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The increase of the dielectric permittivity with an electric field and enhanced energy storage
properties make antiferroelectrics very attractive for high-power electronic applications needed
in emerging green energy technologies and neuromorphic computing platforms. Their
exceptional functional properties are closely related to the electric field-induced
antiferroelectric>ferroelectric phase transition, which can be driven toward a critical end point
by manipulation with an external electric field. The critical fluctuation of physical properties
at the critical end point in ferroelectrics is a promising approach to improve their functional
properties. Here we demonstrate the existence of two critical end points in antiferroelectric
ceramics with a ferroelectric-antiferroelectric-paraelectric phase sequence, using the model
system PDo.ogNbo.02[(Zro.57Sn0.43)0.92Tio.08]0.9803. The critical fluctuation of the dielectric
permittivity in the proximity of the antiferroelectric-to-paraelectric critical end point is
responsible for the strong enhancement of the dielectric tunability (by a factor of > 2) measured
at =395 K. The enhancement of the energy storage density at =370 K is related to the proximity
of the ferroelectric-to-antiferroelectric critical end point. These findings open new possibilities

for material design and pave the way for the next generation of high-energy storage materials.
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I. INTRODUCTION

Antiferroelectrics (AFEs) are a subgroup of dielectric materials with spontaneous polarization
in which adjacent dipoles are arranged antiparallel so that their unit cells and the material have
zero macroscopic polarization in the absence of an external electric field. However, an
externally applied electric field of sufficient magnitude can induce a phase transition to a
ferroelectric (FE) phase with a polar space group and ordered parallel dipole moments to build
anon-zero macroscopic polarization [1-6]. If this transition is reversible, the material switches
back to the AFE phase when the electric field is reduced below the critical electric field. The
reversibility of the electric field-induced phase transition realizes the double hysteresis loop,
which is a fingerprint and characteristic of AFEs. The negative electrocaloric effect [7-9], an
increase of the dielectric permittivity with an increasing electric field [10-13], high strain
response [14], high energy storage density [15], and negative capacitance [16] are functional
properties that are closely related to the peculiar polar order of the AFE ground state and the
presence of the electric field-induced phase transition. Hence, the applicability of AFESs ranges
from pulse-power capacitors [17], DC-link capacitors for power electronics [18],
electromechanical actuators [19], capacitor memory cells [20,21], voltage signal amplifiers to
solid-state coolants [9], and more. Despite their versatile applicability, AFEs are still under-
researched compared to their FE counterpart. In particular, the relations between the AFE polar
ground state, field-induced phase transition, and functional properties are not fully explored
and understood. Moreover, emerging new applications, such as environmentally friendly solid-
state cooling or neuromorphic computing, require a clear picture of the underlying physical

mechanisms for designing materials with improved performances.

To enhance the functional properties in classical FEs, different approaches, such as chemical
modification [22], preparation of solid solutions with the morphotropic phase

boundary [23,24], preparation of composites [25], application of external and internal



mechanical stress [26], and the concept of criticality [27,28], were developed and investigated.
Chemical modification of canonical AFEs: PbZrOs [29], AgNbOs [30], and NaNbOs [31] is
the most common approach to investigate the formation and stabilization of the AFE structure
and its properties. It is well known that the temperature and nature of the inter-ferroelectric,
ferroelectric-to-paraelectric [32], and relaxor-to-ferroelectric phase transitions change with the
external electric field [27]. Under the electric field, the first-order phase transition can be
changed to the second-order, and the critical electric field and the temperature of the crossover
between the first- and second-order phase transitions define the critical point. Furthermore, if
the second-order transition point is a singular point that terminates the line of the first-order
phase transitions, the point is called the critical end point above which a supercritical behavior
is observed [27]. In a supercritical regime, the dielectric susceptibility and the heat capacity
become non-critical and smeared out due to the energetic equivalence between the phases. At
the critical end point, the dielectric susceptibility and the heat capacity diverge, leading to an
anomalous enhancement of functional properties such as the piezoelectric and electrocaloric
responses, as well as the energy storage density [28,33]. Since the AFE-FE phase transition is
induced at a sufficiently high electric field, it is anticipated that the electric field can modify

the AFE-FE phase transition and consequently change the functional properties of the AFE.

To demonstrate the above hypothesis, we investigated the FE-AFE and AFE-PE phase
transitions in antiferroelectric ceramics utilizing dielectric spectroscopy. The analysis was
exemplarily conducted on the (Pb,Nb)(Zr,Sn,Ti)Os system, which represents one of the most
widely studied antiferroelectrics with high-energy storage properties. The temperature-
dependent dielectric permittivity was measured under various electric fields and the detected
dielectric anomalies were used to construct an electric field—temperature (E- T) phase diagram.

The divergent behavior of the dielectric permittivity was analyzed to identify the position of



the critical point. The dielectric and polarization responses as a function of the electric field

were measured to calculate the dielectric tunability and energy storage density.
Il. EXPERIMENTAL SECTION

The AFE ceramics with chemical formula Pbo.goNbo.o2[ (Zr0.57SN0.43)0.92Ti0.08]0.9803 (abbreviated
as PNZST) was prepared by the mixed-oxide route, as described elsewhere [34]. The ceramic
sample was ground to a thickness of 230 um and covered with sputtered gold electrodes with
a diameter of 1.5 mm on the sample’s planar surfaces. Two thin copper wires were attached
with a silver paste to provide electrical contacts. The dielectric permittivity was obtained during
heating with a rate of 1 K min?, using a precision LCR meter (Keysight Agilent E4980A,
Keysight Technologies, USA). The dielectric permittivity under the DC bias field was
measured using a standard external electrical circuit with two capacitors. The capacitors serve
as blocking capacitors to prevent damage to the impedance analyzer by the high DC voltage
and current. In order to avoid any possible history-dependent effects, the sample was heated to
430 K for 15 min and then cooled under an external bias electric field to 240 K, i.e., field-
cooled—field-heated protocol was used. The temperature-dependent polarization measurements
under various external bias electric fields were performed with an electrometer (Keithley
6517B, Keithley Instruments USA), using the same protocol as for the dielectric measurement,

except that the heating rate was 2 K min2,

In addition to temperature-dependent measurements, the dielectric permittivity and
polarization were measured as a function of the electric field at various fixed temperatures. The
sample was heated up to 430 K and then cooled and stabilized at the measurement temperature
within £2 mK to avoid any possible history-dependent effects of previous measurements.

During dielectric permittivity and polarization measurements, the electric field was linearly



cycled with a frequency of 1 mHz between +35 and £40 kV cm ™, respectively. The dielectric

permittivity was measured with a 1 VV AC signal at a frequency of 1 kHz.

The third harmonic of the dielectric response was measured at zero electric field with a 20 V
AC signal during a heating run with a rate of 1 K min™, using a dynamic signal analyzer
(HP35665A, Keysight Technologies, USA). The &5 denotes the real part of the third harmonic

of the dielectric permittivity.
I1l. RESULTS AND DISCUSSION

The investigated composition of PNZST ceramics possesses a rhombohedral ferroelectric
phase at low temperatures, which transforms upon increasing the temperature into a tetragonal
AFE phase at =304 K, a paraelectric (PE) multicell cubic phase at ~411 K, and a single-cell
cubic phase at ~453 K [14,35]. The temperature evolution of the phases and their transition
temperatures are very sensitive to thermal and electrical treatment history. Figure 1(a) shows
the temperature evolution of the dielectric permittivity between 240 and 430 K under selected
external electric fields (all dielectric permittivity measurements are shown in Fig. S1(a) in the
Supplemental Material [36]). FE-AFE and AFE-PE phase transition temperatures were
determined from the first and the second peak of the imaginary component of the complex

dielectric permittivity, respectively (see Fig. S1(b) in the Supplemental Material [36]). The

297 K 408 K
sequence of phase transitions and their temperatures at zero electric field, FE AFE

PE, are in good agreement with the literature [14,37]. By applying an external electric field,
the FE-AFE and AFE-PE transition temperatures are shifted. The FE-AFE transition
temperature increases, while the AFE—PE transition temperature decreases with an increasing
electric field. The transition temperatures of the FE-AFE and AFE-PE transitions shift to 369.7
and 395.9 K at an electric field of 21 kV cm™, respectively. By further increasing the electric

field, the transition anomalies finally merge at 25 kV cm™,
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FIG. 1. (a) Real part of dielectric permittivity as function of temperature measured at 1 kHz
and various electric fields. Only dielectric response for representative electric fields is shown.
(b) Temperature evolution of macroscopic polarization measured at electric fields from 5 to 25

kV cm™ in steps of 2.5 kV cm™. Arrow shows direction of increased electric field.

The FE-AFE and AFE-PE transition temperatures obtained from dielectric measurements
coincide well with the sharp drop of polarization at lower temperatures and the anomaly at
higher temperatures depicted in Fig. 1(b). The sharp drop of macroscopic polarization at the
FE-AFE transition corroborates the first-order nature of the transition as demonstrated in
Ref. [37]. The applied electric field not only shifts the transition temperatures but also changes
the evolution of polarization. The FE-AFE transition is sharp and discontinuous at low electric

fields, whereas it becomes continuous at 22.5 kV cm™ and smeared and suppressed above 22.5
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kV cm, suggesting a supercritical behavior and the existence of a critical end point. The non-
zero macroscopic polarization in the AFE phase indicates that the FE-AFE transition is not
fully reversible, and the remains of the FE phase persist under the electric field, or a so-called
ferrielectric state is formed [37—40]. In this state, the antiparallel sublattice polarizations do not
cancel each other out due to the favorable orientation of the polarization in the direction of the

applied electric field.

Upon approaching the AFE-PE transition temperature, the polarization exhibits an anomaly
that shifts toward lower temperatures with an increasing electric field. The anomaly observed
at the AFE-PE phase transition temperature could be a consequence of the conductivity effect.
Typically, at the phase transition the resistance of the ferroelectric material drops, which
manifests itself in the increase of the dielectric loss. While the anomaly can be attributed to the
AFE-PE transition, its behavior does not reveal any indication about the nature of the AFE—
PE phase transition. Therefore, we measured the third harmonic component of the dielectric
permittivity. It has been predicted by the thermodynamic theory and demonstrated
experimentally that the third harmonic changes its sign at the Curie temperature for the second-
order phase transition, whereas for the first-order transition, the sign remains positive [41]. The
sign of the measured third harmonic of PNZST ceramics (see Fig. S2 in the Supplemental
Material [36]) does not change at the AFE-PE transition temperature; hence, the transition is
of the first order. Therefore, the phase transition can change to the secondorder under an

externally applied electric field.

The divergent nature of the dielectric permittivity was analyzed to determine the electric field
and the temperature of the critical end points that terminate the lines of the first-order FE-AFE
and AFE-PE phase transitions. To identify the divergent nature of the dielectric permittivity at
the FE-AFE phase transition, the background of the dielectric response was fitted to the

universal scaling ansatz [42]



g =Ct"(1+a.7)+D. (1)

Here, C is the Curie constant, T = @ is the reduced temperature, y is the universal scaling
C

exponent, a, is the system-independent amplitude, A is an additional universal exponent, and
D is the background dielectric permittivity. The background of the dielectric response fitted to

the universal scaling ansatz for E = 10 kV cm™ is presented in Fig. 2(a).
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FIG. 2. (a) Ddielectric response measured at 10 kV cm™. Dashed line represents fit to universal
scaling ansatz. (b) Dielectric anomaly of dielectric permittivity around FE-AFE phase
transition, after fitted background was subtracted from measured data. Maximum dielectric

response of FE-AFE phase transition is determined at 21 kV cm™ and 369.7 K.



The fitted background response was subtracted from the measured dielectric response to
determine the electric field at which the dielectric permittivity at the FE-AFE transition
exhibits the maximum value. Figure 2(b) shows the subtracted dielectric response around the
FE-AFE phase transition. The dielectric response at the FE-AFE transition increases under
higher electric fields and exhibits the maximum value at 21 kV cm™. Further increasing the
electric field leads to a suppressed and smeared dielectric response at the FE-AFE phase
transition. Similarly to the FE-AFE transition, the AFE-PE phase transition also exhibits an
enhanced dielectric response at 21 kV cm™ and a smeared and suppressed dielectric response

at higher electric fields [see Fig. 1(a)].

The analyzed dielectric response at FE-AFE and AFE-PE phase transitions demonstrates a
typical behavior anticipated for a critical end point and a supercritical regime. It can be
concluded that the lines of the first-order FE-AFE and AFE—PE phase transitions terminate in
two critical end points located at EEE~4FE = 21 kV em™?, TFF~4FE = 369.7 K and EAFE—PE =
21 kV cm, TAFE-PE = 395.9 K, respectively. The temperature stability of FE, AFE, and PE
phases under various electric fields are represented in an electric field—temperature (E-T)
phase diagram depicted in Fig. 3, with locations of both critical end points denoted by stars.
Above the electric field of the critical end points, both transitions exhibit supercritical behavior.
The FE-AFE phase transition merges with the AFE—PE phase transition at an electric field of

25 kV cm™ and a temperature of 387.8 K.
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In contrast to classical ferroelectrics, the dielectric permittivity in AFES increases with an
increasing electric field. This peculiar behavior of the dielectric permittivity under the applied
electric field is of high interest for developing capacitors for high-power electronics. Figures
4(a), 4(b), and 4(c) depict one of the main characteristics of these devices, namely the dielectric
response as a function of the electric field around 343, 373, and 395 K, respectively. The
selected temperatures represent the dielectric hysteresis response with the first-order AFE-FE
phase transition, in the vicinity of the FE-AFE critical end point, and in the vicinity of the
AFE-PE critical end point, respectively. The evolution of the dielectric permittivity as a
function of the electric field at =343 K [see Fig. 4(a)] exhibits a sluggish increase with an
increasing electric field, which becomes steeper upon approaching the first-order AFE-FE
phase transition. After the FE phase is induced, a sharp decrease in the dielectric permittivity

is observed, which is attributed to the poled FE state. In the vicinity of the FE-AFE critical end



point temperature, the increase of the dielectric permittivity at low electric fields becomes

faster and its enhancement at the field-induced AFE—FE phase transition temperature is larger

[see Fig. 4(b)]. Moreover, in the vicinity of the AFE-PE critical end point temperature, the

increase of the dielectric permittivity becomes even faster and exhibits the largest enhancement

[see Fig. 4(c)].
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FIG. 4. (a), (b), and (c) Evolution of dielectric permittivity as a function of electric field during

second measurement loop in PNZST at representative temperatures involving first-order AFE—

FE phase transition, FE-AFE critical end point, and AFE—PE critical end point, respectively.

(d) Tunability of dielectric response as function of temperature. Dashed and dotted lines

represent temperatures of FE-AFE and AFE—PE critical end points, respectively.
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To understand the role of both critical end points on the dielectric enhancement with an applied
electric field, the dielectric tunability was calculated at various temperatures. The dielectric

tunability, n, is defined as

! !

n = M x 100%, (2)

€E=0
where &g, .. . is the dielectric permittivity at the electric field of the AFE-FE phase transition
and eg_, is the dielectric permittivity at zero electric field. Note that the numerator of Eq. (2)

differs from the conventional equation for tunability used in dielectrics; here, the e, .. . and

€r—o are switched, which satisfies the condition that the dielectric permittivity increases with
the electric field and gives positive value for the tunability. The data for the calculations were
extracted from the second measurement loop. The temperature-dependent tunability of the
dielectric permittivity is depicted in Fig. 4(d). In the temperature range of the first-order AFE-
FE phase transition, i.e., between 340 and 370 K, the dielectric tunability is between 15 and
60%. However, a strong enhancement of the tunability for a factor larger than 2 (221%), is
obtained at ~395 K. Such an enhancement of the dielectric permittivity by far exceeds the
tunability values (88%) reported for ferroelectric and relaxor systems [43]. The temperature of
the maximum dielectric tunability lies in the proximity of the AFE—PE critical end point (395.9
K), which demonstrates that the AFE-PE critical end point plays a crucial role in the
enhancement of the dielectric response under an applied electric field. We assume that the
increased dielectric response at the temperatures of the critical end points is due to the flattening
of the free energy potential, which allows easy polarization extension under small perturbation
fields. Furthermore, since the critical end point terminates the line of the first-order phase
transition above which the transition becomes supercritical, it is expected that the free energy
surface also becomes spherically degenerate. Consequently, polarization can easily rotate

between the degenerated phases, which is a well-known mechanism responsible for enhanced



functional properties of ferroelectrics [44,45]. It should be stressed that the flattening of the
free energy is also expected at the FE-AFE critical end point; however, the change in the
polarization at the rotation between the FE and AFE phase is expected to be smaller in

comparison to the polarization change between the AFE and PE phase.

We also investigated the energy storage density and its relation to both critical end points in
the antiferroelectric PNZST ceramic. The recoverable energy storage density, W, of a

dielectric can be calculated by the equation [15]

Pmax
Wiec = fpr EdP, 3

where E is the applied electric field, B,,,, is the maximum polarization, and B. is the remanent
polarization. The energy storage density was determined by integrating the area between the
upper branch of the polarization hysteresis loop and the polarization axis. Hence, the
polarization hysteresis loops at different temperatures (see Fig. S3 in the Supplemental

Material [36]) were measured to determine the W,.,. at different temperatures.
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FIG. 5. (a) Temperature-dependent energy storage response of PNZST ceramics obtained at 40

kV cm™. Dashed and dotted lines represent temperatures of FE-AFE and AFE—PE critical end

points, respectively. (b) Temperature evolution of the maximum polarization (full circles) and

slope of polarization determined around AFE-FE phase transition (full triangles) of PNZST

ceramics.

Figure 5(a) shows the temperature-dependent energy storage density of the antiferroelectric
PNZST ceramics. The maximum energy storage response is observed at 370 K, which
corresponds to the temperature of the FE-AFE critical end point. In contrast to the dielectric
tunability, the FE-AFE critical end point plays a vital role in enhancing energy storage
properties. To understand the enhancement of the recoverable energy density, the interplay

between the maximum polarization, critical electric field, and the shape of the polarization
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hysteresis curve needs to be considered. Figure 5(b) depicts the temperature behavior of the
maximum polarization and the slope of the polarization—electric field curve around the field-
induced phase transition. Below the temperature of the FE-AFE critical end point, the
maximum polarization exhibits a gradual decay with increasing temperature. A significant
decrease of B,,,, at the FE-AFE critical end point and an increase of the decay rate above the
FE-AFE critical end point is observed. Thus, according to Eq. (3), the energy storage should
decrease with increasing temperature. However, with increasing temperature, the critical
electric field for induction of the FE phase increases, which, in contrast to the decreasing
polarization, contributes to the increase of the recoverable energy. Another critical parameter
that influences the integrated area of recoverable energy density is the evolution curve of
electric field-dependent polarization. The shape of the polarization evolution curve is
determined by the slope of the polarization—electric field curve [see Fig. 5(b)]. The slope of the
polarization curve at 340 K is steep, which indicates the first-order nature of the field-induced
phase transition. With increasing temperature, the slope of the polarization curve decreases,
which indicates the transition from the first to second-order phase transition. In addition, the
decrease in the slope changes the shape of the polarization curve, which becomes more slanted
above the FE-AFE critical end point. Hence, the enhancement of the recoverable energy density
in the vicinity of the critical end point is a result of the interplay between the maximum
polarization, critical electric field, and the shape of the polarization curve. In the vicinity of the
FE-AFE critical end point, the polarization maximum reduces by ~15% compared to the
polarization at 340 K, while the critical electric field increases by almost 53%. The slope of the
polarization curve is reduced in the vicinity of the FE-AFE critical end point, but it does not
result in a strong slanted polarization curve. The enhancement at the FE-AFE critical end point
can be attributed to the relatively small reduction of the maximum polarization and a strong

increase of the critical electric field. Furthermore, the decrease in the recoverable energy



density above the FE-AFE critical end point is related to the stronger decrease in the maximum
polarization, the slanted shape of the polarization curve, and a small change in the critical

electric field.
IV. CONCLUSIONS

The ferroelectric-to-antiferroelectric and antiferroelectric-to-paraelectric phase transitions in
PNZST ceramics were investigated using dielectric spectroscopy. It was demonstrated that the
first-order transition lines of FE-AFE and AFE—PE phase transitions terminate in two separate
critical end points. The locations of the FE-AFE and AFE-PE critical end points were
determined to be at EEE~4FE = 21 kv ecm?, TEE-AFE = 369.7 K and EZFEPE = 21 kV cm™,
TAFE-PE = 395 9 K, respectively. Above the critical end points, the dielectric response exhibits
supercritical behavior, and at 25 kV cm™ and 387.8 K, the transitions merge. Furthermore, the
strong enhancement of the dielectric tunability was attributed to the proximity of the AFE-PE
critical end point. It is suggested that the combination of flattening of the free energy potential
at the critical end point and the degeneracy of FE, AFE, and PE phases are responsible for the
enhanced dielectric response. On the other hand, the FE-AFE critical end point plays a crucial
role in enhancing recoverable energy storage. The recoverable energy storage is defined by the
relation between the maximum polarization and the electric field of the reversed ferroelectric-
to-antiferroelectric phase transition; the optimal ratio between these two parameters is achieved
at the FE-AFE critical end point, resulting in the best material performance. It has been
demonstrated that the criticality, i.e., the presence of the critical end point, is an effective route

to boost the functional properties of antiferroelectrics.
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