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We show that a synergy of the covalency effect associated with the A-site and B-site cations in Kq5BigsTiO3
(KBT) makes it unique among the Pb-free ferroelectrics by imparting a rare property of negative and zero
thermal expansion (ZTE). We tuned this synergy in two different KBT alloys, Ky 5BigsTiO; — Nag sBig5TiO3
and K sBipsTiOs — Bi(Mg, sTip5)O3, and identified a common critical tetragonality below which the ZTE

behavior disappears completely in both the systems.
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The anharmonic nature of the interatomic potential renders
average solids to exhibit positive thermal expansion (PTE)
as per the Debye-Griineisen relationship [1]. However, on
occasions, other factors (structural, magnetic, electrical) may
intervene and compete with the PTE tendency to impart
nearly zero thermal expansion (ZTE) or even negative ther-
mal expansion (NTE) behavior. The well-known invar effect
in the ferromagnetic phase of the Fe-Ni alloy is a case in
point wherein the volume expansion caused by magnetostric-
tion nearly compensates for the volume decrease associated
with the anharmonic interactions [2,3] when cooled below
the magnetic Curie point. Similar behavior has also been
reported in StTRuO3 below ~160K [4]. In solids with open-
framework structures such as ZrW,QOg, NTE occurs due to the
dominant influence of the volume-decreasing structural mode
corresponding to the M| —O—M, linkages [5]. In ferroelectric
systems, the intrinsic coupling of strain and the polarization
degrees of freedom ensures the expansion of the lattice along
the polar axis when the spontaneous polarization sets in below
the ferroelectric Curie point. However, NTE can be seen only
in a narrow temperature range around the Curie point in most
ferroelectric systems. In this context, PbTiO3; is unique as
it exhibits NTE well below its Curie point, ~490 °C [6].
To emphasize this point, we compare in Fig. 1 the temper-
ature dependence of unit-cell volume of BaTiO; (BT) and
PbTiO3 (PT). While for PT, the NTE behavior can be seen
in the temperature interval 490° C-25 °C, for BT (Curie
point 130 C), the NTE behavior is limited in the tempera-
ture interval 130 °C-120 °C. The striking difference in the
thermal expansion behaviors in BT and PT ferroelectric states
lies in the slight difference in chemical interactions driving
ferroelectricity. While the B-O hybridization is essential for
the stability of the ferroelectric state in ABO3; perovskites in
general, the presence of ions with 65> lone-pair electrons at
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the A site (such as Pb*? and Bi™?) increases the stability of
ferroelectric state (high Curie point) as in PbTiO3 (PT) and
BiFeOs (PT) [7,8]. In PbTiO3, the synergy of strong Pb-O
hybridization along with the covalent Ti-O interaction stabi-
lizes the tetragonal ferroelectric ground state with a relatively
large tetragonality (c/a—1 = 0.06) [7]. In contrast, the Ba-O
interaction in BT is ionic and does not contribute significantly
toward the stability of the ferroelectric state. The ferroelectric
ground state of BT is rhombohedral. Despite the strongly
covalent Bi-O interaction contributing to the stability of the
ferroelectric state in BF, it, too, stabilizes in a rhombohedral
ferroelectric ground state. Unlike PbTiO3, BF does not show
NTE behavior. However, when alloyed with PT, a synergy of
the 652 lone-pair effect due to Pb™ and Bi™> on the A site,
together with an increased population of the covalent Ti-O
interaction on the B site, stabilizes a tetragonal ferroelectric
phase with a remarkably large tetragonality (c/a—1 ~ 0.18),
three times that of PT (c/a—1 = 0.06) [6,9]. This tetragonal
phase exhibits NTE behavior [6].

Given the crucial role of the synergy that comes into being
when the A site of the perovskite is sufficiently populated
with atoms with 6s% lone-pair electrons and the B site with
Ti atoms in stabilizing the tetragonal ferroelectric phase ex-
hibiting NTE behavior, a similar scenario can be envisaged in
Bi-based Pb-free ferroelectrics. In this context, the ferroelec-
tric compounds Nag 5BipsTiO3 (NBT) [10] and K sBip5TiO3
[11] are worth considering. Among the two, the rhombohedral
ground state of NBT [10] makes it analogous to BF, and NTE
is not likely to occur. KBT, which exhibits a tetragonal ferro-
electric state, appears analogous to PbTiOs and is the most
plausible candidate for showing NTE behavior. In contrast
to PbTiO3, wherein the occupancy of atoms containing 6s>
lone-pair electron is 100% on the A site, the population of
Bi*? on the A site of KBT is 50%. The lone-pair contribution
to the stability of the tetragonal ferroelectric phase is expected
to be significantly diluted in KBT. However, the nearly double
tetragonality of KBT (c/a—1 = 0.02) as compared to BaTiO3
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FIG. 1. Temperature dependence of tetragonal unit-cell volume:
(a) BaTiO3 and (b) PbTiO;. Tc — Curie point; PTE, ZTE, and NTE
indicate positive, zero, and negative thermal expansions, respectively.

(c¢/a—1 = 0.01) indicates that the Bit? 652 lone-pair electron
contribution is still prominent, and KBT might show NTE
behavior. This interesting possibility in KBT, however, has not
been explored. Most interest in KBT has so far been limited
to the use of its tetragonal ferroelectric phase for the design of
morphotropic phase boundary (MPB) compositions by alloy-
ing with rhombohedral NBT for enhanced electromechanical
response [12—16].

KBT specimens were synthesized using the conventional
solid-state reaction method, the details of which can be found
in the Supplemental Material [17]. Figure 2(a) shows the
temperature dependence of the volume of KBT across the
depolarization temperature. It exhibits a positive volume ther-
mal expansion above 350 °C, negative thermal expansion in
300 °C-360 °C range, and nearly zero thermal expansion in
a significantly large temperature interval of 100 °C-300 °C.
The NTE behavior sets in at ~300 °C even while the system
exhibits a relaxor ferroelectric-like behavior above 300 °C
[Figs. S1(b) and S1(c)] [17]. In this temperature regime
(280 °C-350 °C), KBT exhibits a tetragonal (P4mm) + cubic
mixed structural state on the global scale [Fig. S1(a)] [17].
The ZTE and PTE (below 100 °C) behavior is seen in the tem-
perature regime when the cubiclike phase becomes invisible
[Fig. S1(a)] [17].

We also investigated the lattice thermal expansion behav-
ior in two different chemically modified variants of KBT,
namely (i) (I —x)KBT — (x)NBT (in short, KBT — xNBT)
and (ii) (1 — y)KBT — (y)Bi(Mg, sTig5)O3 (in short, KBT —
yBMT). The alloy NBT-KBT represents A-site modified KBT
(a fraction of K replaced by Na, keeping the population of
Bi unchanged). KBT-BMT, on the other hand, has a small
fraction of Ti replaced by Mg. In both the systems, the Bi
fraction has not been diluted vis-a-vis the parent compound
KBT, thereby retaining the contribution of the 65> lone-pair
atoms on the A site in stabilizing the ferroelectric tetragonal
phase. Since the primary objective was to tune the syn-
ergy between the A-O and B-O interactions that lead to the
NTE and ZTE behavior, the concentration of the chemical
modifications was limited to those which preserved the tetrag-
onal ferroelectric phase (NTE and ZTE are observed only
in this phase). The NTE and ZTE behaviors persist in Na-
modified KBT, i.e., (1 —x)KBT — (x)NBT up to x = 0.58
[Fig. 2(b), and Figs. S2(a), 2(b), and S3] [17]. The temper-
ature interval (AT') exhibiting the NTE and ZTE, however,
decreases with increasing the Na concentration [Fig. 2(e)]. For
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FIG. 2. Temperature evolution of unit-cell volume of tetrago-
nal (P4mm) phase in (1—X)K0_5Bi0'5TiO3 — (X)Nao_sBi0'5TiO3 [(1 —
x)KBT — (x)NBT]: (a) x =0.00, (b) x =0.58, and (c) x = 0.60;
PTE, ZTE, and NTE indicate positive, zero, and negative thermal
expansions, respectively. (d) Composition dependence of tempera-
ture range in which ZTE and NTE occur. Temperature ranges of
ZTE and NTE suddenly collapse at x = 0.60. Phase diagram of (e)
KBT-(x)NBT, which highlights temperature ranges for ZTE, NTE,
and PTE. (f) Tetragonality and temperature range in which ZTE
occurs as function of composition in KBT-(x)NBT system.

x = 0.58, for example, the ZTE can be seen in the temperature
range 100 °C-200 °C, i.e., AT ~ 100 °C. For unmodified
KBT, on the other hand, AT ~ 200 °C (100 °C-300 °C).
Intriguingly, the ZTE behavior disappears abruptly for x >
0.58 [Figs. 2(c), 2(d), and S2(c)] [17]. Figure 2(e) summa-
rizes the thermal expansion behavior of KBT-NBT in the
composition-temperature space. Although this abrupt change
in the thermal expansion behavior for x > 0.58 suggests
a qualitative change in the lattice property, x-ray-powder
diffraction (XRPD) did not reveal any structural change; the
diffraction pattern of x = 0.58 (showing NTE and ZTE) is
the same as that of x = 0.60 (exhibiting no NTE and ZTE)
(Fig. S3) [17]. The tetragonality (c/a — 1), however, exhibits
an abrupt drop at x = 0.60 [Fig. 2(f)], suggesting the onset
of a subtle structural order, the signature of which is not
identifiable by the XRPD technique. Figures 3(a) and 3(b)
shows electron diffraction patterns of two representative com-
positions, x = 0.50 (which shows NTE and ZTE behavior)
and x = 0.60 (which does not show NTE and ZTE behavior).
The 111 zone-axis selected-area diffraction pattern (SADP)
of x = 0.60 shows 1/2{ooe} type of superlattice reflections.
Similar superlattice spots are also seen in the SADP of the
[130] zone axis in Fig. S4(d) [17]. Few grains show faint
1/2{oo0}-type reflections in the pattern corresponding to the
[110] zone axis [Fig. S4(b)] [17], suggesting the occasional
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FIG. 3. [111]pc zone-axis electron-diffraction patterns of (1 —
x)KBT — (x)NBT for (a) x =0.50 and (b) x = 0.60. (c) Com-
position evolution of neutron powder-diffraction pattern of (1 —
x)KBT — (x)NBT in two different limited 26 ranges. Weak super-
lattice peaks are indicated by red arrows. (d) Schematic diagram
of tetragonal unit cell. (¢) Composition dependence of difference
in lengths of Ti-O; and Ti-O; bonds at room temperature. This
difference is treated as measure of intrinsic polarization. Intrinsic
polarization drops abruptly for x > 0.58, confirming weakening of
polarization by onset of in-phase octahedral tilt.

presence of antiphase octahedral tilt (corresponding to the
rhombohedral R3c structure) on the local scale. In contrast,
no superlattice spots were observed in the SADP patterns of
x = 0.50 [Fig. 3(b), and Figs. S4(a) and S4(c)] [17]. These
observations indicate a correlation between the octahedral tilt
and the disappearance of the ZTE behavior in this system.
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Figure 3(c) shows a vertically magnified NPD pattern
of (1 —x)KBT — (x)NBT for different compositions in a
limited 26 range. The full diffraction pattern is shown in
Fig. S5 [17]. Consistent with the SADP, the NPD patterns also
exhibit weak superlattice reflections of type 1/2{ooe} for x >
0.60 [Fig. 3(c)]. For NBT-based ferroelectrics such superlat-
tice reflections are generally associated with the P4bm phase
[12,18]. However, as shown in Fig. S6(b) [17], this structural
model is inadequate to precisely account for the intensity of
the superlattice peaks. As argued in another publication [18],
this is most likely due to the absence of a long range of the
in-phase octahedral tilt. If we ignore these weak superlattice
peaks, the fundamental Bragg profiles can be nicely accounted
for with the P4mm ferroelectric tetragonal structural model
[Fig. S6(a)] [17]. We therefore persisted with the strategy of
fitting the neutron powder-diffraction patterns of all the tetrag-
onal compositions with the P4mm structural model [Figs.
S7(a)-S7(c)] [17] and extracted the atomic parameters and
bond distances as a function of compositions (for all x <
0.80). Due to the large isotropic displacement parameters
(>4 10\2) of the A-site cations (Na/K/Bi), we instead refined
the anisotropic displacement parameters of these atoms (Ta-
ble S1 and Table S2) [17]. Only the isotropic displacement
parameters were refined for the remaining atoms to minimize
the number of independent parameters. The refinement was
performed in a sequential manner; the best-fit parameters ob-
tained for a given composition were fed as the initial input
parameter of the adjacent composition of the series.

In tetragonal ferroelectrics wherein the covalency asso-
ciated with the A-O interaction plays an important role in
stabilizing the tetragonal ground state (as in PbTiO; and
BiFeOs; — PbTiO3 systems), the tetragonality and the polar-
ization are known to be notably large compared to the case
(like BaTiOj3) where the A-site atoms do not contribute to the
stability of the ferroelectric state. One good measure of the
prevalent synergy between the covalency effects associated
with the A-site and B-site cations in tetragonal ferroelectric
perovskite is the difference in the Ti—O; and Ti—Os bonds
parallel to the ¢ axis [19] [Fig. 3(d)]. As shown in Fig. 3(e), the
abrupt decrease of this parameter on increasing the Na con-
tent from x = 0.58 to x = 0.60 is consistent with the abrupt
decrease in the degree of the synergy between the A- and

Composition (x)

FIG. 4. (a), (b) Raman spectra of representative compositions in their ferroelectric state at room temperature. Arrows highlight abrupt
change in nature of peak shift for x > 0.58. (c) Composition dependence of frequencies of different modes at 30 °C. Frequencies of modes
w; corresponding to Na/Bi/K-O vibration, w; 3 (= [(w} + @3)/ 2]1/ 2) related to coupling of off-centered Na/Bi/K and off-centered Ti cations,
and w4, ws, wg corresponding to Ti-O vibrations decrease suddenly at x = 0.60 at room temperature.
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FIG. 5. Temperature evolution of unit-cell volume of tetragonal (P4mm) phase in (1 — y)KsBigsTiO; — (y)Bi(Mg, 5Tip5)TiO3 [(1 —
y)KBT — (y)BMT]: (a) y = 0.005, (b) y = 0.06, and (c) y = 0.065. (d) Composition-temperature diagram highlighting temperature ranges for
ZTE, NTE, and PTE. (e) Composition dependence of tetragonality and temperature range for ZTE. (f) Comparison of tetragonality dependence
of temperature range of ZTE of KBT-(x)NBT and KBT-(y)BMT systems.

B-site cations stabilizing the tetragonal ferroelectric phase.
The disappearance of the NTE/ZTE properties for x > 0.58 in
KBT-NBT can be attributed to the weakening of this synergy
by the onset of the in-phase octahedral tilt.

The abrupt change for x > 0.58 was also captured in the
phonon (Raman) spectra of this system (Fig. 4). The spectra
were fitted with Lorentzian profiles after correcting for the
Bose-Einstein occupation factor [Figs. S8(a) and S8(b) and
Figs. S9(a) and S9(b)] [17]. Of the 15 Raman-active modes
('raman, kBT = 3A1 4 3B1 + 2B + 7E [20]) anticipated for
the tetragonal (P4mm) structure of KBT, 11 first-order Raman
active modes were observed [Fig. S8(a)] [17]. The Raman
spectrum of perovskites can be categorized into four regions
[21]: (1) 30-90 cm ™!, which primarily involves A-site cations
and is therefore sensitive to A-site off centering; (2) the
A—BO3 modes in the range 100—-180 cm ™! are associated with
dynamic coupling of the off-centered A-site and off-centered
B-site cations; (3) B-cation vibration modes in the range of
220-400cm™'; and (4) modes corresponding to tilting of
the BOg octahedra in the range of 420-650cm™'. A careful
observation of the Raman spectra revealed the following dis-
tinct features : (i) The frequency of low-energy phonon mode
(@) involving Na/Bi/K cation vibrations around 60—-80 cm ™"
decreases abruptly at x = 0.60 [Fig. 4(c)]; (ii) the peaks of
the two modes w, ~ 120cm ™! and w3 ~ 146 cm~! are much
more prominent for the compositions x < 0.58; (iii) the mode
w3 weakens abruptly at x = 0.60; and (iv) the mode w4 ~
208 cm™~! involving Ti cation displacement also disappears
around the same composition, x = 0.60. The distinct drop
in the frequencies of the w;, w; 3, ws, and wg at x = 0.60
[Fig. 4(c)] suggests a flattening of A-site and B-site poten-
tial barriers [21,22], consistent with the abrupt drop in the
tetragonality.

We attempted to tune the covalency effect in another sys-
tem, (1 — y)KBT — (y)Bi(Mg 5Ti 5)O3, by replacing a small

fraction of the Ti on the B site with Mg (a nonferroelectric
active element). The absence of superlattice peaks in the NPD
patterns (Fig. S10 and Fig. S11) [17] of this series confirmed
the absence of octahedral tilt [23]. Lattice thermal expansion
measurements performed on this series [Figs. 5(a)-5(c), and
Fig. S12] [17] revealed the persistence of ZTE up to y = 0.06.
The ZTE behavior disappeared at y = 0.065 [Figs. 5(c) and
5(d)]. Similar to the KBT-NBT, a one-to-one correlation be-
tween the tetragonality (c/a — 1) and the temperature range
of ZTE behavior can be seen. The ZTE vanishes when the
tetragonality decreases below 1.4% [Fig. 5(f)]. Interestingly,
this critical tetragonality is the same as the critical tetrago-
nality below which ZTE disappears in KBT-NBT [Fig. 5(f)].
This implies that the tetragonality of 1.4% is an indicator of
the threshold value for the system to exhibit the NTE/ZTE be-
havior. That this critical value is higher than the tetragonality
of BaTiO3 (1%) is consistent with the fact that BaTiO3; does
not show ZTE behavior (Fig. 1).

In summary, we show that Ky 5BigsTiO3 is unique among
the Pb-free ferroelectric compounds wherein the synergy
between the A-site and B-site cations helps stabilize a tetrag-
onal ferroelectric phase which exhibits a rare phenomenon
of zero thermal expansion over a large temperature in-
terval. We investigated this phenomenon in two different
KBT alloy systems and identified a critical tetragonality
(c/a—1 ~ 1.4%) indicative of the persistence of this synergy
effect. The understanding developed here can be useful in
designing ZTE materials at room temperature for practical
applications.
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