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Nonlinear susceptibility and phase transition in SrTi18O3
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The nonlinear dielectric response of SrTi18O3 is measured as a function of temperature and dc bias field
strength. In the low-field region the nonlinearity coefficientx3 /x1

4 is found to strongly decrease when ap-
proachingTc'25 K. This corroborates the existence of a fluctuation-controlled quantum ferroelectric phase
transition despite its smearing due to quenched random fields and excludes a random-bond random-field cluster
glass mechanism. Classic field scaling applies to temperaturesT.1.1Tc .
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SrTiO3 is probably the best-known example of a quantu
paraelectric, whose polar instability is suppressed by qu
tum fluctuations even in the very-low-temperature lim
T→0.1 This peculiarity is removed when replacing the ord
nary oxygen ions16O22 by the heavier isotope18O22. Itoh
et al.2,3 observed ferroelectric Curie temperatures as high
Tc'25 K in completely isotope-exchanged SrTi18O3

~‘‘STO18’’ !. The nature of the ferroelectric state is, howev
still under discussion. Apart from some broadening of
high peak of the dielectric susceptibility,x8(Tc)'63104,
enhanced susceptibility occurs also in the low-T regime in
the presence of external fields.4 It has been argued that th
extra response might be due to domain walls, which seem
hint at a random-field~RF! induced domain state as a cons
quence of excess Sr21 vacancies.5

Recent investigations of optical second-harmonic gen
tion have shown that the low-T state of STO18 consists o
eight triclinic domains with randomness on a microsca6

They transform into an orthorhombic single domain by a
plication of an external electric field along one of the cub
^110&c directions. Hence, the spontaneous polarization se
to be slightly tilted out of the (001)c plane towards the te
tragonal axis@001#c , which characterizes the paraelectr
structure at temperatures belowT0'105 K.2,3 The high ori-
entational degeneracy of the order parameter explains
destruction of the ferroelectric phase transition in the pr
ence of quenched RF’s~Ref. 7! as indicated by the smeare
divergence ofx8 at Tc .

The relationship of the smearing to the strong dispers
of the ac susceptibility observed in STO18~Refs. 4 and 8! is
obvious. Since such a behavior is typical of ferroelectric
laxor crystals,9 one might be inclined to assume similaritie
in their phase transition mechanisms. The key issue of re
ors is the appearance of polar clusters in the paraele
phase, which are correlated by the fluctuations of we
RF’s.10,11 In cubic relaxors like lead magnoniobate9

~‘‘PMN’’ ! the dipolar interaction between the polar cluste
is proposed to be at the origin of a random-bond rando
field dominated glassy transition.12 Hence, a cluster glas
defines the ground state of PMN atT,Tc instead of a do-
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main state. In view of its highly degenerate order parame
a similar structure might also be expected in STO18.

It is the aim of this paper to shed some light onto th
fundamental question. In order to decide between a fe
electric and a glassy phase transition we take advantag
the nonlinear coefficienta35x3 /x1

4, whose importance was
recognized previously.13 The scaling theory of nonclassi
continuous phase transitions14 predicts vanishing ofa3 at a
ferroelectric transition, whilea3 is constant at all tempera
turesT.Tc for a classic mean-field transition as described
the Landau-Devonshire approximation. However, diverge
of a3 is expected at a freezing transition as observed in
polar glasses.13,15These criteria are helpful when identifyin
disorder-dominated transitions as being glassy@e.g., in be-
taine phosphite-phosphate glasses BP12xBPIx ~Ref. 15!# or
ferroelectric @e.g., in strontium barium niobate SBN~Ref.
16!#, respectively.

There are different ways for determining the nonlinear
coefficient.13 In this paper we decided to measure the diel
tric susceptibility at constant temperatures while sweep
the dc bias field. In the paraelectric phaseT.Tc , such kind
of data are customarily fitted to a series expansion

x~E!5x123x3E215x5E4 ~1!

in order to extract the linear susceptibilityx1 and the non-
linear susceptibilitiesx3 and x5 as fitting parameters; see
e.g., Ref. 12 The above expression is derived from a se
expansion of the polarization in a system with a centrosy
metrical paraelectric state atT.Tc ,

P5«0~x1E2x3E36••• !, ~2!

which is assumed to be the inverse of the equation of sta17

E5AP1BP37•••, ~3!

where A5(«0x1)21 and B5x3 /(«0
3x1

4)[a3 /«0
3. It should

be noticed that we restrict ourselves to analyze the temp
ture dependence ofB within the paraelectric stateT.Tc ,
where Eq.~1! and~2! are expected to hold. BelowTc domain
©2003 The American Physical Society07-1
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wall contributions to bothx1 and x3 as well as hysteresi
effects will blur the scaling properties in an unpredictab
way.

Further, when measuringx vs E memory effects due to
previous poling in high fields have to be excluded. To t
end only ‘‘virgin’’ curves as obtained in the very first ru
after zero-field cooling from high temperatures~see below!
were evaluated. It has been ascertained that they cle
maximize atE50 for all temperaturesT.Tc , a necessary
prerequisite of paralectric behavior. Furthermore, full cyc
of x vs E within the interval230 kV/m<E<30 kV/m were
observed to be virtually reversible atT.Tc , while large-
span cycles up touEu5110 kV/m reveal slim butterfly-type
wings, which persist even up toT540 K. Obviously revers-
ible paraelectric behavior is encountered in the low-field
gion, from which our information on dielectric nonlinearit
is primarily deduced~see below and Fig. 2!. The irreversibil-
ity observed in higher fields presumably reflects slight fie
induced changes of the internal RF distribution, a pheno
enon which is widely spread in quantum paraelectr
containing small amounts of polar impurities.18 Since all of
our data are collected on samples with identical thermal
tory under zero external field conditions, they can be take
representative for the virgin unbiased RF distribution.

The experiments were performed on a single-crys
sample of SrTi(16O0.08

18O0.92)3 prepared in the same way a
described previously,2,8 with dimensions 0.33337 mm3

parallel to the cubic directions@110#c , @11̄0#c , and@001#c ,
respectively. This geometry warrants the formation of a cr
tallographic single domain with the tetragonalc axis along
the long sample edges when cooling to belowT0. Vacuum
deposition of a thin copper interface and subsequent rf s
tering of gold were used to cover the major faces with el
trodes. The dielectric susceptibility was measured with
help of a Hewlett-Packard 4192-A impedance analyzer
temperatures 4,T,50 K, a frequencyf 510 kHz, and an

FIG. 1. Temperature dependences of the linear susceptibilityx1

~open circles! together with its best fit within 30,T,50 K accord-
ing to Eq. ~4! ~dashed line!, the nonlinear susceptibilityx3 ~open
triangles and eye-guiding line!, and of the nonlinearity paramete
B5x3 /(«0

3x1
4) ~solid circles and eye-guiding line!.
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ac probing fieldE05300 V/m in a helium-gas-flow cryostat
Starting fromE50, the bias field was swept up to 110 kV/m
at constant temperature. In order to warrant identical con
tions for all measurements, prior to each measurement
ried out, the sample was refreshed atT5110 K for half an
hour and then cooled down in zero field to the required te
perature.

The curve designated asx1 in Fig. 1 shows the linear ac
susceptibility of STO18 in zero external field as a function
T. As described previously2,3,5 it clearly shows the rounding
of the peak atTc'25 K and finite values asT→0. Owing to
the very-low-temperature regime encountered, a quan
treatment of the susceptibility is in order. Following previo
work on the impurity system Sr12xCaxTiO3 , x50.007
~‘‘SCT’’ !,19 we use the generalized Barrett formula20

x05
C

@TScoth~TS /T!2T0#g
, ~4!

whereC, TS , T0, andg are the Curie constant, the saturatio
and quantum critical temperatures, and the critical expon
respectively. A best fit~dashed line! within the temperature
range 30,T,50 K yields C5(1.1360.04)3105, TS
5(45.062.8) K , and T05(46.262.0) K. The exponent
g51.0460.02 comes close to the mean-field resultg51.21

When extending the fitting interval to 26,T,50 K its value
is shifted towardsg51.4060.02. Hence—as expected—
nonclassical behavior is encountered close toTc .

These conjectures are corroborated by inspection of
isothermal field scaling functionxE /x05 f (Ex0

a), where
xE[x8(E,T5const), x0[x8(E50 T5const), and a
5d/(d21), d being the exponent of the critical isotherm
E}Pd for T5Tc .19 All susceptibility functions refer to con-

FIG. 2. Isothermal field dependences ofx8 measured atf
510 kHz andT525, 28, 32.5, and 37.5 K in electric fields up t
110 kV/m applied parallel to the@110#c direction. The solid lines
refer to best fits to Eq.~1! within the field ranges indicated by
vertical arrows.
7-2
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stant temperatures as presented exemplarily in Fig. 2 foT
525, 28, 32.7, and 37.5 K and field values up toE
5110 kV/m. The scaling plot as shown in Fig. 3 reveals
very good collapse of all data collected at temperatures
<T<40.2 K when using the mean-field exponenta53/2.19

Deviations are found only in the vicinity ofTc as shown very
drastically for the isotherm referring toT525 K ~open
circles!. Obviously fluctuations are relevant only in the cri
cal regime. This is at odds with the behavior of SCT,xCa
50.007, which shows severe deviations from mean-fi
quantum behavior in the entire range of temperatures,Tc
'18 K ,T,35 K.19 It should be noticed that the field sca
ing functionxE /x0 vs E holds equally well for both quantum
and classic systems, since no temperature scale is involv21

The field dependences of the real part of the dielec
susceptibility,x8(E) ~Fig. 2!, corroborate Eq.~1! in the low-
field regime. We find perfectly matching polynomials~solid
lines! from best fits for field strengths up toE0
520–58 kV/m depending onT ~indicated by arrows!. As
shown in Fig. 1 together withx1 vs T, the nonlinear suscep
tibility x3 vs T thus determined is steeply rising belowT
'35 K and maximizes atTc . It should be noticed that we
are convinced that only the low-field range complies with
scaling form of the equation of state, Eq.~3!, when being
truncated after the cubic term.14 Higher fields clearly involve
more complicated correlations and interactions. The st
decrease ofx8(E) at E.E0 probably reflects the rapid
growth and finally the saturation of the polar precursor cl
ters when superimposing the bias field to the local fi
fluctuations.10,11

Unlike our previous practice, when discussingx8(E) of
the impurity system SCT,22 we do not attempt to describe th

FIG. 3. Scaled plotxE /x05 f (Ex0
a) of the susceptibility iso-

thermsxE[x8(E,T) for T525, 28, 29, 30, 32.5, 35, 37.5, and 40
K ~see Fig. 2! best fitted with an exponenta51.5.
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STO18 system by polar clusters embedded in a paraele
background within a Langevin-type approach.23 Based on a
model of rigid clusters with field-independent sizes and
pole moments, this seems to be a reasonable assumpti
the case of an impurity system like SCT, where the nuc
ation of clusters is well defined by chemical impurities wi
fixed dipole moment. However, in the case of a homo
neous compound like STO18 such nuclei are lacking. O
statistical correlations of the quenched RF’s define the c
tering forces. An additional external bias field does not rot
the cluster polarizations, but favors the growth of those po
regions, whose initial orientation matches best with the fi
direction. A full description of this scenario, where clust
nucleation and growth~‘‘domain wall’’ motion! will play a
dominant role, is left for future research. Very probably
Avrami-Fatuzzo-type24 saturation behavior has to be invoke
within a treatment similar to that proposed by Andelman a
Joanny25 for metastable domains in theRF Ising model un-
der the constraint of a superimposed external field.

The nonlinearity coefficientB5x3 /(«0
3x1

4) vs T ~Fig. 1,
solid circles! is roughly constant within 28,T,50 K and
steeply decreases in the critical regime 25<T<28 K. This
behavior corroborates our above results. Obviously~quan-
tum! mean-field behavior, i.e.,B5const, dominates outsid
the critical regime, while the sudden drop ofB by about 50%
when approachingTc clearly confirms a fluctuation-
controlled ferroelectric transition. Since bothx1 andx3 stay
finite when approachingTc , probably as a consequence
RF smearing,16 B(Tc) does not vanish as it should in the
modynamic equilibrium. Based on these signatures we
clearly state that STO18 does not belong to the family
relaxor systems with a quasicontinuous order parameter
PMN, which undergo a crossover into random-bond rando
field glassy behavior.12

As might have been anticipated, STO18 rather resem
the related quantum ferroelectric SCT,22 although quite dif-
ferent fluctuational properties are observed in both syste
Tentatively we propose this to be due to the different tran
tion mechanisms involved. While SCT is an impurity syste
undergoing a percolation-type transition,26 STO18 is a ho-
mogeneous quantum ferroelectric with mixed displacive a
order-disorder signatures.5 An appropriate interacting anhar
monic quantum oscillator model similar to that applied
SCT ~Ref. 27! has still to be developed.

In conclusion, by analysis of the nonlinear dielectric su
ceptibility we have shown that STO18 proves to be a n
classic quantum ferroelectric in weak electric fields a
within a restricted critical temperature regimeTc,T
,1.1Tc . Its random-field-induced domain state evolving
T,Tc does not represent a new glassy phase. Mean-fi
quantum scaling applies to strong fields and higher temp
turesT.1.1Tc .
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