxides. The present results, along w
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our earlier findings on KTN~Ref. 3! and PLZT’s,6 strengthen
the conclusion that the pressure-induced FE-R crossover is a
general phenomenon in soft-mode ferroelectrics with rand
site disorder. It is a manifestation of the large decrease w
pressure in the correlation length for the interaction amo
polar domains. The apparent large enhancement of the
transition temperature of our KTN crystal due to the sm
amount~0.055 at. %! of Ca21 doping is an important finding
that deserves further study in KTN and other perovskites
relates to the issue of how random dipolar entities c
strengthen long-range correlations in these materials, an
sue that runs counter to conventional wisdom based
random-field considerations as discussed in Sec. IV B.

Finally, more detailed studies of the influence of press
on the energetics and dynamics of the hopping motion
metal ion/oxygen vacancy pair defects in KTN and rela
perovskites should improve our understanding of these
fects and their interactions with other dipolar entities in the
materials.
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FIG. 6. Plot of tand vs 1/T for KTN:Ca at one frequency and
different pressures. The width at half maximum of each peak
inversely proportional to the activation energy of the relaxation p
cess of the hopping of the oxygen vacancy.
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