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It is shown that lattice disorder induced by Nb and Ca substitution has a strong influence on the dielectric
and relaxational properties of KTgOBoth substituents are believed to occupy off-center positions at the Ta
site, and the difference in valence between th&"Gad T&" ions leads to the formation of oxygen vacancies
(Vo). Specifically, for a KTa ,Nb,O5:Ca crystal withx=0.023 and with a 0.055 at. % Ca doping, we
observe(i) a ferroelectric transition at atmospheric presqdréay; (ii) a large enhancement of the transition
temperature by Ca dopingiii) a pressure-induced crossover from ferroelectric-to-relaxor behaworthe
impending vanishing of the relaxor phase at high presswethe reorientation of the Ca-oxygen vacancy
(CaVp) pair defect; andvi) 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.

. INTRODUCTION substitution in KTa@ and then describe briefly the experi-
mental details followed by presentation of the results and
The static and dynamic properties of so-called relaxor fertheir interpretation.
roelectrics(or relaxors have been of much recent interést.
On cooling, these materials exhibit slowing down of the re-
laxation of their orientational degrees of freedom, ultimately II. NATURE OF Nb AND Ca SUBSTITUTION IN KTaO 5

resulting in a frozen-in dipolar state which lacks long-range  pure KTaQ (KT) is the classic incipient perovskite ferro-
order. A universal signature of relaxors is a broad,electric. Its soft ferroelectri¢FE) mode is stabilized at low
frequency-dependent peak in the temperature-dependent susmperatures by quantum fluctuations; consequently, the
ceptibility. The peak defines a dynamic freezing or “glass” crystal does not undergo a FE transition and remains cubic
transition temperature. down to the lowest temperaturésiowever, the substitution

In ferroelectrics, relaxor behavior results from either frus-of Nb for Ta at concentrations=0.02 yields mixed crystals
tration or compositionally induced disorder® The latter ~ which exhibit transitions to one or more FE phases depend-
type of disorder and related random fields are believed to b#ig on the compositioft? At low Nb concentrations (0.02
responsib|e for the relaxor properties of m|m303 perov- X< 010), the System exhibits a Single cubic-rhombohedral
skite oxides(Fig. 1) such as PtMg;sNb,2)O05 (or PMN), transition’ Because the N and T&" ions have compa-
and La-modified Pbzr ,TiyOs (or PLZT).'*® All of these
materials involve structural and or chemical complexities
which have made detailed understanding of the relaxor state
difficult.

In the present work we have investigated a Ca-doped

KTa; _,Nb,O; single crystal (henceforth designated @ b
KTN:Ca) and observed a number of properties which sug- ® c:
gest that Ca-doped KTN may be a model system for studying ™ 0 vacancy
the role of disorder in perovskites. Specifically, for our crys- T sio

tal with x=0.023 and 0.055 at. % Ca doping, we observe a
ferroelectric(FE) transition at atmospheric pressuieban; a
large enhancement of the transition temperature with Ca G 1. The cubic perovskite structure of KTaGDn substitut-
doping; a pressure-induced crossover from FE-to-relé®pr ing for T&* at theB site a NI5* ion occupies an off-center position
behavior; the impending vanishing of the relaxor phase ahiong a(111) direction and a C& ion occupies an off-center posi-
high pressure; and the energetics and dynamics of the reoftion along a(100) direction. To preserve charge neutrality the sub-
entation of the Ca-oxygen vacancy (®ga) pair defect. In  stitution of C&" for Ta®" is accommodated by the formation of
this paper we first comment on the nature of Nb and Caxygen vacancies.
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rable sizes and electronic polarizabilities, the °Nhkion L L
would be expected to substitute for“Taat theB site in the 16 'sreresseressseseny
ABO; lattice (Fig. 1). However, there is strong evidence that -
the Np* occupies an off-center position along tl1) di-
rection both below and above the transitioil. There are 12
eight equivalent such positions in the perovskite lattieig.
1), and the NB" can hop among them. In the off-center
position the NB" is displaced® by ~0.14 A and induces a
relatively large dipole moment. The presence of strong, ori-
entable dipolar entities in the highly polarizable KT host
lattice provides just the ingredient that can trigger the onset
of ferroelectricity®

Very little is known about the details of Ca substitution in
KT or KTN, and it is thus worthwhile to develop a hypoth-
esis as to what can be expected. Intuitively? Cenight be -
expected to substitute for Kat theA site (Fig. 1); however, [
size consideration§onic radii, r;=0.99 A for C&" vs 1.33 0.8
A for K*) could make this substitution unfavorable. Alter-
natively, C&" would substitute for T (r;=0.68 A) at the 0.4
B site. Electron spin resonan@&SR) studies of a number of
divalent transition-metal iofe.g., Mrf ", C/**, Cc®*) dop- _ .
ants in KT have shown that the substitution occurs atBhe 00 0 20 0 0 8o 100 120
site’1?2 These ions are intermediate in size betweeA™Ca T (K)
and T&" suggesting that G4 might also favor theB site.

Indeed, the results to be discussed below support this assign- FIG. 2. Temperature dependences of the static dielectric con-
ment. stant ') and dielectric losgtan 6) for a Ca-doped KTa ,Nb,O5

To preserve charge neutrality on substituting? Céor (or KTN) crystal withx=0.023 measured at different frequencies.
Ta%", the C&" ions would be accommodated by the forma- The inset shows the ferroelectric trapsition temperatiigg 6f this
tion of oxygen vacanciesp); 1.5Vy's for each C%" Ref- crystal relative to thd; vs x phase diagram for KTN.
erence to Fig. 1 shows that this substitution leads to the ) ) _
formation of a(100) Ca:V,, pair defect on adjacer® and O described by Hanpoﬁ‘.The crystal was oriented using x-ray
sites. This pair is an electric dipole which in t80; lattice ~ Laue back-reflection methods, sectioned al¢b@0 direc-
has six equivalent positions and may thus undergo reorientdions, and the(100 faces were polished using colloidal
tion among these positions. Such reorientation can take placdica The Ca content was 0.055 at. % based on the amount
simply by the hopping of the vacancy among the oxygenOf CaCQg aqded to the me!t during growth. The Nb content
sites. As discussed later, we find evidence in the presef¥@s determined by inductively-coupled plasitt@P) mass
work for this reorientation in applied ac fields, a conclusionSPectrometry and found to be 796800 ppm by weight
that is supported by early ESR studies on divalent transitiofhich translates to=0.023, or 2.3% of the T4 ions re-
metal dopanfd'2 which revealed(100) axial spectra con- Placed by NB' ions. The sample was investigated by dielec-
firming the existence of such a pair defect and its reorientalfic spectroscopy with measurements of the resl) (and
tion. imaginary €”, or the dielectric loss, tad) parts of the di-

An additional feature relevant to the present work is the€lectric constant performed as functions of frequency
fact that the C& and Vo have opposite effective charges (10°—10° Hz), temperaturé4—300 K and hydrostatic pres-
and can thus be expected to be drawn together by Coulombfdre (0—10 kbars Helium was used as the pressure trans-
attraction. Indeed, the early ESR work on the transition-mitting medium.
metal: Vo pairs in perovskites showed that the metal ion
(e.g., Mrf" in SrTiO;) moves by a substantial distan®2 IV. RESULTS AND DISCUSSION
A) towards the oxygen vacantyWe expect a comparable
shift for C&" in KT. The important point here is that the =~ Experimentally, Nb and Ca substitution produces remark-
C&* does not sit at a center of symmetry, but is off center@ble changes in the dielectric properties of KT. Figure 2
The presence of off-center €aand C&":V,, dipolar enti- ~ contrasts the temperature dependence’obf our KTN:Ca
ties in the highly polarizable KTor KTN) host lattice is sample with that of KT. Above 50 Kg'(T) of KT obeys a

another ingredient that can strengthen long-range correld=urie-Weiss law, and below this temperature increases
tions and the FE state. less rapidly with decreasing temperature than is predicted by

this law due to quantum fluctuatiohsUltimately, &’ (T)
reaches a plateau 8s—0 K as required by the third law of
thermodynamics, and’ is very large(~4000. This&'(T)

The sample used in the present work was a light blugesponse, which is frequency independent in the audio fre-
single-crystal plate (0.2-cfix0.1-cm thick cut from a Ca- quency range, is well understood in terms of soft-mode
doped KTN boule grown by solidification from a nonsto- theory! Specifically, the frequency; of the soft FE mode
ichiometric melt using a process similar to that originally (a g=0 TO phonon of KT in the cubic paraelectric phase

KTN:Ca
(2.3 at.% Nb)
1 bar .

tan &

IIl. EXPERIMENTAL DETAILS
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decreases with decreasifigaccounting for the Curie-Weiss 14 T T T 7 T
e'(T) response and deviations thereof, sirgeands’ are 75kbar " KO |1 bar
related by a Lyddane-Sachs-Teller relationship such that
wZe' = const.wg becomes sufficiently small at low tempera- 12
tures, but is prevented by quantum fluctuations from vanish-
ing and precipitating a FE transition. Consequently, KT does :
not undergo a FE transition down to the lowest 0F .
temperature$.

The dielectric spectrum of KTN:Ca is remarkably differ-
ent as shown in Fig. 2. Firgt’ increases with increasing W 8-
rises to a sharp, frequency-independent peak at 44 K and ¢
then decreases in a Curie-Weiss-like fashion on further heat- —~
ing. These are the characteristics of a FE transition With
=44 K, and the results to follow support this contention. The
second main feature in the (T) response is the turnaround
in &’ with increasingT above T.. This turnaround is
strongly frequency dependent and is also marked by a large
relaxational peak in taf{T) as shown in the lower portion of
Fig. 2. Above this feature’ reaches a very large and nearly
temperature- and frequency-independent value. We believe
that this feature in the dielectric response, which is absent in ) . . )
KTN samples of the same composition but without Ca dop- 00 20 40 60 80
ing, is associated with the hopping motion of the \Cgpair T(K)
defect as we shall shortly justify.

It should be noted in passing here that a weak relaxational FIG. 3. Temperature dependence of the static dielectric constant
peak in tany(T) is known to occur in both “pure” and in- of KTN:Ca measured at different frequencies and hydrostatic pres-
tentionally doped KTa@lS The peak is observed at40 K sure. The crystal exhibits a pressure-induced normal ferroelectric-
(at 1 kH2, has a characteristic activation energy Bf fo-relaxor crossover as can be seen by comparing the 4- and 7.7-
=440K, and an intensity that is sample dependent. It hakPar isobars.
been attributed to the presence of extended defects located
around rhombic F¥ ions associated with oxygen even a few Ca/q dipoles in the highly polarizable KTN
vacancies? but this assertion has not been definitely con-host strongly enhances the long-range correlations among
firmed. In the present work, this relaxation peak is swampedlipolar entities, thereby raising; .
by the much larger dielectric losses associated with the phase Modest pressure has a strong influence on the dielectric
transition at 44 K and with the hopping of the ®; pair  response as shown in Fig. 3. Initially and up to 6 kbars, the
defect which occurs at higher temperatures. Thus we shathain influence of pressure is a shift ©f to lower tempera-
not deal with the 40 K relaxational peak in the present papertures withdT,/dP= — 3.0 K/kbars. This slope is comparable

The two main features in the dielectric response of outto those of many other soft mode ferroelectricBhe influ-
KTN:Ca crystal at 1 bar are thus the FE phase transition andnce of pressure ofy is readily understood in terms of soft
the hopping motion of the C¥. Fortunately, these two mode theory. Specifically and simply, pressure increases
phenomena are sufficiently separated in temperature to allomaking it necessary to go to lower temperatu(esnce a
us to study them and the effects of pressure on them sep&wer T,) to destabilize the mode and precipitate the transi-
rately. We begin with the ferroelectric transition. tion.

Above 6.5-7.0 kbars, the dielectric response changes
qualitatively as shown for the 7.5- and 8.3-kbar isobars in
Fig. 3. The broad:'(T) peaks and the strong frequency dis-
persion on the low-temperature side at these pressures are the

Figure 3 shows the dielectric response associated with thisallmarks of a relaxor phase. Thus our KTN:Ca sample ex-
FE transition as well as the influence of pressure on thisibits a pressure-induced crossover from normal ferroelectric
response(In this figure we have subtracted the part of theto relaxor behavior. Evidence for this crossover is also seen
total response well abové, due to the hopping motion of in the dielectric loss, tad, which becomes both larger and
Vo and associated Cég dipolar pair) At 1 bar the response frequency dependent in the relaxor phase.
is the classic ferroelectric signature: it is essentially fre- In the relaxor phase, the'(T) peak defines a dynamic
quency independent, the weak frequency dispersion at thglasslike transition temperature which is designatedpy
peak and abové&, being a vestige of the large’ and tand  Pressure suppress@s, at about the same rate ds. Al-
associated with the C¥g reorientation(see Fig. 2 The  thoughT,, is dependent on frequency, its pressure derivative
inset in Fig. 2 shows the transition temperatlitge=44 K for  is weakly frequency dependent.
our sample relative to the, vs x phase diagraftfor KTN. It There has been considerable recent interest in the proper-
is seen that the relatively small amount of Ca in the ties of relaxors and the normal ferroelect(feE)-to-relaxor
=0.023 KTN sample has a remarkably strong influence or{R) crossover; however, the physics of relaxors and the
T., raising it from~32 to 44 K. Evidently the presence of mechanism for this crossover phenomenon are still not
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A. Ferroelectric transition and ferroelectric-to-relaxor
crossover
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settled! As already noted, relaxor behavior is very prevalent 8 ——1—
in composionally disordered perovskites. The early conven-
tional wisdom(the Smolenskii modglhas been that relaxor

behavior and the associated diffuse phase transitions ing °T

mixed perovskite ferroelectrics at 1 bar are induced by com- ‘§

positional fluctuations leading to large fluctuations in transi- 4 4}

tion temperature$® Thus a common approach of studying &

these properties has been to vary the composition, and~’ ) KTN:G
o Ca

thereby the degree of disorder, in order to induce relaxor
behavior* However, this approach introduces complica-
tions such as added randomness, lattice defects, lattice ol o
strains, and altered interatomic forces. Consequently, there is 0 0 20 30 40 5 60 70 80
considerable vagueness in the interpretation and understand T(K)
ing of the experimental results. o . . .
llluminating new insight into the physics of systems of FIG._ 4. Variation of the_correlatlon length for dipolar interac-
this type has recently come from high pressure experimenféons with temperature at different pressures for KTN:Ca.
on La-modified PbZr_,Ti,O; (or PLZT) sample$. Starting
with compositions that exhibit normal FE behavior at 1 bar,than the decrease in the lattice constant of the hdsir
it was demonstrated that pressure induces a crossover toexample, at 44 K in Fig. 4. decreases by about a factor of
relaxor phase. Since pressure clearly does not induce irB between 0 and 8.5 kbars, and the corresponding decrease in
creased compositional fluctuations and disorder in samplegorrelation volume is very large.
of fixed compositions, the pressure results brought into ques- On the basis of the above results and discussion, the di-
tion the early mechanisms proposed to account for relaxoglectric response of KTN:Ca can be understood as follows. It
behavior in perovskites. In contrast to changing the compois clear from the data in Figs. 2 and 3 that the presence of
sition at 1 bar, the application of pressure changes only theocalized, oscillating Nb-induced and €aV, dipoles in the
interatomic interactions and the balance between long- anbighly polarizable KT host lattice greatly increases the po-
short-range forces making it easier to get to the essentidfrizability of the crystal in the high-temperature PE phase.
physics. We envision each dipole inducing polarizati@rt dipoles in
The present results on KTN:Ca, earlier wodn a KTN  adjoining unit cells and forming a dynamic polarization
sample withx=0.02 and the PLZT resuftsuggest that the “cloud” whose extent is determined by the correlation
pressure-induced FR-crossover is a general feature of soft- length for dipolar fluctuations,; . At high temperatures; is
mode ferroelectrics with dipolar impurities or polar nan-small and the polarization clouds are effectively pdiaE)
odomains. We attribute this crossover to the unique pressurganodomains. With decreasing at low pressure§<6-7
dependence of the soft-mode frequengy, which controls  kbarg, the rapidly increasing. couples these nanodomains
the polarizability of the lattice as we now demonstrate. into rapidly growing polar clusters and increases their Cou-
The decrease ob, with decreasingT in the PE phase lombic interactions. Ultimately, these clusters percolate
causes the polarizability of the lattice and thereby the correpermeatgthe whole sample and precipitate a static, coopera-
lation length ¢.) for polar fluctuations(which is inversely tive long-range ordered FE state B&T.. At sufficiently
related tow,) to increase rapidly a¥ —T.. Becausewg is  high pressurg7.7 kbars in Fig. Bon the other hand, the
determined by a delicate balance between long-range arglusters increase in size on decreasing the PE phase, but
short-range interactions, it is very strongly pressiamevol-  do not become large enough to permeate the whole sample
umeV) dependenf.A measure of this dependence is the soft(or graing and precipitate a FE transition. Rather, the clus-
mode Grmeisen parametey=—(d1nw</d1nV). For or-  ters exhibit a dynamic “slowing down” of their fluctuations
dinary dielectricsy for transverse opti¢TO) phonons is on at T<Ty, leading to the observed relaxor behavior. Because
the order of 1-2 and is very weakly temperature dependent. decreases continuously with increasing pressure, the polar
However, for soft ferroelectri€TO) mode systems, like KT, clusters become smaller with increasing pressure—a fact that
PZT’s, and other perovskites; is very large and strongly accounts for the observed increase in the frequency disper-
temperature dependent—approaching values of several hugion and suppression of the dielectric anorraly., compare
dred nearT,.’ the 7.5- and 8.3-kbar response in Fig. B is thus seen that
The large value ofy translates to a large increagge- the FE-toR crossover results simply from the large decrease
creasgin wg () with pressure. Figure 4 shows the variation in r¢ with pressure—a unique property of soft FE mode ma-
of r, with temperature at 1 bar and at elevated pressures fdgrials.
our KTN:Ca specimen. These results are deduced from the
pressure and temperature dependences Sf'’ We cannot
determine the absolute value of in this way, but we can
evaluate the relative change in this quantity. Hence in Fig. 4, The dipolar entities formed by the substitution of b
r. is given in arbitrary units. The 1-bar results show the largeand C&", of course, create random electric fields in the host
increase i . with decreasing temperature, a remarkable feaKTaO; lattice. The lattice straing;; associated with these
ture of the large, temperature dependent polarizability of thesubstituents also couple to the polarization via terms of the
lattice. The decrease of with pressure is nonlinear and is form x;; PP, setting up additional random fields or enhanc-
largest neai, where it is estimated to be about®l@rger  ing their presence. There has been much interest in the influ-

B. Random fields and domain state



PRB 61 FERROELECTRIC-TO-RELAXOR CROSSOVER AND.. .. 3893

ence of random fields on long-range order. Quite sometime There has been considerable effort aimed at seeking evi-
ago it was shown theoreticalfy*® that when the order pa- dence for the existence of a domain state in mixed perovs-
rameter has continuous symmetry, the ordered state of lates. For example, Bednorz and ‘Mer?? investigated the
large system of less thafh=4 dimensions is unstable against system Sy_,CaTiOg and observed relatively shagg (T)

an arbitrarily weak random field, i.e., a field much weakerpeaks for 0.001& x<0.016 which were attributed to a tran-
than the interactions which favor the ordered state. Instead @fition to a low-temperature quantum FE state. £510.016

a long-range ordered state, it becomes energetically favoghese peaks give way to much broader rounded peaks whose
able for such a system to break up on cooling into suffisiniensities decrease and breadths increase with increasing
ciently large domains to form a so-called Iow-temperatureThese rounded peaks, whose peak temperature is frequency

domain state. The size of .the domains is determlngd .by ﬂgdependent, were attributed to the formation of a random-
balance between the domain-wall energy and the statistics ¢61d-induced low-temperature domain state. A puzzling as-

the random field?® . . . .
. o . . pect of this work, however, is why the domain state is not
For systems with uniaxial or cubic anisotropy, long-range btained for x<0.016 i that C bstitution-induced
order ford=3 can exist in equilibrium, if the width of the obtained forx=o. given that ta-substitution-induce

random-field distributiond does not exceed a critical value random fields exist _below this composition. The_ autffors
5. A quantitative estimate of, was obtained by Schneider 2"d other$’ noted this concern and offered possible expla-
and Pytt&° for an Ising spin model with infinite-ranged in- nations, but the issue is not yet resolved. In another example,
teraction with statistically independent site fields with aSchremmer, Kleemann, and R$ftnoted that a domain state
Gaussian distribution. More recently, Vugmei&teexam-  €Xists in Ky g31.ig g3T20; below ~90 K. This state is attrib-
ined the existence of |ong-rang{er ferroelectri¢ order in uted to the random dipolar fields associated with frozen-in
random-site dipole systems with electric dipole momentsff-center Li" ions, and its signature is a “gentle droga
possessing cubic anisotropy. He showed that in disordereehange in slopein ¢'(T) below 90 K. These random fields
random-site systems, the critical concentration for the apare cancelled by applied electric fields which induce a sharp
pearance of long-range order is determined by a balance b&E transition. In a third example, Westphal, Kleemann, and
tween two competing effecté) the interaction energy of the Glinchulk’® have argued that random fields are responsible
dipolar entities separated by a mean distan@ad (i) the  for the observed strong slowing down of the dynamics of the
width of the static random-field distribution. Using an Ising pest-known and most-studied relaxor PMN and for its even-
model Hamiltonian with random fields; of the form tual freezing into a domain state.
It is clear from the above three examples that there ap-
pears to be no common, or unique, dielectric signature for
H= —J; Sisi_Ei his, (D the transition to a “domain state,” and that the presence of
weak random fields does not seem to suppress the FE tran-

where the “spins”S; ; located on sites andj are electric ~ Sition in dilute Sg_,CaTiO;. More generally, the existence
dipoles with(+/—) orientations that have an interaction po- of a domain state in the perovskites remains an unsettled
tential of the form issue as does the distinction between such a state and a re-
laxor state that consists of critically slowed down, randomly
J(r)=Jgexp(—r/r¥) (2)  oriented nanodomains which ultimately freeze in a dipolar
glasslike fashion at sufficiently low temperature. For our

and with a Lorentz form of the static field distribution. Vug- KTN:Ca sample, the sharp’(T) peaks we observe fop
meister calculated the phase diagram for the system in ternts 6 kbars are signatures of FE transitions, and the broad
of the quantitynr¥3, wheren is the density of dipoles and Peaks and strong low-temperature frequency dispersion that
r¥ is the critical separation needed for the onset of longset in for p>7.5kbars are the universal signatures of the
range order. relaxor state.

In the dilute limit, the system considered by Vugme®ter ~ The existence of Nb- and C&"-induced polar nan-
produces a dipolar glasslike phase, and the long-rangeedomains in KTN:Ca should be manifested at temperatures
ordered state appears only after exceeding a certain criticabnsiderably higher thaf; or T,,. These domains will be
concentration of dipoles which determines the critical separandomly oriented so that the net polarization of the sample
rationr? . Interpreted in terms of this model, the concentra-3, P should be zero. Howevek, P? will not be zero, and the
tion of dipolesn for our KTN:Ca crystal exceeds the critical existence of the polarization will be reflected in properties
concentration below~6 kbars, and the crystals exhibit a that depend ofP?. Two such properties are electrostriction
long-range-ordered FE state at low temperatures. With inas evidenced in the linear thermal expansiqal/1), and
creasing pressure) scales with the density—a very small the quadratic electrooptic effect evidenced in the temperature
effect, i.e.,nis essentially constant, buf decreases rapidly, dependence of the index of refractiarf® Measurements of
ultimately falling below the critical value fop>~7 kbars.  (Al/I) andn vs T on KTN:Ca should be quite revealing in
Consequently, the dipolar system can no longer achievehis regard. In our picture, the nanodomains grow with de-
long-range order and thus forms a relaxor phase at low tenereasingr as a result of the increase in correlation length and
peratures. This is effectively the argument we advanced ifead to the formation of a FE state @t if they become
Sec. IV A above and in an earlier stdtign KTN. Here we  sufficiently large to permeate the whole sample or grains
taker? to be essentially equivalent to the correlation lengththereof; otherwise, they exhibit a critical slowing down and
re. form a relaxor state below,,.
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C. Oxygen vacancy hopping 10" g

We now turn our attention to the second main feature in
the dielectric response of KTN:Ca in Fig. 2 which we at-
tribute to the hopping motion of the oxygen vacancy. An
earlier ESR study investigated the reorientation of the 10°F
Mn2*-Vq dipole in KT:Mn which involves hopping of the E
Vo within the next-nearest shell of the paramagnetic?Mn
ion. The Arrhenius temperature dependence of the width of
the Mr" ESR line yieldedE=0.115eV for the barrier 10°F
height between equivalent orientations andy,=4.4 3
x 1057 for the jump frequency. A later study revealed
relaxation in the dielectric response of KT doped with a
number of transition-metal iorfS. The signature of this re- 10k
laxation is a Debye-type loss peak of the form 3

. 5_58' oT 3
R ©

10°F

where d¢’ is the difference between the relaxddw fre-

guency and unrelaxedhigh frequency dielectric constant,

w is the angular frequency andis the relaxation time. The
relaxation time exhibited Arrhenius temperature dependence 1021 0
of the form '

4.0

104T (K"

7 1= woexp(— E/KT) (4)
FIG. 5. Arrhenius plot of the reciprocal of the relaxation time of
from which the activation energy and pre-exponential fac- the hopping motion of the oxygen vacancy of the’?Ga/, pair
tor, or jump frequencyew,, were obtained. For the particular defect in KTN:Ca measured at different pressures. The inset shows
case KT:MA" the results wereE=0.11eV and wo=5 the pressure dependence of the activation energy and the jump fre-
x 1057t in excellent agreement with the ESR results. Thisauency for the process.
agreement clearly establishes that the relaxational(fBn
peak in KT:Mrf" is associated with the reorientation of the ~ Our observation that the larger the local relaxation, the
Mn?" -V, pair defect. lower is the activation energy for the hopping of the
For the present KTN:CG4 case, taf(T) peaks such as M?*-Vq pair begs the question, why? We believe that the
those in Fig. 2 measured at different frequencies show thdssues here are essentially the same as those recently raised
7 }(T) obeys Eq.(4) as shown in Fig. 5. At 1 baE by Nowick, etal?’ concerning the two observations that
=0.081 eV andw,=3.6x 10*?s 1. Comparison of these pa- these activation energies in perovskites, which fall in the
rameters with the earlier results on KT:Rfhand KT:CG"  range 0.1-0.4 eV, ardi) much smaller than the activation
reveal trends which strongly indicate that this dielectric re-€nergy for dc ionic conductivity~1.0 eV for KT), and(ii)
laxation in KTN:C&" is indeed associated with the hopping @lso much smaller than the migration energy for the oxygen
motion of V¢ of the C&*-V,, pair defect. These trends are vacancy(>1.0 eV) obtained from computer simulations. As
summarized in Table I. It is seen thBtfor the KTN:C&™" for these latter two observations, Nowiek al. suggest that
defect is somewhat smaller than that for KT:Mrconsistent  the answer lies in the off-symmetfpr off-centey configu-

with its loss peaks occurring at lower temperatu@sly the  ration of theM?*-V, defect. In this configuration the ions
values of Ty at 1#Hz are shown in the table For  surrounding the defect undergo sufficient relaxation to create

KT:Co?", E is much larger also consistent with its much a lower symmetry configuration than would be the case if the

higher T ax. We have also listed in Table | the ionic radii of defect pair occupied normal lattice sites. In an applied ac
the dopant ions in comparison with that of°Ta(0.68 A).  field the defect can then flip among equivalent low-
Viewed against these radii, thE’s in the table reveal a symmetry configurations, a process that should involve
distinct trend, namely an inverse relationship betweeand

ri. The CG" ion is nearly the same size as°Taand causes TABLE |. Values of the tans peak temperatureT(,sy, activa-
little local distortion or relaxation of the oxygen octahedrontion energy(E) and attempt frequencyaf) associated with the
around it(Fig. 1). Hopping ofV, is relatively difficult in this ~ nOPPing motion of the oxygen vacancy in KT:Ca. Values of the
case. The MA" ion, which is significantly larger than ¥4, ionic radii (r;) of the C&", Mn?*, and C&" ions are also listed.

causes more local relaxation and a loeIC& " causes the

largest relaxation and leads to the lowé&stEvidently, the Tmaﬁl)d’ Hz (eE/) (:101) (E)
larger the relaxation, the easier the hopping of Mh&™-V

pair (whereM?" is a divalent metal ion Undoubtedly in KT:Ca&t 44 0.08 4x 10%? 0.99
KTN:Ca the presence of off-center Nb would have some KT:Mn2* 56 0.11 5x 103 0.80
influence onVy hopping, but the results suggest that this kT:co?* 186 0.36 4108 0.73

influence is not major at the Nb concentrations involved.
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smaller motions and, consequently, loviethan for the flip- T T . 1 ' T

ping of the unrelaxed configuration with the defect occupy- 141 7.8 kbar, . 4
ing normal site$” The essential feature of the explanation is o KTN:Ca
that sufficiently large ionic displacements occur around the [ /:i : 10° Hz

M?" dopant so as to greatly facilitate the hopping of the 12|
pair. As noted in Sec. Il, the ESR data provide strong evi-
dence for large off-center displacements for this defect in
perovskites. 10

The explanation for our observation that the larger the

ionic dopant(which results in larger off-center displacements %@ 08
and larger local relaxatiohsthe easier the hopping motion & i
of the M2*-V pair then simply follows from the above
considerations. Also related to this is the strength of the ;|

M?2"-Vq dipole. As we noted earlier, the1?" ion andVg
attract each other. Large off-center ionic displacements bring
the pair closer together reducing its dipole moment. A 04l
smaller dipole moment should make it easier to flip the ori-
entation among equivalent configurations, i.e., a lotwer
With increasing pressure the tarpeaks shift to lower 02|
temperatures reflecting the influence of pressure on the ki-
netics and energetics of the relaxation process. Some of the
results are shown in Fig. 5. We find tHatdecreases linearly 0.0
with pressure at a rate of 2.8 meV/kbar over the range of the
measurements, ana, decreases by a factor of 4 between

0 and 8 kbars. o ) . FIG. 6. Plot of tans vs 1T for KTN:Ca at one frequency and

Analysis of our data indicates that essentially a singl€yitrerent pressures. The width at half maximum of each peak is
relaxr?mon time defines ?h‘éo hqpplng process, I.e., the Pro- inversely proportional to the activation energy of the relaxation pro-
cess is a Debye relaxation. This can be seen in the followingess of the hopping of the oxygen vacancy.

way. From Eqs(3) and(4) we note that a plot of tadvs 1/T
gives a symmetric peak for a Debye process. It can b@ur earlier findings on KTNRef. 3 and PLZT’s? strengthen
showrf’ that the widthA (1/T) at half maximum of this peak the conclusion that the pressure-induced RErossover is a
is given byA(1/T)=2.635k/E. A distribution of relaxation general phenomenon in soft-mode ferroelectrics with random
times would lead to a wider peak_ Some of our results aréite disorder. It is a manifestation of the Iarge decrease with
shown in Fig. 6 for one frequency. Th¥s obtained from pressure in the correlation length for the interaction among
such plots yieldecE’'s that are only~15% smaller than Polar domains. The apparent large enhancement of the FE
those determined from the Arrhenius plots as in Fig. 5, inditransition temperature of our KTN crystal due to the small
cating that essentially a single relaxation time is involved.@mount(0.055 at. % of C&* doping is an important finding
This finding is in accord with the light Ca doping of our that deserves further study in KTN and other perovskites. It
sample which implies a weak interaction among? G&/q relates to the issue of how random dipolar entities can
pairs and between these pair defects and the off-center Ngrengthen long-range correlations in these materials, an is-
ions. sue that runs counter to conventional wisdom based on
Going back to F|g 1 we note that it is the reorientation Ofrandom'ﬁeld considerations as discussed in Sec. IV B.
the C&"-V,, dipoles that enhances the polarizability of the ~ Finally, more detailed studies of the influence of pressure
lattice and causes the upturn #f(T) near and above the ©On the energetics and dynamics of the hopping motion of
tan&T) peaks. At temperatures significantly above themetal |o.n/0xygen vacancy pair defects in K_TN and related
peaks, these dipoles are freely reorienting leading to the o2erovskites should improve our understanding of these de-
served saturation ir’(T). Here it is worth emphasizing fects E:de their interactions with other dipolar entities in these
again that the C4 -V, dipoles reside in a highly polarizable Materials.
(or soft FE modgKTN lattice so that their polarizing influ-
ence extends over many interatomic spacings. This feature ACKNOWLEDGMENTS
appears to be largely responsible for the very large values of \ye express our appreciation to L. V. Hansen for technical
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