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The present work reports the ferroelectric (FE) element/site specific spectroscopic measurements in
BaTig; !"Sng; O3 relaxor using ''”Sn hyperfine interaction studies. The relaxor properties in the studied
sample are confirmed from the macroscopic measurements such as temperature dependent dielectric constant
measurements. The presence of quadrupole splitting (QS) below its dielectric maxima (7,,) is confirmed
unambiguously using synchrotron radiation perturbed angular correlation experiments. Further, temperature
dependent nuclear forward scattering data clearly depict the development of QS below 7,,. Finite values of
QS with temperature, below 7,,, unambiguously indicate the development of electric field gradient around Sn/Ti
sites in BaTig ;7 '1°Sng 3 O; relaxor, emphasizing the applicability of conventional FE models in explaining relaxor
properties. The phonon density of states (PDOS) obtained from nuclear inelastic scattering measurements has
been found to qualitatively match the results of PDOS calculated from molecular dynamics simulations and
experimental Raman modes that are considered to be characteristic of Ti site in BaTiOs.

DOLI: 10.1103/PhysRevB.110.054205

I. INTRODUCTION

Relaxors have gained popularity in recent years due to their
unusual polarization behavior and functional characteristics
[1]. Lead-free relaxors, such as those based on barium titanate,
BaTiO; (BTO), have received a lot of attention due to their
nontoxic nature, high dielectric permittivity, several phase
transitions, possibility of tuning transition temperature close
to room temperature and broad frequency dispersive permit-
tivity peak vs temperature as compared to other such systems
[2,3]. It was suggested that the existence of polar nanoregions
(PNRs) are responsible for frequency dispersion of dielectric
constant values in relaxors.

Unlike traditional lead-based relaxors, which exhibit nom-
inal charge disorder (as in PbMg, 5Nb,/303), doped BTO
materials exhibit relaxor behavior even in the absence of
the charge disorder, making them an intriguing research area
[4,5]. Earlier relaxor phenomenological models were con-
cerned with explaining the dielectric, polarization behavior
with electric-field/temperature. However, they lack an expla-
nation for the observed soft mode behavior, fano resonance,
and structural changes in relaxors [4,5]. Recently developed
first-principles models of these relaxor materials successfully
demonstrate both structural and relaxation phenomena in re-
laxors, simulating a wide range of relaxor features [6].

In our recent studies on 30% Sn substituted
BaTiO3(BaTiy7Sny303), we have demonstrated the relaxor
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behavior from dielectric and polarization data revealing
dispersion in dielectric constant, slim hysteresis loops and
remnant polarization well above the dielectric temperature
maximum (7;,). Further, we have demonstrated that the
system undergoes structural modifications associated
with changes in polarization in a wide temperature
range in BaTip;Snp303; [4]. Combining complimentary
experimental methods such as x-ray diffraction (XRD),
Raman spectroscopy, x-ray absorption spectroscopy, and
119Sn Mossbauer spectroscopy we were able to coherently
identify local structural counterparts associated with the
relaxor properties in BaTip7Sng303, hence drawing a
connection with the dipole dynamics and providing inputs
for a deeper understanding beyond the phenomenological
models [7,8].

It may be noted that in displacivelike ferroelectric
transitions, for example in the case of BTO, PbTiO; etc.,
loss of inversion symmetry is always associated with
an onset of polarization. This results in changes for the
interaction between nuclear quadrupole moment and electric
field gradient (EFG) i.e., quadrupole splitting (QS) values.
Therefore, the estimation of hyperfine parameters, especially
QS was actively pursued by many groups in exploring
the ferroelectric (FE) materials [9-14]. Theoretical studies
establishing the direct relation between FE polarization, local
distortion and EFG are reported in recent literature [15].
Experimental methods such as Mdossbauer, perturbed angular
correlations (PAC), nuclear magnetic resonance (NMR)
etc., that can probe hyperfine interactions have been used
in this direction. For example, temperature dependent PAC

©2024 American Physical Society
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measurements have been employed to measure the EFG at
(Ti,Zr) sites in PbTi; _,Zr,O3 based ferroelectrics [13,14].

Either the variation of QS or the associated quantities
such as V,,, asymmetry parameter (1), quadrupole frequency
(wgy) etc., as a function of temperature are reported for the
materials that exhibited robust FE ordering [9-14]. Such hy-
perfine studies are very limited in relaxors [4,16]. In our
recent study on BaTip7Sng 305 relaxor, we did not observe
obvious splitting of the Mdssbauer absorption line due to the
quadrupole interaction. However, the width of the line shows
anomalous increase below T,,, that can be an indication of
the EFG appearance [4]. It is worth mentioning here that the
synchrotron based perturbed angular correlation (SRPAC) is a
useful experimental method for the measurements of a small
energy splitting of the hyperfine interactions. This advantage
comes from the independence of the signal from the sample
thickness and from the radioactive source line broadening.
The capability of the SRPAC method for exploring hyperfine
interactions, was demonstrated in several works [17-20]. In
view of this, in the present work we have undertaken the
SRPAC study to unambiguously prove the presence of QS
below dielectric maxima in BaTiy7Sng 305 relaxor. With this
input, detailed temperature dependent nuclear forward scatter-
ing (NFS) measurements are also carried out to elucidate the
quantitative variation of QS in BaTiy7Sng 303 relaxor across
its dielectric maxima. The observed variation of QS with
temperature indicate the signatures of dynamic relaxation
of PNRs.

Further, to probe the vibrational modes associated with Sn
site, 1"Sn nuclear inelastic scattering (NIS) measurements
are carried out at two temperatures covering 7,,. Since NIS
is sensitive to Mdssbauer active element, the phonon density
of states (PDOS) obtained from NIS measurements would
be specific to ''”Sn nucleus unlike other measurements such
as Raman spectroscopy, neutron inelastic scattering, inelastic
x-ray scattering etc., which give the consolidated PDOS of
the entire system [21]. The obtained PDOS from NIS mea-
surements is compared with molecular dynamics simulations
and the experimental Raman modes that are considered to be
characteristic of the Ti site in BTO.

II. EXPERIMENTAL

Polycrystalline 30% Sn substituted BTO (BaTig7Sng303)
is prepared with conventional solid-state sintering method
starting from high purity (= 99.9%) oxide and carbonate pre-
cursors. Unlike the previous case [4], 1981 enriched SnO,
is used as precursor in the present study so as to do the !'”Sn
nuclear resonance experiments. X-ray diffraction (XRD) mea-
surements are carried out using laboratory based system with
0.154 nm radiation. Dielectric measurements were performed
using precision LCR meter E4980 and in-house developed
sample holder with 1 V ac signal at different frequencies in
the temperature range 100-300 K, while cooling the sam-
ple. Room temperature !'”Sn Massbauer measurements were
carried out in transmission mode using a standard PC-based
Mossbauer spectrometer equipped with a WissEl velocity
drive in constant acceleration mode. The spectrometer was
calibrated with natural iron at room temperature and the re-
ported isomer shift values are with respect to SnO;. Low

temperature ''Sn NFS, NIS, and SRPAC measurements are
performed at beamline PO1, PETRA III, DESY, Hamburg.
NFS data is analyzed with Nuclear Elastic X-ray scatter-
ing Universal Software (NEXUS) program [22]. The SRPAC
spectrum was measured at 15 K in vertical and horizontal
geometries perpendicular to the beam path similar to the setup
described by Dimitrios Bessas et al. [20]. The detector and the
cryostat were rotated together while changing the experimen-
tal geometry [20].

III. NUMERICAL MODEL
AND DETAILS OF SIMULATIONS

In the present work, molecular dynamics (MD) simulations
of a model BaTip;Sn(303 system are carried out using an
open source classical MD simulation code LAMMPS [23]. In
the MD simulations, it is considered that particles interact
with a pairwise potential consisting three parts viz., (i) re-
pulsive contribution C/r'2, (ii) short-range Morse function
with a cutoff distance of 15A, and (iii) long-range Coulomb
potential, with the following form:

C;:

94, —a;j(r—r i
o Dyl{l— e TP = 14 5 (1)

Vr)=—

’
The repulsive contribution is necessary to prevent overlap
between atoms. The long-range Coulomb interactions are
calculated by using the Ewald summation [24]. Detailed dis-
cussion on the interaction potential and parameters can be
found in Ref. [25]. The values of the parameters D;;, a;j, 1o
are shown in Table-I:

We use a rigid-ionic model with partial charges to account
for the partial covalency of BTO. Following the success of
Beest-Kramer-Santen (BKS) [26] model, partial charge mod-
els have been extensively used in the recent years for more
accurate results for structural as well as mechanical proper-
ties. As in the BKS model, charge on the oxygen atoms are
kept fixed at —1.2e. To maintain the self- consistency of the
force field, the partial charges on the cations are assigned
accordingly. Ba atoms have charge 1.2e and Ti/Sn atoms have
charge 2.4e. It should be noted that these values should be
considered only as parameters of the model [25] and should
not be compared with the actual charges of individual atoms.

The simulations were started with a super-cell consisting of
10 x 10 x 10 unit cells of BaTiO;3 in three dimensions. After
that 30% of Ti atoms are chosen randomly and replaced by
Sn atoms. The box-length considered is 4.04 nm and peri-
odic boundary conditions are applied in all three directions.
Initially random velocities are assigned to the particles from

TABLE 1. Ba-O, Ti-O, Sn-O, and O-O interatomic potential
parameters. The cutoff distance for the short-range interactions is
setto 15 A.

Element D (V)  aj(A™?) 1o (A) Cj (eVA®R)
Ba'?-07'2  0.065011  1.547596  3.393410 5.0
Ti?4-0~12 0.024235  2.254703  2.708943 1.0
Sn**-071'2  0.079400  2.156770  2.633076 3.0
07 12.07'2  0.042395 1.379316  3.618701 22.0
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FIG. 1. Basic characterization of BaTiy; '°Sng 3 O;. (a) Room temperature x-ray diffraction (XRD) pattern. The experimental XRD data
is profile fitted with FullProf program. (b) Temperature dependent dielectric constant and the inset of (b) show the Vogel-Fulcher fit to the
variation of 7,, as a function of frequency as discussed in the text. (c) Room temperature ''’Sn Mossbauer data, symbols in (c) indicate the
data points and the solid line is the best fit to the data. (d) Room temperature Raman data with the indicated vibrational modes.

a Maxwell-Boltzmann distribution at temperature T=296 K.
After generating the sample we minimize its energy with
conjugate gradient method until force on each atom vanished.
We then (i) heat the sample up to 1300 K in 1 nanosecond
(ns), (ii) thermalize the sample at 1300 K for 1 ns, (iii) reduce
the temperature of the sample to low temperature (either 40 K
or 296 K) in 1 ns. During the above four steps we keep
the number of particles (N), and volume (V) fixed. Finally
we perform a pressure minimization—cell relaxation—for
I ns. Noose-Hoover thermostat with relaxation time 0.1 ps
and barostat with relaxation time 1.0 ps [27-30] are used to
maintain constant temperature and pressure, respectively.

IV. RESULTS

A. XRD, Dielectric, Mossbauer and Raman measurements

In order to ensure that the prepared ''”Sn enriched
BaTip7Sn 303 sample properties are same as that of our ear-
lier BaTip7Sng 303, which was prepared with natural SnO5,,
the basic characterization such as XRD, temperature depen-
dent dielectric constant data, ''°Sn Mossbauer and Raman
spectroscopy measurements are carried out in the present
work. The full profile fitting analysis of XRD pattern has been
carried out using FULLPROF program [31] and the refinement

reveals a cubic structure (space group 221) in the present work
as shown in Fig. 1(a). The dielectric data of the present work,
as shown in Fig. 1(b) agree very well with our earlier work and
literature [4,32,33]. The dielectric maximum temperature (7;,)
is found to shift towards higher temperature with increasing
frequency which is a characteristic of relaxor ferroelectrics
[1]. Further, the variation of 7, with frequency and the fitting
using Vogel-Fulcher (VF) formalism defined as,

L} @)
kB(Tm - Tf) '

T=T1 exp|:
as shown in the inset of Fig. 1(b) confirms the relaxor behav-
ior. Temperature 7™ is identified at 180 K from the dielectric
data as explained in our earlier work [4]. Room temperature
119Sn Mossbauer data [Fig. 1(c)] indicate an almost zero
center shift indicating a Sn** oxidation state, i.e., isovalent
substitution and the obtained width (I") of Mdssbauer data is
1.03 £ 0.02 mm/s. Room temperature Raman data is also
observed to agree with literature and the mode assignment
is carried out by comparing the literature [34-38], as shown
in Fig. 1(d). Summarizing this, the prepared !'°Sn enriched
BaTig 7 “9Sno_3 O3 sample properties are same as that of our
earlier results on sample BaTip7Sny 303 [4].
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FIG. 2. Synchrotron radiation perturbed angular correlation (SR-
PAC) data of BaTip;!"”Sng30;. (a) Time dependence of the
incoherent scattering intensity measured in the vertical and hori-
zontal geometries at 15 K. (b) Time dependence of the anisotropy,
measured in the vertical (red) and horizontal(blue) geometries at
15K. The lines shows fit by the model as discussed in the text.

B. Synchrotron Radiation Perturbed Angular
Correlation (SRPAC) measurements

Figure 2(a) shows the time dependence of the observed
SRPAC signal in different geometries and the simulation of
the natural decay. The pure SRPAC signal for the highly
linearly o— polarized synchrotron radiation is described by

I(t) = Iyexp (?)[1 — 2P A% Gy ()] + b, 3)

where I is the intensity scaling factor, Ay, is the anisotropy
factor, which is determined by the both nuclear transition and
details of the experimental arrangement, P, is a scattering
geometry factor, i.e., P, = 1 for the vertical geometry, P, =
—1/2 for the horizontal geometry. Gy (t), the perturbation
factor which describes the time modulation of the signal
due to hyperfine interactions (considering only an isotropic
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FIG.3. '”Sn  nuclear inelastic  scattering data  of

BaTig; ""°Sng3 O; at 40K (black color) and 300K (red color).
The obtained phonon density of states (PDOS) are shown in Fig. 7.

electric quadrupole hyperfine interaction) is given by

hc
Gn(t) = <1 + 4 cos —Qt)/S, 4@
Ey

where 2 is the QS value. The measured data deviates from the
pure SRPAC signal due to the contribution of the nontrivial
multiple scattering phenomena and radiation trapping effects
present due to the high Lamb-Mossbauer factor [17-20]. The
first contribution appears at the early times (below 50 ns),
which will be excluded from the fit. The second effect will be
accounted for by taking 7, which is supposed to be the natural
decay rate, as a fitted parameter. The fit of the SRPAC data
in two geometries was performed simultaneously with the
common fitting parameters t, Ay, and €2, and one parameter
Iy for each geometry. The background b was taken according
to the measurements time and known detector noise rate. The
obtained results of SRPAC data analysis are further discussed
in Sec. V.

C. "Sn Nuclear inelastic scattering (NIS) measurements

Figure 3 shows the obtained NIS spectra of the sample
at two temperatures, one at room temperature and another
one below 7,, at 40 K as obtained from the analysis of the
detailed thermal balance of the negative and positive parts of
the spectrum. The NIS spectra consist of elastic line of nuclear
incoherent scattering (centered around zero energy) and the
multiphonon contribution to the nuclear inelastic absorption
[21], with the peaks at higher energy as shown in Fig. 3. The
extracted parameters from the analysis of NIS data are shown
in Table II.

TABLE II. Parameters extracted from the analysis of NIS data
as shown in Fig. 3. T is the temperature, A is the area under PDOS
(should be 1), fju is the Lamb-Mossbauer factor, U is the internal
energy per atom, F is the mean force constant per atom, S,i, is
vibrational energy per atom & kg is the Boltzmann constant.

T (K) A fim U(@meV) F®Nm™) Sy, Gkg)
296  0.999(1) 0.660(5) 8.5(4)  298(24) 1.75Q2)
40(3)  1.002(1) 0.879(1)  37(1)  333(24) 0.06(1)
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of NFS data is also shown. (b) Temperature variation of effective thickness of the sample.

The Lamb-Mossbauer parameter (fiy) for the lowest and
room temperature were directly measured via NIS. Based on
the two-phonon density of states we had calculated the fy v
for different temperatures within the harmonic approximation
given by the following equation and the results are shown in
Fig. 4:

- g, [ EE(L L1\
fLM_eXp(_ Rfo T<5+exp(ﬁE>—1> >

&)

where Eg is recoil energy (2.54 meV for '"Sn), g(E) is
phonon density of state (PDOS), 8 = 1/(kgT ), kg is Boltz-
mann constant and T is temperature. For the analysis of the
NFS data in the present work, we had used the average value
of fium, also shown in Fig. 4. The obtained effective thickness
values are calculated using the average {1y and the thickness
from the fit (70 um), is also shown in the Fig. 4.

Perusal of Table II indicate that the force constant (F) is
practically same for the temperatures below and above T,
as expected. Usually for robust FE materials exhibiting first-
order phase transition and associated mode-softening, the F
value goes to zero below the transition temperatures. This is
not the case in the present work and therefore the F values
remain same as a function of temperature. But, as expected
there is an increase in internal energy (U) and decrease of
vibrational energy per atom (Sj,) at low temperatures, indi-
cating the physical validity of the NIS data analysis. From the
NIS data, the PDOS of ''”Sn is obtained (Fig. 7) and will be
discussed in Sec. V.

D. Molecular Dynamics (MD) Simulations

After the standard thermalization procedure, as discussed
in Sec. III, we get a box size 4.05 x 4.05 x 4.05 nm> at
40K and 4.04 x 4.04 x 4.04 nm> at 300K. The PDOS are
calculated at 300 and 40 K corresponding to whole system,

Sn/Ti, Ba, O- sites, and the results are shown in Fig. 5. It may
be mentioned here that it is not possible, using our tool, to
separate the contribution of Ti atoms from Sn atoms to the
PDOS data.

The characteristic vibrational modes of BTO system in
its different phases such as cubic (C), tetragonal (T), or-
thorhombic (O) and rhombhohedral (R) have been calculated
in past by using first-principles calculations within the den-
sity functional theory (DFT) employing plane wave (PW)
DFT, full-potential linearized augmented PW DFT, linear
combination of atomic orbitals, etc. [36—40]. However, the
MD simulations are limited in literature for the BTO based
compounds, except the recent work on oxygen diffusion and
flexoelectricity in BTO [41,42]. Nonetheless, the obtained
vibrational density of states with MD simulations in the
present work qualitatively agree with the reported DFT results
[36—40]. Further, qualitatively the MD simulated PDOS at
300 and 40 K is same, consistent with the fact that there is
no macroscopic change of symmetry in the studied relaxor
across 7T,,,.

E. 1Sn Nuclear forward scattering (NFS) measurements

NFS measurements are carried out at different tem-
peratures covering the region of dielectric maxima of
BaTi 7Snp 303 relaxor. Since the hyperfine splitting is ex-
pected to be small in such relaxors, the data fitting/analysis
has to be ensured by adopting a consistent model. Parameters
such as density, isotope abundance, thickness of the sample
and its distribution (Gaussian) etc., were considered to be
same for all temperatures. Whereas the fyy; values obtained
from NIS data (Fig. 3) are employed in analyzing the NFS
data. The NFS data was initially fitted assuming that the
beating is only a dynamical feature for different temperatures.
With this model the fitting was observed to be acceptable
at high temperatures, however the quality of the fitting was
not good for low temperatures, below (7,,). This indicated
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FIG. 5. The molecular dynamics (MD) simulation of phonon density of states (PDOS) for BaTi 7Sn, 303 corresponding to whole system,
Ba atoms, three O atoms and Ti/Sn atoms at (a) 40 K (b) 300 K. Inset show the modes corresponding to Ti/Sn atoms at 300 and 40 K.

the development of hyperfine splitting at low temperatures,
corroborating the SRPAC data (Fig. 2). Hence, the presence
of QS is considered for fitting the data and better fitting to the
experimental data is observed with this model. This aspect is
shown in Fig. 6 for the lowest temperature NFS data. Detailed
fitting of the NFS data and the obtained temperature variation
of QS across T, is discussed in Sec. V.

V. DISCUSSIONS AND CONCLUSIONS

The obtained PDOS, characteristic of Sn site, from NIS
measurements (Fig. 3) is shown in Fig. 7. Qualitatively, the

T
10% 3
2
E 10% E
5 F E
g
iU’ L
2102 k 4
= 3 3
C
Q9
= ol Exp. Data
t —— Fit with no QS
- — FitwithQS "l
10° ] , ] , ] , ] , ] \ ]
25 50 75 100 125 150
Time (ns)

FIG. 6. Comparison of the different models to fit the low tem-
perature NFS data. Fitting of the 15 K NFS data is shown with and
without quadrupole splitting (QS).

obtained PDOS of Sn from NIS experiment across 7}, is same
corroborating MD simulations data (Fig. 5) indicating that
there is no structural phase transition across 7,, as expected.
In the context of NIS measurements it is imperative to con-
sider the vibrational modes associated only with Ti atom
in the unit-cell of BTO as Sn is expected to substitute Ti
atom. These modes are Ay, A,, E!, E2, wherein A, E stand
for vibration of Ti atom along the z axis, on the xy plane,
respectively. The calculated and/or observed vibrational fre-
quency for these modes in literature is at about 88.8 cm™!
(11.0 meV), 123 cm~! (15.2 meV), 144 cm~' (17.8 meV),

40K —— Raman Modes
— 300K __ | ——NiSdata
2
0.10 | T

£

s

2
— (2]
> s
o =
£
@ 0.05 - ‘ ‘ ‘
o 10 20 30
E Energy / Raman shift (meV)

Energy (meV)

FIG. 7. Phonon density of states (PDOS) of BaTiy; '*Sny 3 O;
obtained from NIS measurements at 300 and 40 K. Inset shows the
peaks obtained from the de-convolution of room temperature Raman
[Fig. 1(d)] and NIS data.
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FIG. 8. Temperature dependent 1198n NFS data of BaTig; ''*Sng 3 O;. Symbols represent the experimental data points and the solid line is
the best fit to the data. The obtained temperature variation of quadrupole splitting (QS) is shown in Fig. 9

170 cm™' (21.2 meV), 262.7 cm~! (32.6 meV), etc. [37]. The The experimental room temperature Raman and NIS data
observed modes from NIS data agree with the Raman data is deconvoluted and the obtained peaks are plotted in a single
indicating that the Sn is replacing the Ti atom in a BTO unit ~ plot as shown in the inset of Fig. 7. The relative intensity of
cell of the present study. the peaks from Raman and NIS data may not be a meaningful
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FIG. 9. Temperature dependent variation of quadrupole splitting
(QS) obtained from the fitting of NFS data as shown Fig. 8. Horizon-
tal solid line to shows the zero QS line. Vertical dashed lines are to
show the 7 as obtained from the temperature dependent dielectric
constant data [Fig. 1(b)]. Symbols are the experimental data points
and the solid line is the second-order polynomial fit to the data. Value
of QS obtained from SRPAC data (Fig. 2) is also shown.

comparison as NIS is element-specific in contrast to the col-
lective contributions that are recorded in Raman spectroscopy
measurements. However, if one sees the peak positions [inset
of Fig. 7)], it is clear that the modes match reasonably well
within experimental errors, although the Raman data are rela-
tively broader.

The important observation of the present study is the devel-
opment of small, but finite QS values at low temperatures in
the studied relaxor as evidenced from both SRPAC (Fig. 2)
and NFS (Fig. 6) measurements. The SRPAC data scaled
by the exponential decay and the scaling factor, as shown
in Fig. 2(b), clearly depict the long-period modulation with
opposite signs in the horizontal and vertical geometry. These
modulations confirm the presence of hyperfine interactions.
The fit provides t = 25.90 &£ 0.1 ns which is consistent with
tabulated natural decay value of 26.01 ns. The extracted QS
value 2 = 0.096 £ 0.008 mm/s is similar to the value ob-
tained in the NFS data. In view of this, and also better quality
of the fit to the NFS data by considering the presence of
QS (Fig. 6), all the NFS data measured at different temper-
atures are analyzed by keeping QS as free variable in the
present work. Good quality of the fits, as shown in Fig. 8,
ensures the consideration of this model as realistic one. The
obtained variation of QS with temperature is shown in Fig. 9
and one can clearly see the progressive development of QS
at low temperatures, below 7*. This variation is similar to
that of systems with FE ordering, for example as reported in
PbTi_4Zr,O3 with PAC measurements [14]. This observation
corroborates roughly with the Ti K-edge x-ray absorption

spectroscopy (XAS) data as reported in our earlier work [4].
The area of the feature at Ti pre-edge data was also observed
to raise on lowering the temperature below 7*. These features
of XAS data coming from the distortions of TiOg octahedron
are shown to originate from the off-center Ti displacement
within the TiOg octahedra, raising the electric dipole moment
with decreasing temperature.

Further, in the present work the QS is observed to vary
with temperature in a different fashion as compared to con-
ventional FE materials. Especially in BTO it is reported
that the QS/EFG, square of polarization (P), tetragonal
strain etc., follow the same trend with temperature. i.e.,
an almost constant saturated value and a sudden vanishing
value close to Curie temperature (T¢) [9,10]. However, the
temperature variation of QS in the present work is well fit-
ted with a polynomial of second order QS(mm/s) = A +
BT + CT? with the parameters A as 0.149 £ 0.013 mm.s~!;
Bas I.I x 103 4+1.9x 10*mm.s7".K~! and C as 2.1 x
107® £5.8 x 107" mms~!'K~2. One of the reasons for this
could be due to the contribution from dynamic EFG at low
temperatures in relaxors as compared to robust FE materials.
As the temperature is lowered more and more PNRs freeze
and grow in size, therefore, the relaxation rate of polarization
and hence EFG falls within the time domain of Mdssbauer
spectroscopy.

In conclusion, the present work has unambiguously
demonstrated the signatures of ferroelectriclike distortions,
specifically the presence of EFG at the Ti/Sn site in isova-
lent (Sn**) substituted BaTiO3 based relaxor systems. The
obtained results can be attributed to the distortion in the
cubic structure caused by the Sn substitution at Ti sites in
BTO. These findings were achieved through the combined
use of synchrotron-based hyperfine interaction techniques,
vibrational spectroscopy, and molecular dynamic simulations.
This study highlights the importance of employing experi-
mental methods that can offer complementary insights into the
atomic-scale structural distortions resulting in EFG, thereby
contributing to a more reliable understanding of relaxor-type
materials.
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