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Studies of the dielectric properties and phase behavior of®@asubstituted SrTiQ (>97% %0), 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 tHé0-induced ferroelectric transition in this material. Dielectric measure-
ments reveal an equilibrium phase transitidn£<24 K at 1 bay and an enhancement of the static dielectric
constante’ over that of normali.e., 1%0) SrTiO;, or STO-16, over a large temperature range abiyeThis
enhancement is quantitatively shown to be attributed to additional softening of the ferroelectric soft-mode
frequency () of STO-16, in agreement with lattice dynamic calculations. Thus, in STO-18, two effects due
to the heavier mass offO conspire to induce the transition(i) this additional softening ofss and (ii)
damping of quantum fluctuations. Pressure lowEgsat the large initial rate of 20 K/kbar and completely
suppresses the ferroelectric state leading to a quantum paraelectric sta@7akbar, confirming earlier
results. Very large effects of a biasing dc electric fields on the peak temperatueé arelalso observed in the
guantum 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.
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. INTRODUCTION (*%0, _, 1®0,); for x=0.33 has come from dielectric, hyster-
esis loop, Raman, and birefringence measuremetit3lt is
Isotopic substitution in ferroelectridFE) crystals is found that the FE transition temperature follows the
known to produce significant changes in properties and hasxpressioh T.=A(x—x.)? predicted for quantum
often led to a better understanding of the physics. This igerroelectrics>*3whereA=30.4 K andx,=0.33.
particularly true of hydrogen-bonded ferroelectrics and anti- Because the occurrence of FE transitions in the quantum
ferroelectrics where the substitution of deuterons for protonsegime is determined by a very delicate balance between
leads to very large effects due to the large mass differenceompeting interactions, the application of hydrostatic pres-
between the two isotopes. The properties and physics afure can be expected to strongly influegeand the dielec-
these hydrogen-bonded materials are well documented arttlc properties and provide important insight into the physics.
generally understoot:3 There has also been increased rec-Indeed, this expectation has been shown to be the case for
ognition that there are significant effects and manifestationsnany ferroelectric$;*® and it motivated the recent pressure
of the role of isotopic substitution in other classes of ferro-studies of Wanget all* of the dielectric properties of fully
electrics. Hidak&studied the isotope effect on the transition 180-substituted SrTiQ. Results were obtained on a
temperaturesT,) of a number of ferroelectrics and antifer- (100).-oriented sampléi.e., field perpendicular to thel00)
roelectrics exhibiting both displacive and order-disorder tranface referenced to the cubic) phasg, but the authors ex-
sitions, but the effects are generally small. pressed two main concerns about their experimi&ftThe
A significant advance has been the recent discovery bfirst has to do with the fact that pressure was generated in a
ltoh et al? that the substitution of®O for %0 in SITiO;  so-called “clamped” high-pressure cell using the organic
induces ferroelectricity in this material with a FE transition fluid fluorinert as the pressure-transmitting medium. In this
temperatureT ;=24 K for the fully substituted"®O crystal.  cell, pressure is generated by pushing a piston into a die at
SrTiO; (with naturally occurring'®0) is a classic incipient room temperature, clamping the piston in place by a bolt,
ferroelectric; its soft-FE-mode frequency decreases with deand then transferring the cell to a cryostat for low-
creasing temperatur@), but is stabilized at the lowest tem- temperature measurements. During cooling, the pressure
peratures by quantum fluctuations. Consequently, the crystahanges due to differences in the thermal contraction of the
does not undergo a FE transition and retains its tetragonakll and fluorinert, and, perhaps more seriously, the fluorinert
paraelectriqdPE) structure down to the lowest temperatures.ultimately freezes into a rigid glasslike solid at low tempera-
However, because of the delicate balance between the quatures, generating nonuniforrfi.e., nonhydrostatic stresses
tum fluctuations and the dipolar interactions, small perturbathat could influence the results. The second concern is the
tions can induce FE order as was demonstrated quite somase of a (100)-oriented crystal. On cooling cubic SrT{O
time ago by the application of electrical biagyniaxial  undergoes an antiferrodistortive transition at 105 K at 1 bar
stress’, chemical substitutioA and now by*®0 substitutio®  into a tetragonal phase. This transition breaks up a mon-
Convincing evidence for the ferroelectricity of SrTi odomain (100)-oriented single crystal into a multidomain
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sample. The concern is whether or not the multidomain na- LYY L
ture of the sample influences the pressure response. 40} (@ b ' -
The present work was undertaken to address the abov | a o B ]
concerns as well as to more fully investigate the pressure 0.25 kbar % O{.’% g 30
dependence of the dielectric properties and to study the in- _ i Vv,""’.- w 4 ]
terplay between pressure and dc biasing electric fields on the s Vv";‘f'. A .
FE transition and dielectric response. A specific goal of this = ok o ‘v.?vbg v, 20 20 25
work is to shed some light on the mechanism of the transi- @ WDD v 9,
tion in the *20-substituted material. Earlier experimental re- i DDDDDD s, TK) -
sults interpreted the transition as due either to the percolatior s DDDDDUD .
of FE microregions(FMR9) attributed to the presence of | f DDDDDD?&"&”&W&’HO
oxygen vacanciéor due to the formation of a loW-domain , STO-16 3
state!® In this paper results on atfO-substituted(>97% 0
180) crystal as well as on SrTiQ(*%0) were obtained and i N 1
contrasted, revealing new insights into the physics of the = 0.04 = (b) & 1 bar -
substituted crystal. .S STO-18
NL-§
Il. EXPERIMENTAL DETAILS [ . k% 7
K 002 o -
The measurements were made on (lidd@)ented SrTiQ s - ¢ % .
(*%0) and SrTiQ (97% *0) crystals from the same material s S : 1
used by Itoh and co-workef4!® In this orientation, the s <"’OD 1
sample is cut with faces parallel to the (11@)in-boundary 0.00 | 3007 "PoooomconoooconntBSteseeesseee |
plane, resulting in a single domain in the tetragonal phase - §TO-16 .
For brevity these samples will henceforth be referred to as e — T
STO-16 and STO-18, respectively. The samples were thir 0 10 20 30 40 ,50
rectangular plate$15.6 mnf in area<0.37 mm thick with Temperature (K)

polished and parallel faces. The electrical contacts on the
large faces were of strongly adhering gold prepared from FIG. 1. Temperature dependences at 1 bar arfdHi0of the
gold paste heated at 873 K to bumn the organicd'elecmf constante’ and dlelegtrlc .Io.ss tad for our STO-18 .
constituent$:¥ The isotopic exchange method has been de_(297% 80) crystal c?mpared with similar results for an unsubsti-
scribed by Itoh and CO-WOI’ke?Sl,l and thel®O content was tuted STO-16 crysFaIs (T) results for STO-18 at 0.25 kba_r are_also
. . ! hown to emphasize the observed thermal hysteresis iand in

determined from the weight increment. For the presen he lectric phasdsolid bols- heatina: bol

le the'®0 content exceeded 97% with,=24K at 1 © TGOSIeCIC Phastsold sympos eding, open symbos
samp =cooling). The inset shows that theé(T) response is essentially
bar. . independent of frequency in the range4a® Hz.

The pressure apparatus used heli¢iie) as the pressure-

transmitting medium. Compressed helium is fed into the o o
pressure cell through high-pressure tubing. He condensésbar in Fig. 1a) reveal an unexpected0.2 K hysteresis in
and freezes at high pressure, but solid He is a very wealfie highT PE phase. We believe that this is an artifeut
solid, allowing the maintenance of hydrostatic conditions.seen in scans under pressureflecting a thermal gradient
The real €') and imaginary €’ (=€’ tanéd)] components of between the sample and the AG.07% Fe/Chromel thermo-
the dielectric permittivity were measured as functions ofcouple at ambient pressure. Correcting for thisffset by
temperaturé4—292 K), hydrostatic pressur@®@—6 kbaj, fre-  shifting the heating curve down by 0.1 K and the cooling
quency (18-1C° Hz), and dc biasing field0—2000 V/cm.  curve up by the same amount, there remains a small hyster-
The driving ac field amplitude was kept lo@<1 V/cm) to  esis of ~0.2 K in the T.. Thermal hysteresis iif, and in
minimize nonlinearities in the dielectric response. Temperag'(T) in the FE phase are the usual signature of a thermo-

ture measurements were carried out at a slow drift0f2—  dynamically first-order phase transition. We should hasten to
0.5 K/min. mention, however, that very recent 1 bar measurements by
Dec et al’™® on a STO-18 crystal with 94%°%0 do not
Ill. RESULTS AND DISCUSSION show a hysteresis i, but do exhibit a higher,,,, on

cooling than on heating as well as hysteresig'inn the FE
phase—features they attribute to a domain state b8lpw

Figure 1 shows the temperature dependences’ addnd  Going back to Fig. (8), we note that our high-pressui@.25
tand at 1 bar at 16 Hz on both heating and cooling for kbap data reveal that the above-mentioned thermometry ar-
STO-18. Results on STO-16 are shown for comparison. Théfact above T, is no longer presentperhaps compressed
STO-18€'(T) results exhibit a peaKT(;) at 24 K associated helium reduces the thermal gradiengd there is a more
with the FE transition. Interesting features are the highetlefinite (~1 K) hysteresis iflT.. Thus the issue of the ther-
value of €’ at the peak /.0 on cooling and the thermal modynamic order of the transition at 1 bar for the present
hysteresis ire’ in the low-T FE phase. As shown, the data at crystal remains somewhat open.

A. Influence of pressure on the dielectric response
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A first-order phase transition for STO-18 has been pre- [ 'S'T('H'B

dicted on the basis of an electron-phonon interaction lattice 40 10° Ha 1 bar ]
dynamical modet’® This model includes lattice anharmo- 028 Kbar 1
nicity as well as the important directional Ti-@d hybrid- .Y ]

s 044 kvar_

ization via a nonlinear shell-model representation. Specifi-
cally, calculations using this model reveal, for the fully
substituted crystal, small discontinuity & in the tempera-
ture dependence of the core-shell displacement coordinate ®
which is analogous to an order parameter for the transition.

In these regards an interesting question is, what is the
experimental signature of a first-order phase transition in the
guantum regime? At high temperatures, first-order phase
transitions in ferroelectrics are accompanied by measurable ol o0 o v v v vy e ey
discontinuities afl. in macroscopic properties such as the 0 10 20 %0 40 50 60
dielectric susceptibilitfor €’) and the polarization, in addi- Temperature (K}

—
)
[=]
—
o

20 -

05
P (kbar)

tion to thermal hysteresis if;. Are such discontinuities FIG. 2. The large influence of pressure on #1€T) response
measurable in the quantum regime? We suspect that the aleading to the complete suppression of the ferroelectric state. The
swer is usually no for two general reasons. First,Tagp-  inset shows the shift of . with pressure where the solid circles are

proaches 0 K, the free energy difference between the phas€yr data and the open diamonds are from Ref. 14.
becomes relatively small, and, second, quantum fluctuations

smear out the transition. The latter effect explains whiTT) T=A(1-P/Py)"? (1)

peaks at FE transitions in the quantum regime are alwayg;iih A=23.9 K andP,=0.69 kbar. The form of this equa-
; . . .

rounded: tion is predicted from theory for quantum ferroelectritst®

The results in the inset in Fig.(d show that thee’(T) |t is seen that the observed response obeys this expression
response is essentially frequency independent. The veryyite well, again emphasizing the normal ferroelectric nature
weak dispersion ire/,,, and ine’(T) in the FE phase, seen of STO-18.
also by Itohet al,® is not uncommon in ferroelectrics and At this point, it is important to note that, although there
does not represent relaxor FE behavior, as will be discussegte some quantitative differences in tegT) at pressure
later. The rounded’(T) peak is largely a manifestation of petween the results in Fig. 2 and those reported by Wang
quantum fluctuations at low, as already noted. et all* the general features of the responses are similar. In

Figure Ib) shows the ta@(T) responses at 1 bar for both particular, theT(P) results of Wanggt al.** obtained in the
the STO-18 and STO-16 crystals at*18z. The shoulder clamped pressure cell and shown by open diamonds in the
below ~25 K in the STO-18 data is associated with the FEinset in Fig. 2 are in close agreement with the present data.
transition. It is followed by a large peak atl0 K. The tand  Thus the fluorinert pressure-transmitting medium used by
peak is also seen, but at a much reduced amplitude in STQA/anget al. has no significant influence df,(P), and addi-

16, as shown. These features, which were also observed hipnally, the results are not appreciably influenced by the
Wang and Itoft" in 1 bar data, appear to be associated withmultidomain nature of the initially (10Q)oriented sample

an unknown impurity or defect, and they do not influence theysed by Wanget al.

FE transition. They do, however, exhibit interesting and re-
vealing effects that will be discussed in Sec. Il E.

Figure 2 shows the influence of pressure of #i¢T)
cooling response. First, we note the large shift of the transi-
tion to lower temperatures. The initial slope dsT./dP )
=—20 K/kbar, a large effect. Second, there is a large de- Figure 3 shows’(T) and 1£'(T) plots at 1 bar for both
crease in the amplitude of the peak with pressure. At 0.7$T0O-18 and STO-16 over an extended temperature range. It
kbar the transition is completely suppressed, andetif@) IS seen thae’ for STO-18 is larger over the wholBrange.
response closely resembles that of STO-16 at 1 bar shown fior soft-mode ferroelectrics’(T) in the PE phase is deter-
Fig. 1(a). These pressure effects are characteristic of displalined by theT dependence of the soft-mode frequeney
cive FE's in the quantum regime and can be understood iRecause the two quantities are connected by a Lyddane-
terms of soft-mode theoryas we shall discuss below. Sachs-Teller relationship such thaﬁe’zconst. This rela-

The inset in F|g 2 shows the temperature-pressure phaé@nShlp is well established for STO-16, and we confirm it in
diagram for STO-18. The data show clear evidence That Fig. 4 where we have plotted? and A/€’ vs T. The solid
vanishes with an infinite slope—i.edT./dP——« asT, diamonds are based on the average of three sets,(aF)

—0 K. This is a requirement of the third law of thermody- data obtained on STO-16 from inelastic neutron Scatt&ing
namics for both first- and second-order phase transitions ar@nd hyper-Raman measuremetit® The dashed line is
establishes the equilibrium nature of the transitiaa con- A/e’(T) using our STO-16€’(T) data and the equation
trasted with relaxopsin STO-18% The solid line in the inset  w2e’ =2.48<10° cm 2, where the constant was determined
is a fit of theT,(P) data to the equation from the measured values af; and e’ at 200 K. It is seen

B. Temperature and pressure dependences of the susceptibility
in the high-temperature phase: The FE soft-mode
response
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FIG. 3. Plots ofe’(T) and 1€'(T) for STO-18 and STO-16
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sition in STO-18. The theoretical calculations of Bussmann-
Holder et al}™® show qualitatively very similar results, but
with a lowerT. of 15 K.

In a recent private communicatitfwe have learned that
the T dependence obg of STO-18 has been measured by
both inelastic neutron scattering and hyper-Raman scattering.
The resolution of the neutron data was not sufficient to re-
solve differences between STO-18 and STO-16, but the
hyper-Raman data clearly reveal the additional softening of
wg Of STO-18 compared to STO-16. The measured STO-18
data are showriopen circleg in the upper inset in Fig. 4.
They parallel the solid line based on o&(T) data, but are
displaced to higher temperatures with an indicatedf 30
K, or 6-7 K above the actual, (suggesting perhaps an
uncertainty in temperature measuremensghifting the
Raman-based data 6—7 K lower brings them close to our
results. An additional hyper-Raman datum point was mea-
sured at 300 K, yieldingsps=87 cm 1. This point is in good

over an extended temperature range. The insets show an expand@dreement withw3(T) deduced from oure'(T) data in
view of the 1k’ response nedf, and of the pressure dependences Fig. 4.
of ¢’ at 293 K.

The FE soft mode in SrTiQ a long-wavelength trans-
verse optic phonon, consists primarily of vibrations of the

.4+ . . . .
that the diamonds follow the dashed line quite accuraterT! lons against their surrounding oxygen octahe_dra. The
I . . eigenvector of this modé&he Slater modeis shown in the

confirming the above relationship. ) - - 16 180

The T dependence ob has not been reported for STO- Inset in Fig. 4. Clegrly replacing O by shoqld reduce
18, but iudaing f h S T) data in Fid. 3. it should b the frequency of this mode. Specifically, the ratio of the fre-

' u't WI ging hrom ]E &'(T) data in Fig. 3, |ths Ol_Jf € guencies is related to the ratio of the effective masggof
very similar to that of STO-16 above 60 K_.2T us, if we o Ti-0; octahedral units by
assume that the same constant (X48° cm™2) applies to
STO-18, we can use the presesit(T) data to calculate
wg(T). The results, expressed aé(T), are given by the
solid line in Fig. 4. The slightly lower values abs at any o )
given T for STO-18 compared to STO-16 reflects the ex-For the Slater mode it is readily shown thatig/wye
pected softening o, on 0 substitution(see below, This ~ =0.97—i.e., a 3% decrease s, on complete'®0 substitu-
is, of course, also seen in a somewhat higiefor STO-18  tion in SrTi0;.? Our dielectric data accurately confirm this
above 60 K as shown in Fig. 3. The upper inset in Fig. 4Prediction. This is most clearly seen in the inset in Fig. 3,
shows expande@?(T) plots in the region of the phase tran- wheree’ is plotted versus pressure at 293 K and ¢heurve

w1gl w16= (16 1) 2 (2

1

100 200

Temperature (K)

300

for STO-18 is 6% higher than the STO-16 curve. Specifically
at 1 bar,e; =348 ande; =328 so thak; 4/ €;,=1.06—i.e., a
6% enhancement, which, froei« (1/w?), implies a 3% de-
crease inwg, as calculated.

Going back to Fig. 4, we see thatg(T) for STO-18
parallels that for STO-16 above-60 K, but deviates as
shown and, as expected, on approaching It is this addi-
tional softening which triggers the FE transition, making it
difficult for the disordering tendency of quantum fluctuations
to overcome the ordering tendency of the dipolar interac-
tions.

The observed decrease Bf of STO-18 and the ultimate
complete suppression of the FE phase with pressure can be
understood in terms of soft-mode theory as has been demon-
strated for other displacive ferroelectritsnherent in the
soft-mode concept for FE transitions is the premise that the
crystal is unstable in the harmonic approximation with re-
spect to the soft modeSpecifically, the square of the har-

. 2 . . w .
FIG. 4. Temperature dependences of the square of the soft-modBONIC frequencywy, is presumed to be sufficiently negative
frequency,wg, for STO-16 and STO-18see text for detai)s The

(i.e., wq is imaginary that this mode cannot be stabilized by

insets show an expanded view of the behavior figaand a depic-

zero-point fluctuations alone. Thermal fluctuations then
tion of the eigenvector of the sofflate) mode.

renormalize wg and make it real at finite temperatures,
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FIG. 5. Plots ofwﬁ(T) or 1/e'(T) at different pressures for
STO-18. FIG. 6. Log-log plots of €' —€.) vs (T—T,) for STO-18 at

different pressures.

thereby stabilizing the lattice. Formally, the renormalized ) )
frequency of modg with wave vectorq for an anharmonic  STO-18 is much largef—20 K/kbap and the actual transi-

crystal can be written d$° tion vanishes at 0.69 kbaand not at~5 kbap are clear
manifestations of the role of quantum fluctuations in this
5. 5. 4 (k) system.
wT(JQ)Z%(JQH% g7 (gk)x 20( 1K) coth kT One of the consequences of the suppression of the phase

3) transition is the presence of a special critical point: namely,
T.=0 K.*213This point, which is referred to as the quantum
whereg;,, are effective fourth-order coupling constants anddisplacive limit, is characterized by special critical expo-
the summation is over all modgs and wave vector& At nents. Its presence gives rise to classical-to-quantum cross-
suitably high temperatures, thermal fluctuations are domiover phenomena_ Quantum Suppression and the response at
nant, and the second term on the right-hand side ofBds  and near this limitT.=0 K, have been studied extensively
linear inT as confirmed by the data above50 K (Fig. 4. on the basis of lattice dynamic models solved within the
Extrapolation of this linear responseTe=0 K yields asa  framework of both classical and quantum statistical
measure of»j a negative value—i.e., an imaginary harmonic mechanic? One specific prediction from these models is
mode frequency. The deviation from linea?(T) below  that the critical exponeng; of the generalized susceptibility
~60 K is attributed to quantum fluctuations and is predictedequation
from Eg. (3). One consequence of quantum fluctuations in
ferroelectrics is to suppresk, below its classical limitT¢ € =€, =C(T—To)T, (4)

[the intersection of the Iineabﬁ(T) line with the T axis in which is=1 in the highT classical regime, should reach a
Fig. 4].13 Evidence for this suppression forZSTO-18 is seeniny e+~ 2.0 at the displacive limit, Figu're 6 is a log-log
Fig. 4 V\élhere the actudl. [minimum in wg(T)] falls well 56t of our ¢’ (T) results on STO-18. The expectation from
below T¢. . . theory is that in the quantum regimeg-=2 at ~ 0.7 kbar
According to soft-mode theoryyg, which is determined  (where T,~0K), after whichy; should decrease. The re-
by the overcancellation of the short-range forces by the longsuits in Fig. 6 qualitatively show the expected behavior;
range Coulomb forces, should become less negative and, Lﬁo\,\,e\,em,T is significantly< 2 at 0.70 kbar.
timately, positive with increasing pressure, makiag real Wang and Itoh* studied the behavior of; as a function
and finite and thereby the crystal stable at all temperatureg;f 180 composition at 1 bar. They observed an increasgrin
i.e., the transition vanishes. This is what we observe, as dengn approaching the quantum displacive limf.€0K at
onstrated in Fig. 5 where we have plotted®/k0 (which is 330 180) from both the high- and low-concentration re-
proportional tOwS) vs T at different pressures. These resultsgimes with the suggestion that a value pf=2.0 may be
are quite revealing. The intersections of the linear high- reached. The theory also predicts tfigfP) should obey Eq.
(classical response with the andy axes yield the Curie- (1) as T,—0K. This is indeed observed, as we discussed
Weiss temperatureT() and w3, respectively. The results in earlier.
Fig. 5 show thati) T, decreases with pressure with a slope  Another manifestation of the suppression of the transition
dT./dP=—7.5K/kbar, which is comparable to that of is the formation of quantum paraelect(@@QPE state—a state
many perovskite ferroelectrics in the classic regiaed(ii)  characterized by a large, temperature-independemver a
wé should become positivéand thus the classic transition relatively large temperature range at Iovs. Such a state
should vanish at ~5 kbar. The facts thadT./dP for  obtains for STO-16 at 1 bar and for STO-18Ra0.7 kbar
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T ' ; T y lar entity, making one of its potential minima deeper and the

0.7 kbar ™% other shallowefinset in Fig. 8. Thus more thermal energy is

%, symbols; STO-18 T needed to overcome the deeper barrier, leading to a higher
20 % lines: STO-16 1 Tm. Additionally, the field stiffens the soft mode and aligns
- v 1 and clamps the polarization of the sample, reducing its small

V‘g signal ac susceptibility—i.e., suppressia These effects
VVVV ] are well known from Landau free energy thedmyhich pre-
% l dicts thatT,, increases with field strength &3, The results
%

£ [10%]

in Fig. 8 show the expected increaseTgf with E, but they
do not extend over sufficient ranges®fand T, to provide
a quantitative test. Another feature to note is the fact that
these very large biasing field effects with modest biasing
fields occur only in the quantum regime. They vanish above
~40 K as shown in Fig. 8.

It should be noted here that it has long been knvimat
a dc biasing field stiffensg of STO-16 and that sufficiently
high bias breaks the tetragonal symmetry and induces ferro-

FIG. 7. Temperature dependenceetfin the quantum paraelec- €lectricity with a broade’(T) peak. The FE transition is
tric phases of STO-18 and STO-16 at different pressures. reflected in a broad minimum i@¢(T) as shown in the inset

in Fig. 8. This minimum shifts to higheF's with increasing

and as shown in Fig. 7. The quantum PE state extends tifeld. Thus these results qualitatively mimic the behavior of
higherT with increasing pressure as shown for both STO-16STO-18 in Fig. 8; however, the fields to induce the large
and STO-18. Qualitatively similar results were observed bychanges seen for STO-18 are much smaller than those re-
Wanget al** The T dependence of’ in this regime is often quired for STO-16. Specificall, while, for STO-16,
described in terms of the Barrett equation, as recentlyjdonedTm/d E=1.9Kcm/kV, dT,/dE=7 Kcm/kV for STO-
for STO-18. It is also well described in terms of Hg). 18—a reflection of the fact that bothg and quantum fluc-
tuations are smaller for STO-18.

10 |-

Temperature (K)

C. Influence of dc biasing fields

It is well established that dc biasing fields have a strong D. Nature of the phase transition in STO-18
influence on the properties of ferroelectrics, especially in the

guantum regime where the characteristic energies are small. Much of the e"'g’e”ce fror_n the present as well as earlier
This was demonstrated by Itoét al® for (100).-oriented work by Itoh et al. has_ |nd|cated_t_hat highly substituted
STO-18 crystal at 1 bar and is shown in Ficg 8 for OurSTO-18 exhibits on cooling a transition to a normal FE state

(110).-oriented sample. The large suppression of the pea t~.24.K atl bar._ From a t_hgrmodynamm point of VIew, the
amplitudee’ _and the shift of the peak temperatuf, to vanishing of T, with an infinite slopedT./dx at a critical

higher temperatures are the expected behaviors for uantuconcentratioiLiL or at a critical pressuréFig. 2) is indicative
9 P P quantugy o equilibrium phase transition. The evidence also points
ferroelectrics and can be understood as follows. The applic

) e " . PICES the softening of the FE mode in the highparaelectric
tion of a biasing field stabilizes the local potential of a dlpo—phase with increasindfO substitution as the trigger for the
transition. In STO-16 this mode also softens with decreasing

L L L S R
or STO-16 1 bar E-o y T, but ultimately quantum fluctuations prevent it from soft-
E kv/em) 50 ening sufficiently to induce the transition. In STO-18 two
[ T 50T [ ] effects due to the heavier mass'80 conspire to induce the
0 . %8 7 v ot ] transition: (i) additional softening of the FE mode in the
04 g 7 v ] tetragonal phase an@i) damping of the quantum fluctua-
[ et o” 100 Viom % ] tions at lowT's. And it is only in the lowT quantum regime
= 20f o RO . where the characteristic energies of the system are so small
w o F TK o 2000 T ] . o
o RUSIISLLLIE TS ] that the~12% change in mass produced B substitution
B “A.ggzzéé“"""’o 500 “odge, ] can produce such large effects. Thus, €3, substitution in
11 S AU LT Ly "‘u"‘-‘*.%m . BaTiO; raises its FE transition temperatu@93 K) by only
] ~0.9 K*
STO-18  10°Hz 1 bar Despite the above evidence for a displacive soft mode
[ ] p p
O nature for the transition, there have been a number of puz-

zling and unresolved observations. Raman scattering studies
on an 87%*%0-substituted crystal by Kasahaea al® re-

FIG. 8. Bias electric field dependence of tgT) response of ~Vvealed a 20% softening of th&,-type zone-center optic
STO-18 at 1 bar. The insets show the influence of bias on thénode belowT, but did not find theE, soft FE mode which
potential for dipolar reorientatiofright) and onw4(T) for STO-16  Wwas expected to drive the transition in the Idwhase. Nor-

(left) from Ref. 24. mally, the symmetry of this phase would be expected to be

Temperature (K)
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orthorhombic, and thus the Raman results are not consistefdct that the observed nonlinearity in STO-18 is observed at
with such symmetry. However, recent second-harmonic germuch lower ac field amplitudes than in other FE'’s is most
erating (SHG) results on STO-18 have shed some light onlikely related to the much smaller characteristic energy scale
this point?® While the rapid rise of the SHG signal beldly ~ of STO-18 in the quantum regime. This small energy scale
confirms a sharp transition to a polar state, analysis of theould also be responsible for the observed decrease of the
SHG signal suggests the existence of locally variant mixturesemanent polarization with time.
of eight triclinic polar domains. These domains transform The concept of a lowF domain state was proposed quite
into a single orthorhombic domain under a sufficiently largesome time ago by Imry and Maand Aharony*® Their the-
E field perpendicular to the tretragonalaxis of the hight  oretical results showed that when the order parameter has
phase®® This complex mixture of domains and the interplay continuous symmetry, the ordered state of a large system of
between different symmetries would make the observation ofess thand=4 dimensions is unstable against an arbitrarily
a distinct soft mode in the FE phase with Raman scatteringveak random fieldRF)—i.e., a field much weaker than the
difficult. As for the behavior abové&,, our results in Fig. 4 interactions that favor the ordered state. Instead of a long-
and the lattice dynamical calculatidhisand the very recent range ordered state, it becomes energetically more favorable
hyper-Raman dafaleave no doubt about the soft-mode na- for such a system to break up on cooling into “sufficiently
ture of the transition, as already discussed. large” domains to form a lowF domain state. The size of the

The Raman studyalso suggested that ferroelectric mi- domain is determined by a balance between the domain wall
croregions similar to those believed to exist in undopedenergy and the statistics of the RF.
KTaO; (Ref. 26 are present in STO-18. These FMR'’s are  As for STO-18, the question then is what is the nature of
attributed to the presence of oxygen vacanclkg'¢) intro-  the low-T state and not the mechanism for the transition. As
duced by the high-temperatuf&273 K) processing required noted earlier, there is compelling evidence that the Tow-
to achieve!®0 for %0 substitution in SrTiQ.> EachVy  phase is ferroelectric, but is the order long range as in a
produces a dipolar entity, which polarizes a nanoregion onormal ferroelectric or is it broken up by the frozen RF’s
microregion around it, forming a FMR. This finding led the (presumably associated witfiy's) that lead to a domain
authors to suggest that the mechanism for the transition instate? In reality, in the absence of a dc biasing field, all
STO-18 is percolation of the FMR’s as they grow with de-normal ferroelectrics are made up of randomly oriented do-
creasingT in a manner analogous to that observed in dilutemains. So it is the size of the domains that distinguishes a
Ca-doped SrTiQ (Refs. 27 and 28and Nb-doped KTa® normal FE state from a domain state. It is the higher degree
(Ref. 13. Analysis of the Raman data provided the change irof statistical fluctuations when the domains are very small
the size R,) of the FMR’s with T,° and the suggestion is that changes the dynamics and contributes to the nonlinear
made that the phase transition occurs whenbecomes response ok’ (T) to ac fields. In contrast to normal FE do-
larger than the separation between oxygen vacancies. Theain walls, the RF-induced domain walls are subject to RF
present results, including the absence of significant frepinning which leads to relaxation in the dielectric respotfse.
guency dispersion ia’ (T) (inset, Fig. }, argue against such
a mechanism for the transition in the present crystal.

Such a mechanism, if valid, would raise a number of
questions. WhileVg would induce a dipole, which would The dielectric loss peak at10 K seen in Fig. (b) has
form a FMR in the highly polarizable SrTiOhost, it is  been observed in other STO-18 sampfe®:*¢ It exhibits
doubtful that there would be sufficient number 6§'s to  some remarkable pressure-induced changes which we now
induce the transition\We are not aware of a value for tM,  discuss. Figure 9 is a summary of some of the results. First,
formation energy in SrTi@, but it must be on the order of we note that the tafi peak associated with the FE transition
several voltg. A second point is tha¥y hopping is un-  (which due to its proximity to the 10-K peak appears as a
likely to occur at temperatures approachifhgof STO-18, so  shoulder at~20 K) shifts to lower T with pressure and
that theV 5 must be immobile, or frozen, as is the case formerges into the 10-K peak by0.5 kbar(not shown. We
KTaO,,2° making it difficult for the polarization of the va- also note that, whereas there is no frequency dispersion in
cancy produced FMR'’s to follow the oscillations in the acthe location of the tai(T) shoulder associated with the FE
driving field. Without such fluctuations in the polarization, transition, the 10-K ta@ peak exhibits the frequency disper-
which would requireV o hopping, it is difficult to explain the sion of a relaxor. The relaxational frequency follows Arrhen-
buildup of the susceptibilityor €') asT approache3, from  ius kinetics as shown by the inset in Fig. 9 with
above. =14 meV andw,=7x10Y Hz. Within the scatter of the

Other observations have led to the suggestion that thdata, both the peak temperature and dispersion appear to be
low-T phase of STO-18 is domain staté® These observa- independent of pressure over the small pressure range cov-
tions include a nonlinear dielectric response reflected in &red. This is significant when contrasted with the large shift
strong dependence &f on the amplitude of the ac driving of T, as will be discussed below. However, the amplitude of
field at T's<T. and decrease in the magnitude of the rema-the tand peak exhibits the strong and revealing pressure de-
nent polarization with time &f’s slightly belowT,. Nonlin-  pendence shown, where we show only data &tH®. Other
ear dielectric responses have been observed in both oxideequencies show qualitatively similar results. It is seen that
and hydrogen-bonded FE’s and are usually attributed to ththe amplitude decreases monotomically in the FE phase, but
dynamics of different domain structures beld@y.**3* The  then drops precipitouslyby almost an order of magnitugle

E. The 10-K relaxation
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LI B AR BN The fact that the 10-K relaxation occurs in STO-16 along
with the results in Fig. 9 suggests that it is native to STO and
is not associated with the high-temperature process used to

° _ exchange'®0 by *®0. The results in Fig. 9 are indicative of
0.04 - OZ z . strong coupling between this relaxation and the polarization
o 8 in the FE phase, a coupling that strongly enhances the am-
) plitude of tand. This coupling is lost on loss of polarization
9 in STO-18 asT.—0 K and the sample becomes a QPE.
O‘;Z)%%OOO 100/T_ (K™ 1 A number of questions remain. What is the nature of the
o o3 max defect responsible for the 10-K relaxation and why does it
§ . Q 1 not shift with pressure, given the large pressure dependences
52 o STO-18 of T, and the dielectric properties? Clearly, the defect has an
0.02 |- A % - associated orientable dipole moment leading to the observed
o C% o 10 kHz relaxational loss peak. It is tempting to speculate that this
¢ Z'. ° ] relaxation is akin to that observed even the purest in KTaO
s 0° 0 © 1bar samples at-40 K (Ref. 39 and which has the same ampli-
o % 9 ® 022kbar | tude of tand as that for STO-16 or for STO-18 in its QPE
5} % ‘.‘ 2 O 0.43 kbar state—i.e., at=0.7 kbar. The KTa@ relaxation has been
,é?:,v,v % . %@ v 072 kbar | attributed to an unknown impurity or defect, and, signifi-
ey ? cantly, it exhibits Arrhenius kinetics witfe=38 meV and
0.00 Mdad ol , wo,=1x10'" Hz, both quantities quite comparable to those
0 10 20 30 40 50 seen in our STO-18 crystal given the difference in peak tem-
Temperature (K) peratures.

_ _ _ As for the absence of detectable shift in the 10-K peak
FIG. 9. The influence of pressure on the dielectric lossitafl  temperature with pressure at the 1-kbar level, we believe that
STO-18 megsured at different frequencies with emphasis on thgis is strong evidence that the peak is a normal dipolar lat-
10-K relaxation peak. tice impurity or defect whose impurity potential and mo-

) tional dynamics are determined by normal lattice properties
whenT, vanishes and the sample crosses over to the QPEnd have nothing to do with the soft FE mode that deter-

state at=0.7 kbar. In the QPE state the amplitude of 88  minesT, and its extremely large pressure dependence. For
quite small and decreases only slightly with pressure. normal lattice properties pressures on the order of 1 kbar are
The 10-K relaxational peak also occurs in STO-16 andelatively minor perturbations, and one needs to go to con-
has been studied at 1 béRefs. 35 and 37 Our results on  siderable higher pressure to observe measurable changes in
this crystal agree with these earlier studies. Interestingly, thgrystal potentials. Explanations of the 10-K relaxation in
amplitude of this peak in STO-16 is comparable to that interms of FE microclusters and quantum phase transitions can
STO-18 in its QPE phasgef. Figs. Xb) and 9, 0.72 kbdr  pe ruled out as these would exhibit large pressure effects in
Viana et al*’ found that the kinetics of this relaxation in the quantum regime where the characteristic energies are
STO-16 at 1 bar obeys an Arrhenius law abeve K with  smalll® We believe that it is simply due to an unknown
E=13.8 meV andv,=6.3x 10"° Hz, parameters that are es- impurity or defect, a conclusion that is shared by otferg.
sentially the same as we find for both STO-18 and STO-16we have extended study of this relaxational phenomenon
The kinetics takes on a non-Arrhenius character at lowe(inder both pressure and field bias to Ca-doped STO-16. A
temperature$! The authors interpreted this relaxation to bemore detailed account of the results on this material and on
characteristic of a quantum phase transition into a cohererdT0-16 and STO-18 will be published elsewhere.
guantum state, but suggested that alternative explanations
could be given in terms of ferroelectric microdomains and
the relaxation of a well-defined defect state. Our results and
those of Wang and Itofi strongly favor the latter interpreta-
tion. Analysis of our dielectric data has demonstrated quantita-
Wang and Itof® found E=13.8 meV for STO-16 at 1 bar tively the additional softening of the soft-mode frequency
for data between-9.5 and 12 K and observed thBtde- (wg) of SrTiO; caused by the substitution ¢fO for 0.
creases somewhat witflO substitution. Within experimental The fully substituted®0 crystal exhibits primarily a displa-
uncertainty, we do not see any differencebrbetween our cive equilibrium transition to a low-temperature ferroelectric
STO-16 and STO-18 crystals. In a more recent studystate. Because the transition occurs at low temperatdres (
Kleemanri® find E=11.4 K for an '80-substituted crystal =24 K at 1 bay, two effects due to the heavier mass'8®
with no systematic deviation from Arrhenius behavior be-undoubtedly conspire to induce the transition: the addi-
tween 5 and 14 K. There are some differences in the 1 baional softeningws and the damping of the quantum fluctua-
values ofE andw, among the reported values. Scatter in thetions that suppress the expected displace transition in the
data may account for some of these differences, but it is nainsubstituted SrTiQ Our results suggest that the phase
clear that this can explain all. transition at 1 bar maybe thermodynamically first order in

IV. CONCLUDING REMARKS
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agreement with theoretical results from an anharmoni@llowing small applied fields to cause very large changes in
coupled electron-phonon mod€l® however, new dielectric  properties.

resultd”® on a different crystal94% %0) did not reveal

significant thermal hysteresis ¥, suggesting that the order ACKNOWLEDGMENTS
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