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Critical slowing down mechanism and reentrant dipole glass phenomena in
(1 − x)BaTiO3-xBiScO3 (0.1 � x � 0.4): The high energy density dielectrics
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The dielectric and ferroelectric switching properties of high temperature-high energy density (1−x)BaTiO3-
xBiScO3 (0.1 � x � 0.4) dielectrics were investigated over a broad temperature range. It was found that these
ceramics possess dipole glass features such as critical slowing down of the dielectric relaxation, polarization
hysteresis aging, rejuvenation, and holelike memory below the dipole glass transition temperature (TDG). The
dielectric relaxation behavior is consistent with a three-dimensional Ising model with critical slowing exponents
(zυ) = 10 ± 1 and composition-dependent glass transition temperatures. At lower temperatures, (1−x)BaTiO3-
xBiScO3 ceramics transform into a reentrant dipole glass state owing to the breakup of local polar ordering. A
phase diagram is developed marking the paraelectric, ferroelectric, and dipole glass regimes as a function of
composition with the reentrant features.
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I. INTRODUCTION

There is a need for high energy density dielectrics
(>1 J/cm3) that can operate above 250 ◦C for SiC-based power
electronic inverters.1,2 Recent studies on bulk (1−x)BaTiO3-
xBiScO3 (0 < x < 0.5) ceramics and thin films suggest that
these may be candidate materials for this application.3,4

Ogihara, Randall, and Trolier-McKinstry showed that several
(1−x)BaTiO3-xBiScO3 compositions exhibit high permit-
tivity values (∼1000) and high, temperature-stable energy
storage capabilities (∼6 J/cm3) with breakdown fields ex-
ceeding 1 MV/cm.5 Collectively these properties point to
(1 − x)BaTiO3-xBi(Me′,Me′′)O3 materials as having very
attractive properties for high energy density ceramic or thin-
film capacitors.6–8

BaTiO3 is a well-known ferroelectric with a space group
P4mm and lattice parameters a = 3.986 Å and c = 4.026 Å
at room temperature.9 BiScO3 has a monoclinic space group
C2/c with a = 9.889 Å, b = 5.822 Å, c = 10.046 Å, and β =
108.3◦.10 BiScO3 is a distorted perovskite with both oxygen
octahedral tilting and antiparallel Bi displacements along the
b axis.10 Neither ferroelectric nor antiferroelectric behavior
has been experimentally demonstrated in BiScO3.11,12 Recent
structural studies by an x-ray diffraction (XRD) technique
indicated that (1−x)BaTiO3-xBiScO3 ceramics, for 0.05 �
x � 0.20, transform gradually from the tetragonal to cubic
phase via a region with coexisting tetragonal and rhombohe-
dral phases at room temperature.13

Dielectric measurements revealed a gradual change from
normal ferroelectric behavior in BaTiO3 to a highly dif-
fuse, relaxorlike behavior for 0.1 � x � 0.4, as shown in
Fig. 1. Ogihara, Randall, and Trolier-McKinstry5 reported
a substantial frequency dependence in the dielectric data in
(1−x)BaTiO3-xBiScO3 for 0.1 � x � 0.5. This was analyzed
using the loss tangent (ωmax) maxima within the framework of
the Vogel-Fulcher formalism:

ωmax = ω0 exp

[
−E

k
(
Tmax − Tf

)
]

. (1)

The resultant activation energies (E) were between 0.2 and
0.35 eV with attempt frequencies of (ω0) ∼ 1012–1013 Hz. The

associated freezing temperatures (Tf ) increased from ∼100
to 165 K with increasing x values. These activation energy
values are significantly larger than those of Pb-based [such
as (Pb,La)(Zr,Ti)O3 (PLZT) and Pb(Mg1/3Nb2/3)O3 (PMN)]
or Bi-based perovskite relaxor ferroelectric materials.14 The
origin for the dielectric relaxation was speculated to be owing
to a weakly coupled relaxor behavior for 0.1 � x � 0.4.5

Moreover, a distinct cusp in the remanent polarization versus
temperature was noticed at low temperatures, unlike the behav-
ior observed in relaxor ferroelectrics such as PMN, xBiScO3-
yPbTiO3-zPb(Mg1/3Nb2/3)O3, and (SrxBa1−x)Nb2O6.3,15,16

A fundamental understanding of relaxor ferroelectricity
has been pursued from both experimental and theoretical
viewpoints for more than two decades.17–19 Many of the ap-
proaches originated from the magnetic analogs known as spin
glasses.20 It is believed that relaxor ferroelectricity arises from
a competition between long-range forces promoting dipole
ordering and the breakup of the translational symmetry owing
to chemical disorder. As a result, the local random bonds and
random fields create ensembles of polar nanoregions (PNRs)
and produce the characteristic dielectric relaxation.21–23 The
mechanism responsible for the critical slowing down in the
functional properties can differ for different compositions
and materials, as the effective Hamiltonian (H) is governed
by the cross coupling between polarization states as well as
random-field interactions:24–26

H = 1

2

∑
i,j

Kijσiσj − 1

2

∑
i,j

Jij σiσj

−
∑

i

hiσi − F
∑

i

σi, (2)

where σi , σi are components of the dimensionless dipole
moment field. The summation terms in (1) represent dipolar
interactions Kij , random-bond interactions (Jij ), random fields
(hi), and the external field (F), respectively.

As shown in Table I, there are a wide range of materials that
exhibit relaxation in their functional properties. For example,
magnetic spin glasses show dispersion in the magnetic sus-
ceptibility linked to frustration in the ordering of magnetic
spins, whereas dipole glasses have a frequency-dependent
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FIG. 1. (Color online) Dielectric permittivity vs temperature in
(1−x)BaTiO3-xBiScO3 ceramics for 0.1 � x � 0.4. The measure-
ments were taken at 1 kHz with 1 Vrms.

dielectric permittivity. The associated relaxation time scales
vary from 10−13 to 10−6 s. In all the materials listed in
Table I, the functional properties are characterized by a shift
in their maxima to higher temperatures (Tmax) with increasing
measurement frequency, obeying the Vogel-Fulcher law.27 One
of the characteristic features of spin glasses as well as dipole
glasses includes aging in functional properties, with “dip”
or “hole”-like memory effects below the spin-glass and/or

dipole glass transition temperature (TDG). Below TDG, the
functional properties exhibit critical slowing down features
governed by time- and frequency-dependent scaling effects.28

In spin glasses, weak anisotropy in random fields with random
exchange fields can cause local ordering, and as a result
a switchable magnetization will be developed below the
freezing temperature.29–31 In most spin glasses and relaxor
ferroelectrics, the magnitude of the switchable magnetization
and/or polarization continues to rise as the temperature falls.
However, in reentrant spin glasses, at low enough temperatures
(T<TDG), the ability to field induce spin ordering is lost
owing to large random dipolar interactions. As a result, the
ferromagnetic phase transforms into a nonergodic spin-glass
state. Thus, reentrant spin glasses are distinguishable from
canonical spin glasses based on high-field switching mea-
surements in which a rise in switchable magnetization occurs
before it drops below the spin-glass transition temperature.
Examples of magnetic reentrant spin glasses are known in the
literature (e.g., NiGa2S4, DyxY1−xAl2).28,29 with detailed ex-
perimental evidence showing the disappearance of high-field
ferromagnetic switchable magnetization at low temperatures.
However, in the dielectric analog dipole glass literature,
reentrant behavior was suggested as a possible mechanism for
the underlying dielectric relaxation phenomena in compounds
such as K(Ta,Nb)O3 (Ref. 32) and Pb(Mg1/3Nb2/3)O3-PbTiO3

TABLE I. Classes of materials that exhibit relaxation in their functional properties.

Type Relaxation feature Examples References

Glass Supercooled liquids having a broad distribution of relaxation Borosilicates 36
time constants

Spin glass Relaxation in the magnetic susceptibility is owing to the AuMn, dilute magnets 28
interaction between random fields and random exchange
fields.

Cluster glass Relaxation in the magnetic susceptibility is owing to the AuMn alloys 37, 38
presence of a critical concentration of dopants that form
clusters of spins.

Strain glass Dispersive strain versus frequency responses Ti-Ni alloys 39
Dipole glass Relaxation in the dielectric permittivity is owing to defect K(NbxTa1−x)O3 40, 41

dipoles or off-centered ions in incipient ferroelectric
materials.

Li-KTaO3

Proton glass Dielectric relaxation is owing to deuteration of hydrogen- Rb1−x(NH4)xH2PO4 type 42
bonded ferroelectrics and/or (dis)ordering of O-H-O bonds.

Quadrupole The dielectric relaxation results from hydrogen occupying Organic liquids 43
glass either an ortho position or a para position.
Orientational Owing to spatial orientation of defect dipoles and/or rotators Liquid crystals, canted 31
glass spin magnets 31
Relaxor Dynamic polar nanoregions arise from an optical soft mode. PMN 26, 27, 44, 45,
ferroelectrics A frequency-dependent permittivity develops as a result of 46

dynamic polar nanodomains.
(Sr,Ba)NbO6

(Pb,La)(Zr,Ti)O3

BiScO3-Pb(Mg1/3Nb2/3)O3-
PbTiO3

Reentrant spin Weak anisotropic random fields interact with random NiGa2S4; DyxY1−xAl2; 28,29
glass exchange fields to create short-range ordering. As a result, a amorphous dilute

reentrant ferromagnetic state with switchable magnetization magnets
appears between the ergodic and nonergodic spin-glass
states.
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(Refs. 33 and 34) type single crystals and/or ceramics with
little confirmation of disappearance of switchable polarization
under high-field experiments at low temperatures.

The goal of this paper is to probe the mechanism of
dielectric relaxation in the bismuth scandate–barium titanate
solid solution in more detail. The high apparent activation
energies in (1−x)BaTiO3-xBiScO3 suggest5 that there may be
significant differences in the origin of the dielectric relaxation
relative to canonical relaxor ferroelectrics. To explore these
features further, the temperature and frequency dependence
of the dielectric and ferroelectric properties of (1−x)BaTiO3-
xBiScO3 (0.1< x < 0.5) ceramics were examined in this work.
The dipole glass behavior is evident from critical slowing
down features below the dipolar glass transition temperatures
(TDG). In addition, characteristic phenomena such as aging,
memory, and rejuvenation effects35 were analyzed for the x =
0.3 composition. Low-temperature switching measurements
showed a drop in the remanent polarization values for 0.1 �
x � 0.4, below a critical temperature, suggesting that this solid
solution acts as a reentrant dipole glass.

II. EXPERIMENTAL PROCEDURE

Homogenous and single-phase (1−x)BaTiO3-xBiScO3

powders were prepared for 0.1< x < 0.4 by a solid-
state reaction route, as described elsewhere,3 using reagent
grade BaCO3 (99.0%, Alfa Aesar), TiO2 (99.97%, 0.25 μm,
Ishihara), Bi2O3 (99.9%, MCP), and Sc2O3 (99.0%, The Low
Hanging Fruit Company). The calcined powders were mixed
with organic binders, dispersants, and solvents in a slurry that
was tape cast under a doctor blade. Single dielectric layer

(∼27 μm thick and 13.3 mm2 area) capacitors were formed
by laminating tapes with screen-printed platinum inks for inner
electrodes. The binders were removed and the ceramics were
sintered. Finally, end termination electrodes were applied to
enable electrical characterization. The details of the capacitor
processing can be found elsewhere.5 XRD studies using a
Scintag Pad V diffractometer with CuKα radiation (35 kV,
30 mA, 0.6 s/step) confirmed the perovskite phase of the
samples. As reported previously, the samples were single phase
up to x � 0.4; for higher BiScO3 concentrations, the samples
exhibited mixed phases.5

Dielectric and ferroelectric measurements were performed
from 100 to 600 K in Delta Design chambers at constant
heating or cooling rates (−0.5 to −3 K/min). An impedance
analyzer (HP4192A) was utilized to measure the dielectric
properties over a frequency range of 100 Hz to 1 MHz, with
an oscillating voltage of 1.0 Vrms. Temperature-dependent
polarization-electric field switching measurements were done
in a virtual ground mode in a cryogenic probe station
(model TTP6, LakeShore Cryotronics, Inc., Westerville, OH)
in conjunction with a temperature controller (model 332,
LakeShore Cryotronics, Inc.). The dielectric and ferroelectric
properties were compared under zero-field conditions as a
function of composition. In addition, dipole glass features such
as aging, rejuvenation, and memory were examined.

III. RESULTS AND DISCUSSION

Figure 2 shows the real and imaginary components of
the dielectric permittivity as a function of temperature for

FIG. 2. (Color online) Real and imaginary dielectric permittivity responses as a function of temperature in (1−x)BaTiO3-xBiScO3 ceramics
for x values (a) 0.1, (b) 0.2, (c) 0.3, and (d) 0.4. The representative curves are plotted in frequency decades between 100 Hz and 1 MHz.
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FIG. 3. (Color online) (a) Temperature dependence of the characteristic relaxation time τ (Tmax), (b) the macroscopic time constants (τ0) and
glass transition temperature (TDG), (c) the scaling exponent (zv), and (d) the scaling of τ (Tmax) with TDG/(TDG−Tmax) for (1−x)BaTiO3-xBiScO3

samples with 0.1 � x � 0.5.

(1−x)BaTiO3-xBiScO3 ceramics for x values from 0.1 to 0.4.
These measurements were done while cooling the samples at
a rate of −3 K/min from 600 K. The samples were held at
675 K for 15 min prior to measuring the dielectric permittivity
to minimize history effects. The real part of the permittivity
(Re ε∗) was largely independent of frequency above Tmax,
whereas the imaginary part (Im ε∗) exhibited a frequency-
dependent peak related to a distribution of relaxation times. As
has been reported previously, no dielectric anomalies owing to
structural phase transitions were noticed in samples with 0.1<

x < 0.2, even though recent structural investigations indicate a
Tc ∼ 417 K from mixed rhombohedral and tetragonal phases
to a cubic phase for x ∼ 0.15.5,13 All the samples exhibited
Re ε∗ ∼ 1000 at 1 kHz at 300 K. These values are comparable
to those of previously reported ceramics.3,5

Ogihara, Randall, and Trolier-McKinstry5 analyzed the
dielectric relaxation in (1−x)BaTiO3-xBiScO3 samples within
the framework of the Vogel-Fulcher law. The reported ac-
tivation energies were found to be higher than those of
relaxor ferroelectrics such as PMN.34 To understand these
intriguing features, the complex dielectric response (Fig. 2)
was reanalyzed following critical slowing down dynamics
described by36

τmax = τ0

(
Tmax − TDG

TDG

)−zv

, (3)

where zν is the dynamic exponent, TDG is the dipolar glass
transition temperature, Tmax corresponds to the temperature

at which Im ε∗ goes through a maximum, and τ0 is the
microscopic relaxation time. In Eq. (3), the critical relaxation
time τmax scales with the correlation length ξ as tmax ∼ ξz

and the correlation length diverges for T → TDG as ξ ∼
|Tmax − TDG|ν . As shown in Fig. 3, the peaks observed in
Im ε∗(T ,ω) are better defined than those of Re ε∗(T ,ω) at all
measured frequencies. Therefore, Tmax was determined from
the Im ε∗(T ,ω) data as shown in Fig. 3(a).

The time constants (τ0) were found to decrease with
increasing BiScO3 concentration from 1.2 × 10−7 s for x = 0.1
to 1.5 × 10−9 s for x = 0.5, as shown in Fig. 3(b). The τ0 values
are significantly larger than phonon time constants (10−12–
10−13 s).3,6 This suggests that the relaxation is governed
by dipolar polarizability. The TDG values increased with
increasing x. For x ∼ 0.1, TDG was ∼100–120 K, whereas for
x ∼ 0.4 the TDG was ∼190–200 K. In addition, the estimated
critical exponents (zv) for 0.1� x � 0.4 samples [Fig. 3(c)]
were between 9.0 and 9.7 with a maximum near x ∼ 0.2. The
calculated critical exponent values correspond reasonably to
a three-dimensional (3D) Ising spin-glass model (theoretical
value ∼10).24,37 Figure 3(d) depicts the scaling of τ (Tmax)
with respect to the reduced temperature, TDG/(TDG − Tmax). As
can be seen, good scaling is obtained for all samples. These
results imply that the dipolar clusters within the sample are
undergoing critical slowing down phenomena with “weak” or
no mutual interactions between the clusters for temperatures
below TDG.38

Both magnetic spin glasses and dipole glasses exhibit aging,
memory, and rejuvenation effects below TDG.39 Aging is a slow
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FIG. 4. (Color online) Temperature dependence of Im ε∗ measured after aging at (a) TA ∼ 198 K, (b) TA ∼ 173 K, and (c) TA ∼ 145 K.
Line 1 was taken during cooling at approximately −10–15 K/min from high temperature to TA; the sample was aged at TA for more than 10 h.
Lines 2 and 3 are measurements on subsequent cooling and heating cycles (∼3 K/min sweep rates), respectively. Lines 4 and 5 were collected
on cooling from 600 K at −2 K/min rate after cycle Nos. 1, 2, and 3.

reduction in the complex permittivity during holds at a constant
temperature (TA) below the glass transition temperature, TDG.
If the complex permittivity recovers on further cooling to its
original value before aging (i.e., to the value observed on a
reference curve measured during continuous cooling) this is
known as rejuvenation. The net result is that the permittivity
versus temperature trace exhibits a dip or hole. On subsequent
heating through TA, ε∗ may completely or partially retrace the
dip formed during aging; this is called memory.

To determine whether comparable behavior would be
observed in (1−x)BaTiO3-xBiScO3, samples with x ∼ 0.3
were chosen. The dielectric permittivity was measured as
a function of temperature on cooling with a hold at fixed
temperatures (TA) above and below TDG, as shown in Fig. 4.
In the present case, the samples were cooled at a rate of
−15 K/min from above 523 K to stopping temperatures of
∼275 K (� TDG), ∼198 K (>TDG), and 173 and 145 K
(<TDG). The temperature dependence of the permittivity
was monitored with a sweep rate of ∼3 K/min as a
function of aging time at various TA’s. All of the aging
experiments were done with a 1 Vrms oscillation at 100
Hz following protocols given elsewhere.40 After a 10-h
holding time, no aging was detected for TA>250 K. For
TA< 225 K, the reduction in dielectric losses was more
prominent than the changes in Re ε∗, hence the imaginary
part was chosen to illustrate the memory and rejuvenation

effects. As shown in Fig. 4(a), for 185 < TA < 250 K,
cumulative aging develops in the dielectric loss component;
however, the aged dielectric losses were rejuvenated almost
fully with subsequent cooling and heating cycles. From 185 to
165 K, the dielectric loss exhibited stronger, cumulative aging,
with less rejuvenation. For example, for TA∼173 K, Im ε∗
decreased from 19 to 16 (∼18% reduction). Further sequential
cooling→heating→cooling cycles could not completely reju-
venate the Im ε∗ to the initial value, as shown in Fig. 4(b)).
On the other hand, below TDG (TDG∼170 K) the samples
showed a cumulative property change and holelike memory
effects, similar to those previously noted in PMN-PT (90/10)
relaxor ferroelectrics,40 as shown in Fig. 4(c)). Holding the
x = 0.3 sample at TA = 145 K for 10 or 12 h reduced
the dielectric losses and further cooling→heating→cooling
cycles exhibited memory associated with the thermal history,
confirming a classic “hole” aging phenomenon. A noticeable
small spread in the holelike memory to slightly higher
temperature (up to 155 K) on the temperature scale can been
noticed from Fig. 4). Such a small spread in holelike memory
on temperature window below glass transition temperature was
noticed even in PMN-PT (90/10) single crystals.33 We believe
this spread could be owing to local anisotropic interaction
of random fields or temperature measurement artifacts. Thus,
in general, the (1−x)BaTiO3-xBiScO3 ceramic samples have
typical dipole glass features below TDG. These features indicate
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FIG. 5. (Color online) Isothermal aging as monitored via the imaginary part of the dielectric susceptibility in 0.7BaTiO3-0.3BiScO3

ceramics for four different frequencies at T = 198, 145, and 90 K as a function of (a) wait time (tw) and (b) angular frequency × wait time
(ωtw). Scaling of Im ε∗ with ωtw below TDG (∼150 K) confirms the dipole glass features.

the possibility of collective dynamics and the breakdown
of local ergodicity below TDG depending on the thermal
history.

A common feature of spin-glass systems is the existence
of nonequilibrium dynamics. As a result, aging in dipole
glasses depends on the measurement time scale as well as
the evolution rate of the nonergodic energy landscape. To
investigate this in (1−x)BaTiO3-xBiScO3 (x = 0.3), the aging
in Im ε∗ was determined at a fixed TA as a function of wait time,
tw, and probing frequency. Figure 5 illustrates the imaginary
component of the dielectric permittivity as a function of tw and
ωtw, respectively. As can be seen, the aging in these samples is
explained better by using ωtw scaling, as the response curves
converge over all the measured frequencies below TDG. Im ε∗
in these samples scaled as41

ε′′(ω,t) = ε′′
0 (ω) + B(ωtw)−β, (4)

where ε′′
0 (ω) = Aωα is the infinite time “equilibrium” value;

β was between 0.12 and 0.17 below TDG. In Eq. (4), the
second term may be owing to slow coarsening processes of
dipolar clusters during aging below TDG.28 In dipole glasses,
the cumulative part of the aging can be ascribed to slow cluster
coarsening in a medium with randomly distributed pinning
centers, and is characterized by scaling with ωtw. Thus, in
(1−x)BaTiO3-xBiScO3, the aging is analogous to aging in
spin glasses.40

In order to evaluate the possibility of reentrant behavior in
this system, the temperature-dependent remanent polarization
(Pr ) and coercive fields (Ec) were measured as shown in Fig. 6.
For all compositions, the polarization response is essentially
reversible at 300 K. Hysteresis develops at lower temperatures;
both the coercive field and the remanent polarization undergo
maxima and then drop on decreasing temperature. In addition,
the temperatures of the maxima were within ±10 K of either
the Tf values obtained from the Vogel-Fulcher expression
or the TDG obtained from Eq. (2). The temperature of the
maxima in Pr was found to be slightly higher than that of Ec;
no thermal hysteresis was detected between measurements
on heating and cooling for 0.1 < x < 0.5. For x = 0.2
samples, an anomaly is apparent at ∼230 K in the Pr and
Ec vs T responses; no corresponding features were seen in

the dielectric permittivity versus temperature (Fig. 2). Further,
these samples exhibited reentrant polarization independent of
the cooling fields, as shown in Fig. 7. As an example, for
x = 0.2 samples, under field-cooling experiments at 35 and
65 MV/m, as T is lowered, there is an initial increase in the Pr ,
but on further cooling, Pr dropped again, essentially vanishing
at low T. The development of maxima in the switchable
polarization appears to be a dielectric analog of the behavior
observed in reentrant spin-glass systems, in which a remanent
magnetization develops below Tmax in between the ergodic and
the nonergodic spin-glass states.42,43 In contrast, in relaxor

FIG. 6. (Color online) Remanent polarization (Pr ) and coercive
field (Ec) as a function of temperature in (1−x)BaTiO3-xBiScO3

samples (0.1 � x � 0.4).
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ferroelectrics such as PMN and strontium barium niobate
(SBN) Pr and Ec rise as the temperature continues to fall.

For x = 0.3 ceramics, thermoremanent polarization mea-
surements were investigated to support the zero-field-cooling
aging experimental results. For this purpose, the samples were
poled with a ∼37 MV/m dc field while cooling from 500 K.
At T > TDG and T < TDG, the samples were maintained
for 15 min before measuring the Pr values from P vs E
responses at different time intervals with ∼35 MV/m. Figure 8
shows the time decay of the remanent polarization of 0.7
BaTiO3-0.3BiScO3 over 1 < t < 2 × 104 s at two different
temperatures. Pr relaxed in a comparatively short time scale
for T > TDG. As shown in Fig. 8, ∼37% of the original value of
Pr relaxed within 2 × 104 s at 193 K > TDG. On the other hand,
the relaxation times increased for T < TDG. The Pr decreased
approximately logarithmically with time at 146 K (below
TDG). Additional measurements at 80 K (for ∼5 × 103 s)
indicated no drop in the remanent polarization with time. The
thermoremanent polarization versus time data were fitted by
using a stretched exponential relation,

Pr (t) = P0 exp

[
−

(
t

tp

)1−n
]

, (5)

where P0, n, and tp depend upon temperature (T). If n = 0,
the equation reduces to a single time constant: a Debye-type
exponential relaxation. On the other hand, if n = 1, the relation
converges to a constant value, P0. For T = 193 K (>TDG),
the estimated P0, n, and tp values are (6.5 ± 0.3) μC/cm2,
0.78, and 4.2 × 10−5 s, respectively. Good agreement for Pr

versus time data was obtained for short time scales; the primary
deviations were apparent at longer times, yielding an R2 value
∼0.94 for T = 193 K. However, significant deviations from
(5) appeared for temperatures below TDG and very poor fits
were obtained for Pr versus time data at T = 143 K. Thus, we

FIG. 7. (Color online) Remanent polarization (Pr ) and coercive
field (Ec) as a function of field cooling in 0.8BaTiO3-0.2BiScO3

samples. The samples were cooled under fields and the switchable
polarization was measured while heating the sample.

FIG. 8. (Color online) Pr vs time measured at T = 193 K (>TDG)
and T = 146 K (<TDG).

believe a simple stretched exponential relation is insufficient
to describe the polarization freezing in these materials below
TDG, presumably owing to the ωtw relaxation.

Significant differences can be noticed between the
behavior of (1−x)BaTiO3-xBiScO3 (0.1 � x � 0.4) and
canonical relaxor ferroelectrics such as Pb(Mg1/3Nb2/3)O3.
Pb(Mg1/3Nb2/3)O3 single crystals and ceramics show (i) no
significant drop in Pr below the glass transition temperature
(∼223 K) even though they exhibit aging and rejuvenation
effects,44 (ii) relaxation time constants on the order of
10−12 s, and (iii) activation energies �0.1 eV, whereas
for (1−x)BaTiO3-xBiScO3 (0.1 � x � 0.4), the activation
energies are ∼0.2–0.3 eV. These results suggest that the
dielectric relaxation in (1−x)BaTiO3-xBiScO3 (0.1 < x < 0.5)
samples is controlled by frustrated polarization states owing
to the formation of weakly interacting polar clusters.

The observed response in these (1−x)BaTiO3-xBiScO3

high energy density dielectrics is in many ways the electrical
analog of reentrant magnetic spin-glass systems.45 In general,
the remanent magnetizations in reentrant spin glasses exhibit
a maximum at the freezing temperature, before dropping at
lower temperatures in the zero-field-cooled case; i.e., the
samples develop a more ordered state before going back to
a more disordered state at low temperatures. It is possible
that competitive dipolar interactions and/or local stresses
could be responsible for the reentrant dipole glass features
in (1−x)BaTiO3-xBiScO3 for 0.1 < x < 0.5. In reentrant spin-
glass systems, such as Eu1−xSrxS, the existence of reentrant
ferromagnetic features has been established for a critical
concentration range (before entering into a pure spin glass
state).28 Recent structural studies indicate that (1−x)BaTiO3-
xBiScO3 (0.1 < x < 0.5) is cubic down to 10 K.5,13 It is possible
that substantial local random dipole frustration is responsible
for the reentrant ferroelectric state in the macroscopically cubic
(1 − x)BaTiO3-xBiScO3 (0.1 < x < 0.5) samples.

Based on these arguments, a dielectric phase diagram
is proposed as shown in Fig. 9. For x < 0.05, the solid
solution is ferroelectric below the Curie temperature TC .
Above Tmax for 0.1 � x � 0.4, the solid solution is cubic
and paraelectric. Near TDG, the samples with 0.1 � x � 0.4
show a switchable polarization (shaded region in Fig. 9) before
entering into a nonergodic dipole glass state. The maximum
Pr is observed close to TDG. To minimize error associated
with finite high-field dielectric losses, the shaded region in
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FIG. 9. (Color online) Proposed phase diagram of (1−x)BaTiO3-
xBiScO3 (0.1 < x < 0.5). Data for Curie temperature (TC) for
x � 0.05 was taken from Ref. 5), and the samples with 0.05 < x <

0.1 have a core shell structure.

Fig. 9 was assigned where a switchable polarization could be
unambiguously detected above the background.

The origin of the reentrant dipole glass behavior is
not known in these (1−x)BaTiO3-xBiScO3 (0.1 < x < 0.5)
samples. One possibility is that it arises from a competition
between local ferroelectric and antiferroelectric order. A
second potential mechanism could be owing to development
of comparatively deep local potential valleys associated with
the local polar regimes below TDG. Another, potential mecha-
nism following reentrant magnetic literature is random field–
random anisotropy within these samples.46 These should cer-
tainly not be considered an exhaustive list of the possibilities.
Further structural studies at low temperatures might be useful
in clarifying this point.14,47 As high temperature–high energy

density dielectrics become more important for developing
SiC inverter circuits for power electronics, it is clear that
understanding the advantages of these polar mechanisms is
important to the pure and applied dielectrics community.

IV. SUMMARY

(1−x)BaTiO3-xBiScO3 (0.1 � x � 0.4) solid solutions
have recently emerged as a high energy density capacitor
material with energy densities ∼ 6 J/cm3 at room temperature
and above. Here it is shown that the dielectric relaxation
in (1−x)BaTiO3-xBiScO3 (0.1 � x � 0.4) solid solutions is
consistent with the 3D Ising spin-glass model with critical
slowing down characteristics below TDG. TDG increased with
increasing BiScO3 composition for 0.1 � x � 0.4. Samples
with 0.1 � x � 0.4 exhibited aging, memory, and rejuvena-
tion features similar to dipole glasses. Between Tmax and TDG,
the (1−x)BaTiO3-xBiScO3 (0.1 � x � 0.4) solid solution
behaved as a ferroelectric with finite remanent polarization and
coercive fields. Reentrant dipole glass features were confirmed
from temperature-dependent polarization studies. A frustrated
dipolar glassy phase below TDG developed and is thought to be
owing to noninteracting or weakly coupled polar nanoregions.
The trends in the data are summarized in the form of a
compositional–temperature dielectric phase diagram.
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