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Suppression of the quantum fluctuation in 18O-enriched strontium titanate

Ruiping Wang* and Mitsuru Itoh†
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The dielectric properties of structurally monodomain, oxygen-isotope-exchanged SrTiO3 samples,
SrTi(16O12x

18Ox)3 , were investigated. It was found that ferroelectricity is intrinsic to SrTi(16O12x
18Ox)3

(x>0.33), and that twin boundaries do not affect their overall dielectric behaviors. Quantitative analyses
reveal that the replacement of16O with 18O mainly suppresses the quantum fluctuation in SrTiO3, and leaves
the ferroelectric fluctuation nearly unchanged.

DOI: 10.1103/PhysRevB.64.174104 PACS number~s!: 77.22.Ch, 77.22.Ej, 77.80.Bh
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I. INTRODUCTION

The current trend in electronic products, such as mo
phones and portable computers, is miniaturization, which
mands smaller-sized components for a given capacita
Therefore, the development of new dielectric materials w
a high dielectric constant is in practical demand. Recen
another ferroelectric, oxygen-isotope-exchanged SrTi3,
SrTi(16O12x

18Ox)3 , was discovered by the present autho
group1 A dielectric constant value of 172000, which is th
highest dielectric value among the classical and quantum
ide ferroelectrics, was reached at;3.1 K by a x50.37
oxygen-isotope-exchanged SrTiO3,

2 signifying the potential
application of SrTi(16O12x

18Ox)3 at cryogenic temperatures
The evolution of the ferroelectricity in

SrTi(16O12x
18Ox)3 with oxygen-isotope exchange ratex

>0.33 has been demonstrated by dielectric constant, p
electricity, DE-loop measurements, and so on.1,2 Recently,
Brillouin scattering,3 Raman scattering,4 and birefringence5

measurements, etc. have further confirmed the ferroele
phase transition in SrTi(16O12x

18Ox)3 (x>0.33). The
strong dependence of the real part of the dielectric cons
on the amplitude of the test signal and the relaxation of
remnant polarization discriminate the low-temperature s
from that of the prototype ferroelectric BaTiO3. We
have suggested that the low-temperature state
SrTi(16O12x

18Ox)3 is a random field-induced domain state6

The evolution of ferroelectricity in SrTi(16O12x
18Ox)3 has

been proposed to be closely related to the contest betw
the quantum fluctuation and the ferroelectric fluctuatio6

High pressure depresses both the ferroelectric phase tr
tion temperature and the dielectric constant, reve
ing that the system probably belongs to the disp
cive type ferroelectrics.7 The dielectric properties o
SrTi(16O12x

18Ox)3 have been investigated on@100#-oriented
samples. For such an orientation, below the zone-boun
transition (Ta5105 K),8 the rotation of the TiO6 octahedra
around the pseudocubic@100# directions will produce a twin
boundary and influence the dielectric properties. To qua
tatively discuss the dielectric properties of the SrTiO3-based
samples, monodomain~that is, twin-boundary free! crystals
are necessary. Mu¨ller et al. reported that a monodomai
sample could be obtained by cutting crystals parallel to
twin-boundary plane~110! with a special geometry.9
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In the present paper, monodomain18O-isotope-exchanged
samples were prepared and their dielectric properties w
studied. It was found that the ferroelectricity of monodoma
SrTi(16O12x

18Ox)3 samples is qualitatively the same as th
of multidomain samples. Quantitative analyses revealed
the substitution of16O with its heavy isotope18O mainly
suppresses the quantum fluctuation in SrTiO3, and leaves the
ferroelectric fluctuation nearly unchanged.

II. EXPERIMENT

Single crystal plates of SrTiO3 were cut with edges paral
lel to the twin-boundary plane~110! and geometries;7
3330.7 mm3 ~Fig. 1! from a single crystal lump. They wer
polished to optical quality then etched in boiling orthopho
phoric acid for about 3 h to remove the stressed surfac
layers.10 The final sizes of the crystals were about 733
30.3 mm3. Oxygen-isotope exchange was carried out
heating the plates at 1323 K in18O2 gas~Isotech Co.!. The
exchange rate,x, was determined from the weight increme
of the crystals. Seven samples, with exchange rates of
~STO 16!, 25%~STO 18-25!, 38%~STO 18-38!, 45%~STO
18-45!, 60%~STO 18-60!, 75%~STO 18-75!, and 84%~STO
18-84!, respectively, were obtained. The homogeneous
tribution of the 18O was ensured by vacuum annealing t
samples~except STO 16! at 1323 K for 500 h.

Gold paste, burnt onto the large faces of the sample
873 K, served as electrodes. The complex dielectric cons
~«! of the samples was measured in the frequency rang
20 Hz< f <1 MHz and the temperature range of 2.2 K,T
,300 K by using an HP4284A LCR meter. To avoid nonli

FIG. 1. Orientation and geometry of crystals.
©2001 The American Physical Society04-1
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RUIPING WANG AND MITSURU ITOH PHYSICAL REVIEW B64 174104
ear contribution, a low amplitude (E0) of the ac test signal
E050.04 kV/m, was used. Pyroelectricity~P! of the samples
was measured by using a homemade apparatus and a
thley 6517 electrometer/high resistance meter. The flo
chart for pyroelectricity measurement is shown in Fig. 2. T
sample was zero-field cooled from 350 K at a rate of 3 K/m
to just above the phase transition temperatureTc , then pol-
ing was carried out by applying an electric field625 kV/m
in the temperature range ofTc21,T,Tc12 K during cool-
ing. After the sample had been cooled to 2 K, it was hea
at a rate of 3 K/min under zero fields and the pyroelectric
data was recorded during the warming run. No effort to sa
rate the polarization was attempted. Relaxation of remn
polarization ~P! at temperatureT(,Tc) was measured by
slow-cooling the sample in a poling fieldE from ;350 K to
T, then switching offE and recordingP for periods up tot
5103 s, by using a Keithley 6517 electrometer/hig
resistance meter.

III. RESULTS AND DISCUSSION

Figures 3 and 4 show variation of the real part («8) and
the imaginary part («9) of the dielectric constant with tem
perature (2.2 K,T,50 K) at a frequencyf 510 kHz for all
of the samples, respectively.«8 of STO16 increases with
decreasing T monotonically, and becomes almo
temperature-independent atT,10 K, showing the typical
quantum paraelectric behavior. The fitting of«8 vs T data in
the temperature range of 30 K,T,100 K to the Barrett
formula

«5
M

~T1/2!coth~T1/2T!2T0
~1!

gives the best-fit parametersM51.063105, T1587 K, and
T0536 K, which are in good agreement with findings in
previous report.11 A low dielectric loss is detected for thi
sample, verifying the good quality of the sample and
reliability of the measurement. A small amount

FIG. 2. Flow chart for the pyroelectricity measurement.
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18O-isotope exchange (x<0.25) does not change the overa
quantum paraelectric behavior, though the«8 value is
strongly enhanced due to the18O-isotope-exchange-induce
softening of the lattice.2 On further increasing the exchang
rate, both«8 and«9 show peak at low temperatures. The«8
peak is rounded for lowx samples, and its half-width de
creases with increasingx. A maximum peak value«8
594 000 was observed for thex50.38 sample at a frequenc
f 510 kHz. Coincident with the appearance of the«8 and«9
peak, a spontaneous polarization~P! is observed for sample
with x.0.25~Fig. 5!. P is nonzero at low temperatures. Wit
increasing temperature to slightly lower than the dielec
constant peak temperatureTm ,P begins to decrease and th
decreasing rate reaches a maximum aroundTm . When the
polarizing field is reversed, a reversal ofP in the samples is
clearly observed~data not shown here!. The observation ofP
at T,Tm and the disappearance ofP at T.Tm are evidence

FIG. 3. The real part of the dielectric constant measu
at f 510 kHz.

FIG. 4. The imaginary part of the dielectric constant measu
at f 510 kHz.
4-2
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SUPPRESSION OF THE QUANTUM FLUCTUATION IN . . . PHYSICAL REVIEW B64 174104
that ~1! the ferroelectric interaction evolves at low tempe
tures for samples withx.0.25; and~2! the «8 and«9 peaks
result from a ferroelectric phase transition andTm corre-
sponds to the ferroelectric phase transition temperatureTc .

Similar to the case for the multidomain samples,2 in the
monodomain samples the phase transition temperatureTc
shifts to a high temperature withx in a nonlinear manne
@Fig. 6~a!#. The application of the quantum ferroelectr

FIG. 5. Variation of the spontaneous polarization with tempe
ture. The poling field is 25 kV/m. The broken line showsdP/dT
versusT for STO18-84.

FIG. 6. The exchange ratex dependence of~a! the transition
temperatureTc , ~b! the critical exponentg, and ~c! the inverse
dielectric constant at 0 K. The solid lines are the best fit to
quantum ferroelectric relations~see text!, and the broken lines in~b!
show our assumption.
17410
-

formula12

Tc5A~x2xc!
1/2 ~2!

to the data shown in Fig. 6~a! gives a reasonable fit with th
best-fit parametersA530.4 and a critical compositionxc
50.33. The critical exponentg, which is obtained by fitting
«8 data on the high temperature side ofTc(Tc125 K,T
,Tc150 K) to the formula

1/«85C~T2Tc!
g ~3!

is shown in Fig. 6~b!. While xc is approached, either from th
low or the highx side ofxc , g increases strongly, showing
tendency to approach the theoretical value,g52, for a quan-
tum ferroelectric withx5xc . In Fig. 6~c!, the inverse dielec-
tric constant at 0 K,«21(0 K), is plotted as a function of the
exchange ratex. «21(0 K) at x.xc varies linearly withx.
The solid line shows the best-fit curve to the quantu
ferroelectric relation12

«21~0 K!}x2xc ~4!

at x.xc . The reasonable fitting ofTc , g, and«21(0 K) to
the quantum ferroelectric relations supports our previo
conclusion that the SrTi(16O12x

18Ox)3 with x>0.33 are
quantum ferroelectrics.2

To identify the origin of the ferroelectricity of the
SrTi(16O12x

18Ox)3 samples, two experiments were pe
formed. First, the STO16 sample was heated in flowing16O2
gas for a period of time longer than 500 h. Second, reve
exchange was carried out for the STO 18-84 sample by h
ing the sample in flowing16O2 gas for a long time untilx
;0 verified via weight decrement of the crystal. In Fig. 7,«8
values for the two samples before and after the heating
16O2 gas are comparatively shown. From the figure, the f
lowing two points are apparent:~1! the quantum paraelectri
behavior of STO16 was not changed; that is, no ferroel

-

e

FIG. 7. The real part of the dielectric constant for STO16 a
STO18-84 before and after the long-term heating in flowing16O2

gas. B.H.: before heating; A.H.: after heating.
4-3
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tricity was induced in STO16 by the long-term heating
16O2 gas; and~2! the ferroelectricity of STO18-84 vanishe
and the quantum paraelectric behavior was restored afte
reverse exchange. The above results clearly show that
ferroelectricity of the SrTi(16O12x

18Ox)3 samples is induced
via replacing16O with 18O in SrTiO3.

For all seven samples,«8 data within the temperatur
range of 30 K,T,100 K can be satisfactorily fit to the Bar
rett formula~1! with the best-fit parameters listed in Table
T0 , which indicates the Curie-Weiss temperature, is alm
exchange ratex independent, whereasT1 , which is the di-
viding point between the low temperature region whe
quantum effects are important and the high temperature
gion where a classical approximation is good, shows a
dency of decreasing withx. The results intimate that oxygen
isotope exchange mainly suppresses the quantum fluctu
in STO16 and leaves the ferroelectric fluctuation nearly
affected. STO16 at low temperature is at a critical state;
is, the ferroelectric fluctuation is barely suppressed by
quantum fluctuation. Therefore, even a subtle change
tween the two fluctuations could induce a drastic chan
from a quantum paraelectric to a quantum ferroelectric. A
tually, T1-2T0 , which can be considered as a rough measu
ment of the competition between the quantum fluctuat
and the ferroelectric fluctuation, decreases continuously w
x, from 11 for STO16 to 0 for STO 18-75, and finally b
comes negative for STO 18-84, indicating that the ferroel
tric fluctuation becomes stronger than the quantum fluc
tion in this sample. The gradual decrease ofT1-2T0 indicates
that the balance between the two fluctuations is chan
gradually. While the exchange ratex is low (x,xc), the
ferroelectric fluctuation is still weaker than the quantum flu
tuation; the formation of the ordered state at low tempe
tures is obstructed, and the effects of the18O-isotope ex-
change manifest only as a higher«8. On increasingx further,
the ferroelectric fluctuation becomes stronger due to the c
tinuous weakening of the quantum fluctuation, and the
dered state is achieved. However, the fact that theTc of the
STO18-84 sample still follows the quantum ferroelectric
lation ~2! clearly suggests that the quantum fluctuation is
negligible, even for a sample with such a high exchange r

If the force constant is not changed via replacement
16O with 18O, according to quantum mechanics, the ze
point energy~that is the quantum fluctuation! is proportional
to m21/2, wherem represents the reduced mass of the r
evant vibrating system. On replacement of16O with 18O, m

TABLE I. Tc and the best-fit parameters to Eq.~1!.

Tc ~K! M (105) T1 ~K! T0 ~K! T122T0 ~K!

STO16 1.0660.01 8761 3661 11
STO18–25 1.0660.01 8461 3761 10
STO18–38 7.4 1.0560.02 7961 3761 5
STO18–45 11.3 1.0560.02 8061 3761 6
STO18–60 16.6 1.2160.02 7661 3761 2
STO18–75 18.7 1.1260.02 7461 3761 0
STO18–84 21.4 1.1860.02 7161 3761 23
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increases. For example, (m18/m16)
21/2 for the Slater mode is

calculated to be;1.03. That is, the quantum fluctuation
suppressed via the oxygen-isotope exchange in SrTiO3. This
is in consistent with the results in the Table I, further co
firming that mass is one of the factors determining the fer
electric transitions in the perovskite oxides, and that the e
lution of the ferroelectricity in SrTi(16O12x

18Ox)3 is mainly
due to the lattice stabilization by the heavy atoms. Hida
et al.investigated the effects of cation isotopic exchange
the ferroelectric phase transition temperatureTc of BaTiO3.

13

In their study, reverse results were obtained:Tc of BaTiO3
was shifted to high temperature by introducing lighter is
topes and to low temperature by introducing heavier i
topes. No explanation has been given to the cation isot
exchange-induced phenomena in BaTiO3.

The opposite effects of the cation and anion isotopic
change on the ferroelectric phase transition temperatur
the perovskite oxide clearly indicate that cation and an
contribute to the ferroelectric phase transition of the per
skite oxide in different ways. The introduction of isotop
has several effects: mass effect, volume effect, and so
Usually, the mass effect predominates, as in the case
SrTi~16O12x

18Ox)3 . However, the reverse effects of the ca
ion isotopic exchange onTc of BaTiO3 may suggest tha
volume effect plays a significant role when the cation is
topes are concerned.T122T0 has been taken as a roug
measurement of the competition between the quantum fl
tuation and the ferroelectric fluctuation.1,14 T122T050
means that the quantum fluctuation is completely comp
sated by the ferroelectric fluctuation. Thus, it is expecta
that the oxygen isotope exchange ratex(T122T050)
should be in coincident with the critical exchange ratexc .
However, in the present study,x(T122T050) ~50.75! dif-
fers fromxc(50.33) by a large value. The Barrett formula
a quantum mechanical extension of the mean-field theor
Slater relation, thus not a rigorous one. It has a trend
overestimateT1 ~underestimateT0! when applied to single
crystal SrTiO3.

11 As a result,T122T0 is shifted to a larger
value. We think that the overestimate ofT1 ~underestimate
T0! is the main reason that causesx(T122T050).xc .

Similar to the case for KTa12xNbxO3,
15 a crossover from

Barrett to critical behavior was observed. In Fig. 8, the
verse dielectric constant 1/«8 versusT2Tc on a log-log

FIG. 8. Log (1/«8) versus log(T2Tc) for STO18-38. The critical
exponentg shows crossover from 1.5 at low temperatures to 1.1
high temperatures.
4-4
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SUPPRESSION OF THE QUANTUM FLUCTUATION IN . . . PHYSICAL REVIEW B64 174104
scale of the STO18–38 sample is plotted. In the vicinity
Tc , no critical exponentg can be evaluated because of t
severe rounding at low temperatures. AboveT2Tc;18 K,
the slope becomes constant, indicating that an exponeg
51.5. At T2Tc;100 K, a deviation from Barrett is ob
served, and atT2Tc;140 K, a crossover tog51.1 takes
place. These results further suggest that the quantum fluc
tion plays an important role even at low temperatures.

Figures 9~a! and 9~b! show «8 and «9 for STO18–84
measured under several frequencies. Unlike the typical
roelectrics BaTiO3,PbTiO3, etc., the peak temperature o
STO18–84 shows frequency dispersion, from 22.0 K af
51 MHz to 21.5 K atf 51 kHz. Similar dispersion has bee
observed in solid solutions such as K12xLi xTaO3,
Sr12xCaxTiO3, and KTa12xNbxO3.

16 Significantly some dis-
orders exist in the system.

To identify the origin of the disorders in
SrTi~16O12x

18Ox)3 , the variation of the remnant polarizatio
Pr with time t was measured after a slow field-cooling pr
cess. Figure 10 shows relaxation of the normalized remn
polarization measured under different temperatures and
ing fieldsE for STO18–84. A long-term nonexponential r
laxation is observed after the poling field is switched off, a
the relaxation shows the following characteristics:~1! for the
same poling fieldE510 kV/m, the rate of relaxation in
creases with increasingT(,Tc), and Pr decreases by
;5.5% atT52 K and;8.2% atT519.5 K; ~2! for the same
temperatureT52 K, the rate of relaxation decreases wi
increasing the poling field, andPr decreases by;5.5% at
E510 kV/m and;2.5% atE520 kV/m; ~3! the relaxation
rate is lower for monodomain samples than for multidom
samples, for the same poling fieldE510 kV/m and the
equivalent temperatureT5Tc22 K, and Pr decreases by

FIG. 9. The ~a! real and~b! imaginary part of the dielectric
constant for STO18-84 measured under several frequencies.
frequency dispersion is evident.
17410
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;8.2% for the monodomain sample STO18–84 and
;14% for the;93% 18O-exchanged multidomain samp
STO18.6 The data in Fig. 10 have been analyzed using s
eral models. Compared to logarithmic, stretched-exponen
or simple power laws, the data are best fit by generali
power law17

Pr /P05A exp$2a@ ln~ t/t!#f%, t>t. ~5!

The solid lines in Fig. 10 represent the best-fit results, a
the best-fit parameters are listed in Table II. The increase
the exponentiala and the decrease of the characteristic
laxation timet with temperature under 10 kV/m poling fiel
reflect the acceleration of the decay with increasing temp
ture. When the poling field is increased to 20 kV/m, t
decrease ofa and increase oft are observed, demonstratin
the field-enhanced ferroelectric interaction between the
mains. The exponentf, which is approximately 0.9 forT
52 and 10 K, increases to 1.01 forT519.5 K. Apparently,
the relaxation behavior ofPr crosses over from the genera
ized to the simple power law on increasing temperature
proachingTc .

The well fitting of the generalized power law to the da
in Fig. 10 indicates that the SrTi~16O12x

18Ox)3 is a system
with quenched random-field disorder.17 This result together
with the fact that, similar to the case for multidoma
samples, a strong nonlinear dependence of the dielectric

he

FIG. 10. Normalized remnant polarizationP versus timet for
STO18-84. The poling field isE510 kV/m for T52 K ~d!, 10 K
~.!, 19.5 K ~m!, and 20 kV/m forT52 K ~s!.

TABLE II. Best-fit parameters to Eq.~5!.

T ~K!
E

~kV/m! a
t

~sec! f

2 10 0.0089 0.11 0.93
10 10 0.0096 0.03 0.91
19.5 10 0.0103 0.01 1.01
2 20 0.0016 0.57 1.18
4-5
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RUIPING WANG AND MITSURU ITOH PHYSICAL REVIEW B64 174104
stant on the amplitude of the ac test signal is observed for
present monodomain samples18 signify that the low-
temperature state of the monodomain SrTi~16O12x

18Ox)3 is a
random field-induced domain state. Different from the ca
of A site substituted SrTiO3 and KTaO3, in which the random
fields mainly come from random dipole and/or random str
fields; the random fields in SrTi(16O12x

18Ox)3 probably have
the following sources:~1! the extrinsic oxygen vacancies;~2!
the competing of the Ti-16O interaction ~paraelectriclike!
with the Ti-18O interaction~ferroelectriclike!. In addition, the
relaxation rate of the monodomain samples is slower t
that of the multidomain samples and the twin boundar
formed at the zone-boundary phase transition around 10
~Ref. 8! also appear to be a source of the random fields
SrTi(16O12x

18Ox)3 .

IV. CONCLUSIONS

The oxygen-isotope exchange-induced quantum ferroe
tricity in SrTi(16O12x

18Ox)3 was further verified by investi-
gating the dielectric constant and spontaneous polarizatio
the structural monodomain~twin boundary-free! samples.
n
b

a

T

r
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The origin of the ferroelectricity of the SrTi(16O12x
18Ox)3

samples has been identified to be the replacement of16O by
18O in SrTiO3. The observation of frequency dispersion, t
long-term nonexponential relaxation of the remnent polari
tion, and so on suggests that the low-temperature state o
SrTi(16O12x

18Ox)3 is a random field-induced domain stat
In addition to extrinsic oxygen vacancies and the compet
of the Ti-16O interaction with the Ti-18O interaction, the twin
boundaries also form random fields. Thus, it is reasonabl
conjecture that, rather than showing the domain state at
temperatures, a monodomain SrTiO3 single crystal with
100% of an oxygen-isotope exchange ratex, negligible de-
fects and vacancies should show a ferroelectric with a t
long-range order atT,Tc .
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