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Origin of Enhanced Dielectric Tunability in Antiferroelectric

Ceramic Systems

Vida Jurecic, Tadej Rojac, Vid Bobnar, and Nikola Novak*

Antiferroelectric ceramics are considered as highly promising materials for the
development of novel DC-link, snubber, and filter capacitors used in
high-power and high-speed electronics for electromotive and renewable
energy applications, medical equipment, and weapons platforms. In
particular, the increase of the dielectric permittivity with bias electric field, i.e.,
the dielectric tunability, is one of the most interesting and still not fully
understood properties of antiferroelectric materials. The in situ dielectric
measurements and thermometry of Pby 5oNby o,[(Zrg.57SNg 43)0.52 Ti0.08]0.9803
ceramics reveal that the dielectric response increases with bias electric field in
the antiferroelectric phase due to the non-linear contributions, most likely
originating in the irreversible domain wall motions. Furthermore,
extraordinarily high values of the dielectric tunability (~375%) and the figure
of merit (~1680%) are determined at the temperature of the triple point. The
minimization of the domain size near the triple point is proposed to be
responsible for the enhanced dielectric tunability. The proposed mechanism is
supported by the enhanced irreversible Rayleigh coefficient and via
observation of minimized domains by piezoresponse force microscopy. The
exploration of the role of the domain structure in antiferroelectrics contributes

materials are widely used in electronic de-
vices and integrated circuits as wavelet
filters, lens antennae, tunable oscillators,
phase shifters, and varactors in microwave
devices.'*l So far, ferroelectric materi-
als have been considered ideal candidates
for tunable microwave devices if oper-
ated above the Curie temperature. In the
paraelectric (PE) phase, the anisotropy su-
periority of the dielectric permittivity in
the ferroelectric state is ignored at the
expense of reduced dielectric tunability,
while the absence of the domain struc-
ture strongly decreases dielectric losses and
promotes non-hysteresis behavior of di-
electric permittivity.'**! In contrast to fer-
roelectric (FE) materials, antiferroelectric
(AFE) materials in their antiferroelectric
state exhibit an increase of dielectric per-
mittivity with increasing electric field and
low dielectric losses due to the reduced
AFE domain dynamic. Moreover, their op-

to a better understanding of their unique dielectric properties and opens a
new possibility for the development of high-performance capacitors.

1. Introduction

Dielectric tunability describes the dielectric permittivity change
under an externally applied bias electric field. Tunable dielectric
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erating temperature range can easily ex-
ceed 150 °C. As a result, they can oper-
ate sustainably under electric bias, high
AC ripple currents, or in harsh thermal
environments.[?®7] These are important
parameters for capacitors used in high-power electronics ap-
plications, such as snubbers, DC-links, and filter capacitors
used in the engine control unit in electric cars and power
inverters.

Antiferroelectricity is characterized by the double hysteresis
loop which is a consequence of the reversible electric field-
induced phase transition between the macroscopically non-polar
AFE and polar FE phase. The polar instability at the field-induced
phase transition is often considered the origin of antiferroelec-
tric’s peculiar electrical,[®?! thermal % and mechanical(*! prop-
erties. Despite their promising dielectric behavior under the ex-
ternal bias field, only a few studies on the dielectric tunability
of antiferroelectrics can be found.[>!21%] Most works investigate
the relationship between dielectric tunability and field-induced
phase transition or chemical modification. Pan et al. demon-
strated that dielectric tunability in antiferroelectric PbZrO, can
be adjusted or converted between the classical ferroelectric and
antiferroelectric one by controlling the concentration of adatom
bombardment-induced defects.["®] Moreover, a strong enhance-
ment of the dielectric tunability of ~220% in an antiferroelec-
tric Pb(Nb,Zr,Sn,Ti)O, system was related to the critical behav-
ior of the field-induced antiferroelectric to paraelectric phase
transition.[!?]
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The dielectric response of ferroelectrics consists of intrinsic
and extrinsic contributions. The intrinsic contributions are
related to lattice deformation under applied subswitching elec-
tric fields. In contrast, the extrinsic contributions refer to the
movements of interfaces in the material, e.g., phase boundaries
and/or domain walls.[?*2!] Hence, the reduction of the dielectric
permittivity under the biased electric field in the ferroelectric
phase is a consequence of the reduced domain dynamic and/or
saturation of polarization,?223] while the dielectric tunability
in the paraelectric phase was attributed to the hardening of
the phonon mode.[**! Whereas the dielectric tunability and
its enhancement in ferroelectric materials have been widely
investigated and are well understood, considerably less attention
has been given to antiferroelectrics. He and Tan investigated
the incommensurate modulation under an electric field in
antiferroelectric ceramics Pb(Nb,Z1,Sn, Ti)O,. They concluded
that before the field-induced phase transition, an alignment of
Pb-cations of which the displacement vector is nearly parallel
with the electric field vector takes place. The aligning process
of Pb-cations involves a 180°-domain switching-like process.*]
The alignment of Pb-cations indicates that the domain pattern in
AFE changes under an electric field. This was demonstrated by
Vakhrushev et al. who experimentally and theoretically showed
that an external electric field can manipulate AFE domains.[2]
Hence, the question arises, whether the increase of the dielectric
permittivity under the electric bias field is due to the free energy
instability at the field-induced phase transition or a result of
domain rearrangement in the AFE phase.

Here, by employing in situ dielectric measurements and ther-
mometry at different electric fields with different superimposed
AC signals and various temperatures, the origin of the increased
dielectric permittivity under an electric bias field in an antifer-
roelectric Pby g9 NDy 0[(ZT 5751 43) 0.0, Tio.08]00s03 (abbreviated as
PNZST) ceramic is studied. Results revealed the increase in the
dielectric permittivity under the electric field before the field-
induced AFE-FE phase transition. This indicates that the origin
of the increased dielectric permittivity under the electric field is
most likely due to the contribution of the AFE domains. Fur-
thermore, the dielectric tunability maximum exhibits a strong
AC signal dependency, i.e., the temperature of the dielectric tun-
ability maximum is shifted from AFE-PE critical end point tem-
perature toward the FE, AFE, and PE coexistence temperature
with an increase in dielectric tunability from ~200 to 375%. The
strong enhancement in tunability at the coexistence point is as-
sociated with the minimization of domain structures and con-
sequently, enhanced domain contribution indicated by dielectric
Rayleigh-type analysis and piezoresponse force microscopy mea-
surements.

2. Results and Discussion

The room temperature X-ray diffraction pattern and scanning
electron microscopy (SEM) micrograph (see Figures S1 and S2,
Supporting Information) suggest the existence of a pure per-
ovskite phase with no evidence of secondary phases. The X-ray
diffraction pattern of antiferroelectric PNZST ceramics matches
the previously reported data in the literature.[''?’] The examina-
tion of the SEM micrograph confirms the high density of the pre-
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pared ceramics with relatively uniform grain distribution. The in-

vestigated composition of the antiferroelectric PNZST ceramics
~297 K ~408 K
is characterized by the ferroelectric=—= antiferroelectric=——=

paraelectric phase sequence as shown in Figure S3 (Supporting
Information). The temperature-dependent dielectric permittivity
under various applied electric fields demonstrates that the phase
transition temperatures as well as the nature of the phase tran-
sition can be altered by an external electric field which conse-
quently affects the functional properties, such as electrical, me-
chanical, and thermal properties.['?] Therefore, dielectric hystere-
sis loops and thermometry under isothermal conditions were si-
multaneously performed on annealed antiferroelectric PNZST
ceramics. Figure 1a shows the dielectric response and sample
temperature change (AT, as a function of an externally ap-
plied electric field. At 343 K, the PNZST ceramics exhibit an an-
tiferroelectric behavior with zero macroscopic polarization. The
electric field evolution of the dielectric permittivity depicts the
expected antiferroelectric-like response with increasing dielectric
permittivity at lower electric fields. At and above the field-induced
AFE-FE phase transition an expected ferroelectric response is ob-
served with a sharp reduction in the dielectric permittivity. The
four peaks in the dielectric response reveal the reversibility of the
field-induced AFE-FE phase transition. Concomitantly with the
dielectric response, the sample temperature as a function of the
electric field was also traced. The sample temperature response
shows two positive and two negative temperature changes, which
are associated with the release and absorption of the latent heat
at the first-order field-induced phase transitions.[*?8] The high-
resolution temperature measurement shows a small tempera-
ture difference of ~33 mK between the positive and negative
temperature changes of the sample. The difference could be
attributed to the additional heating at the AFE-FE phase tran-
sition, originating from the domain wall switching of the FE
phase.[22930]

A more detailed insight into the dielectric and temperature re-
sponse under the applied electric field is shown in Figure 1b,c.
Figure 1b depicts the response of the dielectric permittivity and
sample temperature obtained in the first quarter of the electric
field cycle. The dielectric permittivity remains nearly constant at
electric fields up to #10 kV cm~'. However, above 10 kV cm™!, the
dielectric response nonlinearly increases and reaches the maxi-
mum value at the critical electric field at which the FE phase is in-
duced. The increase of the dielectric permittivity in the antiferro-
electric phase could be attributed to the transition instability and
divergent nature of the dielectric permittivity at the field-induced
first-order phase transition. On the other hand, the sample tem-
perature remains constant up to the critical field of the phase
transition which indicates no release of latent heat due to the pre-
transition effects of the field-induced phase transition. The imag-
inary part of the dielectric constant, ¢”, determines the energy
loss per unit volume in the material, which is in ferroelectric ma-
terials, at least in part, related to the domain switching.[2?°! The
electric field evolution of ¢” exhibits similar behavior as the di-
electric permittivity (see Figure 1c). Low &” values (5 at zero elec-
tric field and 25 just before the AFE-FE transition correspond to
low dielectric losses, tand =¢” J¢’, of #0.004 and ~0.018, respec-
tively) indicate the minimized domain activity and negligible heat
losses in the antiferroelectric phase. However, by increasing the
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Figure 1. a) Dielectric and temperature measurements as a function of the DC electric field during the second measurement loop at 343 K, 1V AC
signal, and 10 kHz. b,c) A detailed view of the dielectric permittivity, the imaginary part of the dielectric constant, and sample temperature obtained in
the first quarter of the electric field cycle. Comparison of d) dielectric permittivity, e) dielectric losses, and f) sample temperature change measured with

different AC signals.

magnitude of the superimposed AC voltage from 1 to 20 V, the
dielectric permittivity increases. The range of the constant &' (be-
low bias fields of ~10 kV cm™') decreases with increasing AC
signal as the nonlinear contribution to the dielectric response
becomes more pronounced (see Figure 1d). ¢” shows the same
dependency with increasing AC signal as ¢’. The increase of the
¢’ magnitude and nonlinearity of the system, as well as the in-
crease of ¢” indicate the increase of the extrinsic contributions,
which, according to the basic Rayleigh relations, should be ir-
reversible. This is corroborated by the sample temperature re-
sponse as a function of the electric bias field obtained at various
ACsignals (Figure 1f). The sample temperature change (AT,,,,,;.)
increases with increasing AC signal in the antiferroelectric phase
which could be due to the irreversible domain wall contribution
and generated heat related with it. Hence, the in situ dielectric
and thermometry results demonstrated that the increase of the
dielectric permittivity in the antiferroelectric phase under an ex-
ternal electric field is related to hysteretic non-linear processes,
most likely to the irreversible domain wall contribution. There-
fore, to identify the influence of the domain wall contributions
on the dielectric tunability, the dielectric response was measured
as a function of the electric field at different temperatures and
AC signals.

Since the dielectric permittivity increases with the electric field
in the antiferroelectric phase, the dielectric tunability, #, of an
AFE can be calculated as follows:!*]

y = e iE)(;éf =9 x100% M)
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where €', (E) and ¢'(E = 0) are the maximum dielectric per-
mittivity of the antiferroelectric phase at the electric field E and
dielectric permittivity at zero electric field, respectively. Another
important parameter of the dielectric tunability is the figure of
merit, FOM, defined as the ratio between the dielectric tunability
and the dielectric losses:?132]

FOM = —L_ 2)
tano

Figure 2a—c shows the dielectric permittivity as a function of
the external electric field at 388 K for three different AC signals; 1,
10, and 20 V, respectively. At 388 K and 1 V AC signal, the dielec-
tric permittivity changes for #3136 when the bias electric field is
changed from zero to critical electric field which is much larger
compared to ¢’ change of 152 at 340 K. The dielectric permit-
tivity change is further enhanced by increasing the AC signal. At
20 V signal, &’ changes for ~8182 at 388 K and only for ~373 at
340 K. The comparison reveals a strong impact of the tempera-
ture on the dielectric permittivity change under bias electric field
and AC signal. Thus, the dielectric tunability was calculated as
a function of the temperature from the temperature-dependent
dielectric hysteresis loops and is shown in Figure 2d for different
AC signals. The dielectric tunability increases from 206% to an
extraordinarily high value of 373% as the AC signal is increased
from 1 to 20 V. Besides the strong enhancement of the dielectric
tunability, the temperature of the dielectric tunability maximum
is shifted from ~395 to ~#388 K as the AC signal increases from 1
to 20 V. Furthermore, the figure of merit of the maximum dielec-
tric tunability at various AC signals was calculated and is depicted
in Figure 2e. It exhibits an exceptionally high value of ~6870% at
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Figure 2. a—c) Electric field dependence of the dielectric permittivity measured with 1, 10, and 20 V AC signal, respectively, during the second measure-
ment loop. d) Dielectric tunability as a function of temperature measured at different AC signals. Vertical lines from left to right represent temperatures
of the FE-AFE critical end point, coexistence/triple point, and AFE-PE critical end point, respectively. ) Figure of merit (FOM) as a function of AC signal
calculated at the temperature of the maximum value of the dielectric tunability.

1V AC signal. The FOM value decreases with increasing AC sig-
nal which can be explained by the increase of the dielectric losses.
Despite the decrease of the FOM value with the AC signal, it still
exhibits an extremely high value of ~1680% at 20 V.

In a recent study, the maximum dielectric tunability obtained
at 1 V AC signal was associated with the proximity of the field-
induced AFE-PE critical end point and the flattening of the free
energy potential minimum. Furthermore, it has been demon-
strated that the FE-AFE and AFE-PE phase transition tempera-
tures in the antiferroelectric PNZST ceramics are strongly elec-
tric field-dependent.[*] The electric field-temperature phase di-
agram determined from the dielectric measurement demon-
strates the presence of the electric field-induced triple point
(see Figure S5, Supporting Information) in the antiferroelectric
PNZST ceramics. The coexistence of different phases requires
the degeneration of their free energy. Phenomenological Lan-
dau theory predicts a strong reduction of the anisotropic free
energy in ferroelectrics at the triple point.?3! According to the
classical domain theory, the reduction of the anisotropic free en-
ergy in ferroelectrics manifests itself in the decrease in the do-
main size.3*3*! In the vicinity of the triple point, the anisotropic
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energy approaches zero, which reduces domain size to sub-
nanometer dimensions, which was also experimentally observed
in ferroelectrics.[>3°] Hence, a reduction of the anisotropic en-
ergy and minimization of the domain structure is also expected
at the field-induced triple point in the antiferroelectric PNZST
ceramics. In addition, the minimization of the domain size leads
to an increase in the domain density, and, consequently, it may
result in increased non-linear or extrinsic contribution to the
dielectric tunability. The proposed enhancement mechanism is
schematically illustrated in Figure 3a.

To reveal the role of the domain contribution to the enhance-
ment of the dielectric tunability in antiferroelectric PNZST ce-
ramics, Rayleigh analysis of the dielectric response as a function
of the AC signal was conducted. Rayleigh law is used in ferro-
electrics to determine the reversible and irreversible contribu-
tion of the interface motion to the piezoelectric and dielectric
properties.[2%213738] Figure 3b shows AC voltage signal depen-
dency of the dielectric permittivity at 370 K. For the bias elec-
tric fields below 15 kV cm™, the AC voltage signal has a nearly
negligible impact on the dielectric permittivity, however, above
15 kV cm™!, a significant increase of ¢’ with the applied AC
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Figure 3. a) lllustration of the electric field evolution of the domain structure below and at the triple point. b) Dielectric permittivity as a function of
the amplitude of the AC signal measured at 370 K and different DC electric fields. c) Irreversible Rayleigh coefficient as a function of DC electric field
measured at several different temperatures. d) Temperature-dependent maximum value of the irreversible Rayleigh coefficient.

signal is observed. The highest dielectric permittivity change was
observed at 24 kV cm™!, which is just below the critical elec-
tric field of the field-induced AFE-FE phase transition of the
presented temperature (see Figure 3D). At the electric field of
30 kV cm™, i.e., above the field-induced AFE-FE phase transi-
tion, the dielectric permittivity change decreases with the AC volt-
age signal. The decrease can be attributed to the stabilization of
the FE phase and alignment of the FE domains with the elec-
tric field. The Rayleigh analysis of the dielectric response as a
function of the AC signal provides information on the non-linear
contribution to the dielectric response. The irreversible Rayleigh
coefficient, a, is typically used to represent the measure of the
contribution of the irreversible domain wall or, more generally,
interface displacements.*! Figure 3c depicts this coefficient as
a function of the electric field at several different temperatures.
The Rayleigh coefficient exhibits nearly the same behavior for all
temperatures. At low electric fields, the irreversible Rayleigh co-
efficient is small, which implies low irreversible domain dynam-
ics. With increasing electric field, the coefficient increases and
reaches a maximum value in the vicinity of the critical electric
field which induces the AFE-FE phase transition. Concomitantly
with the phase transition, the alignment of FE domains occurs,
which decreases the irreversible coefficient and domain contribu-
tion to the dielectric response in the FE phase. The increase of the
irreversible Rayleigh coefficient with an electric field suggests an
increased irreversible domain wall contribution!”! to the dielec-
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tric response in the antiferroelectric phase. The Rayleigh analysis
was undertaken at various temperatures, and for each temper-
ature, the maximum non-linear Rayleigh coefficient, «,,,,, Was
found close to the critical electric field of the AFE-FE phase tran-
sition. Figure 3d shows the maximum Rayleigh coefficient as a
function of the temperature. The highest Rayleigh coefficient was
obtained at 388 K which coincides with the temperature of the
triple point found in antiferroelectric PNZST ceramics.[*) This
can be explained along with the minimization of domain size and
increase of the domain density.

Furthermore, the PFM measurements at 333 and 388 K were
performed and are depicted in Figure 4. At the temperature of
333 K, a classical AFE-FE first-order phase transition occurs. Fer-
roelectric domain structures emerge in the region where DC
voltage of 70 V was applied locally on the samples surface. The
micrometer-sized lamellar domains are highlighted in the insets
of the panel (a) in Figure 4 (blue arrows). On the other hand,
the temperature of 388 K corresponds to the triple point temper-
ature. The amplitude and phase of the PFM response exhibit a
nanodomain pattern. Despite the application of a DC voltage of
140 V, twice that which was applied previously, the micro-sized
domains are not formed. The sub-micro-sized irregularly shaped
domain pattern (marked by white arrows in Figure 4b resembles
a relaxor-like nanodomain response previously observed in re-
laxor materials by PFM.[*}*2] While some rare lamellar domains
were visible, they were small, sub-micron in size. The decrease
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Figure 4. AFM topography and PFM out-of-plane amplitude images were scanned at a) 333 K and b) 388 K. The green arrow in the AFM and PFM

images points to the same area. White dashed squares indicate regions where DC electric fields were previously applied. Insets within (a) and (b)
display PFM amplitude images of smaller areas denoted by blue and red solid squares. The blue solid square represents the same measurement area.
Micrometer-large lamellar domains are highlighted by blue arrows in the insets of the panel (a). The sub-micron-sized irregularly shaped domains and

the sub-micron-sized lamellar domains are marked by white arrows and green squares, respectively, in the insets of the panel (b).

in domain size from 333 to 388 K is apparent, indicating domain
fragmentation. Consequently, the PFM findings align with the
results from Rayleigh analysis and confirm the presence of the
electric field-induced nanodomains at the triple point of the anti-
ferroelectric PNZST ceramics.

3. Conclusion

In summary, the mechanism of the dielectric enhancement with
bias electric field in the antiferroelectric phase of the PNZST
ceramics was investigated by the in situ dielectric and thermal
measurements, Rayleigh-type analysis, and piezoresponse force
microscopy. Exceptionally high values of the dielectric tunability
and figure of merit of ~#375% and ~6870%, respectively, were
obtained in the antiferroelectric phase. It was shown that the
increase of the dielectric permittivity with increasing electric
field is due to the increased contribution of the non-linear
processes, most likely due to the domain wall displacements.
This was corroborated by the Rayleigh analysis which revealed
an increase of the irreversible contribution in the vicinity of the
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AFE-FE phase transition. Furthermore, the extreme value of
the dielectric tunability around the triple point was attributed
to the minimization of the domain sizes, revealed by the PFM
imaging, and concomitantly increased irreversible domain wall
contributions to the dielectric permittivity. The results suggest
that tailoring of the domain structure is a successful approach
to tune the functional properties of not only ferroelectric but
also antiferroelectric ceramics. The new understanding of the di-
electric tunability in antiferroelectric materials opens additional
possibilities to develop and improve the properties of DC-link,
snubber, and filter capacitors.

4. Experimental Section

The preparation of the AFE ceramics with a chemical formula
Pbg 99Nbg 02[(Zr0.575M0.43)0.92 Tio.08l0.9803  (abbreviated as PNZST) is
described elsewhere.[?’] The ceramic sample with a thickness of 235 um
was 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. A miniaturized NTC
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thermistor of 500 kQ was attached to the sample for sample temperature
measurements. The dielectric response and sample temperature were
measured simultaneously as a function of the electric field at various
fixed temperatures. The sample was first heated to 430 K for 15 min to
avoid any possible history-dependent effects of previous measurements
and then cooled and stabilized at the measured temperature within +2
mK. During the measurement, the electric field was linearly cycled with
a frequency of 1 mHz between +35 kV cm~'. The dielectric hysteresis
loops were measured with superimposed AC signals in the 1-20 V range
at a frequency of 10 kHz using a precision LCR meter (E4980A, Keysight
Technologies, Inc). The values of the real part of the dielectric constant,
i.e., the dielectric permittivity €', and the values of the imaginary part of the
dielectric constant, £”, were calculated from the actual measured quanti-
ties, the capacitance C and electrical conductivity G via ¢’ = (Cd)/(g(S)
and 2zve” = (Gd)/(gyS), where v is the measurement frequency, d is
the sample thickness, S is the electrode area, and £y = 8.85 x 10712 As
(Vm)~" is the permittivity of free space. The sample temperature was
measured using a high-performance digital multimeter (Keithley 2002,
Tektronix, Inc.).

To investigate the domain contribution, the dielectric response was
measured under different DC electric fields to which the AC field was su-
perimposed and swept between 1and 20V (corresponding to electric field
range 0.04-0.85 kV cm™") at several temperatures. The dielectric permit-
tivity was plotted as a function of the AC signal to differentiate extrinsic
from intrinsic contributions to the dielectric response by employing the
Rayleigh law:

e =€, +aE, (3)

where, ¢’;,, is the reversible Rayleigh coefficient, a is the irreversible
Rayleigh coefficient, and Ej is the amplitude of the AC electric field. By
repeating the measurement under different DC electric fields and tem-
peratures, electric field-dependent responses of a and the temperature-
dependent response of maximum irreversible Rayleigh coefficient,
were determined.

The samples were investigated with an atomic force microscope (AFM;
Molecular Force Probe 3D, Asylum Research, Santa Barbara, California,
USA) equipped with a piezoresponse force microscopy (PFM) module.
The images were scanned in dual AC resonance-tracking (DART) vertical
mode. Before scanning, the sample was tinned to 45 um to ensure good
thermal equilibrium during the high-temperature PFM measurements. Af-
ter that, the sample was polished on fabric using a polishing paste with a
gradual decrease in the size of the diamond abrasive down to 0.25 pm and
fine-polished with a colloidal SiO, suspension as described in ref. [43]. For
the PFM scanning, Pt-coated silicon tips with a radius of curvature 10 nm
(OMCL-AC240TM-R3, Olympus, Japan) were used. PFM measurements
were performed at 333 and 388 K using a homemade high-temperature
set-up with a commercial heater (PolyHeater, Asylum Research, Santa Bar-
bara, California, USA). Prior to each measurement, the sample was heated
to 423 K for 10 min. First, an area of 20 x 20 um was scanned using a DC
tip voltage of 70 or 140 V. After that, a 35 X 35 um scan was performed with
a drive amplitude of 5V, a frequency of 300 kHz, and a DC tip voltage of
0V, followed by a few um large scans of selected regions at similar voltage.

max»
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