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Pressure as a probe of the physics of18O-substituted SrTiO3
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Tokyo Institute of Technology, Yokohama 226-8503, Japan
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Studies of the dielectric properties and phase behavior of an18O-substituted SrTiO3 ~.97% 18O), or
STO-18, crystal at 1 bar and as functions of hydrostatic pressure and applied dc biasing electric field have shed
much light on the mechanism of the18O-induced ferroelectric transition in this material. Dielectric measure-
ments reveal an equilibrium phase transition (Tc.24 K at 1 bar! and an enhancement of the static dielectric
constante8 over that of normal~i.e., 16O) SrTiO3 , or STO-16, over a large temperature range aboveTc . This
enhancement is quantitatively shown to be attributed to additional softening of the ferroelectric soft-mode
frequency (vs) of STO-16, in agreement with lattice dynamic calculations. Thus, in STO-18, two effects due
to the heavier mass of18O conspire to induce the transition:~i! this additional softening ofvs and ~ii !
damping of quantum fluctuations. Pressure lowersTc at the large initial rate of 20 K/kbar and completely
suppresses the ferroelectric state leading to a quantum paraelectric state at>0.7 kbar, confirming earlier
results. Very large effects of a biasing dc electric fields on the peak temperature ande8 are also observed in the
quantum regime reflecting the small characteristic energies of the system. The results also reveal a dielectric
relaxation process near 10 K with interesting properties. The implications of all the results on our understand-
ing of the physics of STO-18 are discussed.

DOI: 10.1103/PhysRevB.69.184105 PACS number~s!: 67.70.1n, 77.22.Gm, 77.80.Bh
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I. INTRODUCTION

Isotopic substitution in ferroelectric~FE! crystals is
known to produce significant changes in properties and
often led to a better understanding of the physics. This
particularly true of hydrogen-bonded ferroelectrics and a
ferroelectrics where the substitution of deuterons for prot
leads to very large effects due to the large mass differe
between the two isotopes. The properties and physics
these hydrogen-bonded materials are well documented
generally understood.1–3 There has also been increased re
ognition that there are significant effects and manifestati
of the role of isotopic substitution in other classes of fer
electrics. Hidaka4 studied the isotope effect on the transitio
temperatures (Tc) of a number of ferroelectrics and antife
roelectrics exhibiting both displacive and order-disorder tr
sitions, but the effects are generally small.

A significant advance has been the recent discovery
Itoh et al.5 that the substitution of18O for 16O in SrTiO3
induces ferroelectricity in this material with a FE transitio
temperatureTc.24 K for the fully substituted18O crystal.
SrTiO3 ~with naturally occurring16O) is a classic incipient
ferroelectric; its soft-FE-mode frequency decreases with
creasing temperature~T!, but is stabilized at the lowest tem
peratures by quantum fluctuations. Consequently, the cry
does not undergo a FE transition and retains its tetrag
paraelectric~PE! structure down to the lowest temperature
However, because of the delicate balance between the q
tum fluctuations and the dipolar interactions, small pertur
tions can induce FE order as was demonstrated quite so
time ago by the application of electrical bias,6 uniaxial
stress,7 chemical substitution,8 and now by18O substitution.5

Convincing evidence for the ferroelectricity of SrT
0163-1829/2004/69~18!/184105~9!/$22.50 69 1841
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(16O12x
18Ox)3 for x>0.33 has come from dielectric, hyste

esis loop, Raman, and birefringence measurements.5,9,10 It is
found that the FE transition temperature follows t
expression11 Tc5A(x2xc)

1/2, predicted for quantum
ferroelectrics,12,13 whereA530.4 K andxc50.33.

Because the occurrence of FE transitions in the quan
regime is determined by a very delicate balance betw
competing interactions, the application of hydrostatic pr
sure can be expected to strongly influenceTc and the dielec-
tric properties and provide important insight into the physi
Indeed, this expectation has been shown to be the case
many ferroelectrics,3,13 and it motivated the recent pressu
studies of Wanget al.14 of the dielectric properties of fully
18O-substituted SrTiO3 . Results were obtained on
(100)c-oriented sample@i.e., field perpendicular to the~100!
face referenced to the cubic~c! phase#, but the authors ex-
pressed two main concerns about their experiment.14,15 The
first has to do with the fact that pressure was generated
so-called ‘‘clamped’’ high-pressure cell using the organ
fluid fluorinert as the pressure-transmitting medium. In t
cell, pressure is generated by pushing a piston into a di
room temperature, clamping the piston in place by a b
and then transferring the cell to a cryostat for low
temperature measurements. During cooling, the pres
changes due to differences in the thermal contraction of
cell and fluorinert, and, perhaps more seriously, the fluorin
ultimately freezes into a rigid glasslike solid at low tempe
tures, generating nonuniform~i.e., nonhydrostatic! stresses
that could influence the results. The second concern is
use of a (100)c-oriented crystal. On cooling cubic SrTiO3
undergoes an antiferrodistortive transition at 105 K at 1
into a tetragonal phase. This transition breaks up a m
odomain (100)c-oriented single crystal into a multidomai
©2004 The American Physical Society05-1
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sample. The concern is whether or not the multidomain
ture of the sample influences the pressure response.

The present work was undertaken to address the ab
concerns as well as to more fully investigate the press
dependence of the dielectric properties and to study the
terplay between pressure and dc biasing electric fields on
FE transition and dielectric response. A specific goal of t
work is to shed some light on the mechanism of the tran
tion in the 18O-substituted material. Earlier experimental r
sults interpreted the transition as due either to the percola
of FE microregions~FMRs! attributed to the presence o
oxygen vacancies9 or due to the formation of a low-T domain
state.16 In this paper results on an18O-substituted~.97%
18O) crystal as well as on SrTiO3 (16O) were obtained and
contrasted, revealing new insights into the physics of
substituted crystal.

II. EXPERIMENTAL DETAILS

The measurements were made on (110)c-oriented SrTiO3
(16O) and SrTiO3 ~97% 18O) crystals from the same materi
used by Itoh and co-workers.14,15 In this orientation, the
sample is cut with faces parallel to the (110)c twin-boundary
plane, resulting in a single domain in the tetragonal pha
For brevity these samples will henceforth be referred to
STO-16 and STO-18, respectively. The samples were
rectangular plates~15.6 mm2 in area30.37 mm thick! with
polished and parallel faces. The electrical contacts on
large faces were of strongly adhering gold prepared fr
gold paste heated at 873 K to burn the orga
constituents.5,14 The isotopic exchange method has been
scribed by Itoh and co-workers,5,11 and the18O content was
determined from the weight increment. For the pres
sample the18O content exceeded 97% withTc524 K at 1
bar.

The pressure apparatus used helium~He! as the pressure
transmitting medium. Compressed helium is fed into
pressure cell through high-pressure tubing. He conden
and freezes at high pressure, but solid He is a very w
solid, allowing the maintenance of hydrostatic conditio
The real (e8) and imaginary@e9 (5e8 tand)# components of
the dielectric permittivity were measured as functions
temperature~4–292 K!, hydrostatic pressure~0–6 kbar!, fre-
quency (102– 106 Hz), and dc biasing field~0–2000 V/cm!.
The driving ac field amplitude was kept low~,1 V/cm! to
minimize nonlinearities in the dielectric response. Tempe
ture measurements were carried out at a slow drift of;0.2–
0.5 K/min.

III. RESULTS AND DISCUSSION

A. Influence of pressure on the dielectric response

Figure 1 shows the temperature dependences ofe8 and
tand at 1 bar at 104 Hz on both heating and cooling fo
STO-18. Results on STO-16 are shown for comparison.
STO-18e8(T) results exhibit a peak (Tc) at 24 K associated
with the FE transition. Interesting features are the hig
value of e8 at the peak (emax8 ) on cooling and the therma
hysteresis ine8 in the low-T FE phase. As shown, the data
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1 bar in Fig. 1~a! reveal an unexpected;0.2 K hysteresis in
the high-T PE phase. We believe that this is an artifact~not
seen in scans under pressure! reflecting a thermal gradien
between the sample and the Au10.07% Fe/Chromel thermo
couple at ambient pressure. Correcting for thisT offset by
shifting the heating curve down by 0.1 K and the cooli
curve up by the same amount, there remains a small hy
esis of;0.2 K in theTc . Thermal hysteresis inTc and in
e8(T) in the FE phase are the usual signature of a therm
dynamically first-order phase transition. We should hasten
mention, however, that very recent 1 bar measurements
Dec et al.17~a! on a STO-18 crystal with 94%18O do not
show a hysteresis inTc , but do exhibit a higheremax8 on
cooling than on heating as well as hysteresis ine8 in the FE
phase—features they attribute to a domain state belowTc .
Going back to Fig. 1~a!, we note that our high-pressure~0.25
kbar! data reveal that the above-mentioned thermometry
tifact aboveTc is no longer present~perhaps compresse
helium reduces the thermal gradients! and there is a more
definite~;1 K! hysteresis inTc . Thus the issue of the ther
modynamic order of the transition at 1 bar for the pres
crystal remains somewhat open.

FIG. 1. Temperature dependences at 1 bar and 104 Hz of the
dielectric constante8 and dielectric loss tand for our STO-18
~>97% 18O) crystal compared with similar results for an unsubs
tuted STO-16 crystal.e8(T) results for STO-18 at 0.25 kbar are als
shown to emphasize the observed thermal hysteresis inTc and in
the ferroelectric phase~solid symbols5heating; open symbols
5cooling). The inset shows that thee8(T) response is essentiall
independent of frequency in the range 102– 105 Hz.
5-2
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PRESSURE AS A PROBE OF THE PHYSICS OF18O- . . . PHYSICAL REVIEW B 69, 184105 ~2004!
A first-order phase transition for STO-18 has been p
dicted on the basis of an electron-phonon interaction lat
dynamical model.17~b! This model includes lattice anharmo
nicity as well as the important directional Ti-Op-d hybrid-
ization via a nonlinear shell-model representation. Spec
cally, calculations using this model reveal, for the fu
substituted crystal, small discontinuity atTc in the tempera-
ture dependence of the core-shell displacement coordin
which is analogous to an order parameter for the transiti

In these regards an interesting question is, what is
experimental signature of a first-order phase transition in
quantum regime? At high temperatures, first-order ph
transitions in ferroelectrics are accompanied by measur
discontinuities atTc in macroscopic properties such as t
dielectric susceptibility~or e8) and the polarization, in addi
tion to thermal hysteresis inTc . Are such discontinuities
measurable in the quantum regime? We suspect that the
swer is usually no for two general reasons. First, asT ap-
proaches 0 K, the free energy difference between the ph
becomes relatively small, and, second, quantum fluctuat
smear out the transition. The latter effect explains whye8(T)
peaks at FE transitions in the quantum regime are alw
rounded.13

The results in the inset in Fig. 1~a! show that thee8(T)
response is essentially frequency independent. The
weak dispersion inemax8 and ine8(T) in the FE phase, see
also by Itohet al.,5 is not uncommon in ferroelectrics an
does not represent relaxor FE behavior, as will be discus
later. The roundede8(T) peak is largely a manifestation o
quantum fluctuations at lowT, as already noted.

Figure 1~b! shows the tand(T) responses at 1 bar for bot
the STO-18 and STO-16 crystals at 104 Hz. The shoulder
below ;25 K in the STO-18 data is associated with the
transition. It is followed by a large peak at;10 K. The tand
peak is also seen, but at a much reduced amplitude in S
16, as shown. These features, which were also observe
Wang and Itoh11 in 1 bar data, appear to be associated w
an unknown impurity or defect, and they do not influence
FE transition. They do, however, exhibit interesting and
vealing effects that will be discussed in Sec. III E.

Figure 2 shows the influence of pressure of thee8(T)
cooling response. First, we note the large shift of the tra
tion to lower temperatures. The initial slope isdTc /dP
>220 K/kbar, a large effect. Second, there is a large
crease in the amplitude of the peak with pressure. At 0
kbar the transition is completely suppressed, and thee8(T)
response closely resembles that of STO-16 at 1 bar show
Fig. 1~a!. These pressure effects are characteristic of dis
cive FE’s in the quantum regime and can be understoo
terms of soft-mode theory,3 as we shall discuss below.

The inset in Fig. 2 shows the temperature-pressure ph
diagram for STO-18. The data show clear evidence thaTc
vanishes with an infinite slope—i.e.,dTc /dP→2` as Tc
→0 K. This is a requirement of the third law of thermod
namics for both first- and second-order phase transitions
establishes the equilibrium nature of the transition~as con-
trasted with relaxors! in STO-18.13 The solid line in the inset
is a fit of theTc(P) data to the equation
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Tc5A~12P/Pc!
1/2, ~1!

with A523.9 K andPc50.69 kbar. The form of this equa
tion is predicted from theory for quantum ferroelectrics.11–13

It is seen that the observed response obeys this expres
quite well, again emphasizing the normal ferroelectric nat
of STO-18.

At this point, it is important to note that, although the
are some quantitative differences in thee8(T) at pressure
between the results in Fig. 2 and those reported by W
et al.14 the general features of the responses are similar
particular, theTc(P) results of Wanget al.14 obtained in the
clamped pressure cell and shown by open diamonds in
inset in Fig. 2 are in close agreement with the present d
Thus the fluorinert pressure-transmitting medium used
Wanget al. has no significant influence onTc(P), and addi-
tionally, the results are not appreciably influenced by
multidomain nature of the initially (100)c-oriented sample
used by Wanget al.

B. Temperature and pressure dependences of the susceptibility
in the high-temperature phase: The FE soft-mode

response

Figure 3 showse8(T) and 1/e8(T) plots at 1 bar for both
STO-18 and STO-16 over an extended temperature rang
is seen thate8 for STO-18 is larger over the wholeT range.
For soft-mode ferroelectricse8(T) in the PE phase is deter
mined by theT dependence of the soft-mode frequencyvs
because the two quantities are connected by a Lydda
Sachs-Teller relationship such thatvs

2e85const. This rela-
tionship is well established for STO-16, and we confirm it
Fig. 4 where we have plottedvs

2 and A/e8 vs T. The solid
diamonds are based on the average of three sets ofvs(T)
data obtained on STO-16 from inelastic neutron scatterin18

and hyper-Raman measurements.19,20 The dashed line is
A/e8(T) using our STO-16e8(T) data and the equation
vs

2e852.483106 cm22, where the constant was determine
from the measured values ofvs ande8 at 200 K. It is seen

FIG. 2. The large influence of pressure on thee8(T) response
leading to the complete suppression of the ferroelectric state.
inset shows the shift ofTc with pressure where the solid circles a
our data and the open diamonds are from Ref. 14.
5-3
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that the diamonds follow the dashed line quite accurat
confirming the above relationship.

The T dependence ofvs has not been reported for STO
18, but judging from thee8(T) data in Fig. 3, it should be
very similar to that of STO-16 above;60 K. Thus, if we
assume that the same constant (2.483106 cm22) applies to
STO-18, we can use the presente8(T) data to calculate
vs(T). The results, expressed asvs

2(T), are given by the
solid line in Fig. 4. The slightly lower values ofvs at any
given T for STO-18 compared to STO-16 reflects the e
pected softening ofvs on 18O substitution~see below!. This
is, of course, also seen in a somewhat highere8 for STO-18
above 60 K as shown in Fig. 3. The upper inset in Fig
shows expandedvs

2(T) plots in the region of the phase tran

FIG. 3. Plots ofe8(T) and 1/e8(T) for STO-18 and STO-16
over an extended temperature range. The insets show an expa
view of the 1/e8 response nearTc and of the pressure dependenc
of e8 at 293 K.

FIG. 4. Temperature dependences of the square of the soft-m
frequency,vs

2, for STO-16 and STO-18~see text for details!. The
insets show an expanded view of the behavior nearTc and a depic-
tion of the eigenvector of the soft~Slater! mode.
18410
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sition in STO-18. The theoretical calculations of Bussman
Holder et al.17~b! show qualitatively very similar results, bu
with a lowerTc of 15 K.

In a recent private communication21 we have learned tha
the T dependence ofvs of STO-18 has been measured b
both inelastic neutron scattering and hyper-Raman scatte
The resolution of the neutron data was not sufficient to
solve differences between STO-18 and STO-16, but
hyper-Raman data clearly reveal the additional softening
vs of STO-18 compared to STO-16. The measured STO
data are shown~open circles! in the upper inset in Fig. 4
They parallel the solid line based on oure8(T) data, but are
displaced to higher temperatures with an indicatedTc of 30
K, or 6–7 K above the actualTc ~suggesting perhaps a
uncertainty in temperature measurement!. Shifting the
Raman-based data 6–7 K lower brings them close to
results. An additional hyper-Raman datum point was m
sured at 300 K, yieldingvs587 cm21. This point is in good
agreement withvs

2(T) deduced from oure8(T) data in
Fig. 4.

The FE soft mode in SrTiO3 , a long-wavelength trans
verse optic phonon, consists primarily of vibrations of t
Ti41 ions against their surrounding oxygen octahedra. T
eigenvector of this mode~the Slater mode! is shown in the
inset in Fig. 4. Clearly replacing16O by 18O should reduce
the frequency of this mode. Specifically, the ratio of the f
quencies is related to the ratio of the effective masses~m! of
the Ti-O6 octahedral units by

v18/v165~m16/m18!
1/2. ~2!

For the Slater mode it is readily shown thatv18/v16
50.97—i.e., a 3% decrease invs on complete18O substitu-
tion in SrTiO3 .22 Our dielectric data accurately confirm th
prediction. This is most clearly seen in the inset in Fig.
wheree8 is plotted versus pressure at 293 K and thee8 curve
for STO-18 is 6% higher than the STO-16 curve. Specifica
at 1 bar,e188 5348 ande168 5328 so thate188 /e168 51.06—i.e., a
6% enhancement, which, frome8}(1/vs

2), implies a 3% de-
crease invs , as calculated.

Going back to Fig. 4, we see thatvs
2(T) for STO-18

parallels that for STO-16 above;60 K, but deviates as
shown and, as expected, on approachingTc . It is this addi-
tional softening which triggers the FE transition, making
difficult for the disordering tendency of quantum fluctuatio
to overcome the ordering tendency of the dipolar inter
tions.

The observed decrease ofTc of STO-18 and the ultimate
complete suppression of the FE phase with pressure ca
understood in terms of soft-mode theory as has been dem
strated for other displacive ferroelectrics.3 Inherent in the
soft-mode concept for FE transitions is the premise that
crystal is unstable in the harmonic approximation with
spect to the soft mode.3 Specifically, the square of the ha
monic frequency,v0

2, is presumed to be sufficiently negativ
~i.e., v0 is imaginary! that this mode cannot be stabilized b
zero-point fluctuations alone. Thermal fluctuations th
renormalize v0 and make it real at finite temperature

ded

de
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PRESSURE AS A PROBE OF THE PHYSICS OF18O- . . . PHYSICAL REVIEW B 69, 184105 ~2004!
thereby stabilizing the lattice. Formally, the renormaliz
frequency of modej with wave vectorq for an anharmonic
crystal can be written as3,23

vT
2~ jq !5v0

2~ jq !1(
mk

gj m
~4!~qk!x

1

2v~mk!
coth

v~mk!

2kBT
,

~3!

wheregj m are effective fourth-order coupling constants a
the summation is over all modesm and wave vectorsk. At
suitably high temperatures, thermal fluctuations are do
nant, and the second term on the right-hand side of Eq.~3! is
linear in T as confirmed by the data above;60 K ~Fig. 4!.

Extrapolation of this linear response toT50 K yields as a
measure ofv0

2 a negative value—i.e., an imaginary harmon
mode frequency. The deviation from linearvs

2(T) below
;60 K is attributed to quantum fluctuations and is predic
from Eq. ~3!. One consequence of quantum fluctuations
ferroelectrics is to suppressTc below its classical limitTc

cl

@the intersection of the linearvs
2(T) line with theT axis in

Fig. 4#.13 Evidence for this suppression for STO-18 is seen
Fig. 4 where the actualTc @minimum in vs

2(T)] falls well
below Tc

cl .
According to soft-mode theory,v0

2, which is determined
by the overcancellation of the short-range forces by the lo
range Coulomb forces, should become less negative and
timately, positive with increasing pressure, makingvs real
and finite and thereby the crystal stable at all temperatu
i.e., the transition vanishes. This is what we observe, as d
onstrated in Fig. 5 where we have plotted 103/e8 ~which is
proportional tov0

2) vs T at different pressures. These resu
are quite revealing. The intersections of the linear highT
~classical! response with thex and y axes yield the Curie-
Weiss temperature (T0) andv0

2, respectively. The results in
Fig. 5 show that~i! T0 decreases with pressure with a slo
dTc /dP527.5 K/kbar, which is comparable to that o
many perovskite ferroelectrics in the classic regime,3 and~ii !
v0

2 should become positive~and thus the classic transitio
should vanish! at ;5 kbar. The facts thatdTc /dP for

FIG. 5. Plots ofvs
2(T) or 1/e8(T) at different pressures fo

STO-18.
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STO-18 is much larger~220 K/kbar! and the actual transi
tion vanishes at 0.69 kbar~and not at;5 kbar! are clear
manifestations of the role of quantum fluctuations in th
system.

One of the consequences of the suppression of the p
transition is the presence of a special critical point: name
Tc50 K.12,13This point, which is referred to as the quantu
displacive limit, is characterized by special critical exp
nents. Its presence gives rise to classical-to-quantum cr
over phenomena. Quantum suppression and the respon
and near this limit,Tc50 K, have been studied extensive
on the basis of lattice dynamic models solved within t
framework of both classical and quantum statistic
mechanics.12 One specific prediction from these models
that the critical exponentgT of the generalized susceptibilit
equation

e85e 8̀ 5C~T2TC!gT, ~4!

which is51 in the high-T classical regime, should reach
value gT52.0 at the displacive limit. Figure 6 is a log-lo
plot of our e8(T) results on STO-18. The expectation fro
theory is that in the quantum regimegT52 at ; 0.7 kbar
~whereTc'0 K), after whichgT should decrease. The re
sults in Fig. 6 qualitatively show the expected behavi
however,gT is significantly, 2 at 0.70 kbar.

Wang and Itoh11 studied the behavior ofgT as a function
of 18O composition at 1 bar. They observed an increase ingT
on approaching the quantum displacive limit (Tc50 K at
33% 18O) from both the high- and low-concentration r
gimes with the suggestion that a value ofgT52.0 may be
reached. The theory also predicts thatTc(P) should obey Eq.
~1! as Tc→0 K. This is indeed observed, as we discuss
earlier.

Another manifestation of the suppression of the transit
is the formation of quantum paraelectric~QPE! state—a state
characterized by a large, temperature-independente8 over a
relatively large temperature range at lowT’s. Such a state
obtains for STO-16 at 1 bar and for STO-18 atP*0.7 kbar

FIG. 6. Log-log plots of (e82e 8̀ ) vs (T2Tc) for STO-18 at
different pressures.
5-5
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and as shown in Fig. 7. The quantum PE state extend
higherT with increasing pressure as shown for both STO
and STO-18. Qualitatively similar results were observed
Wanget al.14 TheT dependence ofe8 in this regime is often
described in terms of the Barrett equation, as recently do14

for STO-18. It is also well described in terms of Eq.~3!.

C. Influence of dc biasing fields

It is well established that dc biasing fields have a stro
influence on the properties of ferroelectrics, especially in
quantum regime where the characteristic energies are sm
This was demonstrated by Itohet al.5 for (100)c-oriented
STO-18 crystal at 1 bar and is shown in Fig. 8 for o
(110)c-oriented sample. The large suppression of the p
amplitudeemax8 and the shift of the peak temperature (Tm) to
higher temperatures are the expected behaviors for quan
ferroelectrics and can be understood as follows. The app
tion of a biasing field stabilizes the local potential of a dip

FIG. 7. Temperature dependence ofe8 in the quantum paraelec
tric phases of STO-18 and STO-16 at different pressures.

FIG. 8. Bias electric field dependence of thee8(T) response of
STO-18 at 1 bar. The insets show the influence of bias on
potential for dipolar reorientation~right! and onvs(T) for STO-16
~left! from Ref. 24.
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lar entity, making one of its potential minima deeper and
other shallower~inset in Fig. 8!. Thus more thermal energy i
needed to overcome the deeper barrier, leading to a hig
Tm . Additionally, the field stiffens the soft mode and align
and clamps the polarization of the sample, reducing its sm
signal ac susceptibility—i.e., suppressinge8. These effects
are well known from Landau free energy theory,2 which pre-
dicts thatTm increases with field strength asE2/3. The results
in Fig. 8 show the expected increase ofTm with E, but they
do not extend over sufficient ranges ofE andTm to provide
a quantitative test. Another feature to note is the fact t
these very large biasing field effects with modest bias
fields occur only in the quantum regime. They vanish abo
;40 K as shown in Fig. 8.

It should be noted here that it has long been known24 that
a dc biasing field stiffensvs of STO-16 and that sufficiently
high bias breaks the tetragonal symmetry and induces fe
electricity with a broade8(T) peak. The FE transition is
reflected in a broad minimum invs(T) as shown in the inse
in Fig. 8. This minimum shifts to higherT’s with increasing
field. Thus these results qualitatively mimic the behavior
STO-18 in Fig. 8; however, the fields to induce the lar
changes seen for STO-18 are much smaller than those
quired for STO-16. Specifically, while, for STO-16
dTm /dE51.9 K cm/kV, dTm /dE57 K cm/kV for STO-
18—a reflection of the fact that bothvs and quantum fluc-
tuations are smaller for STO-18.

D. Nature of the phase transition in STO-18

Much of the evidence from the present as well as ear
work by Itoh et al.5 has indicated that highly substitute
STO-18 exhibits on cooling a transition to a normal FE st
at ;24 K at 1 bar. From a thermodynamic point of view, th
vanishing ofTc with an infinite slopedTc /dx at a critical
concentration11 or at a critical pressure~Fig. 2! is indicative
of an equilibrium phase transition. The evidence also po
to the softening of the FE mode in the high-T paraelectric
phase with increasing18O substitution as the trigger for th
transition. In STO-16 this mode also softens with decreas
T, but ultimately quantum fluctuations prevent it from so
ening sufficiently to induce the transition. In STO-18 tw
effects due to the heavier mass of18O conspire to induce the
transition: ~i! additional softening of the FE mode in th
tetragonal phase and~ii ! damping of the quantum fluctua
tions at lowT’s. And it is only in the low-T quantum regime
where the characteristic energies of the system are so s
that the;12% change in mass produced by18O substitution
can produce such large effects. Thus, e.g.,18O substitution in
BaTiO3 raises its FE transition temperature~393 K! by only
;0.9 K.4

Despite the above evidence for a displacive soft mo
nature for the transition, there have been a number of p
zling and unresolved observations. Raman scattering stu
on an 87%18O-substituted crystal by Kasaharaet al.9 re-
vealed a 20% softening of theA2u-type zone-center optic
mode belowTc , but did not find theEu soft FE mode which
was expected to drive the transition in the low-T phase. Nor-
mally, the symmetry of this phase would be expected to

e
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orthorhombic, and thus the Raman results are not consis
with such symmetry. However, recent second-harmonic g
erating ~SHG! results on STO-18 have shed some light
this point.25 While the rapid rise of the SHG signal belowTc
confirms a sharp transition to a polar state, analysis of
SHG signal suggests the existence of locally variant mixtu
of eight triclinic polar domains. These domains transfo
into a single orthorhombic domain under a sufficiently lar
E field perpendicular to the tretragonalc axis of the high-T
phase.25 This complex mixture of domains and the interpl
between different symmetries would make the observatio
a distinct soft mode in the FE phase with Raman scatte
difficult. As for the behavior aboveTc , our results in Fig. 4
and the lattice dynamical calculations17 and the very recen
hyper-Raman data21 leave no doubt about the soft-mode n
ture of the transition, as already discussed.

The Raman study9 also suggested that ferroelectric m
croregions similar to those believed to exist in undop
KTaO3 ~Ref. 26! are present in STO-18. These FMR’s a
attributed to the presence of oxygen vacancies (VO’s) intro-
duced by the high-temperature~1273 K! processing required
to achieve18O for 16O substitution in SrTiO3 .5 Each VO
produces a dipolar entity, which polarizes a nanoregion
microregion around it, forming a FMR. This finding led th
authors9 to suggest that the mechanism for the transition
STO-18 is percolation of the FMR’s as they grow with d
creasingT in a manner analogous to that observed in dil
Ca-doped SrTiO3 ~Refs. 27 and 28! and Nb-doped KTaO3
~Ref. 13!. Analysis of the Raman data provided the change
the size (Ro) of the FMR’s with T,9 and the suggestion i
made that the phase transition occurs whenRo becomes
larger than the separation between oxygen vacancies.
present results, including the absence of significant
quency dispersion ine8(T) ~inset, Fig. 1!, argue against such
a mechanism for the transition in the present crystal.

Such a mechanism, if valid, would raise a number
questions. WhileVO would induce a dipole, which would
form a FMR in the highly polarizable SrTiO3 host, it is
doubtful that there would be sufficient number ofVO’s to
induce the transition.~We are not aware of a value for theVO
formation energy in SrTiO3 , but it must be on the order o
several volts.! A second point is thatVO hopping is un-
likely to occur at temperatures approachingTc of STO-18, so
that theVO must be immobile, or frozen, as is the case
KTaO3,29 making it difficult for the polarization of the va
cancy produced FMR’s to follow the oscillations in the
driving field. Without such fluctuations in the polarizatio
which would requireVO hopping, it is difficult to explain the
buildup of the susceptibility~or e8) asT approachesTc from
above.

Other observations have led to the suggestion that
low-T phase of STO-18 is adomain state.16 These observa
tions include a nonlinear dielectric response reflected i
strong dependence ofe8 on the amplitude of the ac driving
field at T’s!Tc and decrease in the magnitude of the rem
nent polarization with time atT’s slightly belowTc . Nonlin-
ear dielectric responses have been observed in both o
and hydrogen-bonded FE’s and are usually attributed to
dynamics of different domain structures belowTc .30,31 The
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fact that the observed nonlinearity in STO-18 is observed
much lower ac field amplitudes than in other FE’s is mo
likely related to the much smaller characteristic energy sc
of STO-18 in the quantum regime. This small energy sc
could also be responsible for the observed decrease of
remanent polarization with time.

The concept of a low-T domain state was proposed qui
some time ago by Imry and Ma32 and Aharony.33 Their the-
oretical results showed that when the order parameter
continuous symmetry, the ordered state of a large system
less thand54 dimensions is unstable against an arbitrar
weak random field~RF!—i.e., a field much weaker than th
interactions that favor the ordered state. Instead of a lo
range ordered state, it becomes energetically more favor
for such a system to break up on cooling into ‘‘sufficient
large’’ domains to form a low-T domain state. The size of th
domain is determined by a balance between the domain
energy and the statistics of the RF.

As for STO-18, the question then is what is the nature
the low-T state and not the mechanism for the transition.
noted earlier, there is compelling evidence that the lowT
phase is ferroelectric, but is the order long range as i
normal ferroelectric or is it broken up by the frozen RF
~presumably associated withVO’s) that lead to a domain
state? In reality, in the absence of a dc biasing field,
normal ferroelectrics are made up of randomly oriented
mains. So it is the size of the domains that distinguishe
normal FE state from a domain state. It is the higher deg
of statistical fluctuations when the domains are very sm
that changes the dynamics and contributes to the nonlin
response ofe8(T) to ac fields. In contrast to normal FE do
main walls, the RF-induced domain walls are subject to
pinning which leads to relaxation in the dielectric response34

E. The 10-K relaxation

The dielectric loss peak at;10 K seen in Fig. 1~b! has
been observed in other STO-18 samples.11,35,36 It exhibits
some remarkable pressure-induced changes which we
discuss. Figure 9 is a summary of some of the results. F
we note that the tand peak associated with the FE transitio
~which due to its proximity to the 10-K peak appears as
shoulder at;20 K! shifts to lower T with pressure and
merges into the 10-K peak by;0.5 kbar~not shown!. We
also note that, whereas there is no frequency dispersio
the location of the tand(T) shoulder associated with the F
transition, the 10-K tand peak exhibits the frequency dispe
sion of a relaxor. The relaxational frequency follows Arrhe
ius kinetics as shown by the inset in Fig. 9 withE
514 meV andvo5731010 Hz. Within the scatter of the
data, both the peak temperature and dispersion appear
independent of pressure over the small pressure range
ered. This is significant when contrasted with the large s
of Tc as will be discussed below. However, the amplitude
the tand peak exhibits the strong and revealing pressure
pendence shown, where we show only data at 104 Hz. Other
frequencies show qualitatively similar results. It is seen t
the amplitude decreases monotomically in the FE phase,
then drops precipitously~by almost an order of magnitude!
5-7
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when Tc vanishes and the sample crosses over to the Q
state at>0.7 kbar. In the QPE state the amplitude of tand is
quite small and decreases only slightly with pressure.

The 10-K relaxational peak also occurs in STO-16 a
has been studied at 1 bar~Refs. 35 and 37!. Our results on
this crystal agree with these earlier studies. Interestingly,
amplitude of this peak in STO-16 is comparable to that
STO-18 in its QPE phase@cf. Figs. 1~b! and 9, 0.72 kbar#.
Viana et al.37 found that the kinetics of this relaxation i
STO-16 at 1 bar obeys an Arrhenius law above;9 K with
E513.8 meV andvo56.331010 Hz, parameters that are e
sentially the same as we find for both STO-18 and STO-
The kinetics takes on a non-Arrhenius character at lo
temperatures.37 The authors interpreted this relaxation to
characteristic of a quantum phase transition into a cohe
quantum state, but suggested that alternative explana
could be given in terms of ferroelectric microdomains a
the relaxation of a well-defined defect state. Our results
those of Wang and Itoh35 strongly favor the latter interpreta
tion.

Wang and Itoh35 foundE513.8 meV for STO-16 at 1 ba
for data between;9.5 and 12 K and observed thatE de-
creases somewhat with18O substitution. Within experimenta
uncertainty, we do not see any difference inE between our
STO-16 and STO-18 crystals. In a more recent stu
Kleemann38 find E511.4 K for an 18O-substituted crysta
with no systematic deviation from Arrhenius behavior b
tween 5 and 14 K. There are some differences in the 1
values ofE andvo among the reported values. Scatter in t
data may account for some of these differences, but it is
clear that this can explain all.

FIG. 9. The influence of pressure on the dielectric loss tand of
STO-18 measured at different frequencies with emphasis on
10-K relaxation peak.
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The fact that the 10-K relaxation occurs in STO-16 alo
with the results in Fig. 9 suggests that it is native to STO a
is not associated with the high-temperature process use
exchange16O by 18O. The results in Fig. 9 are indicative o
strong coupling between this relaxation and the polarizat
in the FE phase, a coupling that strongly enhances the
plitude of tand. This coupling is lost on loss of polarizatio
in STO-18 asTc→0 K and the sample becomes a QPE.

A number of questions remain. What is the nature of
defect responsible for the 10-K relaxation and why doe
not shift with pressure, given the large pressure depende
of Tc and the dielectric properties? Clearly, the defect has
associated orientable dipole moment leading to the obse
relaxational loss peak. It is tempting to speculate that t
relaxation is akin to that observed even the purest in KTa3
samples at;40 K ~Ref. 39! and which has the same ampl
tude of tand as that for STO-16 or for STO-18 in its QP
state—i.e., at>0.7 kbar. The KTaO3 relaxation has been
attributed to an unknown impurity or defect, and, signi
cantly, it exhibits Arrhenius kinetics withE538 meV and
vo5131011 Hz, both quantities quite comparable to tho
seen in our STO-18 crystal given the difference in peak te
peratures.

As for the absence of detectable shift in the 10-K pe
temperature with pressure at the 1-kbar level, we believe
this is strong evidence that the peak is a normal dipolar
tice impurity or defect whose impurity potential and m
tional dynamics are determined by normal lattice proper
and have nothing to do with the soft FE mode that det
minesTc and its extremely large pressure dependence.
normal lattice properties pressures on the order of 1 kbar
relatively minor perturbations, and one needs to go to c
siderable higher pressure to observe measurable chang
crystal potentials. Explanations of the 10-K relaxation
terms of FE microclusters and quantum phase transitions
be ruled out as these would exhibit large pressure effect
the quantum regime where the characteristic energies
small.13 We believe that it is simply due to an unknow
impurity or defect, a conclusion that is shared by others.35,38

We have extended study of this relaxational phenome
under both pressure and field bias to Ca-doped STO-16
more detailed account of the results on this material and
STO-16 and STO-18 will be published elsewhere.

IV. CONCLUDING REMARKS

Analysis of our dielectric data has demonstrated quant
tively the additional softening of the soft-mode frequen
(vs) of SrTiO3 caused by the substitution of18O for 16O.
The fully substituted18O crystal exhibits primarily a displa
cive equilibrium transition to a low-temperature ferroelect
state. Because the transition occurs at low temperaturesTc
524 K at 1 bar!, two effects due to the heavier mass of18O
undoubtedly conspire to induce the transition: the ad
tional softeningvs and the damping of the quantum fluctu
tions that suppress the expected displace transition in
unsubstituted SrTiO3 . Our results suggest that the pha
transition at 1 bar maybe thermodynamically first order

he
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agreement with theoretical results from an anharmo
coupled electron-phonon model;17~b! however, new dielectric
results17~a! on a different crystal~94% 18O) did not reveal
significant thermal hysteresis inTc , suggesting that the orde
of the transition may deserve further examination on ot
crystals.

The occurrence of the ferroelectric transition in STO-18
determined by a balance between competing short- and l
range interactions, and pressure is an excellent variable
delicately tuning this balance and ultimately suppressing
transition. The unusually large effects of pressure and e
trical bias on the dielectric properties andTc of STO-18 are
a reflection of the fact that the transition occurs in the qu
tum regime where the characteristic energies are so sm
-

T

y

ch
,

he

18410
ic

r

s
g-
or
e
c-

-
ll,

allowing small applied fields to cause very large changes
properties.
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