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Abstract. Nominally pure SrTiQ has been studied by dielectric spectroscopy using small
(linear regime) as well as large electrical fields (non-linear regime) up to 1 kV‘min addition
measurements of the specific heat and its field-dependent contribution have been carried out.
The field dependence of the dielectric constant and the specific heat can be well described by the
transverse Ising Hamiltonian including tunnelling and external field terms. It gives evidence for
the existence of polar clusters at low temperatures which are supposed to be associated with the
quantum paraelectric state beldy ~ 37 K in accord with recent free-energy calculations. The
low-field third-harmonic susceptibility which measures the polar correlations exhibits anomalies
nearT,. At high fields an aligned domain state is induced. These results as well as those on
the remanent polarization and the dielectric loss have allowed us to deduce a cdmflex

phase diagram. The assignment of the various phases is discussed in connection with the recent
proposal of the appearance of a macroscopic quantum state.

1. Introduction

In the perovskites SrTiQ@and KTaQ the low-temperature paraelectric state is stabilized

by quantum fluctuations, i.e. zero-point motions or tunnelling excitations of the dipolar
degrees of freedom [1]. This means that in the absence of internal or external perturbations
electrical order cannot be established down to the lowest temperatures. Recently the question
has been raised by Wller et al of whether these quantum fluctuations are a superposition of
incoherent modes, or whether, in analogy to the case of superfluid helium, the coupling of
the lowest transverse acoustic and the soft mode gives risedioeaentjuantum paraelectric

state in SrTiQ [2]. These conjectures were stimulated by the observation of an anomaly
in paramagnetic resonance experiments, indicative of a phase transition near 37 K in this
material.

Subsequent to this remarkable proposal a number of investigations, including ones using
the methods of light [3, 4] and neutron scattering [5], sound dispersion [6] and attenuation
[7], EXAFS [8] and dielectric spectroscopy [9], have confirmed the existence of anomalies
possibly due to a phase transition that takes place near 35 K. Several observations, in
particular those associated with domain properties and tdependence of phonon modes,
are compatible with the supposed coherence of the low-temperature state of the pure crystal.
It is thought that the quantum paraelectric state can easily be destroyed by introducing
substitutional defects into the lattice, which act as pinning centres for the polar modes
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[10, 11]. Ferroelectric order can also be produced by the application of external electrical
[12, 13, 14] and mechanical [15] stresses which couple to the polar modes.

In this article we have used dielectric spectroscopy in order to study the dynamics of
the electrically active modes over a broad frequency and temperature range. By variation
of the externally applied fields we are able to study the system not only under ‘zero-
field" conditions, but also in the state of induced ferroelectricity. The latter is achieved by
application of large ac as well as dc electrical fields. A field-temperature phase diagram is
obtained from the dielectric results. The phase boundary separating the quantum paraelectric
and the induced ferroelectric regions is reproduced quantitatively by a simple mean-field
Ising model, which can also be used to describe the field-dependent contribution of the
specific heat.

2. Tunnelling and large electrical fields: predictions from an Ising model

The dielectric susceptibility of quantum paraelectrics like Sgleviates from simple
Curie-law behaviour at low temperatures due to quantum mechanical tunnelling effects.
Extending Slater's mean-field theory, Barret [16] derived an expression which accounted
well for the observed low-field susceptibility [1, 12]. Incorporation of Barret’'s result in

a phenomenological Landau type of expansion of the free energy allowed Hegenbarth
[13, 17] to describe quantitatively the transition from the quantum paraelectric to the external
field-driven ferroelectric state. The explicit field dependence of the susceptibility is often
accounted for by using its Taylor expansion in powers of the external electric field. In
strongly interacting and/or random (e.g. slightly doped) systems superparaelectric clusters
may form which recently have been described using a Langevin type of formula [18]. In
order to treat the electrical field dependence of the susceptibility, the interactions of the
dipole moments, as well as the quantum mechanical effects in a unified framework, it has
been suggested [14] that one should consider the following Hamiltonian:

H:—QZS;‘—%ZJUS[ZSJ?—Z/LEZSZ?. (1)
1 ) 1

Here the dipolar degrees of freedom are schematically represented by the Ising spin operators
S = (8%, 87, 5%t The first two terms in equation (1) constitute the well known transverse
Ising model [19]. Here the exchange constaits couple the longitudinal pseudo-spin
componentsS? while the transverse ones appear together with the tunnelling integral

The effect of the externally applied fielfl is taken into account by the term2uE )", S7.

Here u denotes the strength of the dipole moments, i.e. the magnitude of coupling to the
electrical field. In the mean-field approximation (MFA) equation (1) can be written as [19]

HMPA = Lms =—-HS 2)

3(S)
with the generalized molecular field

H= <Q,O,Z],~,~(SZ)+2;LE>| 3)
iJj

where the bracket$ - -) denote thermal averaging. This Hamiltonian is easily seen to be

solved by
(S) = 1Htanh( H ) 4)
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with H = |H| = \/92 + (Jo(S) + 2uE)?, and the effective coupling constant = > Jij-
The longitudinal component of this relation leads to the expression

1Jo(S%) + 2nE H
S =~ tanh 5
Si=""n AN 26,7 ®)
which is to be solved self-consistently. The measured dielectric susceptibility
. P(E)— P(E + AE)
E)= Iim 6
X( ) AE—Q £o AE ( )
can then be calculated from the macroscopic polarization
P = 2np(S°) (7)

wheren is the density of dipole moments. In the limit of small fields one obtains

_ nkguz
T (R/2) coth(Q/2ksT) — Jo/4

X 8)
which is identical with the formula given by Barret [16] if one identifigswith Jy/4k5 and
T, with Q/kp. The Barret equation is useful for the description of quantum paraelectrics,
since it yields a strongly temperature-dependent susceptibilit@2fer Jo/2 which however
saturates for lowef. This saturation of the susceptibility is a hallmark of the quantum
paraelectric state and vanishes if the external field is strong enough. In this induced
ferroelectric case a maximum in at a temperaturd, occurs, indicating the formation
of the ordered state.

The dependence @f. on electrical fieldE and effective coupling constam as predicted
by equations (5)—(7) is shown in figure 1 in a three-dimensional representation. These results
are a generalization of those obtained previously [13, 19].

From the macroscopic polarization one also can obtain the change in the free energy of
a homogeneous dielectric sample with voluWieupon application of a uniform electrical
field [20]:

1
AF =Fp —Fo=~VEP. (9)

From the general thermodynamic relatiofr & —S dT — p dV + dW,; we obtain the
following expression for the entropy:

oF
S=—{—= .
<8T)V,E

This allows us to calculate the field-dependent contribution of entropy and specific heat:

AS=Sp—So= %VE (gi) (10)
V.E

and

dAS 1 3 P2
AC=T|(—= =_VET[—) . (11)
T )y 2 2T ) 5
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Figure 1. The transition temperaturg yielded by the transverse Ising Hamiltonian as a function
of the external fieldE and the effective coupling constai§. Both parameters are normalized
to the tunnelling integraf2. 7. has been calculated from the maximum of the susceptibility as
given by equations (5)—(7).

3. Experimental details

3.1. Sample preparation

The nominally pure samples of SrTjQvere obtained commercially from Crystal Co. and
Goodfellow Co. Their stoichiometry and purity were checked by electron microprobe meas-
urements using wavelength-dispersive techniques. We found that the fraction of alkaline
(earth) ions was below 400 ppm. In particular the concentration éf @ms was below

200 ppm. Additional measurements were conducted on samples containing either Cr or
Ni impurities in various concentrations up to the 1000 ppm level. In order to study the
effects of surface layers several samples were examined before as well as after etching in
orthophosphoric acid. No qualitative changes of the dielectric properties could be found.
Thin crystal slabs with typical dimensions of ¥06 x 1 mn? and oriented along the cubic

[110] axis were prepared for the dielectric measurements. For the measurements of the
field-dependent heat capacity, samples of size 10 x 3 mn? were used. Gold electrodes
were sputtered onto 7 nm Cr layers covering the large faces of the crystals. No attempts
were made to obtain monodomain samples. The standard specific heat measurements were
performed on a larger sample (about 5 g).

3.2. Dielectric measurements

Most of the dielectric measurements were carried out using a modified Sawyer—Tower
circuit [21], in which the sample was connected in series with a reference capacitor whose
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capacitance was larger by at least a factor of 1000 than that of the sample [22]. The
voltage across the reference capacitor is a measure of the polariZatiorthe sample,
while the voltage across the sample determines the macroscopicfiekh electrometer
amplifier, with an input impedance200 T2, was used as impedance transformer enabling
the detection ofP(E)-cycles in the mHz regime. The(E)-data were recorded using
digital lock-in techniques and were analysed with standard Fourier-analysis algorithms
[22]. Three different experimental procedures were used in the course of this work: (i)
a symmetric, harmonically alternating electric field with a large amplithdewas used
for the determination of the higher-order terms of the dielectric susceptibility; (ii) a small
ac component superimposed on a dc bias field was utilized to detewtiihe z,,,) via
an analysis of the local derivative d?(Epg;,s); and (iii) in order to detect effects of
thermoremanent polarization a cycle of zero-field cooling (ZFC), field heating (FH), field
cooling (FC) and zero-field heating (ZFH) was applied. During each step the external field
was held constant and the polarization was measured while ramping the sample temperature
at a constant rate. Rates of 1da? K min~ were used but no discernible differences were
found.

Some additional data were taken using the impedance analysers 4284A and 4191A from
Hewlett—Packard.

3.3. Heat capacity measurements

The measurements of the heat capacity were conducted in a non-commercial adiabatic Nernst
calorimeter. The specific heat was measured in a temperature rang& #oto 50 K. The
field-dependent measurements were performed in electric fields up to 500V msimg

a high-voltage amplifier. The sample heater and the temperature sensor were mounted on
the grounded side of the crystal platelet to increase the insulation to its high-voltage side.
To determinec,(E) andc,(E = 0) in the same conditions of the sample environmept,

was measured subsequently with and without an applied electrical field within the same
measurement series. As a consequence of the extremely small field-dependent changes of
the heat capacity, the experimental data were smoothed before the heat capacity difference
Ac, = cp(E) — ¢, (E = 0) was calculated.

4. Results and discussion

4.1. The linear dielectric response of SrgiO

The complex dielectric constant of SriOas measured at small signal levels (excitation
level <1 Vymsg), is shown in figure 2. The real part, shown a&'lversusT exhibits

a Curie—Weiss type of behaviour at high temperatures and saturates at a relatively high
level of ¢ ~ 12000. It is noted, however, that in monodomain samples the dielectric
permittivity can be significantly larger [1]. Otherwigé is almost frequency independent

and quite featureless. Consequently the losses in the sample are very small. As shown in
the lower frame of figure 2, tahis always smaller than 0.003; however, several features
are remarkable. At temperatures near and below the structural cubic-to-tetragonal phase
transition at7. = 105 K [23], frequency-dependent losses are seen. These are connected
with the dynamics of domain walls in the antiferrodistortive state and have similarly been
observed in elastic measurements [5]. It is noted that even aBiogeprecursor of this
phenomenon could be detected [24]. Also in harmony with the elastic measurements, an
increase of the loss is seen to occur near 40 K. &tegl have ascribed this phenomenon
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Figure 2. The inverse dielectric permittivity’ versusT plotted on a double-logarithmic scale
(upper frame) and the loss factor tamersus? on a logarithmic scale (lower frame). The data
refer to the frequencies 85.7 kHz)(and 5.5 kHz ¢). The dotted line is the result of a fit using
the Curie—Weiss law witl® ~ 45 K. Here only temperatures above 120 K are considered. The
dashed line is calculated using~ 77 with y = 1.33 in the temperature range 40 K7 <

100 K. The solid line represents the Barret formula with= 34 K andT, = 84 K. The inset
shows a ‘blow up’ of the area around the structural phase transiti@h=atL05 K.

to the onset of domain wall scattering [7]. The dielectric loss peaks seen near 10 K have
been ascribed to solitonic excitations between mutually tilted domains within the coherent
guantum phase [9]. The domains characterize regions of coherently flipped dipole moments.
The temperature dependence of the loss processes is summarized in figure 3 where
we showe”(logv) and have plotted the most probable relaxation frequenciesaken
from the loss maxima in an Arrhenius representation. The high-temperature relaxation can
be described by, = 0.2 THz x exp(—1400 K/T). For the low-temperature process
considerable curvature is noted in the representation of figure 3. Such a curvature may
be due to tunnelling excitations and has similarly been observed in Ca-doped; $25i0
and in SrTiQ_, [26]. The shape of the loss peak indicates the presence of a distribution
of relaxation times with pronounced contributions from slow dipolar modes. This kind of
behaviour has variously been described by strophoidal [27] and Lacrene{28] types of
function. Unfortunately, due to the background correction necessary in order to obtain the
data presented in the inset of figure 3, a detailed analysis of the shape of the loss peaks is
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Figure 3. An Arrhenius plot for the high-temperature ) and the low-temperature relaxations

(o) in SITiOs. The straight lines represent Arrhenius behaviour. The inset shows the background-
corrected dielectric losg” (log;gv) in the quantum paraelectric state. The most probable
relaxation rate has been determined from the centre of the dielectric loss peaks. The solid

lines in the inset are drawn to guide the eyes.

not advisable.
Interestingly the dielectric loss features look qualitatively similar in the Cr- and Ni-doped

SrTiO; samples studied in this work. We find that the dispersion strength of this process
apparently does not vary with concentration in a systematic manner. This observation
suggests that a defect-related mechanism is unlikely. On the other hand a recent study by
Bidault et al [29] on a number of nominally pure and intentionally doped perovskites has
provided some evidence that the low-temperature loss phenomena are of polaronic origin.

P (mC/m?)

100

T(K)

Figure 4. Thermoremanent polarization of Sri@fter cooling down in static bias fields of
(from bottom to top) 100, 300 and 500 V nmhon a linear temperature scale. A significant
change of slope fof" = 47+ 2 K can be detected in all curves.
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According to these authors the loss peaks signal the localization of these excitations probably
on residual defect states, e.g. oxygen vacancies. Bidaaltconjecture that this mechanism
should be operative also in pure SrEiQDn the other hand they note that while in Sr§iO

the loss peaks show up near 10 K (cf. the lower frame of figure 2), the process is found in
the vicinity of 40 K for all other perovskites investigated by them. Hence it appears that
further studies are required before a firm conclusion concerning the microscopic origin of
the relaxational modes in SrTi&an be drawn. Returning to the real part, which is plotted

in the upper frame of figure 2 as/d versus temperature, one notes immediately that a
simple Curie-Weiss relationship~ (T — ®)” with y = 1 is inadequate to describe the
data over the entire temperature range. Taking into account theThidgta " > 120 K)

only, a ® of about 37+ 3 K is deduced in accord with previous reports [1, 30]. From
the low-T permittivity (T < 100 K) a Curie—Weiss temperatuée = 20 K is estimated.

A fit of similar quality is possible with® = 0, if the exponent is used as an adjustable
parameter. They = 1.33 is found. This exponent is significantly larger than the classical
mean-field exponent of = 1 but can be well rationalized in terms of the mode-coupling
approach discussed byiMer and Burkhard [1]. As has been noted previously [31], the
best description over an extended temperature range is achieved using the Barret formula,
equation (8). The solid line in figure 2 has been calculated ugifigz = 47y = 137 K
andQ2/kpg = 84 K. Since the relatively heavy titanium ion is thought to be associated with
tunnelling modes$2 appears to be quite large, and indicates that a single soft-mode picture
is inadequate for the description of the quantum fluctuations.

—_ 0
o
1]
[72]
fud
o)
w
'clo -5000
-
o
o
E o n
“w A T=25K A T=35K
-10000 | T=45K @ T=55K 7
vV T=65K v T=75K
0 250 500

EBias (V/Imm)

Figure 5. The field-dependent contribution to the real part of the dielectric constafur

various temperatures. The measurements were performed using a harmonic field component of
Eo =30V mm?! atv = 100 mHz. The solid lines are fits obtained using equations (5)—(7),
settingJo/kp = 145 K and withQ2 = 87 K fixed for all temperatures.

4.2. Metastable polarization

To gain further insights into the nature of the low-temperature state, we have attempted not
only to study the low-frequency excitations under equilibrium conditions but also far away
from equilibrium. Such a state can easily be obtained by cooling Srifi¢he presence of

an externally applied field,. In the subsequent heating run, which was carried out in zero
electric field, the thermoremanent polarization (TRP) was measured. Figure 4 shows the
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results obtained for different values Bf and using heating rates of 1-2 K mih It is noted

that no significant rate dependence could be detected. The TRP shows a low-temperature
value which depends of,. Upon heating, the TRP decreases continuously and falls off
more precipitously, reaching very small values near 45-50 K foE allHence, the dipolar
degrees of freedom which have been frozen in the FC cycle thaw in this temperature range,
in a manner that is surprisingly similar to what is observed in orientational glasses [32, 33].
This provides experimental evidence that short-range order of the dipolar degrees of freedom
exists already at approximately 50 K. However, we have to admit that in the interpretation of
these results one has to be cautious. The metastable polarization is measured in a quasistatic
experiment. The relaxation time of the domains of the tetragonal phase amounts to 10 s at
50 K (see figures 3 and 7). Hence we cannot fully exclude the possibility that this anomaly
is connected with the multidomain state.

5000

o 150 4, 450
0 50 100

temperature (K)

Figure 6. The real part of the temperature-dependent dielectric constémt various bias fields
Egiqs- The measurements were performed using an ac field compondht. et 30 V mn !

and a frequency ob = 100 mHz. The solid lines are fits obtained using equations (5)—(7).
The inset may illustrate the influence of the tunnelling effects representéd e solid lines
show calculations with the set of parameters yielded by the fitting procedgréy = 145 K,
Q/kp =87 K, n = 3.6 x 1026 m™3, i = 12 ¢A). The dashed lines in the inset are calculated
with the same parameters b@t= 0.

4.3. The field-dependent dielectric constant

The dielectric constant as measured in large dc electrical fields with an excitation field of
30 V. mnt! and at a frequency of 100 mHz is shown in figure 5Aas= &' (E i) — &' (0)
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versus Ez;.s. The data were taken sweeping the bias fi&lgi,, from 0 V mnt! to

500 V mnT? at constant temperatures. Figure 5 shows that at high temperatlrss,
almost independent ofz;,,, While a significant field-induced decrease At develops

for temperaturesT < 50 K. It is useful to plot the data explicitly as a function of
temperature, as is done in figure 6. Figure 6 reveals that a maximunZip develops if

Egias > 150 V mnTl. This maximum in the permittivity, which shows pronounced shifts
with Ep;.s, Signals the onset of induced ferroelectric order. The inset in figure 6 shows
the model calculations that describe the experimental results (dashed lines) and compares
them to those calculated for the same set of parameters but with zero quantum energy (solid
lines). It is clearly demonstrated that in SrEiGeven in high electrical fields, quantum
fluctuations play a important role.

E

= 0 V/imm

Bias
0.01 [#o0eag, ooe -
0.00 peet, ‘?"”'-‘ -

""Do,.. Egias = 100 V/imm 7

0.01 ®oe .
o,
0.00 —omig— ——Peanaa,
o®" %,  E.__=200V/mm
(% Bias
001 I~ ...“....... N
0.00 : | ' {S8aanqasaaal
oo Epgias =300 V/imm 7
0.01 o 0eeee®®e -
ocoeme® %
0.00 —— P o%aann s
Egias =400 Vimm 7
0.01 «"%e"%, -
0.00 [soemmeee®st . CPee ...l
EBia =500 V/imm A
0.01} Roadii .
0.00 n-neou“-" . ’1.‘!.- RPPPOSS
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tans(T) - tans(80K)

Figure 7. The loss factor tad as function of temperature for various bias fields. The meas-
urements were performed using an ac field componerf,gf= 30 V mm! and a frequency
of v =100 mHz.

The loss tangent as measured under various bias fields at a frequency of 100 mHz is
shown in figure 7. Near®K a peak shows up for alkz;,; which is the low-frequency
counterpart of the peaks seen in figure 2 near 80 K. The field independence of these
peaks is compatible with their elastic origin. More interesting is the field dependence
of the low-temperature loss. The absorption in the quantum paraelectric regime can easily
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be suppressed by the application of electrical fields andFfor 200 V mnt! a loss
peak emerges which shows &dependence like that found for the maxima seen in the
permittivity ¢’ (E, T).

For a qualitative description of the data presented in figures 5 and 6, we have used the
Ising model presented in section 2. We have simultaneously fitted the temperature and the
field dependences of the dielectric permittivity using equations (5)—(7). The results of this
calculation are represented as solid lines in figures 5 and 6. A convincing description of
the entire set of data is obtained except for for low temperatures and fields. Deviations
from the description with the simple Ising model are expected to appear if excitations,
like e.g. cluster modes or coherent quantum tunnelling effects, which are not included in
equation (1), show up. The parameters yielded by the fitting procedutk grg = 145 K,

Q/ky =87 K, n=3.6x10%m=3, andu = 12 ¢A. The mean interaction corresponds to a
critical temperaturdy = Jo/4 = 36 K, in the notation of Barret [16]. The other parameters
cannot be understood easily in the framework of a single-ion picture. The large dipole
moment together with the low density(as compared to the nominal density of*Tions,

no = 1.6 x 10°® m~3) suggests that the fluctuating dipolar entities form clusters containing
a large number of unit cells. Currently it is an open question whether the notion of the
existence of clusters can also help to explain the relatively high tunnelling frequency of
v=kpQ/h =18 THz.

It is interesting to note that via a free-energy expansion for T3] the squared
polarization(P?) = (nu)?> = 4.5 x 10~2 (C m~2)? of the clusters can be used to estimate
the deviationd® of the staggered rotation angte of the oxygen octahedra from their
theoretically expected value [34]. From the free-energy expansion parameters kehlen
estimated thag®/(®) = o (P?) with « = 8.3 (C nT2)~? [35]. Using the(P?) as obtained
in the present study one find®/(®) = 0.04 in perfect agreement with the value inferred
from the EPR study performed by iMer et al (see [2, 34, 35]).

4.4. The non-linear dipolar susceptibility

The non-linear susceptibility can also be determined by application of a sinusoidally varying
electrical fieldE,,. with amplitudes large enough to excite higher harmonics.

The non-linear susceptibility; probes ferroelectric pair correlations between dipole
moments [36]. Typical raw data for this type of experiment are presented in figure 8,
where we have plotted® (E)-curves measured at 10 K and 65 K, for three amplitudes.
At both temperatures, for smak,., linear and loss-free behaviour is found. For field
amplitudes> 200 V mnt? only for the low temperature, slim but lossy hysteresis loops,
i.e. indications for induced remanent polarization, are observed. The magnitude of the
non-linear susceptibilityys; as deduced from theé (E)-data is shown in figure 9. For
large fields the behaviour of the non-linear susceptibility can easily be understood since the
temperature dependence pf is known (figure 2). This is because in mean-field theory,
in the vicinity of a ferroelectric transition, the relatigny ~ Xf should be valid [25]. As
demonstrated in the inset of figure 9, such a behaviour can be confirmed for; SIAtO
fields below 200 V mm? deviations from this relation show up, and for field amplitudes in
this range a distinct minimum can be detected close to 33 K. Focusing on the 50V mm
curve, we propose the following explanation: below about 60¢Kjncreases due to the
growth of FE correlations. The change in the behaviougpfndicates the change in the
character of the quantum fluctuations from incoherent to coherent. The drastic decrease
below T ~ 45 K reflects incoherent quantum fluctuations, which suppress FE correlations.
The recovery ofys below 33 K provides experimental evidence that FE correlations grow
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Figure 8. Hysteresis loops for field amplitudes of 100 V mt 200 V mnt1, and 400 V mm?,
obtained temperatures of 65 K and 10 K. The measurements were performed hiHz.

again due to the onset of a coherent quantum state, which according to our interpretation
is the coherent flipping of polar clusters via tunnelling transitions. For figlds 200 V,
induced ferroelectric correlations dominate the non-linear response.

The temperature of this anomaly yy(7T) exactly corresponds to the anomaly in the
temperature dependence of the Debye—Waller factor (DWF) of the oxygen ions as observed
by EXAFS spectroscopy [8]. A maximum in the DWF indicates maximum disorder in
accordance with our interpretation.

Very recently the third-order dielectric susceptibility has been calculated for a quantum
paraelectric system including quadrupolar interactions by Ntakand Tosatti [37]. Close
to 7, they found an anomaly irx3 in close analogy to the experimental results. The
anomaly was interpreted as a remainder of the first-order ferroelectric phase transition in
a quantum-frustrated system. Further experiments and theoretical work will be necessary
to study the relationship between this theoretically postulated quadrupolar coupling and a
possible quantum coherence at low temperatures.

4.5. The field-dependent heat capacity

In order to investigate the influence of the polar order behaviour we examined the specific
heat of SrTiQ in the temperature regime beloWw = 50 K for different electric field
strengths 0 V. mm! < E < 500 V mnt!. The zero-field measurements are shown in
figure 10.

The inset shows, as a function of temperature. We carefully studied the temperature
regime 20 K< T < 50 K, but no anomaly due to a phase transition could be detected.



Quantum paraelectric states §vTi O3 4685

< 13
=
o~
w
~
Sr =
_8_:’_'15
4_ ] " ]
cq-\
L
=
(@)] =
3 2
1_
O " | "
0 30 60

temperature (K)

Figure 9. A semilogarithmic representation of the non-linear dielectric susceptibjtigye2 of

SrTiOs as a function of temperature, for the electric fields= 50 V mm? (o), 100 V mnt?!

(A), 150 V mntt (+), 200 V mntt (), 300 V mntt (x), 450 V mnt! (v). The inset
shows the same data plotted as;ligal E2/|x1|*) versus|xa|.

In various scenarios that have been elucidated by Makand Tosatti [38] to describe a
possible low-temperature phase transition in SgJi@clear anomaly should show up in the
specific heat in this temperature range.

In the main frame of figure 10 we plotted lgdc,/7T3) versus the logarithm of
temperature. These data are in perfect agreement with early results obtained by Hegenbarth
(see [39]). A significant excess peak dominates the shape of the curve shgyingin the
temperature range 20 K T < 40 K. This glasslike excess peak is typical for dielectrics
of the ABO; perovskite group and can be described by Einstein terms due to low-lying
optic modes. Interestingly, in the crossover regime between the linear ¢gre,T, that
evolves forT < 2 K [39], and the region of the excess heat capacity, the specific heat
follows ¢,/T3 « T~ (k ~ 211) in a limited temperature range. This behaviour points
towards additional contributions to the specific heat from excitations of unknown origin
which dominate in the range 2 K T < 10 K.

Finally we present the main results of our measurements of the heat capacity at different
electrical fields and compare them with the model calculations. Figure 11 shows the
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Figure 10. Ioglo(c],/T3) on a logarithmic temperature scale. The straight solid line is a fit
usingcp/T3o< T* in the temperature range below 3KT < 8 K. The temperature behaviour

is in accordance with measurements by Henning and Hegenbarth [39]. The inset shows the raw
cp-data on the same temperature scale.

experimental results in comparison with the theoretical calculations (left-hand frames). The
upper panel shows the incremental heat capasity = ¢,(E) — c,(E = 0) for fields of
200 V mntt and 500 V mm? at low temperatures. Qualitatively the main observations are
rather well described within our model. The same is true if the excess entropy is calculated
from Ac, (lower panels). The decrease of the heat capacity due to the onset of induced
FE order is nicely reproduced. However, experimentally additional contributions show up
around 10 K which correspond to the power-law behavioue,gf7'3 (figure 10) and are
not described in the simple Hamiltonian (equation (1)).

Our specific heat data can also be compared to measurements of the electrocaloric
effect in SrTiQ single crystals which were performed by Hegenbarth [17, 40]. Applying
an electric fieldE to a dielectric medium will result in a change of temperatw&,
provided that the sample is kept under adiabatic conditions. For comparison with the model
calculations we use the simple assumption that this temperature change is comparable to the
change of entropyA S associated with the application of the field under isothermal conditions
via the relatiorr, AT ~ —T AS [41]. The solid line in figure 12 show&c, =T 9 AS/dT
calculated from Hegenbarth's data (inset) and the zero-field specific heat data of this work.
The experimental results correspond qualitatively to the model calculations (dashed lines).
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Figure 11. The temperature dependence of the contribution to the heat capagjtand the
entropy AS due to the electric field& = 200 V mnt! and E = 500 V mnt. The frames

on the left-hand side show calculations using equations (10) and (11) with the parameter set
yielded by the dielectric measurements of figure 6.

4.6. The E,T-phase diagram

From the various results obtained in this work, we have deduced the temperature versus
electrical field phase diagram shown in figure 13. Coming from high temperatures the
transition line neafll ~ 47 K separates ergodic and non-ergodic states as is evident from
the FC/ZFH data presented in figure 4. At lower temperatufgsy 35 K, a number of
anomalies in external electrical fields and in zero field [2, 8] mark the appearance of the
‘M uller state’, the nature of which is still unclear, and different scenarios will be discussed
below. At sufficiently low temperatures and for high enough fields an ordered polar state is
induced. The field dependence of the transition into that state is well described by mean-field
theory (the solid line in figure 13).

The topology of the phase diagram shown in figure 13 exhibits a striking similarity to
various other cases. For example, for the relaxor ferroelectric PMN a similArdiagram
including paraelectric glassy and induced ferroelectric states has been published [42]. In this
and related systems the cluster wall dynamics is thought to cause many of the interesting
phenomena shown by these materials. In fact a pinned cluster state is also known to exist in
Ca&t-doped SrTiQ, where the electrical field can be used to facilitate domain wall motion
([18], and references cited therein). Hence, the effect of impurities on the properties of
nominally pure SrTiQ is debated and it has been conjectured that a polaronic mechanism
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Figure 12. The temperature dependence of the field-dependent contribution of the specific
heat. The solid line is an approximation based on measurements of the electrocaloric effect
by Hegenbarth [17] shown in the inset. The dotted line was calculated using equations (10)
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Figure 13. The E, T-phase diagram of SrT§) Crosses X, this work; +, Hegenbarth [13])
represent the maxima occurring é7). Full (®) and open Q) circles represent maxima in
¢”(T) and¢”(E), respectively. The solid line has been calculated using the mean-field model,
equation (1), and the averaged parameters as described in the text. The minigid@ jrare
indicated by open squareBl). The diamonds¢{) denote the significant change of slope in the
thermoremanent polarization (see figure 4) separating the ergodic (ePE) and non-ergodic (nPE)
paraelectric regimes. The EPR anomatly (2]) and the EXAFS anomalyA: [8]) in zero field

are also shown. The dashed and dotted lines are drawn to guide the eye.

[29] could cause the low-temperature relaxations observed in ${8j@nd other incipient
ferroelectrics.

The E, T-phase diagram of SrTiObears also some resemblance to thel'-phase
diagram of liquid He [43]. It is just this analogy with the case of the quantum fluid which
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has led Miller and Tosatti to propose the existence of a macroscopic quantum state i SrTiO
[2]. The nature of this state is currently under intensive study and under controversial
dispute. Several possible mechanisms aiming at explaining the unusual low-temperature
properties are currently under discussion including quantum coherence and a polar cluster
state. An experiment that looks likely to shed light on thiéllgr state seems to be the study

of the wavelike propagation of temperature. Recent Brillouin scattering experimental results
are compatible with an interpretation in terms of second sound [4]. Although predicted to
occur in ferroelectrics [44] this non-diffusive propagation of heat is rarely observed in solids
due the ubiquitous presence of defects leading to unwanted scattering of the longitudinal
acoustic waves [45]. However, the propagation of second sound has been observed well
aboveT, and it is now generally believed that it cannot be a hallmark of tligiév state.

5. Summary

We have carried out a dielectric and calorimetric study of nominally pure (polydomain)
SrTiO; samples with special emphasis on electric field effects at low temperatures. The
dielectric constant as well as the contribution to the specific heat as measured in large dc
fields can be analysed in terms of the transverse Ising model augmented by an electrical field
term. This detailed analysis of the field-dependent dielectric constant provided indications
for the existence of domains of dynamic origin. The deduced squared cluster polarization
is compatible in magnitude with the order parameter deviations noted from EPR investig-
ations [2]. This suggests that the cluster polarization measured in our experiments is closely
connected to the order parameter of the state evolving b&ow

Anomalies in the dielectric loss and in the FC/ZFH polarization were detected. Together
with the dielectric constant data, these results were used to deduce a camflephase
diagram. This diagram also contains the anomalies obtained at low fields detected in the
third-order susceptibility measured at ac amplitudes 50 V-fm E < 450 V mnt?.
The anomalies iny3(E, T) at low fields were taken as evidence that FE correlations
are suppressed by quantum fluctuations changing from incoherent to coherent quantum
paraelectric behaviour. However, the heat capacity measurements demonstrate that there
exists no conventional phase transition with a measurable anomajyn. In zero field,
as well as in electrical fields up to 500 V m#nthe specific heat reveals extra contributions
below 10 K which remain unexplained so far but may correspond to low-lying excitations
in the Muller state.
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