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Abstract
This work reports experimental results obtained from series of measurements
of pyroelectric currents in samples of strontium calcium titanate (SCT)
corresponding to contents of Ca of x = 0.002, x = 0.005 and x = 0.011.
Sequences of zero field cooling (zfc), field heating (fh), field cooling (fc) and
zero field heating (zfh) runs, under different applied electric fields, allowed the
observation of the temperature and field dependence of the electric polarization
under different initial conditions. The results show the existence of a weak non-
ergodic regime in the compositions x = 0.005 and x = 0.011 and allow the
tracing of the corresponding Almeida–Thouless line in the T –E diagram. For
the three compositions investigated, a small zero field polarization is detected
and interpreted as due to defect induced internal fields.

1. Introduction

Strontium titanate (ST: SrTiO3), like KTaO3, is a well known example of a quantum paraelectric
[1]. At room temperature, this material has a perovskite structure (symmetry Oh) and, at
Tc1 = 105 K, the softening of a lattice mode related to the anti-symmetric rotation of the
oxygen octahedra around the cubic [001] axis induces an anti-ferrodistortive phase (symmetry
D4h) [2]. At temperatures T < Tc1, the progressive softening of a long wavelength polar
transverse optical mode gives rise to a strong increase of the static dielectric constant [3]. The
onset of a long range ferroelectric order is however suppressed by quantum fluctuations, and
the increase of the dielectric constant saturates below T = 4 K [4].

The inclusion of lattice impurities in a quantum paraelectric gives rise to interesting
phenomena which have been studied extensively in systems like K1−xLixTaO3 (KTL) or
KTa1−xNbxO3 (KTN) as well as in Sr1−xCaxTiO3 (SCT) [5–9]. The inclusion of calcium in ST
induces local dipoles, which may be caused either by local deformation of the lattice, when Ca
replaces Sr (non-central or A-site impurity), or by the Ca2+–Vo (Vo: oxygen vacancy) centres
that are formed when Ca2+ replaces Ti4+ at the unit cell centre (central or B-site impurity).
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Unlike the case of alkali halide dielectrics with extrinsic dipoles, where the fluctuation of
local dipolar fields prevents the onset of long range order, the increase of the concentration of
impurities in a system like SCT may originate ferroelectricity [5]. Such an impurity induced
phase transition is a consequence of the high polarizability of the host medium: the lattice
not only becomes polarized in the vicinity of an extrinsic dipole (thus giving rise to extended
polar regions) but also modifies the effective interaction between extrinsic dipoles, which
may turn out to be predominantly ferroelectric and more complicated than the usual dipole–
dipole interaction [5]. For a high enough concentration of impurities, the configurational
fluctuations of the local fields can decline as the temperature is lowered, giving rise to a long
range ferroelectric order.

Hence, the ferroelectric ordering in SCT would result from the thermal growth of the polar
clusters surrounding the Ca2+ impurities, as the temperature decreases. In fact, this percolative
process is expected to produce an intermediate superparaelectric state of random cluster-like
polar nanoregions, which gives rise to the high non-linear dielectric response found in SCT
[10, 11].

However, as the strength of the dipolar interaction between clusters and the intensity and
orientation of the local fields induced by the lattice are random variables, each cluster can
be submitted to conflicting interactions. Under certain conditions, disorder can prevail over
long-range order and a polar glass phase may be stabilized. In this case, the phase space at low
temperatures may be represented as an irregular landscape made of valleys (metastable states)
and mountains (barriers) between them. If the barriers are high enough, the system may be
trapped into a particular valley and its physical properties may depend on the local sub-space
in which it is confined. The system becomes non-ergodic.

The effects of disorder and the possibility of ergodicity breaking are not usually taken into
account in most of the models adopted to describe the dielectric behaviour of SCT, which range
from the Barrett formula [12] (or its heuristic modification based on the idea of the so-called
quantum temperature scale [13]) to spin models such as the transverse Ising model [14].

Recently, a modified Sherrington–Kirkpatrick model [15] was tentatively adopted to
describe the competition between ferro interactions, quantum fluctuations and disorder in
systems like SCT [16, 17]. At low temperatures, this model generates a phase diagram that
includes the stabilization of para, ferro or glassy phases, depending on the relative strength of
the long range ferroelectric interaction (J0), the tunnelling energy (A) and the random disorder
(J1). Similar to magnetic spin glasses, the system is expected to become non-ergodic at low
temperatures for certain values of these parameters.

Alberici et al [18] reported an experimental study of the time dependence of the complex
dielectric constant along the [100] pseudo-cubic axis of the SCT crystal with a Ca content of
x = 0.005. This time dependence was measured at a constant temperature of 4.2 K, using
frequencies ranging from 1 kHz to 1 MHz, after different thermal histories. This study showed
not only the existence of aging but also that the asymptotic values of both real and imaginary
components of the dielectric constant at large times were dependent on the thermal history
of the sample. This observation, by indicating that the equilibrium state is dependent on the
initial conditions, demonstrates the existence of a non-ergodic regime at low temperatures in
this compound.

This work reports additional results obtained in series of measurements of dielectric
constant and pyroelectric currents in samples of SCT corresponding to nominal contents of
Ca of x ′ = 0.002, x ′ = 0.01 and x ′ = 0.025. Using the relation between the location of
the dielectric peak at T ∗∗ (see figure 1) with the calcium content x in the crystal reported
in [6] (Tmax ≈ 298

√
x − 0.0018 K), we ascribe the effective compositions of x = 0.002,

x = 0.005 and x = 0.011 to the samples with nominal compositions of x ′ = 0.002, x ′ = 0.01
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and x ′ = 0.025, respectively. The measurement of pyroelectric currents in sequences of
zero field cooling (zfc) field heating (fh), field cooling (fc) and zero field heating (zfh) runs,
under different applied electric fields, allowed the observation of the temperature and field
dependence of the electric polarization under different initial conditions. The results indicate
the existence of a weak non-ergodic regime (in the sense of Bouchaud [19]) for the compositions
x = 0.005 and x = 0.011, and allow the tracing of the corresponding Almeida–Thouless line
[20] in the T –E diagram.

2. Experiment

The samples were cut from crystals with effective compositions of x = 0.002, x = 0.005
and x = 0.011 as parallel plates perpendicular to the [100] pseudo-cubic axis. The typical
dimensions of the samples were 6×1×0.3 mm3. This geometry favours the onset at Tc1 of an
oriented state with the tetragonal c-axis parallel to the long edge of the sample [21]. The major
faces were electroded by gold vapour deposition. The samples, in a cryogenic environment,
were connected either to the output port of an HP 4192A impedance analyser or to a Keithley
617 electrometer for dielectric or pyroelectric measurements, respectively.

The dielectric constant data was collected at 1.5 kHz with a constant ac voltage of
0.2 V. For the measured samples, this voltage corresponds to field amplitudes in the range
0.25–0.8 kV m−1. The heating and cooling rates were of the order of 0.5 K min−1. The
pyroelectric currents were measured by heating or cooling the samples at a rate of the order of
1 K min−1, in sequences of thermal cycles: the samples were cooled down without any bias
field (zero-field cooling), heated up and cooled down under a certain bias (field heating and
field cooling) and, finally, heated up at zero bias field (zero-field heating). In each heating run,
the samples were heated over 120 K, thus crossing the tetragonal–cubic anti-distortive phase
transition. At this crossing, no special care (other than the choice of the particular geometry of
the samples) was taken to minimize the formation of elastic domains. The electric polarization
was calculated by time integration of the pyroelectric current.

3. Results and discussion

Figures 1(a)–(c) display the real (ε′) and the imaginary (ε′′) parts of the dielectric constant, as
function of temperature, measured in samples corresponding to the three compositions under
study. For the composition x = 0.002, ε′ and ε′′ increase as the temperature decreases and
exhibit maxima at about T ∗ = 12 K. For x = 0.005 (figure 1(b)), ε´ shows a maximum at
T ∗∗ = 17 K, while ε′′ displays a shoulder at about T ∗∗ and a maximum at T ∗ = 12 K. Further
increase of the calcium content (x = 0.01, figure 1(c)) shifts T ∗∗ towards higher temperatures
(T ∗∗ = 27 K) and increases the intensity of the corresponding anomaly in ε′. T ∗ is also shifted
to values of the order of 16 K.

These data are essentially in agreement with previous reported results [6, 22]. The
dielectric anomaly observed nearT ∗ has also been detected in the dielectric loss ε′′ of nominally
pure ST and in KTN, although with smaller intensities. In the case of ST, this anomaly has
been related to a possible transition to a so-called quantum-coherent state [23], proposed by
Müller et al [24]. Its origin has also been related to solitonic excitations between tilted domains
[25] or to polaronic excitations [26]. Similar anomalies have been also detected in pure and
Bi doped ST ceramics [27], in which the temperature of the dielectric loss peak is independent
of the dopant concentration. This observation suggests that some mechanisms intrinsic to the
host lattice might be involved, but their nature remains unclear. Recently, these anomalies
were also attributed to the very low background of unavoidable impurities [28].
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Figure 1. Real and imaginary parts of the relative dielectric constant ε = ε′ + iε′′ of SrTiO3:xCa
for calcium concentrations corresponding to (a) x = 0.002, (b) x = 0.005 and (c) x = 0.011. Data
taken with an HP 4192A LCR-meter under the best measuring fields herein: 0.1 or 0.2 Vac and
1.5 kHz.
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Figure 2. ZFC–FH–FC–ZFH polarization cycles measured by the pyroelectric effect in the ergodic
x = 0.2% composition crystal using two far apart values of dc field: (a) E = 0.435 kV m−1 and
(b) E = 21.739 kV m−1.

On the other hand, the location and intensity of the dielectric peak at T ∗∗ clearly depend
on the Ca content. Its origin has been related to the onset of a Ca induced displacive transition
to a ferroelectric phase [6]. Similar anomalies were observed in Bi doped ST ceramics above
a certain threshold concentration of impurities [29].

Figures 2–4 show examples of the temperature dependence of the electric polarization
along sequences of zero field cooling, field heating, field cooling and zero field heating runs,
measured under different fields in samples corresponding to x = 0.002 (figure 2), x = 0.005
(figure 3) and x = 0.011 (figure 4). Note that, for all compositions investigated, small
polarizations of the order of 10−4 C m−2 are observed in the zfc runs. The nature of these
small zfc polarizations will be discussed at the end of this section.

As can be seen in figure 2, for x = 0.002 and in the range of fields scanned, the modulus of
the electric polarization increases monotonically with the bias field. Within the experimental
resolution, the fh and fc polarization curves coincide. This indicates that, under a bias field,
the dielectric response of the system depends only on temperature and is independent of the
previous thermal history. In other words, under a bias field, the system responds ergodically.
However, the zfh depolarization obtained after a field cooling run perceives a slow and thermally
activated relaxation process and suggests that a partial dipolar freezing occurs at zero field.

The increase of the Ca concentration strongly alters this behaviour (figures 3 (x = 0.005)
and 4 (x = 0.011)). A first remark concerns the fact that the zfc polarizations are depicted
as negative. This means that the electric fields in the subsequent runs were applied in a sense
opposite to the initial polarization and induce reversed (positive) polarizations. As can be seen,
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Figure 3. Examples of P(T ) curves measured in ZFC–FH–FC–ZFH cycles for x = 0.005:
(a) E = 0.759 kV m−1, (b) E = 12.658 kV m−1. Under different dc fields, a progressive decrease
of the Almeida–Thouless temperature is evidenced by the splitting of the FH–FC polarization
curves. A permanent residual polarization (negative with respect to the applied bias field) is
observed in the ZFC runs.

for these two compositions, the low temperature P(T ) curves depend on the thermal history.
As in spin glasses, this indicates an effective non-ergodic response at low temperatures. As
the temperature increases, the fh and the fc P(T ) curves merge together at a field dependent
temperature TA−T and coincide for higher temperatures. This field dependent temperature
marks therefore the border between an ergodic and an effective non-ergodic region in the
(T ,E) plane.

Figure 5 displays the E(TA−T ) lines for the x = 0.005 (squares) and x = 0.011 (circles)
compositions, estimated from different thermal cycles at different bias fields. Qualitatively,
these curves are similar to those observed in spin glasses, which were discussed by Almeida
and Thouless on the basis on the mean-field Sherrington–Kirkpatrick (S–K) model. This line,
the Almeida–Thouless line, would correspond to the border between a high temperature region
where the replica trick (upon which the S–K is based) is valid, and a lower temperature region
where it fails. The failure of the replica trick, being linked to the breaking of self-similarity in
phase space, would correspond to the onset of a non-ergodic regime.

It is tempting to explore a little more the analogy with spin glasses. As shown by Almeida
and Thouless [20], the equation of the A–T line T (H) for a spin glass in a S–K approximation
can be written as

[
T (H)

T (0)

]2

= 1 − 2q + r (1)
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Figure 4. Examples of P(T ) curves measured in ZFC–FH–FC–ZFH cycles for x = 0.011:
(a) E = 0.370 kV m−1, (b) E = 3.074 kV m−1 and (c) E = 37.037 kV m−1. As in x = 0.005
samples, the Almeida–Thouless temperature decreases as the bias increases. A residual polarization
is also observed in the ZFC runs.

where

q = 〈sαsβ〉 = 1√
2π

∫
dz e−z2/2 tanh2

(
sH(z)

kBT

)
(2a)

r = 〈sαsβsγ sδ〉 = 1√
2π

∫
dz e−z2/2 tanh4

(
sH(z)

kBT

)
(2b)

H(z) = H + J0M + J1q
1/2z. (2c)

In these equations H(z) represents the local random field, H is the applied field and J0 and J1

are respectively the mean value and the width of the Gaussian distribution that describes the
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Figure 5. Electric field dependence of the ergodic to non-ergodic transition temperature (Almeida–
Thouless temperature) for the compositions x = 0.005 (squares) and x = 0.011 (circles). The
solid lines correspond to the best fits obtained by using the model discussed in the text.

random interactionsJij between spins. The parameter q corresponds to the Edwards–Anderson
parameter [30].

In principle, one could use the S–K equations (2a–c) to fit the experimental E(TA−T )

to equation (1). In PLZT ceramics, for example, the E(TA−T ) curve can be fitted to a
power law E = A[T (0) − T (E)]γ with a exponent γ ∼ 1.5 [31], as expected from the
S–K equations (2a–c) in the limit of low applied fields and small Edwards–Anderson order
parameter [20].

However, in strontium titanate, the destabilization of the ferroelectric order is
phenomenologically described by assuming the existence of a lattice induced transverse field.
The importance of this transverse field is reflected in the magnitude of the parameter T1 in the
Barrett formula [12]:

ε1(T ) = C

(T1/2) coth(T1/2T ) − T0
(3)

that describes the temperature dependence of the dielectric constant in the paraelectric phase
of SCT (T1 range from about 36 K in pure ST [25] to 112 K in 1.1% Ca:SCT [22]).

The S–K equations (2a–c) have been modified to include the effect of an intrinsic transverse
field and to generate the Barrett formula in the limit of high temperatures and low applied
electric fields [16, 17]. The modified equations are:

q = 〈ηαηβ〉 = 1√
2π

∫
dz e−z2/2 η2E2(z)

A2 + η2E2(z)
tanh2

(√
A2 + η2E2(z)

kBT

)
(4a)

r = 〈ηαηβηγ ηδ〉 = 1√
2π

∫
dz e−z2/2 η4E4(z)

(A2 + η2E2(z))2
tanh4

(√
A2 + η2E2(z)

kBT

)
(4b)

E(z) = E + J0P + J1q
1/2z. (4c)
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In these equations E(z) represents the local random field, P is the electric polarization, η the
effective dipolar moment of a correlated domain and 2A = kBT1 the transverse field energy.

The effect of a finite A can be tentatively included in equation (1) by considering the
modified set of equations (4a–c) and by assuming T (0) as an adjustable constant. Following
this idea, we solved numerically this set of equations by using a self-consistent method and
fitted the experimental E(TA−T ) curves to equation (1). The Levenberg–Marquardt nonlinear
least squares fitting method was adopted in these fits. Note that, in this procedure, the S–K
model corresponds to the particular case A = 0 and is therefore considered as a possible
numerical solution.

The results of these numerical fits are depicted in figure 5 (solid lines). The values of the
parameters adjusted to the experimental data are displayed in table 1.

Table 1. Values of the parameters obtained from the fitting of the E(TA−T ) data to the model
discussed in the text.

J0/kB (K) J1/kB (K) A/kB (K) η (e Å) T (0) (K)

x = 0.005 45.6 47.3 46.4 760 23.7
x = 0.01 80.7 81.4 80.8 153 28.7

As can be seen in figure 5, the experimental curves are roughly described by assuming a
finite A. The quality of the fits is however different in the two compositions analysed. While
the agreement between the fitted curve and the experimental points for x = 0.011 is good, the
fit fails to describe an apparent change of regime observed in the experimental E(TA−T ) curve
for x = 0.005. In fact, in the temperature range of 16 K > T > 14 K, the E(TA−T ) curve
for this latter composition seems to display a steeper variation that is not reproduced by the
fit. Note that this lower temperature range corresponds to a close vicinity of the temperature
T ∗ = 12 K where ε′′ displays an anomaly that, being also observed in pure ST, cannot be
directly related to the presence of calcium or to the calcium induced polar clusters. It seems
therefore possible that the steeper variation observed in the E(TA−T ) in the lower temperature
range may reflect the onset of a different mechanism not included in the model adopted.

Taking into account this limitation, one notes that the relative values of the parameters
obtained in the fits (J1 > J0 ∼ A) are, for the two compositions, consistent with the onset
of a glass phase [17]. Moreover, if the value suggested in [16] for the dipolar moment per
unit cell (0.2 e Å) is adopted, the values found for the average dipolar moment per cluster
(η) would correspond to clusters of highly correlated dipoles involving 765 (x = 0.01) or
3800 (x = 0.005) unit cells. The clusters involved would correspond to polar ferroelectric
nano-domains as suggested previously [32].

Finally, let us focus on the nature of the zfc polarization observed in all the compositions
under study. If the zfc polarization were a spontaneous ferroelectric polarization it could be
inverted by reversing the field. In this case, the field heating and the field cooling polarization
curves obtained under fields of opposite signs should be symmetric with respect to the line
P = 0. Therefore, during several thermal cycles, we investigated the effect of reversing the
applied fields on the polarization curves.

Figure 6 illustrates typical curves obtained in these measurements on samples
corresponding to x = 0.005 (figures 6(a) and (b)) and x = 0.011 (figures 6(c) and (d)).
For the two compositions, the fh and fc polarization curves measured under opposite bias
fields are quite different. Moreover, the zfh P(T ) curves obtained after heating and cooling at
low fields display interesting features. In fact, if the previously applied bias field reinforces the
zero-field polarization (figures 6(a) and 6(c)), the depolarization curve merges smoothly with
the zfc curve, as expected for a thermally activated relaxation. However, if the previous bias
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Figure 6. Examples of ZFC–FH–FC–ZFH polarization cycles measured under opposite bias fields
plots for x = 0.011 ((a) E = −0.741 kV m−1 and (b) E = 0.741 kV m−1) and for x = 0.005
((c) E = 0.253 kV m−1 and (d) E = −0.253 kV m−1).
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field has a reversed sense with respect to the zfc polarization, the zfh curve displays a steeper
variation and reverses its signal before a complete depolarization.

The asymmetry of the P(T ) curves measured under opposite external fields indicates
that, for the field strengths tested, there is a component of the polarization that could not be
inverted by the fields. Within the experimental error, this component corresponds roughly
to the detected zfc polarization. This strongly suggests that this polarization may not be
reoriented by an external field and may not correspond therefore to a spontaneous ferroelectric
polarization. Its origin may be rather linked to the defect induced random fields that tend to
stabilize a disordered domain state. In this sense, the zfc polarization may be seen as due to
a remanent internal bias induced by the distribution of polar defects in the highly polarizable
host lattice.

The strength and orientation of this internal bias may depend on the particular configuration
of the defects, that act as nucleation centres of the polar nano-regions, as well as on the pattern
of antiferroelastic domains stabilized below Tc1 ∼ 105 K. Thus, in principle, the internal bias
could be dependent on kinetic parameters, such as the cooling rate adopted, as well as on
external elastic or electrical fields.

As a preliminary step to check this latter possibility, we tried to see up to what extent
the defect induced bias could be altered by an external electric field. We studied several
cycles under opposite fields of increasing strength, in samples corresponding to x = 0.005
and x = 0.011. For the first composition, a threshold field of E = 13 kV m−1 was found,
above which an external field applied in fc and fh runs could reverse the sign of the polarization
observed in a subsequent zfc run. For x = 0.011, and in the range of field strengths tested
(0–80 kV m−1), the external voltage could not reverse the internal bias. Further studies are
needed to fully elucidate the effect of external parameters in the behaviour of the zfc polarization
and to shed more light on the microscopic mechanisms involved.

4. Conclusions

The results reported show that the inclusion of calcium in ST induces a weak non-ergodic
regime at low temperatures. Previous studies on the time dependence of the dielectric constant
suggest that this regime may reflect a true ergodicity breaking, in the sense that the equilibrium
states reached after large times are dependent on initial conditions.

The analysis of the temperature dependence of the electric polarization in several thermal
cycles under different bias fields allowed a determination of the Almeida–Thouless line that
separates the ergodic and the non-ergodic regions in theT –E plane. The values of the Almeida–
Thouless temperature at zero field TA−T (0) obtained are in very good agreement with the
temperatures TB below which the Barrett formula cannot describe the temperature dependence
of ε′ [22], which are TB ∼ 25 K for x = 0.005 (T ∗∗ = 17 K, T (0) = 23 K) and TB ∼ 30 K
(T ∗∗ = 27 K, T (0) = 29 K) for x = 0.01.

A preliminary analysis of field dependence of the Almeida–Thouless temperatures,
although purely heuristic and, at the present moment, not fully supported theoretically, stresses
the importance of tunnelling in the dielectric behaviour of SCT. Moreover, the values of the
parameters obtained from the fit of the A–T curve are consistent with a stabilization of a
disordered polar phase, in which ferroelectric nano-domains are randomly frozen.
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