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Critical behavior, scaling, and nonlinear properties of the susceptiblityy’ —iy” in %0 isotope ex-
changed SrTiQ@are revisited in a crystal that was perfectly single domained by an external electric field in the
guantum paraelectric regime abolg= 24 K. Corrections due to random-field induced nanoregions turn out to
be important, if not decisive, for a reliable description. We find quantum critical exponerits9+0.1, 5§
=2.7+0.1, andA=3.1+£0.1, and a divergency of the nonlinearity coefficiBnvith an exponent $—2A =
-0.4. Below T, critical and scaling analysis is inhibited by large contributions of domain walls to the
susceptibility.
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I. INTRODUCTION where the easy axis of susceptibility lies aldrig 0.
Similarly, in experimental research, one kind of experi-
Strontium titanate SrTiQ(STO) takes a very particular ments clearly indicates a structural phase transitiolat
position among the oxygen-octahedral compounds with<24 K into a mesoscopic domain stsé*-5or even into a
perovskite-type structure. Many findings, new original con-normal ferroelectrit® state with lowered symmetry, while
cepts and ideas in the physics of phase transitions or evegthers, e.g., x-ray or neutron diffraction and heat capacity,
more generally in condensed matter physics, have been bogduld not detect any anomalies nég51” thus indicating
and developed when investigating this unique matér@h  that the system rather transforms into a disordered or very
one hand, STO reveals one of the rare antiferrodistorsivgnort-ranged polar state.
structural phase transition from cubiRm3m to tetragonal Having in mind the above ambiguities we decided to
|4/mcmsymmetry aff, =105 K with criticality of the order  carry out detailed investigations of the nonlinear dielectric
parameter as first explored by Mullet al? Ever since ithas  yesponse of the STO18 system, since it is believed that the
been regarded as a model system for displacive phase traponinear susceptibility is more sensitive to dipolar ordering
sitions. Further, the appearance of quantum paraelectricity ithan the linear on& These investigations are to shed some
pure STO(Ref. 3 and ferroelectricity in STO doped with |ight on the nature of the phase transition and the low-
%az;ons“ or chemically equivalent, but heavier oxygen ions temperature phase of STO18. In the present experiments spe-
O (STO18,° has attracted unrivalled interest in the low gl attention is paid to investigations on samples in the te-
temperature properties of this compound. tragonal single domain state when cooling to belbwThis
The nature of the ferroelectric phase transition induced b¥tate of the sample is an essential prerequisite for reliable
the exchange of oxygeliO by its isotope®0 and of the low  experimental data. Very probably, some of the contradictions
temperature ferroelectric state thus obtained still remainﬁ)und in the experimentai results hitherto reported may Origi_
controversial. This is manifested both in theoretical and eXnate from ill-defined multidomain states of the samples in-
perimental research. While Bussmann-Holdgr al® and  vestigated. Here we name our own previous Wdead that
Kvyatkovskii7 predict a dispIaCive soft-mode mechanism Ofof OtherSZ,O which differs in some important details. Al-
the phase transition into a conventional ferroelectric state ifhough most authors used the shaping methfmt obtaining
their theoretical works, Yamadat al® claim that STO18 a Singie domain state in the Sampiesy it has been demon-
undergoes a transition into a three state quantum ordektrated that these conditions are insufficient for obtaining the
disorder system. Its very specific “ferroelectric” phase is exsingle domain state in the STO18 single-crystal
pected to reveal a considerable amount of polarization ﬂUCSampie]:5,22y23Surprisingiy’ this deficiency can be remedied
tuations even atT=0K, associated with tunneling py additionally applying a dc electric field which efficiently
fluctuations of the dipoles. Actually, the order-disorder na-sypports this procedufé.
ture of this phase transition was originally suggested by
Zhanget al? Its microscopic symmetry is still under debate.

While common belief would favor an orthorhombic symme- Il. EXPERIMENTAL PROCEDURE
try with the spontaneous polarization and the easy axis of ) )
susceptibility lying in thec plane as in STO:Cé,optical The experiments were performed on a single crystal

second harmonic generati¢8HG)'® and very recent NMR ~ Sample of Sr'l'GlfaOOI%, igog.ga)s prepared in the same way as
studied! favor a lower symmetry, probably a triclinic space described previoush?® with dimensions 16 2x 0.5 mn?

group. In this paper we focus on the paraelectric regimealong the direction$l1 0 0], [Tl 0]e, [1 1 0] (in the cubic
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the inset in Fig. 1 that the curve related to the first quarter
differs substantially from the others. This primary curve
starts markedly below the apex of the bell, and the suscepti-
bility decreases monotonically when increasing the bias field
up to about 50 kV/m. At this field a jerky increase of the
susceptibility takes place, which is spread over a field inter-
val of aboutAE=10 kV/m. After reaching a new equilib-
rium state the monotonic decrease of the response continues
until the maximum bias field is attained. On subsequent de-
creasing of the bias field, the susceptibility monotonically
increases again, following the primary run in the high field
limit. However, belowE= 70 kV/m it deviates from the pri-
mary curve reaching values enlarged by about 1Btet in
o & e 80 120 Fig. 1). On further cycling only very minute further changes
E (kV/m) are observegsolid and open triangles in Fig).IThis reflects
near-reproducibility of the susceptibility data after the sixth

FIG. 1. dc electric-field dependences of the electric susceptibilguarter cycle. It is these data that are subject to detailed
ity at selected temperaturds=24, 27, 30, and 35 K and their best analysis in the present paper. The initial discontinuous recov-
fits (solid lineg as measured in the sixth quarters of continuous€ry of the y vs E curve is attributed to an electric field in-
hysteresis cycles. The inset shows one complete experimental cycticed switching of ferroelastic domaiffs Obviously, the
masured at 30 K. For clarity only every second experimental poinshaping conditions aloAkare insufficient to form a single
is shown. domain state in STO18 and a dc electric field may be used to

switch the residual domains as discussed in detail

system, respectively. Following Bednorz and Milfetthe — €lsewheré?
sample was etched in boiling orthophosphoric acid in order
to remove surface layers of about 0.1 mm thickness. After B. Electric field dependent linear susceptibility

this procedure the sample reached its final size<1(®

0.3, and accoring t common expectai ge- 85 00T T0 L% Svremay S1on e coendence
ometry should warrant formation of a crystallographic single P y PP 9

domain state with the tetragormabxis along the long sample Te from above. Whiley' is nearly independent d for T
. 9 9 19 P 35 K, a drastic drop of the susceptibility is observed on the
edges when cooling to beloW, Vacuum deposition of a

thin copper interface and subsequent rf sputtering of golé;O;he:rgxirﬂ:Ig;j tg %:fr204mKi’tsWirr]1(iatir§I t;?ufsvl;]%endaby ?o];ic:cr:?r{
were used to cover the majot10), faces with electrodes. P yo. pp 9

The linear susceptibility' =y’ - iy’ was measured using a Emax=120 kV/m. Characteristically, the main part of this re-

Hewlett-Packard 4192-A impedance analyzer at the freToluc'uon happens in the low field limi <20 kV/m. Another

. Issue that comes from Fig. 1 is that the strong nonlinearity of
quencyf=10 kHz, temperatures4T<50 K and an ampli- . . . ) . )
tude of the ac probing fielE=30 V/m in a helium-gas-flow the dielectric response in the paraelectric phase is restricted

cryostat. Starting fronE=0, the bias field was swept be- E?l?) Lelatlvely narfow temperature range betwdgmnd T
tween £120 kV/m at constant temperature. In order to war- =, " 1«0 describe the experimental data phenomeno-

:ﬁg;ﬁﬁgﬂ]c:rlncggzlité%nsoLct’r tarllem:;s]uTgmvsgsts’rgrgsrhtg_dez(;qogicaIIy we decided to start from the well-known two-
' P termed electric equation of state

=150 K for half an hour and then cooled down in zero field
to the required temperature. E=AP+BP?, (D

where P is the polarization induced be the applied electric
lIl. EXPERIMENTAL RESULTS AND DISCUSSION field E and A=Ay(T-T,) is a temperature-dependent coeffi-
cient. Ay is a constant and the so-called nonlinearity coef-

A. Electric field control of structurally single domained sample  ficient which is assumed to be temperature-independent in
Figure 1 shows representative examples of the deperflassic Landau approximation. Equatidn is expected to be
dence of electric susceptibility on the dc bias field as obYalid for small enough values of the polarization where

served in the sixth quarters of the respective complete loopRigher terms ofP in Eq. (1) can be neglected. Equati¢th)
measured af =T.=24 K516 An example of such a bell- provides the relationship between the electric field and the
shaped complete loop taken at 30 K is shown in the insethduced polarization, from which the relationship between
Solid lines represent fits to a model described below. Théhe electric susceptibility and the electric field may easily be
bias field was applied step by step when cycling betweeleduced as

+E,. In order to record 1.5 periods, i.e., six quarters, of the _ " —

Ioopa at fixed temperatures. At this temperature, being far JEIIP = 1U(eox') = A+ 3BF?, 2
above the ferroelectric phase transition temperature, thesheregq is the permittivity of the free space. For practical
sample still remains in the paraelectric state. It is seen fronuse an explicit function fox'(E) is preferred,
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of magnitude larger. An extrapolation of the best-fitting bro-
ken line (line 2) in Fig. 2 beyond the fitting range deviates
appreciably from the experimental data. Otherwise, when fit-
ting Eq. (5) to the data in the whole range of data presented
in Fig. 2 much larger values of? andR? are obtained. The
most popular expression fgr (E) has the form of a series of
even-power terms in the electric fiek?" 28

X (10°)

X'(E) = x1— 3x3E? + 5ysE* - -+, (6)

where the expansion parametets=1/(gpA), x3=B/(g0A%),
xs=3B2?/(goA), etc., are related to the equation of state Eq.
(1). The above series contains an infinite number of terms
o s & % 120 with an infinite number ofy parameters, all of which may be
E (kV/m) expressed by the coefficienksand B appearing in Eq(1).
When expanding the equation of state, as well, into an infi-

FIG. 2. dc electric-field dependence of the electric susceptibiliyit€ Power series, thg parameters have to be redefined,
taken at 33 K and their best fits to E¢8) and(4) (solid line 7, Eq. ~ reSpectively. Approximate features of H§) containing the
(5) (dashed line 2 and Eq.(6) (dotted line 3, respectively. The first three terms are illustrated in Fig. 2 by the dotted line
vertical arrow designates the fitting range for lines 2 and 3. Folline 3). Its extrapolation beyond the fitting rangeertical
clarity only every second experimental point is shown. arrow) deviates significantly from the data. While the

x-square andl;2 functions erre, again, similar as in the pre-
p—— vious casesy“=123.0 andr“=0.99972, respectively, the fit-

X' (B) = L(eoA + 360BP), ) ting expression now contains three adjustable parameters
where the explicit relationship foP(E) has to be incorpo- x;=12012+2, x3=(2.493+0.015x 107" m?/V2, and ys
rated into Eq.(3). This may be obtained analytically from =(9.9+0.3 X107 m*/Vv4, which yield A
Eqg. (1) as a solution of the tertiary equation =(9.3955+0.0016x 16° Vm/C and B=(1.720+0.013

X 101 m®V/C® in good agreement with the results of the

P(E) =[~ 9/2+(D)""* - [g/2 + (D) "5, @ first fit. The value ofB is slightly smaller, which is probably
with a new variablegy=—E/B and a positive discriminarid due to a different number of experimental points analyzed in
=(p/3)3+(q/2)2>0, wherep=A/B. Equations(3) and (4) both procedures. While in the first procedure the entire cur-
provide a convenient expression fgt(E), which contains Vature of the data is taken into the account, data beyond the
only two adjustable fitting parametefsandB. What is even  inflection point are omitted when using E@). Hence, very
more important, it is based on the identical approximation aprobably the fit based on Eqe3) and(4) and its value oB
the initial equation of state Ed1), which is in fact the in- S€€m to be more adequate for the system investigated.
verse function of Eq(4). In Fig. 2 the sixth quarter data _ 1he above discussion shows that the very simple equation
taken at 33 K are shown. The solid lifine 1) represents a  Of state(1) offers a very powerful tool for an effective evalu-
best fit of these data to Eq®) and(4). The fitting procedure ~ ation of reallstlc data in a re'latlvely large range of glectrlc
was carried out in the whole data range and the result hafé€lds. Obviously the expressidd) may be expanded into a
appeared to be very satisfactory as indicated by a very log€res
value of the chi-square functigef=125.9, a favorable value
of the correlation coefficier®2=0.99994 and very precisely
determined values of the fitting parameters\  ynder the constraint that BE?/(4A3) < 1. After differentia-
=(9.3959+0.0018x 10° Vm/C and B=(1.837+0.002 tjon, 9P/JE=eoy'(E), one obtains an expression fgt(E)
X 10'9m° V/C? respectively. _ _ which is identical with the series in E¢f). It is obvious that

It is interesting to compare this result with o'gher approxi-the series expansions in E@) or (7), cut off after the third
mate treatments, which have been developed in order to okerm, are less powerful in fitting the data than the combina-
tain x'(E). One of them was proposed by John$bn, tion of Egs.(3) and (4), which make use of all information

ey — 3271/3 contained in the equation of state. Thus the series expression

X' (B) = xo/[1 +3Bleoxs)"ET, ® (6) may only be used in cases, where a very weak field
which also contains two fitting parameters, the initial lineardependence of susceptibility is involved. As seen in Fig. 1,
susceptibilityy; andB. In order to obtain the same low value this is not the case for STO18. In the case of strong nonlin-
of x? as in the previous treatment the fitting range has to bearity rather the rigorous expressions based on the equation
reduced by one half, i.e., by fitting only the data bel&w of state Eq(1), Egs.(3) and(4), have to be used.
~60 kV/m as indicated by the vertical arrow in Fig. 2. In  The above fitting procedure is satisfactory for the iso-
this case the valueg;=12021+2 andB=(5.713+0.014 therms recorded in the temperature range o350 K.
X 101 m®V/C?® with x?=120.1 andR?=0.99969, respec- However, afT=30 K a significant increase of the chi-square
tively, are obtained. It is seen that the valuéBdé now more  function x>=3784, and a reduction of the correlation coeffi-
than three times larger and its standard deviation is one ordeient R?=0.99977 emerges from a best fit according to Egs.

P(E) = E/A- BE]/A*+ 3B?E° /A’ = - - )
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FIG. 4. Temperature dependences of the fitting parameters
(insed, B, and the calculated third order susceptibility The solid
line represent the best fits within the range shown by vertical arrows
with the critical exponents 3-2A=-0.33+0.04, T;=15.5K
(fixed), T2=26.9£0.3 K, andB,=(1.25+0.07 x 10'° m>V/C? and
y+2A=8.2 (fixed), T¢s=15.5 K (fixed), T?:20.7i0.5 K, and

Bo/ (s0Ag) M2/ V2, respectively, and extrapolated beyond the fitting
range. Dotted lines are to guide the eyes.

STO18 as anticipated by analogy with“Galoped STO16.
Equation(8) yields the following expression for the dielec-
tric susceptibilityx; :

0 0 e % 2
E (kV/m)

r— — -2
FIG. 3. dc electric-field dependence of the electric susceptibility X; = IPleqdE = xor[COSHEX)] ™7, 9)

taken at 30 K and their best fits according to the one componeq}vhereXO =Pyx/ e, and x=Py9/2ksT. As can be seen from
(33 and the two componeriBh) polarization mechanism, respec- o ‘i fine in Fig. 8), this additional term together with
tively. The insets show details in the low field limit. For clarity only the previously used Eq,£.3) and (4) definitely improves the
every second experimental point is shown. quality of the fit. As a consequence, the value of yhequare

. . o function is substantially reduced §¢=249.6, and the corre-
(3) and(4) [Fig. 3@)]. In particular, severe deviations of the |ation coefficient increase®?=0.99998, while the values of
fitting curve from experimental data are observed in the lowthe  four fitting parameters are A=(6.034+0.002
field limit [Fig. 3(@), insef. This behavior indicates that the w106 v m/C, B=(2.25+0.002x 101 m5 V/C3, Yor
relatively poor fit cannot be due to the truncation of the_5g04+g andx=(1.90+0.08 X 1074 m/V. The last two pa-
equation of state consisting of two terms only. Higher-order, neters provide the value of effective polarization of the
te_rms_in Eq.(1) would rather improve the situatior_l in the recursor clustersPy= xoreo/X=(1.21+0.09 X 10°° C/n?.
h|gh field range. The above symp';om_s strongly h'm at thGPs seen in Fig. @), the contribution to the total dielectric
existence of a supplementary polarization mechanism, Wh'cﬁsponse{solid line) due to the additional extrinsic polariza-

saturates rapidly when increasing the dc bias field. The COMon mechanism is fairly smalin the order of 1% and, as

tribution of such a component with quasiswitching prOpertiesexpected, it vanishes at very weak fies 10 KV/m [Fig.

to the dielectric response is expected to vanish due to 't§(b), broken ling. Subtracting this contribution it is easy to

constant saturation value at high fields. L
L OO i extract the intrinsic response of the host as represented by the
Bearing in mind the proposed random-field nature of the P P y

STO18 syster®2 the appearance of precursorlike polar dotted line in the inset of Fig.(B). The dynamic heteroge-

; . X .. neity thus introduced might be referred to as a multipolariza-
clusters is very likely when approaching the phase transitioty | ” -\ ochanism modék Here we decided to add a rapidly
region. They are expected to have an effective polarizatio

Qaturating cluster contribution with superparaelectric switch-
P, and a volumed. The polarization due to the reorientation g Perp

£ such it " | ; be d bed withi ing properties to the background, whose strong field depen-
of such nonintéracting polar regions may be described withiye .o extending to very high fields is excellently described
a discrete-level Langevin-type approdt#

by dielectric nonlinearity.
P = P, tanH Py /E/2ksT), (8) Using the above procedure it is pos;ible _to deterr_nine the
temperature dependence of the nonlinearity coefficBnt
where the local field is assumed to be close to the externalhich is shown in Fig. 4. As is seeB, increases when ap-
one E,.=E. The factor 2 in the denominator is due to the proaching the phase transition point from above. It shows a
xy-type symmetry of the polarization order parameter ofweak relative maximum at 29 K. Since the apex of the sus-
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FIG. 6. Temperature dependence of the calculated effective po-
larization Po=gqx4, /X of the polar regions. The line is to guide the
eyes.

tunneling as a substantial quantum feature is involved in this
part of the susceptibilit}® Very probably the fine-grained
nature of this state explains the lack of structural changes
. . reported in recent x-ray or neutron-diffraction studiés.

' ) When the system contains a large number of mesoscopic
0 b 1 accidentally oriented polar regions, its global symmetry re-
mains unchanged as is wellknown from zero-field cooled
cubic relaxor crystald? Symmetry changes on a very small

FIG. 5. dc electric field dependences of the electric susceptibil€Ngth scale is beyond resolution of a given technique and
ity taken atT=24+1 K, respectively, and their fits according to the NuS Simply cannot be detected. The above picture is sup-
two component polarization mechanisisolid lines. The dashed ~Ported by very slim hysteresis loops with an extremely small
and dotted lines represent the susceptibility related to the intrinsi€émnant polarizatichand by the temperature dependence of
and extrinsic components of the polarization. The insétishows ~ the effective polarizatiof, of polar regions as presented in
details in the low field limit. The inset ith) shows the temperature Fig. 6. While P, shows a sharp drop just aboWVg, it in-
dependence ofy, (the line is to guide the eygsThe values of creases in a jumplike fashion by two orders of magnitude
the fitting parameters are(@ A=(2.3+0.2x10°V m/C, below T.. Very probably this kind of behavior does not re-
B=(2.835+0.012x 10 m®V/C3, xor=(2.3£0.2x10%  flect the real temperature dependence of the spontaneous po-
x=(5.5£0.7x10%m/V and (b) A=(4.5+0.9x10°Vm/C, larization, since belowT, the dielectric response is com-
B=(4.56+0.05xX101°m>V/C3,  x;,=(3.02+0.05x10°, and pleted by considerable domain wall contributions as
x=(1.400£0.015x 10 m/V. evidenced by strong dispersion of the dielectric susceptibility

that was absent in the paraelectric state. Hence, domain wall
ceptibility x’ vs E remains localized aE=0 below T, the  contributions are contained amj can neither be considered
above superposition procedure was used for fitting a fevas the cluster polarization, nor as a measure of the polar
isotherms in the ferroelectric state as well. order parameter. Similarly, the sharp minima of the fitting

It is advisable here to demonstrate a fundamental differparametersy,, and Py, are questionable. These parameters
ence in the fitting results of the isotherms above and belowvere extracted from the near-critical isotherm takenTat
T.. Figure 5 presents two isotherms takematT.£1 K and =24 K, where the system is strongly unstable and small
their analysis. While at 25 K the extrinsic reorientation changes in temperature can give rise to large changes in the
mechanism aE=0, x,, contributes only 3% to the total response. More systematic research addressed to this region
responsgFig. 5a): dotted lind, at 23 K it increases signifi- is suggested for future experiments.
cantly up to 46%Fig. 5b): dotted lind. The inset to Fig.
5(b) presents the temperature dependence,ofvith its jum-
plike increase below .. While the intrinsic “bulk” suscepti-
bility decreases by a factor of about 2, as expected at a sec- Let us come back to the parameters of the intrinsic polar-
ond order phase transition, the extrinsic “cluster” orization. When crossing the phase transition point from the
“domain” susceptibility increases by a factor of about 20.paraelectric state the nonlinearity coeffici@jumps up and
This is a convincing illustration of the transformation of the then increases smoothly agaiRig. 4). The coefficientA,
STO18 system into a domain state bel®w=24 K. We are  which is proportional to the inverse of susceptibility, shows a
inclined to call this state a “quantum domain state” sincepronounced minimum &t (see inset in Fig. 4 The third

22 24 26 28
Temperature T (K)

0 20 40 60 80 100 120
E (kV/m)

C. Criticality and scaling properties
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Temperature T (K) FIG. 8. Dependences dTQ (triangles and yg(T,,) (circles on

e electric fieldE. The solid Ilnes represent fits of the data within
e range indicated by the vertical arrows to the forml]TasTQ

KEYA and xg(T)=K'E"12, respectively, withT9=23.1+0.3 K,
K=2.5+0.2, A=3.08+0.14, K’'=(1.33%x0.04X 165 and a
=1.63+0.03.

FIG. 7. Temperature dependences of the electric susceptibility al::
selected dc bias fields. The solid line represents the best fit of the
data atE=0 within 25.5<T<31.5 K with C=(1.2+0.2 X 10°, T
=15.5 K (fixed), TS=23.810.2 K, andy=1.92+0.07.

order susceptibilityy;=B/(g,A% then displays a very sharp
maximum atT, in its temperature dependengeg. 4).

In order to characterlze the temperature dependence of the
coefficientB one should refer to the equation of state written
in a more general wa?

Eq. (11) of the data abova =30 K yields the mean-field
value y=1.

When applying a dc fiel& the maximum value of the
susceptibility yg(T,,) decreases with increasing valuestof
and its temperature positiof, shifts towards higher tem-

_ 3-2A 3 peraturegFig. 7). According to scaling theofy these quan-
E=Ag|7]"P + B 7> P, 10 fiies are scaled by power laws with exponertsand a

wherey, A, Ay, andBy are the critical exponent of the sus- =Aly, respectively, as extended to the quantum Fifnit

ceptibility, the gap exponent, and constants, respectively. T%(E) A
Here we propose to replace the classic reduced temperature E ™ 1
7=(T-Ty)/T, by its quantum equivalem®=(TR-TY)/T c
with Te=T,tanhT,/T;3* T,=15.5 K. After this modification and
the factor in the first term in Eq10) is directly related to the (TQ) o« g1 (13)
generalized quantum Curie-Weiss lgsee below, while the Xe(Tr) '
second one describes temperature dependence of the nonlifhese relations provide a possibility for an experimental ex-
earity coefficientB in the quantum regime. The modified traction of the values of these exponents. To this end, first,
version of the equation of state thus obtained may be referreghe T,,, data have to be rescaled into quantum temperatures
to as a quantum electric equation of state. When fittingghe (T9— T,,) via the expression given above as shown by tri-
data within the interval 24 T<28 K one obtains the expo- angles in Fig. 8. Within the field 8 E< 120 kV/m we find
nent 3y-2A=-0.33+0.04. Extrapolation beyond the fitting T9=23.1+0.3 K in agreement within errors with the result
range follows pretty well the rest of dataolid line in Fig. from Eq.(11) and the gap exponent=3.08+0.14. Using the
4). As it is seen, this exponent is determined by the values oéxponenty=1.92+0.07(see abovk one calculates the expo-
v andA which have to be extracted from other sources. nenta=1.60+0.13.
The exponenty is obtained from the susceptibility mea-  On the other hand, the exponemtmay directly be ob-
sured at vanishing dc bias fie{fig. 7: circleg. Fitting these  tained when fitting theyg(T,,) vs E data to Eq.(13) (solid
data within the temperature range 28%5<31.5K to the |ine in Fig. 8. We obtaina=1.63+0.03, which is in a very
generalized quantum Curie-Weiss faw good agreement with the previous one. Finally, we may cal-
culate, again, the exponent referring to tBET) data 3y
Y = C (11) -2A=-0.4+0.5. It is in satisfactory agreement with the pre-
(TQ—TCQ)V’ vious one(see above The large erro+0.5) is due to the
propagation of the individual standard deviations of particu-
we obtainy=1.92+0.07(solid line in Fig. 3, which comes lar terms. Obviously, the critical behavior BfT) is charac-
very close to the one predicted for the quantum regime, terized by a divergence. It is clear now that the unusual tem-
=236 T, was fixed after a preliminary fitting procedure in perature dependence of the nonlinearity coefficnis a

order to reduce the standard deviation of the remaining adeonsequence of the particular nonclassic values of exponents
justable parameters. It is worthwhile noticing that a best fit toy and A.

(12
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Having in mind the expression for the third order suscep- ' ) ]
tibility x3=B/(g0A?% one easily obtains a respective expres- * 24K
sion describing its temperature dependence as a 25

o 26 7]

= Bo | om2) x 27

X3 80A8|T | . (14 ' v 28 i
This expression fits satisfactorily to the data presented in Fig. if_, ° 29

4 (triangles and respective solid linavith the exponenty 0. + 30 .
+2A=8.2, which complies well with that obtained from the o 31
individual values ofy andA, y+2A=8.2+0.4. - 33

The exponenta is a key quantity for static nonzero- % ]
external-field scaling analysis of the data based on the i ROk owrne x 3 ¢
relatior?”-38 0.0 . ' : L : L

0 2 4 6 8
! ’ - ! a
X' (T,E)x'(T,0) = HE[X'(T,0) %, (15 B(y) (10°V/m)
with a=6/(6-1)=A/y. Here x'(T,E)=x'(T) is the static
dielectric susceptibility at temperatufeand external fieldE, FIG. 9. Dependences ot/ xo on E(xo)?. Best data collapsing is

whereasy’ (T, 0) EX(’)(T) is the zero-field susceptibility at the achieved witha=1.62. For clarity only every second experimental
same temperatures scales the power-law relation of the Pointis shown.
critical isotherm aff=T,, E=P?, between the external elec-
tric field and the polarization. This equation is very conve-
nient for the scaling analysis of criticality, because it containg?olarization due to reorientation of polar regions from the
only one fitting parametea and does not requira priori intrinsic host one. Our exponents thus determined are related
knowledge of the critical temperature. In order to check thelo the intrinsic polarization of the system investigated in a
scaling behavior of the data we constructed the scaling funcstructural single domain state. They make the present inves-
tion f according to Eq(15), xg(T) vs E[x4(T)]? by using tigation much more precise than our previous‘8rend en-
different values ofa. Best data collapsing onto one master hance its degree of reliability. It should be stressed that, al-
curve is achieved witla=1.62 (Fig. 9 in good agreement though the relative contribution of the extrinsic polarization
with values obtained above. Closer inspections shows that tb the total response is very low in the paraelectric state, it
provides an excellent compromise for almost all data pointsgives rise to quite sizable changes of the nonlinearity coeffi-
The scaling analysis of the experimental susceptibilitycient B(T). However; it increases substantially in the ferro-
data discloses a very good scaling behavior of the STO18|ectric state, which might be classified as a quantum domain
system with consistent effective scaling exponents. Using thgiate controlled by quenched random fields.
well known scaling relations one may calculate further ex- £\ rthermore it has been shown that the very simple quan-
ponents, e.g., f=A-y=1.2+0.2 and a=2-y-2B= 4y electric equation of state offers a powerful tool for a
_2'1i.0'5.‘ .These values show Qrast|cally thf?“ STO.18 dev"satisfactory description of the nonlinear dielectric response
ates S|gn|f|c_antly from the classic Landau universality classu to a relatively large field range, even in the case of a very
They give rise to the unusual temperature dependence of t rong field dependence of the dielectric susceptibility. Ap-

nonlll(nearllt)zjcoezfr:menB as>d1|s;:ussed abgve. 'If'o thg best 01Eproximate treatments or truncated series expressions have
our knowledge, the resufé as never been found in any only limited usefulness,

theoretical system. However, the possibility f8r>1 has
already been suggested for the doped system Srue®
IV. CONCLUSION ACKNOWLEDGMENTS

Within the framework of a two component polarization  Financial support by DFGSPP “Strukturgradienten in
mechanism it has become possible to separate the extringiistallen”) is gratefully acknowledged.

*Electronic address: dec@us.edu.pl 5M. ltoh, R. Wang, Y. Inaguma, T. Yamaguchi, Y.-J. Shan, and T.
1V, V. Lemanov, Ferroelectric£65, 1 (2002. Nakamura, Phys. Rev. LetB2, 3540(1999.
2K. A. Miiller, W. Berlinger, C. H. West, and P. Heller, Phys. Rev. ®A. Bussmann-Holder, H. Biittner, and A. R. Bishop, J. Phys.:
Lett. 32, 160(1974. Condens. Matterl2, L115 (2000.
3K. A. Milller and H. Burkard, Phys. Rev. B9, 3593(1979. 70. E. Kvyatkovskii, Solid State Commuri17, 455(2001); Phys.
4J. G. Bednorz and K. A. Miller, Phys. Rev. Leth2, 2289 Solid State43, 1401(2001).
(1984). 8Y. Yamada, N. Todoroki, and S. Miyashita, Phys. Rev.6B,

144113-7



DEC, KLEEMANN, AND ITOH PHYSICAL REVIEW B 71, 144113(2005

024103(2004). M. ltoh, T. Azuma, T. Kyomen, K. lio, K. Yamanaka, and R.
°L. Zhang, W. Kleemann, J. Dec, R. Wang, and M. Itoh, Eur. Phys.  Wang, J. Phys. Soc. Jpi73, 1377(2004.

J. B 28, 163(2002. 243, Dec, W. Kleemann, and M. Itoh, Appl. Phys. Le@5, 5328
10, Zhang, W. Kleemann, R. Wang, and M. Itoh, Appl. Phys. Lett. (2004).

81, 3022(2002. 25R. Wang and M. Itoh, Phys. Rev. B4, 174104(2002.

1R, Blinc (private communication

1?2R. Wang and M. ltoh, Phys. Rev. B2, R731(2000.

137, Yagi, M. Kasahara, Y. Tsujimi, M. Yamaguchi, H. Hasebe, R.
Wang, and M. Itoh, Physica B16-317 596 (2002.

14H. Hasebe, Y. Tsujimi, R. Wang, M. Itoh, and T. Yagi, Phys. Rev.

26K. M. Johnson, J. Appl. Phys33, 2826(1962.

27C. J. F. BottcherTheory of Electric Polarizatior{Elsevier, Am-
sterdam, 1977

28A. K. JonscherDielectric Relaxation in Solid¢Chelsea Dielec-

B 68, 014109(2003 tric Press, London, 1983

15T Shigenari, K. Abe, K. Yanashita, T. Takemoto, R. Wang, ang>>J. Dec, W. Kleemann, U. Bianchi, and J. G. Bednorz, Europhys.
M. Itoh, Ferroelectrics285, 415 (2003. Lett. 29, 31 (1995.

16E. L. Venturini, G. A. Samara, M. Itoh, and R. Wang, Phys. Rev. 2°U. Bianchi, J. Dec, W. Kleemann, and J. G. Bednorz, Phys. Rev.
B 69, 184105(2004. B 51, 8737(1995.

17y, Uesu, R. Nakai, J.-M. Kiat, C. Ménoret, M. Itoh, and T. Kyo- 3!Chen Ang and Zhi Yu, Phys. Rev. B9, 174109(2004.
men, J. Phys. Soc. JpiT3, 1139(2004). 32|, E. Cross, Ferroelectricg6, 241(1987).

M. D. Glinchuk and V. A. Stephanovich, J. Phys.: Condens.®3E. Stanley,Phase Transitions and Critical Phenomef@laren-
Matter 10, 11 081(1998. don Press, Oxford, 1971Chap. 11.

Bw. Kleemann, J. Dec, R. Wang, and M. Itoh, Phys. Rev6B  3*E. K. H. Salje, B. Wruck, and H. Thomas, Z. Phys. B: Condens.
092107(2003. Matter 82, 399 (1991).

20M. Itoh, T. Yagi, Y. Uesu, W. Kleemann, and R. Blinc, Sci. Tech- 35J. Dec and W. Kleemann, Solid State Comma06, 695(1998.
nol. Adv. Mater. 5, 417 (2004). S6T. Schneider, H. Beck, and E. Stoll, Phys. Rev. 18, 1123

21K, A. Muller, W. Berlinger, M. Capizzi, and H. Grénicher, Solid (1976.
State Commun8, 549 (1970. 37B. Westwaiski and B. Fugiel, Phys. Rev. B3, 3637(1997).

22K. Abe, K. Yamashita, Y. Tomita, T. Shigenari, R. Wang, and M. 33W. Kleemann, J. Dec, and B. Westitski, Phys. Rev. B58, 8985
Itoh, Ferroelectrics272, 155 (2002. (1998.

144113-8



