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Pressure as a probe of dielectric properties and phase transition of doped quantum paraelectrics
Sr1ÀxCaxTiO3 „xÄ0.007…

E. L. Venturini and G. A. Samara
Sandia National Laboratories, Albuquerque, New Mexico 87185-1421, USA

W. Kleemann
Gerhard Mercator Universitaet, Angewandte Physik, D-47048 Duisburg, Germany

~Received 14 October 2002; published 10 June 2003!

Pressure is shown to have a very strong influence on the glass-like~relaxor! dielectric response of
Sr12xCaxTiO3 (x50.007), or SCT~0.007!, reducing the dielectric susceptibility and lowering the glass tran-
sition temperature,Tm , at the very rapid rate of;35 K/kbar. Above 0.5 kbar there is complete suppression of
the transition and relaxor state and evolution of a quantum paraelectric state at low temperatures. These effects
can be understood in terms of the increase of the ferroelectric soft mode frequency,vs , with pressure which
strongly reduces the polarizability, and thereby the correlation length,r c , for dipolar interactions. It is esti-
mated that above 0.5 kbarr c becomes significantly smaller than the average separation between neighboring
Ca21 ions ~2.1 nm! leading to loss of overlap and correlations between adjacent nano-domains and loss of the
relaxational character of the dielectric response. While pressure lowersTm , the application of a dc biasing
electric fields raisesTm and can reinstate a ferroelectric state at modest pressures. The interplay between
pressure and dc field provides insights into the physics. The very large pressure and field effects observed are
attributed to the small characteristic energies of the crystal in the quantum regime.

DOI: 10.1103/PhysRevB.67.214102 PACS number~s!: 77.22.Gm, 77.80.Bh
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I. INTRODUCTION

The physics of random dipolar impurities in highly pola
izable ionic dielectric crystals has been a subject of conti
ing interest. Here the best examples are dipolar impuritie
the two incipient soft mode ferroelectrics KTaO3 and SrTiO3

where the very high polarizability of the host lattice, asso
ated with the soft ferroelectric~FE! mode, not only renor-
malizes the dipole moment of the impurity, but also functio
ally changes the dependence of the dipole-dipole interac
energy on the spacing between dipoles.1,2 In this case, a
long-range ordered FE state occurs if the impurity conc
tration exceeds a critical value; below this value, a dipo
glass-like~relaxor! state forms.

A particularly interesting material system in these rega
is Sr12xCaxTiO3 ~or SCT! in the limit of smallx, which has
been the subject of extensive research.3–5 Ca21 might be
expected to substitute for Sr21 at theA site in theABO3,
perovskite lattice; however, the evidence is clear that
Ca21 impurity in SrTiO3 is dipolar.3–5 Its ionic radius~0.99
Å! is considerably smaller than that of Sr21 ~1.12 Å!, mak-
ing it possible for the Ca21 to occupy an off-center position
at the Sr21 site, thereby producing random electric field a
strain coupling to the polarization. Alternatively, some of t
Ca21 may substitute at the Ti41 site resulting in the forma-
tion of an oxygen vacancy (Vo). The dipolar impurity would
then be the CaTi :Vo pair defect. However, recent theoretic
results on KTaO3 strongly favor metal ion at theA site over
~dopant:Vo) pair hopping as responsible for the small ac
vation energies found in experiments.6

The present paper deals with a fixed SCT compositi
x50.007, or SCT~0.007! for short. Extensive dielectric an
optical studies were performed on this composition by Kl
0163-1829/2003/67~21!/214102~7!/$20.00 67 2141
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mann and co-workers.4,5 The results suggest that SC
~0.007! exhibits an inhomogeneous polar low-temperatu
state with evidence for ordering at two length scales.4 On the
shorter length scale, quasi-first-order Raman scattering
soft (TO1) and hard (TO2 and TO4) polar modes gave evi
dence of Ca-induced FE microregions, or polar na
odomains, whose size is determined by temperatu
dependent correlation radius,r c , and the crystal exhibits the
dipolar glass response of a relaxor ferroelectric. The lon
length scale ordering is deduced from field-dependent lin
birefringence measurements and is attributed to the pres
of large random-field-correlated domains that relax indep
dently and behave like switchable superparaelectric mom
whose size increases with increasing temperature.4

Because the soft FE mode frequency of SrTiO3 is known
to be a strong function of pressure7 and because the chara
teristic energies of the crystal are small in the quantum
gime, it was felt that the application of hydrostatic pressu
would lead to significant changes in the dielectric respo
and phase behavior of this crystal and thus provide new
sights into the physics. Indeed, as will be described bel
the present results reveal an unusually high sensitivity of
response to pressure leading to fast suppression of the
sition temperature and vanishing of both the transition a
the frequency dispersion by;0.5 kbar. We also investigate
the influence of a biasing dc field on the response. Sectio
provides a brief description of the experimental details f
lowed by presentation and discussion of the results in S
III. Section IV provides some concluding remarks.

II. EXPERIMENTAL DETAILS

The single crystal used came from the same material
was prepared as for the earlier 1-bar dielectric studies.4,5 A
©2003 The American Physical Society02-1
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(110)c-oriented sample plate with the long edges paralle
@001#c was polished to optical quality and subsequen
etched in boiling orthophosphoric acid in order to remo
surface layers of about 0.1-mm thickness. After this pro
dure the sample reaches its final sizes, 0.4632.6
36.5 mm3. This geometry favors an oriented state with t
tetragonalc axis parallel to the long edges, i.e., parallel
@001#c . The polished broad faces become$110% oriented in
the low-temperature tetragonal phase and were equip
with copper-gold electrodes. The Ca21 concentration,x
50.007, of this sample was determined from the antifer
distortive phase transition temperature of 125 K. The diel
tric permittivity ~both reale8 and imaginarye9 components!
was measured with a Hewlett-Packard model 4192A imped-
ance bridge as a function of temperature~4–293 K!, hydro-
static pressure~0–6 kbar! frequency (102– 106 Hz), and bi-
asing dc electric fields~0–500 V/cm!. The ac electric field
amplitude was below 1 V/cm to minimize nonlinearities
the dielectric response. Pressure was generated in a con
tional high-pressure apparatus using gaseous and solid H
the pressure transmitting media. The temperature de
dence was measured during a slow drift of less than 1 K/m

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. 1-bar dielectric response

The dielectric response of SCT~0.007! at ambient pres-
sure ~1 bar! was first studied by Bednorz and Mu¨ller3 ~for
x50.00 75) and later in more detail by Bianchiet al.5 Figure
1 shows the real part of the dielectric constant,e8, vs tem-
perature for our sample measured at different frequen
with the amplitude of the ac driving field fixed at 0.6 V/cm
The results are in close agreement with the earlier work3,5

The roundede8 (T) peak and the frequency dispersion
e8 (T) at and below the peak temperature,Tm , were taken to
be evidence of a percolative transition into a random-fi

FIG. 1. The dielectrice8 (T) response of SCT~0.007! at differ-
ent pressures showing the frequency dispersion, which vanish
0.5 kbar. Also shown for comparison in the frequency-independ
response of pure SrTiO3 ~STO! at 1 bar. The inset is an Arrheniu
plot of the T dependence of the relaxational frequency~5inverse
relaxation time! at 1 bar.
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ferroelectric domain state,5 but they are also the signatures
a relaxor state.2,4 In what follows much of our emphasis wil
be on the relaxational response.

We envision each Ca21-induced dipolar entity surrounde
by a polarized region of the soft SrTiO3 host lattice, forming
a nanodomain whose size is determined by theT-dependent
r c of the host. Because of the soft ferroelectric mode nat
of the host, on cooling from highT these nanodomains grow
asr c increases, increasing their dynamic correlations.2,4 ~See
Sec. III F below!. However, for this dilute sample, these co
relations do not become large enough to precipitate a glo
long-range ordered FE state at lowT. Rather, they exhibit a
dynamic slowing down of their orientational motion, resu
ing in the frequency dependent peak ine8 (T), a dynamic
glasslike transition temperature, and the frequency disper
on the low-T side of the peak. At sufficiently lowT all such
motion freezes, and the dispersion vanishes as shown b
;4 K. Dispersion is also exhibited by the imaginary part
the dielectric functione9 (T) in the transition region.5

The flipping of the orientation of the Ca-induced na
odomains between equivalent potential minima~at zero bias!
is a thermally activated process. We find that the relaxatio
kinetics for SCT~0.007! obey a simple Arrhenius expressio
over the rather small changes inTm with frequency for the
present results~inset, Fig. 1!. The results show the expecte
increase of the activation energyE, with field strength~not
shown!, but the magnitudes ofE ~;100 meV! and the pre-
exponential ~attempt frequency.1030) are unphysically
large. This is a feature that is generally observed in fitting
relaxational kinetics of relaxors to a simple Arrhenius law2,8

When data are taken over a sufficiently broad freque
range, deviations from this law are generally observed
relaxors.2 In such cases the kinetics are found to be well
by the Vogel-Fulcher~VF! equation, which yields more real
istic values for the fitting parameters.2,8 In the present case
the dielectric data do not extend over a sufficiently bro
frequency range to use the VF equation.

B. Influence of pressure on the dielectric response

Pressure has a very strong influence on the dielectric
sponse of SCT~0.007!, as shown in Fig. 1. First, we note th
large shift of the glass transition temperature (Tm) to lower
temperatures with very modest pressures. The slopedTm /dP
is '235 K/kbar, a very large effect. Second, there is a d
crease in the amplitude of the peak with increasing press
These effects are characteristic of relaxors and can be
plained in terms of soft mode and relaxor physics.2 There has
been considerable interest in the properties of relaxors
the mechanism for the ferroelectric-to-relaxor crossover
ABO3 ferroelectrics with random site disorder. It has be
shown that for these systems pressure favors the relaxor
over the normal FE state.2

The results in Fig. 1 also show the complete suppress
of the ‘‘transition’’ and, thus, the relaxor state, with pressu
The 0.5-kbar data show no evidence of an approaching t
sition in eithere8 or e9 ~not shown!. The 2- and 4-kbar results
in Fig. 2 confirm the complete suppression of the relax
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PRESSURE AS A PROBE OF DIELECTRIC . . . PHYSICAL REVIEW B 67, 214102 ~2003!
state and reveal the emergence of a quantum paraele
state—a state characterized by a highe8 that is independen
of temperature over a substantial temperature range a
lowest temperatures. Pure SrTiO3 ~STO! exhibits such a state
below;3 K at 1 bar,9 which is also seen in other materials2

Accompanying the suppression of the relaxor state is
vanishing of the frequency dispersion in the response
seen and as expected.1,2

Figure 3 compares thee8 (T) response of SCT~0.007!
and pure STO at 0.5 kbar. The major difference occurs be
;30 K, wheree8 (T) of SCT~0.007! rises more rapidly with
decreasingT—an effect that we attribute to increased cor
lations among the polar nanodomains as well as to a lo
soft mode (TO1) frequency. Above 30 K the two respons
appear very similar, but there is a systematic difference,e8 of
SCT ~0.007! being slightly higher over most of the temper
ture range covered. This is clearly revealed by the diff
ences in the 1/e8(T) responses as shown.

C. Temperature-pressure phase diagram

Figure 4 shows the temperature-pressure phase diag
for SCT ~0.007!. The crystal is in the paraelectric state
temperatures above 20 K for all pressures. At lower temp
ture and low pressure thee8 (T) response is relaxorlike. Us
ing Tmax at 10 kHz versus pressure to separate the parae
tric and relaxor FE states, the relaxor state is confined to
triangular region from 0 to 18 K and between ambient a
0.5 kbar. Over the limited range of the data, the results

FIG. 2. The frequency-independente8 (T) response of SCT
~0.007! at 2 and 4 kbar. The inset is an expanded view of
behavior at low temperature.
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Fig. 4 show thatTm decreases linearly with pressure, su
gesting a finite slope asTm→0 K ~broken line!. For an equi-
librium phase transition, the third law of thermodynami
requires that Tc vanishes with an infinite slope, i.e
dTc /dP→2` asTc→0 K. For a glasslike transition, on th
other hand, residual configurational entropy asTm→0 K al-
lows for a finitedTm /dP.2 Although the data in Fig. 4 do no
cover a sufficient range to draw a definitive conclusion, th
are suggestive of a glass transition.

Defining the quantum paraelectric~QPE! region by the
onset of a nearly temperature-independente8 at the lowest
temperatures, the dashed line separates the paraelectric
QPE regions. Thus, as the hydrostatic pressure incre
from ambient, there is a rapid suppression of the relaxor s

e

FIG. 3. Thee8 (T) and 1/e8 (T) response of SCT~0.007! at 0.5
kbar. The responses of pure SrTiO3 ~STO! at the same pressure ar
shown for comparison.

FIG. 4. Temperature-pressure phase diagram for SCT~0.007!.
2-3
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E. L. VENTURINI, G. A. SAMARA, AND W. KLEEMANN PHYSICAL REVIEW B 67, 214102 ~2003!
followed by a slow expansion of the QPE state. The das
line in Fig. 4 does not, of course, represent a true ph
boundary; it merely represents the experimental finding
the range over whiche8 becomes nearly independent ofT at
low temperatures expands with increaseP, a common obser-
vation for ferroelectrics in the quantum regime.2

D. Temperature and pressure dependences of the susceptibilit
in the paraelectric phase

Kleemannet al.4 deduced the 1-bar temperature depe
dence of the FE soft mode frequency (vs) of the same crys-
tal from Raman scattering measurements. For soft mode
e8 andvs are related by a Lyddane-Sachs-Teller relations
such thatvs

2e8'const. Figure 5, which is a coplot at 1 bar
vs

2(T) and our (1/e8)(T) data, shows that this relationship
well-obeyed for the SCT~0.007! crystal, i.e., the temperatur
dependence ofvs determines that ofe8. Similarly, we expect
the pressure~P! dependence ofvs to determine the pressur
dependence ofe8, as has been demonstrated for many s
mode systems.7 Thus, theP dependence of 1/e8(T) in Fig. 5
represents theP dependence ofvs

2T) also.
Figure 6 compares isothermale8 at 10 kHz versusP at

temperatures between 50 and 293 K. In this tempera
rangee8 is independent of frequency. The data atT>100 K
were recorded versus decreasingP after cooling from room
temperature at 6 kbar. However, isothermal measurem
for both increasing and decreasing pressure showed no
teresis in this temperature range. The 50-K data were
duced from isobarice8 (T) plots. e8 (P) at 200 and 293 K
decreases nearly linearly with increasingP over the modest
pressure range of the data. The initial logarithmic deri
tives, (] lne8/]P)T , are20.021 and20.032 per kbar at 293
and 200 K, respectively. The slope at 293 K compares fav
ably with the slope20.022/kbar for pure SrTiO3 at 298 K.10

At lower temperatures the dependence ofe8 on pressure be
comes much stronger and increasingly nonlinear, as sho

FIG. 5. Comparison of the temperature dependences of
square of the soft mode frequency,vs ~Ref. 4!, and 1/e8 responses
at 2 and 4 kbar, which also reflect theT dependences ofvs

2 at these
pressures.
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All of the e8 (P) effects in Fig. 6 are well-known prop
erties of soft mode systems.7 Fromvs

2e85const we have, for
the P dependence ofvs ,

~] ln vs /]P!T521/2~] lne8/]P!T . ~1!

Taking the initial e8 (P) slopes in Fig. 6, we find tha
(] ln vs/]P)T , i.e., the fractional change invs , increases
from 1.05%/kbar at 293 K to 2.85%/kbar at 100 K,
;40%/kbar at 50 K, rates that are typical of perovskites w
aboveTo .7

TheT dependence ofe8 in the high temperature paraele
tric phase ofABO3 ferroelectrics usually obeys a Curie
Weiss law,e85C/(T2To) over a wideT range. HereC is
the Curie constant andTo is the Curie-Weiss temperature
Relaxors, however, show large deviations from this law st
ing well aboveTm . In fact, such deviations set in upon th
nucleation of the polar nanodomains, i.e., at the so-ca
Burns temperature,TBurns, and increase with decreasingT as
the size of the domains and their correlations increase.2 It has
been found that thee8 (T) response of relaxors aboveTm can
be generally represented by the power law expression,2

~e82e 8̀ !5C~T2Tm!2g, ~2!

wheree 8̀ is the limiting high temperature value ofe8. At T
.TBurns, g→1.0, and Eq.~2! is simply the Curie-Weiss law
However, belowTBurns, g can reach values up to 2.0. A
though there appears to be no unambiguous justification f
g52.0 for relaxors, ag52 regime is predicted on the bas
of lattice dynamical models solved within the framework
quantum statistical mechanics to describe the deviation f
Curie-Weiss behavior in the quantum displacive limit~i.e.,
Tc[0 K) of ferroelectrics.2,3,11,12 In this case the deviation

e

FIG. 6. Isothermal pressure dependence ofe8 of SCT ~0.007!.
2-4
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PRESSURE AS A PROBE OF DIELECTRIC . . . PHYSICAL REVIEW B 67, 214102 ~2003!
from g51 is attributed to quantum fluctuations. This pred
tion has been met for systems exhibiting equilibrium ph
transitions2 as well as for the Sr12xCaxTiO3 system in the
extreme dilute limit.3,11

Figure 7 shows double-logarithmic plots of (e82e 8̀ )21

vs. (T2Tm) for SCT ~0.007! at 1 bar and elevated pressur
Taking e 8̀ 5100 and Tm518 K, the 1-bar results yield
g51.23, which is comparable tog'1.3 for a SCT~0.0075!
sample measured by Bednorz and Mueller.3 AssumingTm
50 K at 0.5 kbar ~see Fig. 3!, the data in Fig. 7 yield
g51.44, and at 2 kbarg51.18. Thus, these results sugge
that g increases with decreasingTm ~as observed for quan
tum ferroelectrics!, but it does not reach a value of 2.0
Tm→0 K ~unlike quantum ferroelectrics!.2

E. Effects of dc biasing electric fields

Bianchiet al.demonstrated the strong influence of dc b
on the dielectric response so for SCT~0.007! at 1 bar.5 We
find equally strong field effects at elevated pressures. Fig
8 shows the responses at 0.1 and 0.2 kbar, which are q
tatively similar to what is observed at 1 bar.5 The large sup-
pression of the peak amplitudeemax8 and the shift ofTm to
higher temperatures are the expected behaviors for quan
ferroelectrics, and result from field stabilization of the loc
potential of a dipolar entity making one of its potenti
minima deeper and the other shallower@inset in Fig. 8~a!#.
Thus, more thermal energy is needed to overcome the de
barrier and induce the transition. Additionally, the field alig
and clamps the polarization of the sample, reducing its sm
signal ac susceptibility. These effects are well known fro
Landau free energy theory, which predicts thatTm increases
with field strength asE2/3. Bianchiet al.’s 1-bar data confirm
this prediction forE.50 V/cm. Our results with bias at hig
pressure are not as extensive as those of Bianchiet al., but

FIG. 7. Log-log plot of the temperature dependence of thee8
response of SCT~0.007! at different pressures as suggested by E
~2!.
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they are in close agreement with the latter. The inset in F
8~b! compares our 0.2 kbarDTm versusE results with the
1-bar data.5 Another feature to note is the fact that these ve
large biasing field effects occur only in the quantum regim
They vanish above 25–30 K, as shown in Fig. 8.

In the case of relaxors, additional biasing field effects c
be expected and are observed. Cooling a relaxor in the p
ence of a dc field aligns its polar nanodomains increas
their sizes and correlations, effectively canceling the infl
ence of random fields and reducing the frequency disper
in the relaxor state. At sufficiently high fields, which are st
very modest in the quantum regime, the domains can bec
sufficiently large so as to percolate the whole sample
lead to the onset of long-range order and a normal FE tr
sition. This is a field-induced nano-to-macro domain tran
tion. Evidence of such a transition in relaxors has come fr
dielectric response and TEM measurements.2

Evidence for these effects can be seen in our pres
results ~Fig. 8!. The relaxor nature of the response at lo
bias is evident. The dispersion is essentially gone at the v
modest field of;300 V/cm. TakingDTf , the difference be-
tweenTm at 106 and 102 Hz, as a measure of the strength
the relaxor character of the response, we find thatDTf de-
creases from 1.8 K at 0 V/cm to 0 K by ;300 V/cm. The
vanishing of the dispersion inTm at high bias is a reflection
of the transition acquiring normal ferroelectric character,
expected.2

.

FIG. 8. The influence of dc bias on thee8 (T) response of SCT
~0.007! at 0.1 and 0.2 kbar. The inset in~a! depicts the effect of bias
on the potential for the hopping of dipolar entities. The inset in~b!
shows the shift of the glass transition temperatureTm with field for
SCT ~0.007! at 1 bar ~solid line, Ref. 5! and at 0.2 kbar~solid
circles!.
2-5
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E. L. VENTURINI, G. A. SAMARA, AND W. KLEEMANN PHYSICAL REVIEW B 67, 214102 ~2003!
The 0.5-kbar results present an interesting case. As n
earlier, at this pressure the relaxor state is completely s
pressed and the sample is in a dispersion-free quan
paraelectric state—a state akin to that of undoped SrTiO3 at
1 bar. The application of bias to these two crystals in t
state produces qualitatively similar results. First, there i
large suppression in the magnitude ofe8 in the quantum re-
gime as shown in Fig. 9. Second, it is known from ea
work13,14 that a sufficiently large field can induce ferroele
tricity with a very broad and shallowe8 (T) peak in SrTiO3

~Fig. 9, inset; note the highly expandede8 axis! with an
accompanying reduction in crystal symmetry. The pres
0.5-kbar data on SCT~0.007! hint at the existence of such
field-induced transition. The 200-V/cm data in Fig. 9 revea
broade8 (T) peak at;8 K. At 500 V/cm there is still evi-
dence of a peak ine8 (T), but, unfortunately,e8 is further
suppressed and the peak is even broader.

The results in Fig. 9 show an important difference b
tween our SCT~0.007! sample and pure SrTiO3 . Whereas
the latter requires fields of kilovolts/cm to induce the F
state, or at least a peak ine8(T) ~4.5 kV/cm in the inset in
Fig. 9!, this state can be induced in the SCT~0.007! crystal at
fields that are an order of magnitude smaller. We believe
is a reflection of the presence of Ca-induced polar n
odomains in the latter putting it closer to its FE instabil
limit. We also note~inset! that at 0.6 kbar, a field of 4.5
kV/cm is not sufficient to induce ferroelectricity in STO.14

FIG. 9. The influence of dc bias on thee8 (T) response of SCT
~0.007! at 0.5 kbar. The inset shows thee8 (T) response of pure
SrTiO3 ~STO! at a bias of 4.1 kV/cm.
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F. Unique aspects of the incipient ferroelectric SrTiO3 host

As already noted, a unique aspect of the SCT~0.007!
crystal is the presence of the dipolar Ca-induced n
odomains in an incipient FE host, SrTiO3 . The very low, but
finite, frequencyvs of the soft mode of this crystal at low
temperatures makes the polarizability (;1/vs) very large.
This polarizability is further enhanced, andvs is renormal-
ized, by the presence of the dipolar entities.

The low frequency of the soft FE mode~a long wave-
length TO phonon! is determined by the near cancellation
the short-range forces by the Coulombic forces, and
creases rapidly with pressure7 leading to a large decrease
the correlation lengthr c (}1/vs}Ae8).2 Figure 10 shows
the temperature dependence ofr c for SCT ~0.007! at differ-
ent pressures deduced from the dielectric data, and comp
the behavior to that of pure STO. The strong enhancemen
r c with decreasingT on approachingTm at 1 bar for SCT
~0.007!, and the strong decreases ofr c with pressure at low
temperatures, are evident. The corresponding decrease
the correlation volumes are, of course, huge, and this resu
at the heart of the interpretation of the present results.

Deducingr c from dielectric data gives relative, and no
absolute, values ofr c . Thus,r c in Fig. 10 is given in arbi-
trary units. Kleemannet al.4 deduced a quantitative value o
the radius of the average polar cluster (5r c) for SCT~0.007!
at 1 bar from analysis of the Raman line shape and inten
over a limited temperature range. Their analysis showed
r c increases from 1 nm at 22 K to 3.5 nm at 17 K~Fig. 10
read against the right ordinate!. These results allow us to
scale ther c(T) results deduced from the dielectric data f
comparison. This scaling was done by equating the pre
arbitraryr c value atTm ~;17 K! to Kleemannet al.’s value
~3.5 nm! at the same temperature at 1 bar. Accordingly
scale of the left ordinate in Fig. 10, though in arbitrary uni
matches the scale~in nm! of the right ordinate. It is imme-
diately noticeable that, although both sets of 1-barr c(T) data
show the rapid decrease ofr c with increasingT from Tm ,

FIG. 10. Temperature dependence of the correlation length
dipolar interactions in SCT~0.007! and pure SrTiO3 ~STO! at
different pressures deduced from the dielectric response. A
shown are 1-bar results for SCT~0.007! deduced from Raman
measurements.
2-6
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PRESSURE AS A PROBE OF DIELECTRIC . . . PHYSICAL REVIEW B 67, 214102 ~2003!
Kleemannet al.’s r c falls off much more rapidly than is sug
gested by the dielectric data. The cause of this discrepan
not clear.

Examination of the results in Fig. 10 provides seve
insights into the physics of SCT~0.007!. For this composi-
tion the average separation between Ca21 ions is;2 nm. If
percolation requires a full overlap of the correlation radii
adjacent polar nanodomains, thenr c at the percolation limit
must be equal to 2.1 nm.4 The dielectric data in Fig. 10
suggest that atT*50 K, r c of SCT ~0.007! is ,1 nm and is
essentially the same as that for pure STO, indicating that
nanodomains are nonoverlapping. Below this temperat
the largerr c causes the domains to overlap, interact, a
increase their correlations, that reach a maximum atTm ,
below which temperature dipolar motion slows down ca
ing the polarizability and therebyr c to decrease.

At 0.5 kbar, an overlap of the nanodomains begins be
;30 K (r c'1.1 nm), with indications thatr c may not reach
the full percolation value of 2.1 nm even at the lowest te
peratures, consistent with the observation that the trans
is suppressed by this pressure. By 4 kbarr c,1 nm at all
temperatures—there is no overlap or correlations among
polar domains, and the crystal is not unlike pure STO.

IV. CONCLUDING REMARKS

The remarkably large pressure and bias field effects on
dielectric properties and phase behavior of SCT~0.007! are
manifestations of the delicate balance between compe
interactions in this system. At the heart of the physics of t
crystal is the behavior of the FE (TO1) soft mode. The quas
first-order Raman scattering results of Kleemannet al.4 have
identified the sum frequency, 2TO1, associated with the lat
tice and a low frequency TO1 cluster ~nanodomain! mode.
Both of these TO1 modes soften with decreasingT, their
frequencies reaching about the same low, but finite, va
(;7 cm21;\vs'0.9 meV) atTm . The Raman results favo
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orthorhombic (C2v) symmetry for the low temperatur
phase, i.e., belowTm , as well as for the polar nanodomain
above Tm . This implies equilibrium tetragona
(D4h)-to-orthorhombic phase transition for the crystal atTm .
However, at this time there is no confirming evidence,~e.g.,
from diffraction data! for a bulk phase transition. High reso
lution diffraction studies would be very desirable. The situ
tion here is probably akin to that for dilute KTa12xNbxO3
(x'0.01– 0.02) where Raman scattering results15,16 gave
evidence of long-range FE correlations~on the length scale
of the wavelength of optical phonons! and lower symmetry
below Tm , but high resolution x-ray diffraction17 did not
reveal evidence of a bulk phase transition. Thus, the issu
the length scale of the correlations—an issue that requ
further study.

In this work we have emphasized the relaxational prop
ties of SCT ~0.007!. The observed pressure and bias fie
effects can be understood in terms of a relaxor model, an
the heart of the physics is the strong dependence of the
mode frequency on the various external variables. It is t
dependence which determines the correlation length for
teractions and correlations among the Ca21-induced polar
nanodomains whose existence is a certainty. It will be in
esting to investigate the influence of pressure on the sus
tibility of SCT within a quantum scaling concept similarly a
was done for the dependence onE andT.18

ACKNOWLEDGMENTS

We express our thanks to J. Georg Bednorz for provid
the excellent SCT crystal, to Jan Dec for preparing
sample and David Lang for technical support. The work
Sandia was supported by the Division of Materials Scien
and Engineering, Office of Basic Energy Science, DOE,
der Contract No. DE-AC04-94AL8500. Sandia is a multipr
gram laboratory operated by Sandia Corporation, a Lockh
Martin company, for the U.S. Department of Energy.
L.
1B. E. Vugmeister and M. D. Glinchuk, Rev. Mod. Phys.62, 993
~1990!.

2G. A. Samara, inSolid State Physics, edited by H. Ehrenreich and
F. Spaepen~Academic, New York, 2001!, Vol. 56, pp. 239–483.

3J. G. Bednorz and K. A. Mu¨ller, Phys. Rev. Lett.52, 2289~1984!.
4W. Kleemann, A. Albertini, M. Kuss, and R. Lindner, Ferroele

trics 203, 57 ~1997!.
5U. Bianchi, J. Dec, W. Kleemann, and J. G. Bednorz, Phys. R

B 51, 8737~1995!.
6K. Leung, Phys. Rev. B63, 134415~2001!.
7G. A. Samara and P. S. Peercy, inSolid State Physics, edited by

H. Ehrenreich, F. Seitz, and D. Turnbull~Academic, New York,
1981!, Vol. 36.

8K. B. Lyons, P. A. Fleury, and D. Rytz, Phys. Rev. Lett.57, 2207
v.

~1986!.
9K. A. Müller and H. Burkard, Phys. Rev. B19, 3593~1979!.

10G. A. Samara, Phys. Rev.151, 378 ~1966!.
11R. Morf, T. Schneider, and E. Stoll, Phys. Rev. B16, 462 ~1977!.
12J. Dec and W. Kleemann, Solid State Commun.106, 695 ~1998!.
13J. M. Worlock and P. A. Fleury, Phys. Rev. Lett.19, 1176~1967!.
14E. Hegenbarth and C. Frenzel, Cryogenics7, 331 ~1967!.
15W. Kleemann, F. J. Scha¨fer, and D. Rytz, Phys. Rev. Lett.54,

2038 ~1985!.
16J. Toulouse, P. DiAntonio, B. E. Vugmeister, X. M. Wang, and

A. Knauss, Phys. Rev. Lett.68, 232 ~1993!.
17S. R. Andrews, J. Phys.: Condens. Matter18, 1357~1985!.
18W. Kleemann, J. Dec, and B. Westwanski, Phys. Rev. B58, 8985

~1998!.
2-7


