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We report the magnetic ground state of the technologically important giant dielectric constant material Ba
(Feq/25n1/2)03_5 (BFSO) using detailed dc and ac magnetization and specific heat measurements. Our careful
x-ray diffraction analysis confirms that BFSO is single phase and crystallizes in the cubic structure with the
Pm3m space group. Temperature-dependent dc susceptibility measurements reveal that magnetic irre-
versibility sets in below T;; ~ 18 K. In addition, the zero-field cooled susceptibility exhibits a peak at the
freezing temperature T ~ 16 K, which is also characterized by a frequency dispersion in ac susceptibility
measurements. This data also confirms to the critical slowing down model with cluster-glass transition
temperature Tg ~15.7 K and characteristic relaxation time 7, ~1077 s. The magnetic field dependence of the
freezing temperature T obeys de Almeida-Thouless line in the H-T plane. The presence of aging effect and
extremely slow time decay of thermoremanent magnetization is also observed below Ty The magnetic
contribution to the specific heat (C,,) exhibits a linear temperature dependence below T:. All these ob-
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servations unambiguously confirm a cluster-glass magnetic ground state in this system.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction

The complex perovskites with general formula of the type
A(B'xB""1-x)03, where A is a divalent or trivalent cations and B’ and
B’ are two different cations, have attracted a lot of attention due to
their interesting multi-functional properties and potential for tech-
nological applications [1-7]. Among the complex perovskites family,
the Fe-containing Pb-based systems of the type Pb(Fe;;2B1/2)0s3
where B =Nb, Ta and Sb, have been widely investigated due to their
multiferroicity and lead iron niobate Pb(Fe;;,Nbq2)03 (PFNO)
emerged as a model type-I multiferroic compound [8-12] in which
the d®-ness of the Nb>* cation and 6s? lone-pairs of the Pb?"* is be-
lieved to drive the ferroelectricity [8,9,13] while the d®-ness of the
Fe®* ion promotes the magnetic ordering [14-16]. It exhibits a fer-
roelectric phase transition (Tc) ~380K [8,9], long-range ordered
(LRO) antiferromagnetic (AFM) phase transition (Ty) ~ 150 K [14-16]
and a spin-glass transition (Tg) ~ 10 K [ 14-16]. Further, the LRO AFM
phase transition is manifested by a jump in the temperature de-
pendent dielectric constant [ 10] and anomalies in the unit cell lattice
parameters [17] suggesting magneto-dielectric and magneto-elastic
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couplings. The magnetic ground state of PFNO corresponds to co-
existence of LRO AFM and spin-glass phases [14,15].

On the otherhand, Pb-free complex perovskites of the type A(Fey,
2B1/2)03 where A =Ba, Sr and Ca and B =Nb, Ta and Sb, are not
multiferroic but they are known to exhibit nearly temperature stable
giant dielectric constant over a broad temperature and frequency
range [18-21] which is extremely attractive for miniaturization of
modern electronic devices. In addition, they exhibit a dielectric re-
laxation step ~ 150 K where the dielectric constant drops several
orders of magnitude without any structural phase transition similar
to the famous quadrupole system CaCusTizO12 [22,23]. These com-
plex perovskites also exhibit a strong frequency dispersion in the
high-temperature region (400-650K) [18-21]. The relaxation time
(z) corresponding to both low and high-temperature dynamics fol-
lows Arrhenius law [18-21] suggesting a non-relaxor behavior of
these perovskites. Relaxors are known to follows Vogel-Fulcher law
type relaxation dynamics with a critical dipolar freezing tempera-
ture (Tyg) at which t diverges [24]. In contrast to Pb-based complex
perovskites, the Pb-free systems do not show any LRO AFM transi-
tion [25-31]. The presence of LRO AFM transition in Pb-based system
has been attributed to be due to presence of 6s lone pair orbital of
Pb%* which provides additional superexchange pathways Fe3*-Pb?*-
Fe*" along the < 111 > pseudocubic direction in addition to the Fe3*-
0% -Fe>* pathways common to both the families [32]. The magnetic
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ground state of Pb-free system corresponds to a cluster glass re-
sulting from the freezing of the short-range ordered AFM clusters
with Tg ~ 20-30K [25-31].

In this context, barium ferrostannate Ba(Fe;/2Sn1/2)03_s (BFSO) is
considered as a technologically important material for prospective
applications. Recently, Bikyashev et al. [36] have reported a giant
dielectric permittivity (¢” ~10%) in BFSO at room temperature which
makes this material attractive for applications like multifunctional
devices, sensors, high density energy storage etc [33-35]. The parent
BaFeOs_s is reported to exhibit series of polymorphic phases de-
pending upon the anionic vacancy concentration (8) [37-42| and the
hexagonal phase becomes most stable at ambient condition [40-42].
Sagdeo et al. [41] first reported a colossal dielectric permittivity
(¢°~107) in the hexagonal phase of BaFeO;_s and its possible origin
has been linked to the magnetic correlations through magneto-di-
electric effect. It is noteworthy that the dielectric permittivity re-
ported by Sagdeo et al. [41] for BaFeOs; s (with §=0.2) at room
temperature is approximately two orders of magnitude higher than
the famous quadrupole CaCusTi4Oq, system [22,23]. Subsequently,
Ahmed et al. [42] also investigated the isostructural BaFeOs_s (with
8=0.29) and observed a significantly lower value of dielectric per-
mittivity ¢ ~10* compared to that reported in BaFeO,g [41]. More
recently, Dang et al. [43] studied the effect of Ti-doping on BaFeO5_s
and observed a very high value of dielectric permittivity (~10%)
which is comparable to other Fe-based complex perovskite sys-
tems [18-21].

Apart from the interesting dielectric behaviour, the bulk BaFeOs_s
undergoes a magnetic transition from paramagnetic to AFM at Ty ~
160K [40]. Based on Mdssbauer spectroscopy and dc magnetization
studies, Iga et al. [44] proposed that the magnetic state of BaFeOs_s
below Ty is not a simple long-range AFM order but a coexistence of
the long-range AFM order with short-range magnetic domains. This
scenario was further supported by microscopic measurement tech-
niques like neutron scattering and muon spin relaxation [40]. In-
terestingly, across the long-range AFM ordering transition of BaFeOs._
s several phenomena, such a sharp rise in resistivity, a huge drop in
the dissipation factor (tans) and a peak in magneto-resistance, were
observed [41]. All these observations indicate the coupling of charge
and spin degrees of freedom, and lead to magneto-dielectric effect in
BaFeOs_s.

The present investigation was undertaken to understand the
magnetic ground state of BFSO. There are two reports [45,46] on the
magnetic studies of BFSO which are contradictory to each other. Roh
et al. [45] did not observed any magnetic transition in BFSO except
the irreversibility of the ZFC and FC M (T) curves while the second
report by Bikyashev et al. [46] showed two magnetic transitions ~
55K and ~ 15K, respectively. Based on the irreversibility of the ZFC
and FC M (T) curves, a glass like behaviour has been tentatively
proposed [45,46]. Since such irreversibility phenomena could also
occur in superparamagnets [47] or even in LRO systems due to large
magnetocrystalline anisotropy [48], the proposal of glassy ground
state is not conclusive. It is therefore imperative to establish the
existence or otherwise of the glassy ground state in BFSO using
multiple criteria [49-51].

We present here comprehensive investigation of BFSO using x-
ray diffraction, dielectric, dc and ac magnetizations and specific heat
measurements. Our detailed analysis confirm the cluster glass
ground state of BFSO.

2. Experimental details

Single phase Ba(Fe;/,Sn;/)03_s (BFSO) ceramic sample was pre-
pared by standard solid-state reaction method. Stoichiometric
amount of initial ingredients BaCO3, Fe,05 and SnO, (Sigma Aldrich;
> 99.9%) were first thoroughly mixed using an agate mortar and
pestle for 8 hrs and subsequently the mixture was calcined in an
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alumina crucible at 1523 K for 10 hrs. The calcined powder was
grounded into fine powders and pressed into pellets of 10 mm dia-
meter and approximately 1.0 mm thickness at a load of 90KkN.
Finally, the pellets were sintered in a platinum foil at 1573 K for 3 hrs
in air. The surfaces of the pellets were cleaned and crushed into fine
powders and then annealed at 773 K for 12 hrs before recording the
XRD patterns. The experimental density of the sintered pellets was
found in the range 94-96% of the theoretical density.

The grain size distribution and chemical compositions of the
BFSO were determined by scanning electron microscope (SEM)
(Zeiss, model no. EVO 18) equipped with energy dispersive X-ray
spectroscopy (EDS) analyzer (Oxford, model no. 51-ADD0048). The
oxygen composition in the BFSO was determined by the redox io-
dometric titration method. X-ray diffraction (XRD) measurements
were carried out using a high-resolution powder diffractometer
(Bruker, model no. D8 ADVANCE). The XRD data were collected on
the annealed powders in the 20 range 20-92 degrees at a step size of
0.01 with a scan time per step of 2 s. Rietveld refinement of XRD data
was carried out using FullProf package [52]. DC magnetization
measurements were carried out as a function of temperature (T), and
field (H) using vibrating sample magnetometer (VSM) attachment in
the physical properties measurement system (PPMS, Quantum De-
sign, USA). AC susceptibility measurements were carried out as a
function of temperature at different frequencies (f) using the SQUID
based magnetic properties measurement system (MPMS, Quantum
Design, USA). The time (t) dependent thermoremanent magnetiza-
tion (TRM) and aging measurements were also performed using the
same instrument. The temperature dependent specific heat mea-
surements were performed on a PPMS set-up with HC module. For
this, we first performed the addenda (platform + apiezone N-grease)
measurement and then specific heat measurement of sample (i.e.,
sample + platform + apiezone N-grease) using a small piece of the
sintered pellet. The absolute value of the specific heat of the sample
was obtained by subtracting the value of specific heat of addenda
from the total measured specific heat. The temperature dependent
dielectric measurements of BFSO were carried out using Novocontrol
high-performance frequency analyzer and a close cycle refrigerator
(CCR) based system. For the dielectric measurements, the top and
bottom surfaces of the pellet were painted with silver paste. The
dielectric data were collected at a heating rate of 0.5 K/minute with a
step size of 2 K.

3. Results and discussion

3.1. Microstructure, chemical homogeneity and room temperature
crystal structure

The scanning electron micrograph image of BFSO shown in
Fig. 1(a) reveals highly dense microstructure free from pores. Well-
defined grains separated by grain boundaries are clearly seen in the
microstructure. We determine the grain size distribution by con-
sidering large number of grains in the microstructure. A histogram
showing the grain size distribution is depicted in the inset of
Fig. 1(a). It is evident that the average grain size of BFSO is ~
(0.91 £ 0.33) pm. We have also performed microstructural analysis
using Williamson-Hall (W-H) plot method to estimate the average
crystallite size and lattice strain of the BFSO. The Williamson-Hall
relation can be expressed as [53]:

B cosd=kar/d+4asing (1)

where B is the full width at half maxima (FWHM), 0 the Bragg’s
angle, k is a Scherrer constant and is in general equal to 0.90 for
powders, d is average value of crystallite size, » is wavelength of
radiation (For CuK,, A=1.5406A) and « is average value of lattice
strain. To determine the intrinsic FWHM of the sample, we have
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Fig. 1. (a) Scanning electron micrograph showing the microstructure of Ba(Fe;/2Sn;/2)03.s. Inset depicts the histogram of grain size distribution with the Gaussian fitting (red
curve). (b) The representative energy dispersive x-ray spectrum showing the presence of Ba, Fe, Sn and O elements in the Ba(Fe;,5n;/,)03.5 sample.
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Fig. 2. (a) X-ray powder diffraction pattern of Ba(Fe;2Sn;2)03.s at room temperature
with CuKo radiation (A = 1.5406 A). All the indices are written with respect to the cubic
perovskite cell. Inset shows the Williamson-Hall plot for Ba(Fe;2Sn;,2)0s.s. (b) Fitting
of the observed (red dots) and calculated (black continuous line) patterns using cubic
Pm3m space group. The green continuous line represents the difference between the
observed and calculated profiles. The vertical bars above the difference line indicate
the allowed position of Bragg peaks.

subtracted the instrumental broadening effect using a standard LaBg
sample. The W-H plot (B cos0 versus 4 sin@) obtained from the XRD
pattern of BFSO after removing the Ka, contribution is shown in the
inset of Fig. 2(a). The average crystallite size and lattice strain ob-
tained from the straight-line fit are ~ (0.83 + 0.11) pm and (2.5 £ 0.1)
x 1074, respectively. The average grain size obtained from the SEM
micrograph is in close agreement with the crystallite size de-
termined from the W-H plot.

To check the chemical composition, EDS spectra of BFSO were
recorded at randomly selected regions in the microstructure and a
representative spectrum is shown in Fig. 1(b), which reveal peaks
corresponding to Ba, Fe, Sn and O. Here, we have excluded the
oxygen composition in EDS analysis as this technique is less sensitive
to low atomic number (Z) element like O. The results of EDS analysis
after averaging over 18 different regions are given in Table 1. It can
be seen from this table that the observed chemical composition of
Ba, Fe, and Sn are in excellent agreement with the nominal com-
position within the standard deviation. The oxygen content in the
BFSO estimated from the redox iodometric titration method is de-
duced to be (2.76 + 0.01) with §=(0.24 + 0.01) which is in perfect
agreement with the previous report [45]. Keeping charge neutrality
and oxygen stoichiometry into consideration, the full electronic
composition formula for BFSO sample is Ba®*(FedsFed o, Sngs0)0%7s.
We will discuss the impact of oxygen deficiency in the physical and
magnetic properties of BFSO in the later sections.

Fig. 2(a) shows the high-resolution XRD pattern of BFSO after
stripping of the Ko, contribution. In conformity with the previous
report [36], the XRD pattern of BFSO reveals the formation of a
single-phase perovskite with no traces of any impurity phase. All the
peaks in the diffraction pattern of BFSO could be indexed with a
cubic perovskite cell. This was further confirmed by the Rietveld
refinement technique using XRD data shown in Fig. 2(b). The ob-
served and calculated profiles show excellent fit for the cubic Pm3m
space group, as can be seen from the nearly flat difference profile.
The so-obtained lattice parameters and unit cell volume a =b =c
=4.1106 (3) A and V = 69.456 (1) A3, respectively, are consistent with
an earlier report [36].

3.2. Dielectric behaviour

Fig. 3(a) and 3(b) depict the variation of real part of dielectric
permittivity (¢’) and loss tangent (tansd) for BFSO as a function of
frequency at room temperature. It can be seen that the dielectric
permittivity decreases continuously with increasing frequency while
the tand first decreases up to 100 Hz frequency and then increases
slightly (~3000 Hz) followed by gradual decrease with increasing

Table 1
Quantification of Ba(Fe;/2Sn;/2)03-5 by EDS analysis performed at 18 randomly se-
lected regions in the microstructure.

Element Average chemical composition in Atomic %
Expected Observed
Ba 50 504 + 1.7
Fe 25 245+22
Sn 25 251+14
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Fig. 3. Variation of (a) dielectric permittivity (¢') and (b) loss tangent (tan §) as a
function of frequency at room temperature for Ba(Fe;/25n12)03.s.

frequency. A similar behaviour of dielectric permittivity and tans
were also reported in Fe-containing B-site disordered perovskites
A(Feq/2B12)05 where A =Ba, Sr, Ca and B =Nb, Ta, Sb [18]. Our room
temperature values of ¢’ ~1.2 x 10 and tans ~1.9 at 100 Hz for BFSO
are comparable to that reported recently by Bikyashev et al. [36].
These values agree well with the parent compound BaFeO;_s (¢’ ~10%)
[42], Ti-doped BaFeOs; (¢/ ~10%) [43] and CCTO (¢’ ~10* -10°)
[22,23]. It is noteworthy that, Sagdeo et al. [41] reported orders of
magnitude larger value of ¢’ ~ 107 and very large tans ~ 20 at 10 kHz
for BaFeOs_s.

To further explore the relaxation mechanism involved in BFSO,
we performed temperature dependent dielectric measurements.
Fig. 4(a) and 4(b) show the temperature dependence of the real part
of dielectric permittivity (¢' (T)) and loss tangent (tans (T)) of BFSO at
different measuring frequencies. It can be seen that the ¢'(T) shows
nearly temperature and frequency independence behaviour upto a
certain temperature (for example ~175K at 101 Hz), and then it
starts increasing gradually (upto ~240K for 101 Hz) followed by a
sharp increase in £'(T). On the otherhand, tans (T) exhibit two peaks
in this temperature range suggesting the presence of two dielectric
relaxations (hereafter labelled as the LT; and LT,). Similar two re-
laxation processes were also observed in BaFeO5_s [41] and Ti-doped
BaFeOs_s [43] below room temperature. It is interesting to note that
both peaks in tand show frequency dispersion. To analyze the tem-
perature dependence of two dielectric relaxations of BFSO, we used
first derivative plots of tand which exhibit two peaks T; and T, (see
Fig. S1 of the supplemental information for more details). Interest-
ingly, the peak temperatures T; and T, corresponding to two re-
laxations shift to higher temperature with increasing frequency. The
frequency dependent dielectric relaxations may arise due to relaxor
ferroelectric transition or Maxwell-Wagner type relaxations at the
grain boundaries and internal imperfections [3,24]. The frequency
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dependent shift AT is rather huge in both dielectric relaxations and
we proceed to analyze the origin. The Maxwell-Wagner type re-
laxation usually follows Arrhenius law [18],

© = 19 exp[Ea/kgT] (2)

where E, is the thermal activation energy, t¢ is the characteristic
relaxation time, kg is the Boltzmann’s constant. On the otherhand,
the relaxation time (t) in relaxor ferroelectrics follows the empirical
Vogel-Fulcher law [3,24],

T = 79 eXp|[Ea/kp(T-Tyr)] (3)

where Tyr is the Vogel-Fulcher freezing temperature. The tem-
perature dependence of both the dielectric relaxations of BFSO fol-
lows the Arrhenius law. This is confirmed by the In (t) versus 1/T
plots shown in Fig. 4(c) and 4(d). The straight-line nature of the plot
suggests Arrhenius behaviour and non-relaxor ferroelectric nature of
BFSO with activation energies E;; =(0.28 £ 0.01) eV, Ea
=(0.44 + 0.01) eV and relaxation time to; =(1.1 + 0.2) x10™"" s, 70
=(4.4 + 1.2)x107" s, respectively, for the two relaxations. The esti-
mated value of E,; corresponding to LT, relaxation of BFSO is close to
the activation energy of polaronic relaxation (E, ~ 0.14-0.28 eV)
caused by the localized charge carrier hopping between Fe?" and
Fe>* ions [41,42]. It is well-known that the physical properties are
strongly influenced by the oxygen vacancies which are created
during sintering process at high-temperatures. As per the Kroger-
Vink notation, each oxygen vacancy leaves behind two electrons
[54]: Oge 1/20,+Vy +2e’ where Op, V5 and e’ represent the oxygen
atom, oxygen vacancies with two net positive charges and electron
with negative charge, respectively. The released electron from the
oxygen vacancy may be captured by Fe*" of BFSO and leading to its
reduction to Fe3* (Fe*" + e’ & Fe"). The presence of Fe** and Fe3*
ions leads to hopping phenomena in the BFSO. Furthermore, the
presence of a pair of Fe>*-Fe** ions may also act as defect dipoles
with finite local polarization. In the presence of electric field, the
polaron hopping is identical to the flipping of the dipole and hence
strongly affects the dielectric behaviour. On the otherhand, the cal-
culated activation energy E,, of LT, relaxation of BFSO is close to the
activation energy reported for Ba(Fe;;;Nby2)03 (~0.35eV) [18], Ca
(Fe1/25b1/2)03 (~O40 eV) [18] and Ba(FeohgTio_2)03_5 (~049 eV) [43],
where the dielectric relaxation behavior has been attributed to the
Maxwell-Wagner effect. Thus, we conclude that the two dielectric
relaxations in BFSO originates from the polaron hopping and Max-
well-Wagner effect, respectively.

3.3. DC susceptibility

The temperature dependence of zero-field cooled (ZFC) dc
magnetic susceptibility y (T) (= M/H, where M is the magnetization
and H is the applied field) of BFSO measured at 100 Oe field is shown
in Fig. 5(a). Evidently, y (T) increases gradually with decreasing
temperature and shows a peak at Tr ~ 16 K which is possibly due to
spin/cluster-glass freezing. On further cooling, y (T) exhibits a
shoulder around 9 K at lower field and disappear at higher field (H >
1000 Oe). Such a shoulder has also been observed in the other Fe-
containing complex perovskites A(Fe;;,M;;2)03 (where A = Ba, Sr, Ca,
M = Nb, Ta) [25,27,29,30]. The origin of this shoulder is unknown to
us. To understand the nature of magnetic interactions in BFSO, we
plot temperature dependence of inverse of ZFC susceptibility (1/y) at
100 Oe field in Fig. 5(b). It is evident from the figure that above
200K, x (T) increases linearly with temperature and follows Curie-
Weiss (C-W) law [55]:

e
X1 = (T - ecw) (4)
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Fig. 5. Upper panel (a) Temperature dependence of zero-field cooled (ZFC) dc sus-
ceptibility y (T) of Ba(Fe;/25n;/2)03-s measured at H=100 Oe. Inset of panel (a) shows
the temperature dependence of ZFC and FC dc susceptibility curves on a magnified
scale to reveal history dependent bifurcation and a flatness/plateau in the FC y (T)
curve below T;. Lower panel (b) depicts the inverse of ZFC dc susceptibility (™)
versus temperature plot. The continuous line through data points represent the Curie-
Weiss fit using Eq. (4) in the range 225-300K.

where C is Curie constant and Ocw is Curie-Weiss temperature. The
fitting parameters obtained after the least-squares fit in the range
225-300K are: C =(1.498 % 0.006) emu K mol™! Oe™! and 6cw =-
(174 £ 1) K. Physically, 6cw represents the sum of all exchange in-
teractions present in the system. The negative value of 6cw suggests
dominant antiferromagnetic type magnetic correlations in this
system. However, the departure from Curie-Weiss behaviour is no-
table below 175K and points towards the possible role of short-
range correlations in BFSO.

The calculated effective moment (pesr) from the Curie constant

using relation peg = 3&3 i comes out to be = (3.46 + 0.01) pg which

is approximately half of the expected moment (5.916 pg) for the high
spin Fe** (S = 5/2) state. The low value of pg was reported in the Fe-
containing niobates and tantalates compounds also [25,27,29,30]
and has been attributed to be due to the presence of nanometer-size
AFM clusters [29]. Higher temperature y (T) data may provide higher
uer Value close to the theoretical value after breaking the AFM cor-
related clusters [16].

The temperature dependence of ZFC and FC y (T) plots of BFSO
measured at 100 Oe field are shown in Fig. 5(b). Evidently, the two
curves bifurcate at a characteristic temperature T, ~ 18 K with a
peak in the ZFC y (T) curve at T ~ 15K. In canonical spin glasses
(dilute magnetic alloys like CuMn), T;;; nearly coincides with the T¢
while in concentrated systems (leading to cluster glasses) Tj.. > T
[50]. The bifurcation of ZFC and FC y (T) curves is a characteristic
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features of spin/cluster glasses and superparamagnetic blocking
[49-51]. A notably different behaviour of FC y (T) is expected for
cluster glasses and superparamagnetic blocking [47]. The FC yx (T) of
cluster glasses show a plateau below T¢ and then start increasing
with decreasing temperature [29,47,56] while in superparamagnetic
blocking FC y (T) increases monotonically with decreasing tem-
perature [47]. As can be seen from the inset of Fig. 5(a), the FC y (T)
curve of BFSO shows a plateau over a small temperature range and
then starts increasing with decreasing temperature suggesting the
cluster-glass freezing.

3.4. AC susceptibility

To distinguish the spin/cluster glass freezing and super-
paramagnetic blocking, we carried out ac susceptibility measure-
ments at different frequencies in the vicinity of freezing temperature
T¢. The amplitude of ac field was fixed at 5 Oe for all measurements.
Results of the real part of ac susceptibility x'(», T) as a function of
temperature is depicted in Fig. 6. Evidently, y' (T) exhibits a peak
across the freezing temperature T (w), similar to observed in dc y (T)
(shown in panel (a) of Fig. 5). The position of the peak T (w) shifts to
higher temperature and the magnitude of y' (T) decreases with in-
creasing frequency (f). Such a frequency dependent shift of T¢ (o) has
been observed in both spin/cluster glass and superparamagnets
[49-51]. The two phenomena can be distinguished by analyzing the
empirical Mydosh parameter defined by [50]: ® = AT /(T Aln(w)),
where AT is shift in the peak temperatures corresponding to lowest
and highest frequencies. The accurate peak position was determined
from the seventh order polynomial fits to the observed data shown
in the Fig. 6(a). The value of ® for BFSO comes out to be ~0.013 which
is much lower than that reported for non-interacting super-
paramagnetic systems (0.1-0.3) and lies in the expected range of
spin-glasses (0.005-0.09) [50]. Indeed, the value of ® for BFSO is
comparable to the cluster glass systems like CrgsFegsGa (~ 0.017)
[57], Zn3V30z (~ 0.028) [58], CazMn3(02B0s), (~ 0.02) [59], Sr(Fey,
2Nb1/2)03 (~ 0023) [30], CoGay0y4 (~ 0028) [60] and Ca(Fe1/2Nb1/2)O3
(~ 0.045) [29]. Thus our Mydosh parameter analysis suggests the
cluster glass freezing rather than the superparamagnetic blocking is
responsible for the peak in ZFC x (T) of BFSO.

In order to further explore the spin/cluster dynamics, we ana-
lyzed the frequency dependence of Ts (w) using conventional “critical
slowing down” model given by power law expression [49]:

T (Tf(w) -Tc )_Zv
T Tc ' (5)
where © (= 1/2nf) is the relaxation time corresponding to the mea-
surement frequency (f), 7o signifies the characteristic relaxation time
of individual spin or cluster of spins, Tg is the critical glass transition
temperature at which the ergodicity breaking occurs and the longest
relaxation time < diverges, v is characteristic exponent of spin-spin
correlation length & « (Tg/Tg-1)" and z denotes dynamic critical
exponent relating the relaxation time < to correlation length ¢ as t «
g [49]. In Fig. 6(b), In (z) versus In(T¢ (w)/Tg - 1) is plotted which
gives very good fit for the critical slowing down model Eq. (5) with
fitting parameters: Tg =(15.7 £ 0.1) K, zv =(2.4 £ 0.1) and =g
=(3.2 £ 0.9) x1077 s, respectively. The observed value of zv for BFSO
is somewhat lower than the canonical spin-glasses (4-10) [49,50]
but in good agreement with the values reported for cluster glass
systems like Cu,MngsFegsAl (~2.2) [61], LuFe,O4 (~2.85) [62],
ZnsV;0g (~ 2.98) [60], LiZn,V30g (~ 2.65) [63], SmFeO5(~2.85) [64].
The value of 7o for BFSO is orders of magnitude larger than that
observed in typical canonical spin glasses which usually lies in the
range of 107" - 10713 5 [49,50]. In fact, o for BFSO is consistent with
those reported in cluster glass systems in the range 107 -107° s
[29,56,62-65]. The large value of 7o strongly suggests presence of
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Fig. 6. Left panel (a) Temperature dependence of real part of ac susceptibility of Ba(Fe;2Sny,2)03.5 at various frequencies (13 Hz, 99 Hz, 166 Hz and 299 Hz) with a fixed ac drive
field of 5 Oe. Right panel (b) shows In (t) versus In (T{w)/Tsg-1) plot and solid line is the fit to the critical slowing down model given by power law Eq. (5).

clusters in the BFSO system and these interacting clusters leads to
glassy freezing due to frustrated nature of the exchange interactions.
Thus our critical slowing down analysis of the ac susceptibility ' (T)
data confirms the cluster glass phase in BFSO with Tg ~ 15.7 K.

3.5. Isothermal magnetization

To further understand the nature of the magnetic state in BFSO,
the field dependent magnetization (M versus H) curves were re-
corded at selected temperatures shown in Fig. 7. It is evident that the

529 pqm=007emue| 3K
H_=1865.9 Oe - 10K
0.0 _ ]

3.9 . / 0}
o l ;
R
3 b6 -15
Sz

0 20 40 60 80 100
H (kOe)

Fig. 7. The magnetization versus field curves of Ba(Fe;2Sn;/2)03.s at selected tem-
peratures 10, 50, 100, 150, 200, 250 and 300 K. The solid lines in the plot shows the
deviation from the linear behavior. Inset: M versus H plot at 3 K along with magnified
view in the low field region.

M-H curves exhibit linear characteristic in the temperature range
200-300K. This clearly demonstrate the paramagnetic nature of
BFSO above 200 K. A considerable non-linearity in M-H curves were
observed below 200K (see derivative plots shown in Fig. S2 of the
supplemental information for more details) which suggest that some
short-range order start appearing gradually with decreasing tem-
perature. This is consistent with the Curie-Weiss behavior observed
in BFSO which also shows deviation from the linearity below 200 K.
Notably, the M-H curve does not show any saturation even at very
high magnetic fields of 90 kOe, indicating the presence of dominant
AFM interactions in the system. Interestingly, we observed a small
opening of the M-H hysteresis loop with considerable remanent
magnetization (M, ~ 0.07 emu/g) and coercive field (H. ~ 966 Oe) at
3K (see inset of Fig. 7). Such small opening of the M-H loop has been
commonly observed in spin glasses/cluster glasses below T
[47,49-51,66] and attributed to the presence of short-range ordered
FM/AFM clusters.

3.6. H-T phase diagram

To get more insight into the nature of the glassy state, we ana-
lyzed the field dependence of the freezing temperature (T¢). Despite
extensive study on the spin-glass transition, a consensus about the
stability of the spin-glass state in presence of magnetic field is still
lacking [67] and continues to be debated as two entirely different
scenarios have been proposed in the literature [68,69]. The first
scenario [68] due to de Almeida-Thouless (A-T), using Sherrington-
Kirkpatrick (S-K) model of infinite range interaction within the mean
field approximations, predicts that the replica symmetry breaking
(RSB) occurs even in the presence of low fields which shows that the
spin-glass state is stable under finite magnetic field also. The second
scenario of spin-glass was speculated on the basis of the phenom-
enological droplet model [69] in which the replica symmetry is re-
tained and the spin-glass state is unstable in the presence of even an
infinitely small magnetic field. Another independent theoretical
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Fig. 8. Temperature dependence of the zero-field cooled (ZFC) and field-cooled (FC) dc magnetization curves for Ba(Fe;/2Sn,2)03.; measured at (a) 100 Oe, (b) 500 Oe, (c) 1000 Oe,

(d) 2500 Oe, (e) 3500 Oe, and (f) 5000 Oe. The arrow pointing the upwards correspond to the freezing temperature (Ty). Panel (g) Variation of T¢ as a function of H. The solid line
through data points is the least square fit to the theoretical predicted de Almeida-Thouless Eq. (6) with critical exponent m ~ 0.63.
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study of vector spin glasses by Gabay and Toulouse and Sherrington
[70,71] shows that the spin-glass phase persists in the presence of
magnetic field for both Ising and Heisenberg systems. In the T-H
phase diagram for the spin glass systems, de Almeida Thouless (A-T)
and Gabay-Toulouse (G-T) lines have been theoretically predicted
[68,70,71] with different field exponents. The field dependence of
two critical lines in the T-H plane can be expressed as [68,70,71],

Te (H) = T (0)[1 - AH™] (6)

where T¢(0) is the freezing temperature in the limit of H — 0, A is
a constant and m is the critical exponent which corresponds to m
=2/3 for the A-T and m =2 for the G-T line. Experimentally, A-T and
G-T lines in the T-H plane have been constructed using field de-
pendence of either the peak temperature (T) [14,29,56,72] in the
ZFC M (T) plot or irreversibility temperature (Tj;) [29,57] where ZFC
and FC M (T) curve bifurcates.

To construct T-H phase diagram of BFSO, we measured tem-
perature dependence of ZFC and FC M (T) at different fields in the
range 100-5000 Oe, as shown in Fig. 8(a-f). It is evident that the
peak temperature T¢ (H) corresponding to cluster glass freezing
marked with arrows shifts to low temperature side with increasing
magnetic field, consistent with the theoretical predictions [68] for
the spin glasses as per the first scenario discussed earlier. To de-
termine Tf more accurately, we fitted the ZFC M (T) data with 7th
order polynomial function in a region close to the observed peak.
The variation of Tr with magnetic field is depicted in Fig. 8(g). A
least-squares fit to Eq. (6) gave the characteristic exponent m
=(0.63 £ 0.09) which is in perfect agreement with the theoretically
predicted value (m ~ 2/3) for A-T line within the mean field ap-
proximation [68]. The A-T type critical line represents a phase
boundary between the ergodic (paramagnetic) and non-ergodic
(spin-glass) phases in the T-H phase diagram. Such A-T line has been
reported in well-known canonical spin-glass as well as cluster glass
systems [14,29,73,74]. The extrapolation of the A-T line to H = 0 gives
the Tf (H = 0) =(15.6 £ 0.5) K which is in agreement with the Tg ~
(15.7 £ 0.1) K determined from the ac susceptibility measurements.
Thus the presence of A-T type critical line in the T-H plane further
supports the existence of glassy phase in BFSO.

3.7. Magnetic relaxation and aging effects

It is well established that aging effects and long-time relaxation
phenomena are typical characteristics of the spin/cluster glass state
[49-51]. To understand these phenomena in BFSO, we performed
time dependent thermoremanent magnetization (TRM) at different
waiting times (t,,) below Tt. For this, we followed standard FC pro-
tocol in which the sample is cooled in presence of 100 Oe field from
300K (T > T¢) to a desired wait temperature T,, (<Tf) = 10K at the
rate of 2 K/min. After the reaching at 10 K, the sample was allowed to
age for wait time of t,, =100s. After the elapse of wait time t,, at
10K, field was switched off to zero and relaxation of magnetization
was recorded as a function of time. We followed the above proce-
dure for waiting times t,, =1000s and 2000s. The results of the
decay of magnetization M (t) with time at different waiting times are
depicted in Fig. 9. It is evident that the M (t) curve continues to
decay with time and do not show saturation even after the mea-
surement of 6500 s. The maximum decay of M (t) curve is found to
be ~23% corresponding to wait time of 100s. Such a very slow decay
has been speculated to arise due to the presence of hierarchical ar-
rangements of the metastable states separated by different energy
barriers which respond to the different relaxation times after the
release of magnetic field. Evidently, the decay of M (t) curve is found
to be sensitive to the waiting time t,,. The longer waiting time re-
laxes more slowly which clearly demonstrate the aging effects
in BFSO.
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Fig. 9. Thermoremanent magnetization M (t) of Ba(Fe;/2Sn;/2)03.s as a function of
time at 10K for 100 Oe cooling field with different wait times (t,, = 100, 1000 s and
2000 s). The solid line in the plots are best fit for the stretched exponential function to
the data. Inset shows the log-log plot of M (t) data with time. The non-linear nature of
these plots clearly rules out the logarithmic dependence of M (t).

Theoretically, for spin/cluster glasses, Palmer et al. [75] estab-
lished a stretched exponential type functional dependence of M (t)
with time, based on the hierarchically constrained dynamics, which
is expressed as:

M(t) = Mo + Mg exp[~(t/t)'] (7)

where My is the magnetization corresponding to LRO component,
Mg is the magnetization related to glassy component which con-
tributes to the observed relaxation effects, t is the characteristic
relaxation time and p is the stretched exponent. Both = and M, de-
pends on temperature as well as the waiting time t,, while the value
of p is only dependent on temperature. The B=1 corresponds to
simple Debye like relaxation with a single relaxation time = while
B =0 indicate the absence of relaxation. In the glass state, the energy
landscape is multivalleyed with different potential energy barriers,
the relaxation time () has a distribution and value of g lies in the
range 0 < B < 1 [75]. We have fitted the observed M (t) versus time
plots using the stretched exponential Eq. (7). This is shown by
continuous solid line through data points in Fig. 9. The parameters
Mo, Mg, © and p extracted from the fit ranges from (2.15-2.25) x107
emu/g, (0.822-0.840) x10> emu/g, (1825-5821) s and 0.51-0.55,
respectively, for different waiting times. The small value of M, re-
veals that the long-range ordered component in BFSO case is anti-
ferromagnetic. Interestingly, the value of p for BFSO falls within the
range of spin/cluster glasses [54,57,76]. Alternatively, a logarithmic
time dependence of M (t) have been reported in some systems
which is expressed as [77,78]:

M (t) = My - C log (t) (8)

where My is the initial remanent magnetization and C is a con-
stant which depends on the material, temperature and field. As per
Eq. (8), the log-log plots of M (t) versus time should be linear.
However, the non-linear nature of the plots shown in the inset of
Fig. 9 clearly rules out the applicability of the logarithmic type
functional dependence in BFSO. It is interesting to note that the
different linear regions are observed in the plots (see inset of Fig. 9)
which point towards the existence of different relaxation times. A
comparison of the M (t) versus time curves also suggests that the
logarithmic type functional decay is valid only for a few decades
time scales whereas the stretched exponential type decay describes
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Fig.10. The main panel depicts the temperature dependence of total specific heat (Cp:
open circle) of Ba(Fe;25n;/2)03.5 at zero magnetic field along with lattice specific heat
(Cy: continuous line) obtained from fitting with the Debye model (see Eq. (9)) and
magnetic specific heat (Cy,: filled circle) obtained by subtracting the lattice con-
tribution from the total specific heat. The top inset shows the temperature variation of
Cpy in the range 2-25 K and solid line is the fit using C,,, = AT-type dependence. Bottom
inset depicts the variation of magnetic entropy change (Sy,) as a function of tem-
perature.

the whole range of relaxation process. Thus, our detailed aging ef-
fects and thermoremanent magnetization study strongly support the
existence of glassy state in BFSO below Tr.

3.8. Specific heat studies

Prompted by our interesting magnetization studies, we also
carried out specific heat measurements on BFSO sample to under-
stand the nature of magnetic state and magnetic entropy. The main
panel of Fig. 10 depicts the temperature dependence of total specific
heat (C,,) of BFSO in zero magnetic field. It is evident from the C, vs T
plot that it does not show any indication of a magnetic phase tran-
sition into long-range order (typically A like anomaly) down to 2 K.
This suggest that long-range magnetic order is absent in the BFSO. To
gain further insights into the nature of phase transition, we have
estimated the magnetic contribution to specific heat Cy,. To estimate
Cn, we have subtracted the phonon contribution from the total
specific heat value. For this, we assume that in the temperature
range 150-255K range, the specific heat contribution is due to
phonons only. We determine the Debye temperature (®p) by least-
square fitting the observed total specific heat data in the range
150-255 K using Debye equation [79]:

op/T 44X
J-D/ X%e dx

T 3
Clattice = 9N1(B(7) 0 (ex _ 1)2

Op (9)

where N, is the Avogadro number, kg is the Boltzmann constant, ®p
the Debye temperature. The best fit value of ®p for BFSO comes out
to be =(501 % 5) K. After determining ®p, we have calculated the
theoretical lattice contribution to specific heat by Eq. (9) in the
temperature range 1.8-255K. The magnetic contribution to the
specific heat of BFSO was estimated by subtracting the lattice con-
tribution from the total specific heat (see Fig. 10). It can be seen from
the figure that the magnetic contribution to specific heat start
growing ~150 K and around this temperature the Curie-Weiss fit and
M-H curve show significant departure from the linear behaviour
suggesting that some short-range correlations start developing. In
dilute metallic spin-glass systems, like CuMn, AuFe, the magnetic
contribution to specific heat shows linear dependence below T¢and a
broad maximum above the freezing temperature T (at nearly 2-3
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times the freezing temperature) [50]. Such a linear dependence of
Cn has been explained theoretically using two level tunnelling
model [80]. However, in concentrated systems, there is no unanimity
about the temperature dependence of the magnetic contribution to
the specific heat below T;. Different empirical and theoretical models
involving linear [81-83], exponential [84-88| and power law [89]
type dependence of magnetic contribution to the specific heat have
been proposed in the literature for the concentrated systems. In
general, we do not expect the linear term for insulating samples at
low temperatures. We believe that in our case, the linear tempera-
ture dependence of C,, below T¢(see top inset of Fig. 10) arises due to
the glassy nature of the ground state. Further, it shows a broad peak
~53 K (3 times T¢) which is consistent with the well-known canonical
spin-glasses [49,50].

The magnetic entropy (S,,) was estimated by integrating the C,,,/T
as a function of temperature using the expression [79]:

Sm = jOT (CTm)dT

The maximum value of theoretical entropy of the system having
total spin (S) can be estimated by RIn(2 S+1). So, the maximum ex-
pected theoretical entropy for Fe** ions, S =5/2, is 14.89 ]/mol-K. For
BFSO, the maximum entropy value is 13.185]/mol-K, which ap-
proximately 88% of the total theoretical magnetic entropy value. A
slightly higher value of entropy may be attributed to the presence of
some Fe*" ions in the BFSO system. The value of entropy at T is
found to be only 0.9 ]/mol-K (see bottom inset of Fig. 10) which is
approximately 3% of the total magnetic entropy. This is in broad
agreement with the reported literature at which 5-15% entropy is
released at Ty [50]. Thus, the temperature evolution of magnetic
entropy of BFSO suggest that substantial entropy is contained in the
short-range AFM correlations which are developed above the glass
transition temperature. Hence, our specific heat analysis also con-
firms the glassy ground state of BFSO consistent with the dc and ac
susceptibility studies.

(10)

3.9. Magnetic ground state of BFSO

The foregoing results indicate that BFSO exhibits cluster-glass
freezing behaviour with Tg ~15.7 K and characteristic relaxation time
of 7o ~1077 s. It is well established that the percolation threshold
concentration (cp,) plays a vital role in deciding the long-range order
transition and short-range correlations with spin/cluster glass be-
haviour [90-92]. If the disorder content (c) is less than the c;, then
LRO phase transition has been observed. However, for ¢ > c,, leads to
the formation of local short-range ordered FM/AFM correlated
clusters with glassy behaviour [90-92]. Further, for disorder content
¢ =Cp, a coexistence of LRO and spin/cluster-glass phases has been
observed [90-92]. Since 50% of the magnetic sublattice are occupied
by non-magnetic Sn** randomly in the BFSO, the absence of LRO
AFM phase may be due to the randomness in exchange interaction
caused by disorder. We believe that in BFSO, the disorder content
(c>cp) might be strong enough to stabilize the cluster glass state.
However, it is worth mentioning that the percolation threshold
concentration c,, varies across systems [93-96]. As explained in the
earlier Section 3.2, the oxygen vacancies in the BFSO sample lead to
the formation of the mixed valence states Fe** and Fe*'. Recent
Mossbauer spectroscopy measurements [36] also revealed the ex-
istence of mixed valence Fe>* and Fe?" states in BFSO. The presence
of mixed valence states of Fe ions in BFSO lead to different magnetic
exchange interaction pathways (Fe**- Fe*", Fe3*- Fe3* or Fe*'- Fe*")
mediated by nonmagnetic oxygen. The superexchange interaction
pathways Fe3*-0*-Fe** or Fe*-0%*-Fe** will always be anti-
ferromagnetic in nature while the double exchange interaction
pathways Fe** -0%- Fe*" will be predominantly ferromagnetic [97].
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The competing nature of these two interactions induce magnetic
frustration and suppresses the long-range ordering which conse-
quently gives rise to the experimentally observed cluster glass state
in BFSO. It has been shown previously [98] that the B-site disordered
perovskite Sr(FegsRug5)03 exhibits glassy behavior induced by the
competition between Fe**-0%-Fe** ferromagnetic interaction and
Fe3*-0%"-Fe3* antiferromagnetic interaction.

It is interesting to compare our results of BFSO with the niobate
perovskites Ba(Fe;,Nby/2)03 (BFNO) in terms of the crystal struc-
ture, magnetic transitions and possible superexchange interaction
pathways. BFNO is isostructural to BFSO i.e., it has cubic crystal
structure in the Pm3m space group. The magnetic ground state of
BFNO corresponds to cluster glass phase with Tg ~29 K and o ~107" s
[31]. In the case of BFNO, only one superexchange interaction
pathway Fe>*-0%-Fe®" is possible due to stable valence state of Fe>".
To understand the differences in the magnetic transition tempera-
tures of BFSO and BFNO, we compared the strength of magnetic
interactions. As per Goodenough’s theory of magnetic super-
exchange interaction [88], the magnetic interaction between
Fe?*(3d®) and Fe**(3d®) cations is much stronger than that between
Fe**(3d*) and Fe3*(3d®) cations, as well as that between Fe*"(3d%)
and Fe**(3d*) cations. In BFSO, the AFM superexchange interactions
among the Fe3"-0%-Fe*" and Fe*-0%*-Fe*' is weakened by the FM
double exchange interaction through Fe>*-0%*-Fe** and thus leads to
decrease in the transition temperature in comparison to BENO.

Before we close, a brief comment about the possible magnetic
and dielectric correlations would be in order. It is noteworthy that
significant changes in the magnetic dielectric properties were ob-
served in the vicinity of 175-200K, for example, dielectric permit-
tivity gradually start increasing, inverse of ZFC susceptibility
deviates from the Curie-Weiss behaviour, and M-H curves changes
slope, magnetic contribution to specific heat C,, start gradually in-
creasing and the magnetic entropy change gradually decreases with
lowering temperature. Thus the possibility of giant dielectric per-
mittivity governed by the magnetic correlations cannot be ruled out
in BFSO. However, more work is required using neutron diffraction
and Raman scattering study and local probes like NMR to under-
stand the role of the magnetic correlations in BFSO.

4. Conclusions

To summarize, we have synthesized polycrystalline samples of Ba
(Fe12Sny2)03.5 (BFSO) using the standard solid-state method and
examined its magnetic ground state. X-ray diffraction analysis con-
firms that BFSO crystallizes in the cubic Pm3m symmetry. It exhibits
giant dielectric permittivity ¢'~10* at room temperature with two
low temperature dielectric relaxations originating from the polaron
hopping mechanism and Maxwell-Wagner effect, respectively.
Temperature dependent zero-field cooled (ZFC) dc susceptibility
exhibits a sharp peak at T ~16 K and follows Curie-Weiss behaviour
well above T¢ with dominant antiferromagnetic correlations (Ocw ~ -
(174 £ 1) K). In addition, the ZFC and field cooled (FC) y (T) curves
diverges at the irreversibility temperature T, suggesting the glassy
behaviour. Further, ac susceptibility measurements reveal frequency
dispersion around Trand a power law type critical dynamics with Tg
~15.7K, and g ~1077 s confirming the cluster glass state in BFSO.
Moreover, Tr decreases with increasing field and falls on the de
Almeida-Thouless line with mean field exponent m =(0.63 + 0.09).
Below T, we observed aging effect and magnetic relaxation beha-
viour due to the presence of large number of metastable states.
Further, our temperature dependent specific heat measurements do
not show any sharp feature in the range 2-250K revealing the ab-
sence of long-range AFM ordering in BFSO, consistent with dc and ac
magnetization studies. Interestingly, the magnetic contribution to
specific heat Cp,, follows linear-T dependence below T, as expected in
spin/cluster glasses. We hope that the present study would provide
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the key ingredients for future theoretical studies directed towards
understanding the CaCusTi4Oq, type giant dielectric constant beha-
viour of BFSO.
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