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Suppression of the quantum fluctuation in*80-enriched strontium titanate
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The dielectric properties of structurally monodomain, oxygen-isotope-exchanged ;SsEM@ples,
SrTi(*%0, _, 180,);, were investigated. It was found that ferroelectricity is intrinsic to SPO(_, '%0,),
(x=0.33), and that twin boundaries do not affect their overall dielectric behaviors. Quantitative analyses
reveal that the replacement 8O with 80 mainly suppresses the quantum fluctuation in SgTihd leaves
the ferroelectric fluctuation nearly unchanged.
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I. INTRODUCTION In the present paper, monodomafi®-isotope-exchanged
samples were prepared and their dielectric properties were
The current trend in electronic products, such as mobilstudied. It was found that the ferroelectricity of monodomain
phones and portable computers, is miniaturization, which deSrTi(*°0; _, *%0,) 3 samples is qualitatively the same as that
mands smaller-sized components for a given capacitanc€f multidomain samples. Quantitative analyses revealed that
Therefore, the development of new dielectric materials withthe substitution of'®0 with its heavy isotope'®0 mainly
a high dielectric constant is in practical demand. RecentlySuppresses the quantum fluctuation in Sgfiénd leaves the
another ferroelectric, oxygen-isotope-exchanged SyTiO ferroelectric fluctuation nearly unchanged.
SrTi(*%0, _, *®0,)5, was discovered by the present authors’

groupt A dielectric constant value of 172000, which is the 1. EXPERIMENT
highest dielectric value among the classical and quantum ox- . )
ide ferroelectrics, was reached at3.1 K by a x=0.37 Single crystal plates of SrTiQwere cut with edges paral-

lel to the twin-boundary plan€l110) and geometries-7

X 3% 0.7 mn? (Fig. 1) from a single crystal lump. They were
polished to optical quality then etched in boiling orthophos-
phoric acid for abou3 h to remove the stressed surface
layers!® The final sizes of the crystals were abouk 3

% 0.3mn?. Oxygen-isotope exchange was carried out by
heating the plates at 1323 K #f0, gas(Isotech Co. The
exchange rates, was determined from the weight increment
> _ 18 Gf the crystals. Seven samples, with exchange rates of 0%
phase transition In SI'T%EO]_,X Ox)3 (X? 033) The (STO 16’ 25%(81-0 18-25, 380/((STO 18'381 450/((STO
strong dependence of the real part of the dielectric constantg 45 600(STO 18-60, 75%STO 18-75, and 84%STO

on the amplitude of the test signal and the relaxation of the g-g4 respectively, were obtained. The homogeneous dis-
remnant polarization discriminate the low-temperature statgipytion of the 80 was ensured by vacuum annealing the
from that of the prototype ferroelectric BaTiO We  samplegexcept STO 1pat 1323 K for 500 h.

have suggested that the low-temperature state of Gold paste, burnt onto the large faces of the samples at
SITi(*%0, -, 1%0,) is & random field-induced domain stéte. 873 K, served as electrodes. The complex dielectric constant
The evolution of ferroelectricity in SITHO; , *%0,)3 has (¢ of the samples was measured in the frequency range of
been proposed to be closely related to the contest betweem Hz<f<1 MHz and the temperature range of 2.2K

the quantum fluctuation and the ferroelectric fluctuafion. — 300 K by using an HP4284A LCR meter. To avoid nonlin-
High pressure depresses both the ferroelectric phase transi-

tion temperature and the dielectric constant, reveal-

ing that the system probably belongs to the displa- 0.3-0.4 mm
cive type ferroelectrics. The dielectric properties of _
SrTi(*%0, _, *®0,); have been investigated ¢h00]-oriented V’
samples. For such an orientation, below the zone-boundary

transition (T,=105K) 2 the rotation of the TiQ octahedra T
around the pseudocubfe00] directions will produce a twin Tmm e [010]
boundary and influence the dielectric properties. To quanti- l e -

tatively discuss the dielectric properties of the SrFlased

samples, monodomaifthat is, twin-boundary freecrystals /

are necessary. Mier et al. reported that a monodomain [100] ~3mm

sample could be obtained by cutting crystals parallel to the

twin-boundary plan€110) with a special geometry. FIG. 1. Orientation and geometry of crystals.

oxygen-isotope-exchanged SrEi®signifying the potential

application of SrTit%0, _, 180,), at cryogenic temperatures.
The evolution of the ferroelectricity in

SrTi(*%0, _, *®0,); with oxygen-isotope exchange rate

electricity, DE-loop measurements, and so ‘WhRecently,
Brillouin scattering® Raman scatterinfjand birefringence
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. FIG. 3. The real part of the dielectric constant measured
FIG. 2. Flow chart for the pyroelectricity measurement. at f=10 kHz.

ear contribution, a low amplitudeEg) of the ac test signal, o

E,=0.04kV/m, was used. Pyroelectricitp) of the samples "O-isotope exchangex&0.25) does not change the overall
was measured by using a homemade apparatus and a Ké&uantum paraelectric behavior, though tké value is
thley 6517 electrometer/high resistance meter. The flowstrongly enhanced due to tH&O-isotope-exchange-induced
chart for pyroelectricity measurement is shown in Fig. 2. Thesoftening of the latticé.On further increasing the exchange
sample was zero-field cooled from 350 K at a rate of 3 K/minrate, bothe” ande” show peak at low temperatures. The

to just above the phase transition temperaflire then pol- peak is rounded for lowx samples, and its half-width de-
ing was carried out by applying an electric fiel?5 kv/m  creases with increasing. A maximum peak valuee’

in the temperature range ®f— 1< T<T.+2 K during cool- =94 000 was observed for the=0.38 sample at a frequency
ing. After the sample had been cooled to 2 K, it was heated = 10 kHz. Coincident with the appearance of #leande”

at a rate of 3 K/min under zero fields and the pyroelectricityPeak, a spontaneous polarizati@?) is observed for samples
data was recorded during the warming run. No effort to satuwith x>0.25(Fig. 5). P is nonzero at low temperatures. With
rate the polarization was attempted. Relaxation of remnarificreasing temperature to slightly lower than the dielectric
polarization (P) at temperaturel (<T,) was measured by constant peak temperatufg,,P begins to decrease and the
slow-cooling the sample in a poling fieE from ~350 K to  decreasing rate reaches a maximum arolipd When the
T, then switching offE and recording® for periods up tat polarizing field is reversed, a reversalBfin the samples is
=10°s, by using a Keithley 6517 electrometer/high clearly observeddata not shown heyeThe observation oP

resistance meter. at T<T,, and the disappearance Bfat T>T,, are evidence
ll. RESULTS AND DISCUSSION 0.25 : . ; ;
. - (1) STOI16
Figures 3 and 4 show variation of the real past) and (4 (2) STO18-25
the imaginary part£”) of the dielectric constant with tem- 0.20 - 7y (3 STO1838 1
perature (2.2 KT<50K) at a frequency =10 kHz for all g; ggig-gg

of the samples, respectively.” of STO16 increases with

. . L 6) STO18-75 |
decreasing T monotonically, and becomes almost _ oL f—,; STO18-84
temperature-independent at<10K, showing the typical o
guantum paraelectric behavior. The fittingedfvs T data in o 0.10 ]

the temperature range of 36KI<100K to the Barrett _(§\)

formula
0.05F
M

e= 1
(TI/Z)COtI’(Tl/ZT)_TO ( ) 0__(1_)_47 . - -

gives the best-fit parametekd=1.06x 10°, T,=87K, and 0 10 20 30 40 50

To=36 K, which are in good agreement with findings in a T(K)

previous report! A low dielectric loss is detected for this
sample, verifying the good quality of the sample and the FIG. 4. The imaginary part of the dielectric constant measured
reliability of the measurement. A small amount of atf=10kHz.

174104-2



SUPPRESSION OF THE QUANTUM FLUCTUATION IN.. .. PHYSICAL REVIEW B4 174104

0.4 . T T . 7 . T
3 (1) STO18-38
@ (2) STO18-45 1 ¢ [ —*STOI6BH. ]
0.3 (3) STO18-60 ——STO16 AH.
= (4) STO18-75 —+— STO18-84 B.H.
“g (5) STO18-84 5r ]
8 oot - ——STO18-84 AH.
o 0
Sk ~ 4f ]
= S
0.1 (1 %
B N b 3t ]
S
0 il | 1 1 2+ .
0 20 40 60 80 100
T (K) (L ]
FIG. 5. Variation of the spontaneous polarization with tempera-
ture. The poling field is 25 kV/m. The broken line shod®B/dT 0 !
versusT for STO18-84. 1 10 100

- . T (K)
that (1) the ferroelectric interaction evolves at low tempera-

tures for samples witlk>0.25; and(2) thee’ ands” peaks FIG. 7. The real part of the dielectric constant for STO16 and
result from a ferroelectric phase transition afigl corre-  STO18-84 before and after the long-term heating in flowif@,
sponds to the ferroelectric phase transition temperafyre  gas. B.H.: before heating; A.H.: after heating.

Similar to the case for the multidomain samples, the
monodomain samples the phase transition temperafyre formula’®
shifts to a high temperature witk in a nonlinear manner .= A(x—x) V2 @
[Fig. 6(@]. The application of the quantum ferroelectric ¢ ¢

to the data shown in Fig.(8) gives a reasonable fit with the

L best-fit parameterd=30.4 and a critical compositiom,
20 @ TC=30.4(x—0-33)”2 1 =0.33. The critical exponeng, which is obtained by fitting
[ ¢’ data on the high temperature side Df(T,+25K<T

%) I ] <T.+50K) to the formula
=~ 10 - 4
i ] 1e'=C(T—Ty)" 3
0 Lo . . , is shown in Fig. ). While x.. is approached, either from the
20 low or the highx side ofx., yincreases strongly, showing a

tendency to approach the theoretical valye,2, for a quan-
tum ferroelectric witbk=x.. In Fig. 6(c), the inverse dielec-
tric constant at 0 Ke ~%(0 K), is plotted as a function of the
exchange rate.. ¢ (0 K) at x>x, varies linearly withx.
The solid line shows the best-fit curve to the quantum
ferroelectric relatiof?

6710 K)xx—x (@)

atx>x.. The reasonable fitting of ., y, ande (0 K) to

the quantum ferroelectric relations supports our previous
conclusion that the SrTifO,_, %0,); with x=0.33 are
quantum ferroelectric.

To identify the origin of the ferroelectricity of the
SrTi(*%0,_, *0,); samples, two experiments were per-
L formed. First, the STO16 sample was heated in flowfi@,

06 0.8 1.0 gas for a period of time longer than 500 h. Second, reverse
exchange was carried out for the STO 18-84 sample by heat-
ing the sample in flowing®0, gas for a long time untik

FIG. 6. The exchange rate dependence ofa) the transition O verified via weight decrement of the crystal. In Fige7,
temperatureT,, (b) the critical exponenty, and (c) the inverse ~ Values for the two samples before and after the heating in
dielectric constant at 0 K. The solid lines are the best fit to the'®0, gas are comparatively shown. From the figure, the fol-
guantum ferroelectric relatior{see text, and the broken lines ifb) lowing two points are apparentl) the quantum paraelectric
show our assumption. behavior of STO16 was not changed; that is, no ferroelec-

[ (©
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@
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TABLE I. T, and the best-fit parameters to Ed). 2.0 . . . T .
25F - B
Te(K)  M@AP) T (K) To(K) Ty-2To (K) L83

B0F e ]
STO16 1.06:0.01 871 36+x1 11 ®
STO18-25 1.060.01 841 37+1 10 o 35 ]
STO18-38 7.4 1.050.02 791 37+1 5 s ye15
STO18-45 11.3 1.050.02 80:1 37+1 6 sk ' ]
STO18-60 16.6 1.240.02 76:1 37+1 2 '

_ 5.0 L

STO18-75 18.7 1.120.02 741 37+1 0 TSR
STO18-84 214 1.180.02 7k1 37+1 -3 log (T )

FIG. 8. Log (1£') versus log{—T,) for STO18-38. The critical
tricity was induced in STO16 by the long-term heating in €xponenty shows crossover from 1.5 at low temperatures to 1.1 at
180, gas; and(2) the ferroelectricity of STO18-84 vanished high temperatures.
and the quantum paraelectric behavior was restored after the
reverse exchange. The above results clearly show that thiBcreases. For exampley(s/ w1~ Y2 for the Slater mode is
ferroelectricity of the SrTit°0; _, 20,); samples is induced calculated to be~1.03. That is, the quantum fluctuation is
via replacing'®0 with 180 in SrTiO;. suppressed via the oxygen-isotope exchange in SrTiBis

For all seven samples;’ data within the temperature is in consistent with the results in the Table |, further con-
range of 30 KK T<100K can be satisfactorily fit to the Bar- firming that mass is one of the factors determining the ferro-
rett formula(1) with the best-fit parameters listed in Table I. electric transitions in the perovskite oxides, and that the evo-
To, which indicates the Curie-Weiss temperature, is almostution of the ferroelectricity in SrTHO; _, *80,)5 is mainly
exchange rate independent, wheredg,;, which is the di- due to the lattice stabilization by the heavy atoms. Hidaka
viding point between the low temperature region whereet alinvestigated the effects of cation isotopic exchange on
quantum effects are important and the high temperature réhe ferroelectric phase transition temperaftgef BaTiOs. 2
gion where a classical approximation is good, shows a tenh their study, reverse results were obtaingd:of BaTiO;
dency of decreasing witk The results intimate that oxygen- was shifted to high temperature by introducing lighter iso-
isotope exchange mainly suppresses the quantum fluctuatidapes and to low temperature by introducing heavier iso-
in STO16 and leaves the ferroelectric fluctuation nearly untopes. No explanation has been given to the cation isotope
affected. STO16 at low temperature is at a critical state; thag¢xchange-induced phenomena in BadiO
is, the ferroelectric fluctuation is barely suppressed by the The opposite effects of the cation and anion isotopic ex-
guantum fluctuation. Therefore, even a subtle change beshange on the ferroelectric phase transition temperature of
tween the two fluctuations could induce a drastic changethe perovskite oxide clearly indicate that cation and anion
from a quantum paraelectric to a quantum ferroelectric. Accontribute to the ferroelectric phase transition of the perov-
tually, T,-2T,, which can be considered as a rough measureskite oxide in different ways. The introduction of isotopes
ment of the competition between the quantum fluctuatiorhas several effects: mass effect, volume effect, and so on.
and the ferroelectric fluctuation, decreases continuously withJsually, the mass effect predominates, as in the case of
x, from 11 for STO16 to 0 for STO 18-75, and finally be- SrTi(*°0, _, *®0,)5. However, the reverse effects of the cat-
comes negative for STO 18-84, indicating that the ferroelecion isotopic exchange oif, of BaTiO; may suggest that
tric fluctuation becomes stronger than the quantum fluctuavolume effect plays a significant role when the cation iso-
tion in this sample. The gradual decreasd pf2T, indicates  topes are concerned.;—2T, has been taken as a rough
that the balance between the two fluctuations is changetheasurement of the competition between the quantum fluc-
gradually. While the exchange rateis low (x<x.), the tuation and the ferroelectric fluctuatidn? T,—2T,=0
ferroelectric fluctuation is still weaker than the quantum fluc-means that the quantum fluctuation is completely compen-
tuation; the formation of the ordered state at low temperasated by the ferroelectric fluctuation. Thus, it is expectable
tures is obstructed, and the effects of tH©-isotope ex- that the oxygen isotope exchange ratéT,—2T,=0)
change manifest only as a higher. On increasing further,  should be in coincident with the critical exchange rate
the ferroelectric fluctuation becomes stronger due to the corHowever, in the present study(T,—2T,=0) (=0.75 dif-
tinuous weakening of the quantum fluctuation, and the orfers fromx.(=0.33) by a large value. The Barrett formula is
dered state is achieved. However, the fact thatfthef the  a quantum mechanical extension of the mean-field theory of
STO18-84 sample still follows the quantum ferroelectric re-Slater relation, thus not a rigorous one. It has a trend of
lation (2) clearly suggests that the quantum fluctuation is nobverestimatel; (underestimately) when applied to single
negligible, even for a sample with such a high exchange rateerystal SrTiQ.*! As a result,T;— 2T, is shifted to a larger

If the force constant is not changed via replacement o¥alue. We think that the overestimate Bf (underestimate
160 with 80, according to quantum mechanics, the zero-T,) is the main reason that caused;—2T,=0)>X..
point energy(that is the quantum fluctuatipis proportional Similar to the case for KTa ,Nb,O3,*° a crossover from
to u~ Y2, where u represents the reduced mass of the rel-Barrett to critical behavior was observed. In Fig. 8, the in-
evant vibrating system. On replacement®®® with %0, . verse dielectric constant &/ versusT—T,. on a log-log
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FIG. 9. The(a) real and(b) imaginary part of the dielectric a0 .

constant for STO18-84 measured under several frequencies. The8'2A) for the monoldomam sample ST.018_.84 and by
: L ~14% for the ~93% 80-exchanged multidomain sample

frequency dispersion is evident. 6 e ‘

STO18? The data in Fig. 10 have been analyzed using sev-

eral models. Compared to logarithmic, stretched-exponential

or simple power laws, the data are best fit by generalized

power law’

scale of the STO18-38 sample is plotted. In the vicinity of
T., no critical exponenty can be evaluated because of the
severe rounding at low temperatures. Above T.~ 18K,
the slope becomes constant, indicating that an expopent P, /Po=Aexp—a[In(t/7)]%}, t=r. (5)
=1.5. At T-T.~100K, a deviation from Barrett is ob-
served, and aﬁ'—Tc~140 K, a crossover toy= 1.1 takes The solid lines in Flg 10 represent the best-fit reSUItS, and
place. These results further suggest that the quantum fluctufle best-fit parameters are listed in Table II. The increase of
tion plays an important role even at low temperatures. the exponentiakr and the decrease of the characteristic re-
Figures 9a) and 9b) show &’ and &” for STO18-84 laxation timer with temperature under 10 kV/m poling field
measured under several frequencies. Unlike the typical fereflect the acceleration of the decay with increasing tempera-
roelectrics BaTiQ,PbTiO;, etc., the peak temperature of ture. When the poling field is increased to 20 kV/m, the
STO18-84 shows frequency dispersion, from 22.0 Kf at decrease ok and increase of are observed, demonstrating
=1 MHz to 21.5 K atf =1 kHz. Similar dispersion has been the field-enhanced ferroelectric interaction between the do-
observed in solid solutions such as,KLi,TaO,  mains. The exponenp, which is approximately 0.9 foll
Sr,_,CaTiOs, and KTa_Nb,Os.2° Significantly some dis- =2 and 1Q K, increases to 1.01 for=19.5K. Apparently,
orders exist in the system. the relaxation behavior d?, crosses over from the general-

To identfy the origin of the disorders in ized to the simple power law on increasing temperature ap-
SITi(*%0, _1%0,)5, the variation of the remnant polarization ProachingTc. .
P, with time t was measured after a slow field-cooling pro- ~ The well fitting of the generalized power law to the data
cess. Figure 10 shows relaxation of the normalized remnari@ Fig. 10 indicates that the Si(ffO,_,*%0,); is a system
polarization measured under different temperatures and powith quenched random-field disordrThis result together
ing fieldsE for STO18—-84. A long-term nonexponential re- With the fact that, similar to the case for multidomain
laxation is observed after the poling field is switched off, ands@mples, a strong nonlinear dependence of the dielectric con-
the relaxation shows the following characteristi@:for the _
same poling fieldE=10kV/m, the rate of relaxation in- TABLE II. Best-it parameters to Ed5).
creases with increasin@(<T.), and P, decreases by

~5.5% atT=2 K and~8.2% atT = 19.5K; (2) for the same E i
temperatureT=2 K, the rate of relaxation decreases with T® (kV/m) “ (se9 ¢
increasing the poling field, anB, decreases by-5.5% at 2 10 0.0089 0.11 0.93
E=10kV/m and~2.5% atE=20kV/m; (3) the relaxation 10 10 0.0096 0.03 0.91
rate is lower for monodomain samples than for multidomain 195 10 0.0103 0.01 1.01
samples, for the same poling fiel=10kV/m and the 2 20 0.0016 057 1.18

equivalent temperaturd =T.—2 K, and P, decreases by
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stant on the amplitude of the ac test signal is observed for thghe origin of the ferroelectricity of the Sr{0;_,%0,);
present monodomain sampi@ssignify that the low- samples has been identified to be the replacemetiby
temperature state of the monodomain $;_,'®0,)zisa 180 in SrTiO,. The observation of frequency dispersion, the
random field-induced domain state. Different from the cas@ong-term nonexponential relaxation of the remnent polariza-
of A site substituted SrTiQand KTaQ, in which the random  tion, and so on suggests that the low-temperature state of the
fields mainly come from random dipole and/or random strainsrTi(*¢0, _,*80,); is a random field-induced domain state.
fields; the random fields in SITO, _,*°0,); probably have  |n addition to extrinsic oxygen vacancies and the competing
the following sources(1) the extrinsic oxygen vacancie®)  of the Ti-*%0 interaction with the THO interaction, the twin
the competing of the THO interaction (paraelectriclik¢  boundaries also form random fields. Thus, it is reasonable to
with the Ti-*80 interaction(ferroelectriclike. In addition, the conjecture that, rather than showing the domain state at low
relaxation rate of the monodomain samples is slower thafemperatures, a monodomain Sri@®ingle crystal with
that of the multidomain samples and the twin boundaries|00% of an oxygen-isotope exchange rateegligible de-
formed at the zone-boundary phase transition around 105 lfects and vacancies should show a ferroelectric with a true
(Ref. 8 also appear to be a source of the random fields inong-range order at<T,.
SrTi(*%0, _,180,);.
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