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ABSTRACT

This study presents “K,5Nag sNbOs-based” Pb-free smart material 0.80(K,sNaysNbO3)-0.20(Bag 9Sro;TiO;) (KBST20) as exhibiting zero
thermal expansion (ZTE) at low temperatures (T <100 K) with long-range cubic symmetry stable over a wide temperature range (9K
< T <500 K). The linear coefficient of the thermal expansion (o;) obtained from temperature-dependent neutron diffraction data is in the
range of 0.255-5.75 x 107° K™' (9-500 K), which is rarely observed for Pb-free materials possessing long-range cubic symmetry. The
temperature-dependent dielectric data of KBST20 exhibits a strong relaxational behavior with high frequency dispersion (AT ~ 27 K), sugges-
ting the presence of polar phased regions known as polar nano regions. The ZTE has been attributed to enhanced correlations among PNRs
exhibiting ferroelectrostriction. Furthermore, temperature-dependent Raman scattering data reveal polar monoclinic distortion at short
ranges rather than cubic symmetry at long ranges. In addition, the intensity of Raman modes increases with the decrease in temperature, sug-

gesting enhancement of the polar phase at low temperatures, which consequently leads to zero thermal expansion in KBST20.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0219631

Controlled thermal expansion driven thermal stability is a vital
requirement for modern electronic devices, viz., solid oxide fuel cells,
micropositioners, actuators, multi-layer ceramic capacitors, thin films,
and many others.' ® Thermal stability can be achieved using materials
possessing negative thermal expansion (NTE)/ZTE. These materials
include various types of structures, such as open framework structures
in ZrW,Og (Ref. 7) and ScFs,’ magnetic structures in Fe-Ni invar
alloys” and MnsGe,'” superconductors, viz., MgB, (Ref. 11) and
NdFeAsOy goFo 11, ~ ferroelectric structures, viz., PbTiO5 (Refs. 13 and
14) and Pb(Ti,V)O3,"” and non-polar disordered perovskites/relaxor
ferroelectrics (RFEs), viz., Pb(Zn, Nb)Os,'® Pb(Fe,Nb)Os,"” Ba(Zr,Ti)
05,'" and Pb(Mg,Nb)O;."”*’ Among these, NTE in perovskite (ABOs)
based ferroelectrics results from the strong covalent character of A/B-
O bonds, consequently leading to ferroelectrostriction.”" For instance,
materials such as PbTiO;, PbVOs, and Pb(Ti,V)O; with tetragonal
structure at long-ranges exhibit high ferroelectrostriction due to the
strong covalent nature of Pb-O and Ti/V-O bonds, thereby resulting

in NTE."””'~** Moreover, ferroelectrostriction observed in BaTiO; and
KNbO; arises from the covalent character of Ti-O and Nb-O bonds,
respectively.””*"*” NTE can also be observed in technologically impor-
tant non-polar disordered perovskites/RFEs due to cationic ordering,
which can be achieved by temperature, pressure, frequency, and elec-
tric field.”**

The synergistic coupling of RFEs with ZTE may lead to techno-
logically important smart materials useful for various applications, viz.,
sensors and actuators, micropositioners, medical imaging devices, and
many others.”””" The relaxor materials exhibit broad and diffuse
dielectric peaks for various frequencies.”””* The diffuseness of dielec-
tric peak in RFEs is due to the heterovalent substitution/ionic radii
mismatch of cations, whereas the distribution of various polar nano
regions (PNRs) is responsible for frequency dispersion.”*”” The exis-
tence of PNRs has a significant influence on the lattice dynamics of
relaxor ferroelectrics and can be attributed to the thermal behavior of
materials.”*"”
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The relaxor properties are common to various oxide-based perov-
skites, viz., Pb(Mg; /3Nb,/3)Os, Pb(Mg; /3Nb,,3)O3-xPbTiO;, " Ba(Zr,
Ti)O;-based ceramics,” and K, sNay sNbO5 (KNN50)-based ceramics
such as KNN50-xBaTiO; (KNN50-xBT),"" KNN50-x(Ba,Sr)TiOs
(KNNSO—xBST),A']‘42 etc. ™ Among various RFE, Pb-based materials
are widely studied for ZTE behavior.”’ Owing to detrimental effects of
Pb, various Pb-free alternatives, viz., Liy,NagsNbO;*” and KNN50,
are being studied for their scientific and technological aspects.*”*°
Among these, KNN50 is known to exhibit physical properties compa-
rable to Pb-based materials.’®"” However, it does not exhibit relaxor
properties. In a recent letter on BaTiO5; doped KNN50, viz., KNN50-
xBaTiO; (KBTx), Yang et al. have reported unique physical properties
of the compositions exhibiting relaxor/diffuse properties."” Among
various compositions, the dielectric response is maximum at ambient
conditions for x = 0.20."" Furthermore, several authors doped stron-
tium (Sr) at A-site in KBTx to develop high-temperature Pb-free
relaxor ferroelectrics useful for various applications, viz., aerospace,
automotive, and many others.*"*?

In the present work, we have selected Bag oSr ; TiO3 (BST10) due
to the maximum dielectric response’®”" and synthesized the solid
solution of KNN50 with BST10, viz., 0.80(KNN50)-0.20(BST10)
(KBST20). The long- and short-range symmetries of KBST20 were
determined using temperature-dependent neutron diffraction and
Raman spectroscopy data, respectively. Temperature-dependent
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dielectric data and hysteresis loops were used to analyze the relaxor
properties and expected ordering at low temperatures. The lattice
parameters and volume were determined by Le Bail analysis.
Furthermore, the linear coefficient of thermal expansion [CTE (o)]
and spontaneous volume ferroelectrostriction (SVFS) were calculated.

The KBST20 composition was synthesized using a solid-state
reaction method (see the supplementary material for details).
Temperature-dependent neutron diffraction data (9K < T <500K)
were obtained from the DI1B diffractometer at the Institut Laue-
Langevin, Grenoble. The observed diffraction pattern shows the for-
mation of a solid solution [Fig. 1(a)]. All reflections in the diffraction
patterns exhibit a singlet nature, suggesting the cubic structure [Figs.
1(b)-1(d)]. Owing to the singlet nature of the peaks, the diffraction
patterns were refined with the Pm3m space group via the Le Bail
method (see the supplementary material) available in the
FULLPROF package. Figure 1(e) depicts the evolution of volume as
a function of temperature. The volume shows nearly linear behavior
above the Burns temperature (Tp; determined from dielectric data),
while it shows a nonlinear behavior below Ty with a tendency to satu-
ration at low temperatures below ~ 100 K. Moreover, at low tempera-
tures (T'<100K), the volume becomes nearly temperature-
independent [Fig. 1(e)], suggesting ZTE in the material. In order to
quantify ZTE, we have calculated the volumetric coefficient of thermal
expansion (ay) using the following equation:”’
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FIG. 1. (a) Temperature-dependent neutron diffraction data of pure KBST20 ceramic, (b)—(d) temperature-dependent evolution of (200), (220), and (222) peaks, respectively,
(e) temperature-dependent variation of volume for KBST20 ceramic, where the symbol represents the experimental volume, the solid curve represents the polynomial fit of the
experimental volume, and the dashed curve represents the nominal volume obtained from the fitting of the Debye-Gr ii neisen equation for 380K < T <500K."**% (f)
Variation of SVFS (ws) with temperature for 9K < T < 380K, where SVFS has been calculated using the interpolated volume data.
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S voT’
where V is the volume at temperature T.”"** For cubic systems, the lin-
ear o; equals one-third of the volumetric oy, ie., oc1=%ocv.21 Here,
for KBST20 ceramics, o; and oy ranges from 0.255-5.75 X 107° K!
(9-500K) and 0.765-17.25x 107° K™' (9-500K), respectively
thereby confirming ZTE in the material. The obtained CTE values
are compared to CTE values of various other oxide perovskites (see
Table S1).

NTE/ZTE in ferroelectric materials is observed due to high ferro-
electricity resulting from the strong covalent character of A-O and (or)
B-O bonds, referred to as ferroelectrostriction.” Ferroelectrostriction
leads to volume gain at low temperatures, often referred to as the ferroe-
lectrovolume effect (FVE).ZU‘21 Here, for KBST20 ceramics, the observed
volume gain at low temperatures [Fig. 1(e)] is quantitatively described
by using a recently evolved quantifier known as spontaneous volume
ferroelectrostriction (SVES) ws, "

1

oy

Ve — V,
—2P T % 100%, (2)
‘]nnl

ws =
where Ve and Vi correspond to experimental and nominal vol-
umes, respectively. Vi, is the extrapolated value of volume obtained
after fitting the Debye-Griineisen equation (see the supplementary
material). Vym represents the contribution from lattice (phonon)
vibrations.'>*"*” Large values of SVFS result from high ferroelectros-
triction, which leads to NTE/ZTE in the material.”>" Figure 1(f)
depicts SVES as a function of temperature for KBST20. It is clearly evi-
dent from the figure that the SVFES increases (ws =~ 0.3% at 9 K) with
the decrease in temperature, thereby suggesting ZTE.

Figure 2(a) depicts the variation of dielectric permittivity (¢') and
loss (tan 0) as a function of temperature (105K < T < 650K). The ¢’
and tan 0 exhibit observable contributions from electrical conductivity
or space charge at low frequencies for high temperatures [Fig. 2(a)]."’

ARTICLE pubs.aip.org/aip/apl

We observe a broad and diffuse dielectric peak with strong frequency
dispersion (AT ~27K) and dielectric maxima (gna ~ 1708 at
10kHz) near the room temperature (T, = 315K) [Fig. 2(b)]. The dif-
fuse broad peak, frequency dispersion, and an invariant long-range
symmetry throughout are the relaxors’ signature.”” "’ Moreover, the
dielectric permittivity curve deviates from the Curie-Weiss law for
materials exhibiting diffuse phase transitions (DPT) and (or) relaxor
behavior.”**"** This deviation starts from Burn’s temperature (Tg)
and is determined from the inverse dielectric permittivity plotted as a
function of temperature (i.e. 1/¢' vs T) [Fig. 2(c)].

Owing to the relaxor properties of KBST20, the dielectric func-
tion can be fitted by the modified Curie-Weiss law formulated by
Uchino and Nomura as*"”*

1 1 (T—Tn)
=X n 3
8/ S;Iax (j 7 ( )

where C is the Curie constant, and y is the diffusion exponent lying
between 1 <y < 2. Here, y = 1 corresponds to normal ferroelectrics, and
7 = 2 corresponds to an ideal relaxor.""”* The value of y obtained after fit-
ting the modified Curie-Weiss law is 1.87 [Fig. 2(d)], which also suggests
the relaxor behavior of the material. The relaxor properties in KBST20 are
induced due to the presence of the heterovalent character of ions and ionic
radii mismatch of A-site (r3" =161 pm, ri" = 144pm, ry" = 164pm,
ri = 139pm) and B-site (ry; =60.5pm, ry =64pm).”"" Various
theoretical models have been reported to explain the complex relaxor phys-
ics. Most of them suggest the presence of polar ordering in the form of
PNR at short ranges exhibiting lower symmetry than that at long
ranges.””*"*° The PNRs start to grow at T, and with the decrease in tem-
perature, the intra-polar interactions (ie., interaction among dipoles in a
polar nano region) increase, leading to the increase in the size of
PNRs.""”"”* On further lowering the temperature, PNRs start to freeze at a
certain temperature referred to as freezing temperature, which is deter-
mined by using the Vogel-Fulcher relation, "’
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FIG. 2. (a) Temperature-dependent dielectric permittivity (¢') and loss (tan o) plot at various frequencies, (b) the zoomed-up view of the observed frequency dispersion
(AT = 27 K) with the same order of frequency as in (a) and (c) Inverse of dielectric vs temperature plot at 10 kHz, (d) the linear fitting of In(1/&" — 1/¢/,) Vs in In(T — Ty,)

at 10 kHz for KBST20 ceramic, and (e), the Vogel-Fulcher law fitting for KBST20 ceramic.
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f = foexp[—Eq/kp(Ton — Tvr)], 4)

where f and f, correspond to the measured frequency and pre-
exponential factor, respectively, E, is the activation energy, kg is the
Boltzmann constant, T, is the temperature corresponding to dielectric
maxima, and Ty is the freezing temperature below which the dynam-
ics of PNRs freeze. Figure 2(e) shows the Vogel-Fulcher fit and various
parameters, viz., T p, E,, and f, obtained for KBST20. The freezing of
PNRs takes place below Ty leading to inter-polar interactions (i.e.,
interactions among PNRs),”” inferred from merging of temperature-
dependent dielectric curves at different frequencies at low tempera-
tures. This observation is supplemented by temperature-dependent
hysteresis loops. The shape of the hysteresis loop at room temperature
(Fig. 3) bears a resemblance to a linear lossy dielectric, indicating disor-
der within the system.”® However, on lowering the temperature to
223K (below Ty f) (Fig. 3), the shape of the loop is relaxor-like.” This
change in the shape of the loop with temperature is suggestive of
enhanced cationic (polar) ordering at low temperatures.

Now, an intuitive crystallographic model for KBST20 has been pro-
posed to correlate ZTE with the increase in cationic ordering at low tem-
peratures. At room temperature, the material is in a relatively disordered
state where a significant amount of rattling space is available for smaller
Ti*" cations by the random distribution of surrounding Nb>" cations,
which are relatively larger in size.”*”” In contrast, a much smaller rattling
space is available at low temperatures due to cationic ordering.*”’
Moreover, in the disordered state, the B-site cations rattle without distort-
ing the neighboring oxygen octahedra. However, in an ordered state, the
motion of B-site cations is constrained, which transfers octahedral stress
to adjacent oxygen octahedra, leading to ferroelectrostriction.””” Thus,
we believe that the increase in correlations among ferroelectrostrictive
PNRs results in zero thermal expansion at low temperatures.
Furthermore, we have analyzed the temperature-dependent Raman data
to comprehend the ZTE observed for KBST20 at low temperatures.

The presence of short-range atomic ordering in the long-range
cubic phase is determined by temperature-dependent Raman spectro-
scopic analysis. Here, the host ceramic, viz.,, KNN50, is reported to
possess a monoclinic structure with Pm space group at short ranges as
well as long ranges with variations in lattice parameters/volume. " **
The room temperature Raman spectra for KBST20 shows Raman
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FIG. 3. Polarization vs electric field response of KBST20 ceramic at 294 and 223 K.
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peaks similar to what has been reported earlier for KNN50, suggesting
the presence of polar monoclinic distortions at short ranges for
KBST20.”"" Figure 4(a) depicts the evolution of temperature-
dependent Raman spectra for KBST20 ceramics with prominent peaks,
Viz., 2 245-265 cm ™! (v5), &~ 525-553cm™ (1,), ~585-610cm™" (1)),
and ~ 830-845cm™" (v, + vs) present throughout. The peaks below
200 cm™" correspond to translational modes of A-site cations similar to
what has been observed for NaNbO; and KNbO;.”” The existence of
polar distortions in BOg octahedra is clearly evident by the presence of
(v + vs) peak in the Raman spectra.”>®” This peak persists through-
out the studied temperature range (77 K < T < 527K) [Fig. 4(b)], con-
firming the presence of polar clusters up to the highest temperatures.
Thus, the ferroelectrostrictive behavior observed for KBST20 having
average cubic symmetry at long ranges has been attributed to the cor-
relations among ferroelectrostrictive polar clusters (PNRs) (see the
supplementary material for details). All the Raman peaks broaden
with the increase in temperature, inferring thermal disorder in the sys-
tem.”*®” Figure 4(c) depicts the intensity variation of prominent
Raman peaks as a function of temperature. The intensity of Raman
peaks depends on various factors, viz., polarizability, presence of polar
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FIG. 4. (a) Temperature-dependent Raman data for KBST20 ceramic, (b) zoomed-up
view of the polar peak (v1 + v5) as a function of temperature, and (c) the temperature-
dependent intensity observed for prominent Raman modes (v4, v/, and vs).

Appl. Phys. Lett. 125, 102901 (2024); doi: 10.1063/5.0219631
Published under an exclusive license by AIP Publishing

125, 102901-4

G0:6%:L L ¥20T Joquaidas €0


https://doi.org/10.60893/figshare.apl.c.7401931
pubs.aip.org/aip/apl

Applied Physics Letters

phase, etc.”” Here, we can see that the intensity of Raman modes
increases [Fig. 4(c)] with the decrease in temperature, inferring the
increase in polar phased regions at low temperatures, ie., due to
enhanced inter/intra polar interactions.”” The enhanced short-range
polar ordering with the increase in correlations (inter/intra polar clus-
ter interactions) among PNRs at low temperatures are held responsible
for ferroelectrostriction, consequently resulting in zero thermal expan-
sion”””" in synthesized Pb-free smart material, viz., KBST20.

In conclusion, we have synthesized Pb-free relaxor ferroelectrics,
i.e, KBST20 exhibiting zero thermal expansion (ZTE) for a wide tem-
perature range (T < 100K). The temperature-dependent volume of
KBST20 deviates from linear behavior, i.e., PTE below the Burns tem-
perature showing a significant volume gain at low temperatures, which
has been attributed to the correlations among ferroelectrostrictive polar
nano regions (PNRs). The ZTE has been quantified using the linear
coefficient of thermal expansion (CTE), which is in the range of 0.255-
5.75 x 107° K™ (9-500 K). The relaxor properties of KBST20 have been
analyzed using temperature-dependent dielectric data, demonstrating a
relatively high relaxation (AT = 27 K) compared to an earlier report on
KBT20 (AT ~6K)."” Owing to relaxor properties, the structures of
KBST20 at long and short ranges were analyzed using temperature-
dependent neutron diffraction and Raman scattering data, respectively.
A centrosymmetric cubic structure was found to be stable at long ranges
for 9K < T <500K. On the other hand, polar monoclinic distortions
were confirmed at short ranges. Moreover, the enhancement in the polar
phased regions (PNRs) at low temperatures is inferred by the integrated
analysis of the datasets obtained using various techniques. We believe
that the enhancement in the correlations among the PNRs with decreas-
ing temperature leads to thermally induced ferroelectrostriction, conse-
quently resulting in zero thermal expansion of KBST20.

See the supplementary material for the synthesis procedure, Le
Bail fits, Debye-Griineisen approximation, and deconvolution of
temperature-dependent prominent Raman peaks.
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