
PHYSICAL REVIEW MATERIALS 7, 034405 (2023)

Canonical spin glass and cluster glass behavior in the polymorphs of LiFeSnO4
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We report a comprehensive and comparative study of structural, static, dynamic, and nonequilibrium magnetic
properties on the polymorphs of LiFeSnO4. It exhibits two polymorphs: (i) orthorhombic phase (HT) stabilized
at high temperature and (ii) hexagonal phase (LT) obtained at lower synthetic temperature. The HT phase crys-
tallizes in the orthorhombic structure (space group: Pmcn) and exhibits a site disordered, nonfrustrated zig-zag
network of Fe3+ and Sn4+ ions. On the other hand, the LT phase shows a disordered frustrated kagome network
of Li1+, Fe3+, and Sn4+ ions crystallizing in the hexagonal structure (space group: P63mc). The low-temperature
thermo-magnetic irreversibility and the absence of heat capacity anomaly in both polymorphs indicate the
absence of long-range magnetic ordering and a possible glassy state. Zero-field-cooled and field-cooled magnetic
memory effect and spin relaxation measurements stipulate the spin glass nature of the polymorphs. Further,
spin glass behavior is confirmed by the AC susceptibility measurements. Interestingly, these polymorphs reveal
different classes of spin glass states. The site disordered HT phase exhibits a single spin-flip time τ0 ∼ 3 × 10−13

sec, indicating a canonical spin glass state. In contrast, LT phase, which is disordered and geometrically
frustrated, shows the spin-flip time of τ0 ∼ 9 × 10−10 sec, suggesting a cluster spin glass state. In addition,
the exchange bias effect was observed due to magnetic inhomogeneity in both polymorphs.
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I. INTRODUCTION

Spin glasses (SG) have been an exciting class of mag-
nets for decades and are still a topic of fundamental interest
[1,2]. Quantum mechanically, it can be depicted as a mag-
netic material having a large degenerate ground state with
spins frozen in random directions upon cooling the system
from its paramagnetic region. It is very well known that
magnetic frustration in the system can lead to a spin glass
state. However, in some compounds, coexistences of long-
range magnetic ordering and spin glass state were observed
[3–5]. The magnetic frustration is caused due to competing
ferromagnetic and antiferromagnetic interactions mediated
by geometrical frustration or by random quenched disor-
der [1,2,6]. Different types of lattices like triangular, square,
kagome, hyperkagome, and pyrochlore structures containing
Ising spin at each site are well-known hosts for creating
geometry-mediated magnetic frustration [7–11]. In quenched
disorder systems, different atoms are randomly distributed
at a particular crystallographic site [12], and if the disorder
involves the interchange of metal ions within themselves,
it is referred as site disorder [13]. Depending on the spin
freezing, spin glass can be of two types: one is cluster glass
where atomic spins form spin clusters in a ferromagnetic or
antiferromagnetic fashion and these spin clusters are frozen
upon cooling from the paramagnetic region, and the other one
is canonical spin glass where atomic spins are frozen without
forming any spin clusters [14]. No one-to-one correspondence
exists between canonical spin glass and cluster glass with
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geometrical frustration and magnetic site disorder. Cluster
spin glass can originate from a site disorder like Cr0.5Fe0.5Ga
[15] or a geometrically frustrated systems like layered Mn-
based triangular lattice compound Li2Mn3O7 [7]. Similarly,
canonical spin glass can originate either from site disordered
systems, such as disordered half-Heusler compound IrMnGa
[14], or geometrically frustrated lattices like YbZnGaO4 [8].

Lithium stannoferrites are known for their rich structural
chemistry and polymorphism [16,17]. It has been extensively
studied for Li-ion batteries in the last decades [18,19]. It
has two polymorphs; the high-temperature (HT) phase crys-
tallizes in orthorhombic structure, and the low-temperature
(LT) phase crystallizes in a hexagonal structure. In the HT
phase, all the Fe and Sn atoms occupy the same crystallo-
graphic position, forming a site disordered magnetic systems
in a nonfrustrated isolated zig-zag lattice. On the other hand,
the LT phase shows a frustrated quasi-2D kagome lattice
with the magnetic disorder at crystallographic site 6c [16,20].
This interesting and distinguishable crystal chemistry moti-
vated us to investigate the magnetic properties in polymorphs
of LiFeSnO4. In this article, we report various equilibrium,
nonequilibrium, and dynamical magnetic properties on the
polymorphs of LiFeSnO4. Equilibrium properties like DC
magnetization, heat capacity, and nonequilibrium magnetic
properties like magnetic relaxation, zero-field-cooled (ZFC),
and field-cooled (FC) memory effect suggest spin glass state
in both polymorphs. Our detailed investigation of dynamical
magnetic properties of the polymorphs establishes a canonical
spin glass state with a spin flipping time of the order of
atomic spin-flip (∼10−13 sec) for a complete site disordered
HT phase. In contrast, the LT phase with site disorder hosted
by a frustrated kagome net shows a cluster spin glass ground
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FIG. 1. Rietveld refinement of XRD data for (a) HT phase, and (b) the LT phase. The crystal structures for (c) HT and (d) the LT phases.
(e) The zig-zag Fe/Sn disordered network of the HT phase. (f) Distorted kagome lattice of the LT phase for Li/Fe/Sn disorder.

state with much slower (∼3000 times) spin-flip dynamics with
respect to atomic spin flip.

II. EXPERIMENTAL

The polymorphs of LiFeSnO4 were synthesized by the
conventional solid-state method [16]. First, Li2CO3, Fe2O3,
and SnO2 in a stoichiometric ratio were mixed thoroughly
and calcinated at 600 °C and 900 °C for 12 h each. The result-
ing product was ground, pelletized, and sintered at 1200 °C
for 12 h, followed by quenching of the sample in liquid N2

to obtain the pure orthorhombic (HT) phase. To synthesize
the hexagonal (LT) phase, HT phase was sintered at 800 °C
for 12 h, followed by cooling to room temperature at
the rate of 5 K/min. To investigate the phase purity and
crystal structure of the compounds, we have performed
powder x-ray diffraction (XRD) measurement at room tem-
perature using PANalytical Empyrean diffractometer with
monochromatic Cu Kα1 radiation (λ = 1.5406 Å). Rietveld

refinement of the powder XRD data was performed us-
ing FULLPROF software [21]. DC magnetic measurements
were carried out using Magnetic Property Measurement Sys-
tem (MPMS-superconducting quantum interference device,
Quantum Design, USA). The heat capacity and AC mag-
netic susceptibility measurements were performed in Physical
Property Measurement System (PPMS, Quantum Design,
USA).

III. RESULTS AND DISCUSSIONS

A. Crystal structure

Rietveld refinement were performed on the room temper-
ature powder XRD data of HT and LT polymorphs and the
refined data are shown in Figs. 1(a) and 1(b), respectively.
The HT phase crystallizes in orthorhombic Pmcn structure
whereas the LT phase exhibits P63mc crystal structure. The
refined structural parameters are given in Tables I and II,

TABLE I. Structural parameters of the HT phase obtained from Rietveld refinement of room temperature powder XRD data. Space group:
Pmcn; a = 3.0666(1) Å, b = 5.0721(1) Å, c = 9.8766(1) Å, V = 153.622(2) Å3. χ 2 = 5.97, Rp = 2.84%, Rwp = 4.32%.

Atom Site x y z Occupancy Biso(Å2)

Li1 4c 1/4 0.9350a 0.4326(436) 0.156(78) 1.0
Li2 4c 1/4 0.9720a 0.5635(188) 0.344(78) 1.0
Fe 4c 1/4 0.9839(11) 0.1414(4) 0.5 0.106(76)
Sn 4c 1/4 0.9839(11) 0.1414(4) 0.5 0.106(76)
O1 4c 1/4 0.6710(60) 0.2913(24) 1.0 1.0
O2 4c 1/4 0.2237(40) −0.0430(25) 1.0 1.0

aWe have fixed the y coordinate of Li1 and Li2 to achieve a stable Rietveld refinement.
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TABLE II. Structural parameters of the LT phase obtained from Rietveld refinement of room temperature powder XRD data. Space group:
P63mc; a = b = 6.0057(1) Å, c = 9.7743(2) Å, V = 305.310(4) Å3. χ 2 = 2.00, Rp = 1.83%, Rwp = 2.35%.

Atom Site x y z Occupancy Biso(Å2)

Li1 2b 1/3 2/3 −0.0926(16) 0.094(2) 1.243(372)
Fe1 2b 1/3 2/3 −0.0926(16) 0.073(2) 1.243(372)
Li3 2a 0 0 0.5100a 0.167 1.0
Sn1 2b 1/3 2/3 0.4970a 0.167 0.353(63)
Sn2 6c 0.1680(3) −0.1680(3) 0.2189(4) 0.167 0.604(66)
Li2 6c 0.1680(3) −0.1680(3) 0.2189(4) 0.066(5) 0.604(66)
Fe2 6c 0.1680(3) −0.1680(3) 0.2189(4) 0.267(5) 0.604(66)
O1 2a 0 0 0.3223(25) 0.167 1.0
O2 2b 1/3 2/3 0.1131(25) 0.167 1.0
O3 6c 0.4902(9) −0.4902(9) 0.3577(21) 0.5 1.0
O4 6c 0.1612(22) −0.1612(22) 0.6082(23) 0.5 1.0

aWe have fixed the z coordinate of Li3 and Sn1 to obtain a stable Rietveld refinement.

respectively. In the HT phase, Fe and Sn ions are completely
disordered (Fe ∼ 50%, and Sn ∼ 50%) at a crystallographic
site 4c in a distorted oxygen octahedra, as shown in Fig. 1(c).
There are two different crystallographic 4c sites for Li ion in
distorted tetrahedral oxygen coordination and both Li sites
are partially vacant. This disordered Fe/Sn site exhibits an
isolated Zig-Zag network represented in Fig. 1(e). In the
LT phase, Li, Fe, and Sn ions are disordered (Li ∼ 13.3%,
Fe ∼ 53.3%, and Sn ∼ 33.3%) at crystallographic site 6c
with a distorted square pyramidal of oxygen coordination, as
shown in Fig. 1(d). This disordered 6c site forms a frustrated
kagome network of length 3.027 Å [Fig. 1(f)]. There is an-
other disorder between Li and Fe (Li ∼ 63% and Fe ∼ 37%)
in crystallographic site 2b in distorted oxygen tetrahedral
coordination. Our results are consistent with earlier reports
[16,17,20,22,23]. The other magnetic disorder position at
crystallographic site 2b, occupied by Li (∼63.1%) and Fe
(∼36.9%) affects the magnetic interaction in the disordered
kagome plane.

B. DC magnetization and heat capacity

We have measured the temperature-dependent magnetiza-
tion (M) under different magnetic fields (H) for both HT and
LT polymorphs in ZFC and FC protocols. There is a dis-
tinguishable bifurcation between ZFC and FC magnetization
measured under a 100 Oe magnetic field at the temperature
known as irreversible temperature Tirr ∼ 20.2 K and 15.7 K
for HT and the LT phases, respectively, suggesting the ex-
istence of thermo-magnetic irreversibility in the systems, as
shown in Figs. 2(a) and 2(b). This irreversibility generally
results from superparamagnetic or spin glass behavior in the
system [23]. To investigate the behavior of the thermomag-
netic irreversibility, ZFC and FC moments were measured
under different magnetic fields. Figures 2(c) and 2(d) show the
bifurcation between ZFC and FC moment persists until 1000
Oe, where the bifurcation temperature Tirr decreases with in-
creasing magnetic field H ; indicating spin freezing or possible
glassy state below the bifurcation temperature. To understand
the role of magnetic field on thermomagnetic irreversibility,
the analysis of H-Tirr phase diagram is important, where two
irreversible line can arise depending on the spin irreversibility

in a frozen state: Gabby-Toulouse (GT) and de Almeida-
Thouless (AT) lines [3,24]. In the weak magnetic field region,
the AT line follows with H2/3 dependency of Tirr due to strong
irreversibility or strong spin anisotropy in spin-frozen state.
Whereas, in the strong magnetic field region, due to weak
irreversibility, the GT line follows H2 dependency of Tirr . The
magnetic field (H) variation of irreversible temperature (Tirr)
has been fitted with the following:

Tirr (H ) = Tirr (0)(1 − CHn). (1)

Here Tirr (0) represents spin glass temperature, n represents
determining factor for the AT or GT line in the H-Tirr diagram
known as crossover exponent, and C as a constant. From the
fitting of H-Tirr with the Eq. (1) shown in Figs. 2(e) and 2(f),
we obtained the value of n = 0.64 ± 0.17 and 0.79 ± 0.09 for
the LT and HT polymorphs, respectively, which is close to the
theoretically predicted value of 2/3 for mean-field Ising spin
glass with strong irreversibility.

Isothermal magnetization was measured for both HT and
the LT phases at different temperatures. The linear depen-
dence of isothermal magnetization (M) on magnetic field (H)
at 100 K gives the essence of paramagnetic behavior, as shown
in Figs. 3(a) and 3(b). Below 30 K, the isothermal magneti-
zation curves became S-shaped indicating the possibility of
glassy spin state in the samples. The small hysteresis loop
at the lowest temperature of 2 K for the HT and LT poly-
morphs are consistent with spin glass nature in the samples.
So, the lower value of magnetization at 70 kOe (0.41 μB

f .u for
HT and 0.68 μB

f .u for LT), the hysteresis loops, and S-shaped
isothermal magnetization at 2 K indicate the possibility of
spin glass state in both the polymorphs. To further examine
the presence of any long-range magnetic ordering, we have
carried out heat capacity measurements for both phases and
the results are depicted in Figs. 3(c) and 3(d). The absence
of any anomaly confirms the Tirr is not associated with any
long-range magnetic order. The presence of hump in the plot
of Cp/T vs T plot shown in the inset of Figs. 3(c) and 3(d),
further supports the absence of long-range magnetic order-
ing and presence of frozen spin state. The low temperature
heat capacity data from 2 to 5 K was fitted with the empiri-
cal formula CP = γ T + βT 3 + δT

3/2 , shown in the inset of

034405-3



BANERJEE, PANDA, YANDA, AND SUNDARESAN PHYSICAL REVIEW MATERIALS 7, 034405 (2023)

FIG. 2. Temperature dependent ZFC and FC magnetization at 100 Oe for (a) HT and (b) the LT phase. ZFC and FC magnetization under
different magnetic fields for (c) HT and (d) the LT phase. The de Almeida-Thouless (AT) line fitting for (e) HT and (f) the LT polymorphs.

Figs. 3(c) and 3(d). Here γ is the electronic (or fermionic
to be specific) contribution, β is the phonon contribution to
specific heat and δ is the extra term due to spin glass con-

tribution. We obtained Sommerfeld coefficient γ ∼ 67 and
70 mJ mol−1 K−2 for the HT and LT phases, respectively,
which is quite large for a conventional insulators with few

FIG. 3. Isothermal magnetization at different temperatures for (a) HT and (b) the LT polymorphs. (c) and (d) Temperature-dependent
specific heat capacity with fittings shown in insets for both phases, respectively. Curie- Weiss fitting for (e) HT and (f) the LT polymorphs.
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rare reports [25,26]. This may be because of the contribu-
tion coming from electronlike (or fermionic) excitons, which
do not conduct electricity but heat [25–32]. We obtained
phonon contribution term β ∼ 0.09 and 0.74 mJ mol−1 K−4

for HT and the LT phases, respectively, resulting in Debye

temperature θD ∼ 532 and 264 K [θD = ( 12π4 RN
β

)
1/3

]. Fur-

thermore, δ turns out to be 20 and 29 mJ mol−1 K−5/2 for
the HT and LT phases, respectively. Furthermore, to know
the type and scale of magnetic interaction and the effective
paramagnetic moment, we performed fitting of inverse sus-
ceptibility data with modified Curie-Weiss law [χ = χ0 +
C/(T − �CW )], shown in Figs. 3(e) and 3(f), in the temper-
ature range 500−700 K for the HT phase (due to presence
of quasi-2D isolated zig-zag lattice) and 280−390 K in
the LT phase. Here χ0 is the diamagnetic contribution. The
Curie-Weiss temperature �CW was obtained to be ∼−27.0
K and −79.2 K for the HT and LT phases, respectively,
indicating predominantly antiferromagnetic interaction. The
effective paramagnetic moment μeff ∼ 5.98 and 5.83 μB

f .u for
HT and LT phases, respectively, are close to theoretically μeff

(5.92 μB

f .u of Fe3+). The empirical frustration index, f (�CW
Tirr

)
turns out to be 1.3 and 5.1 for the HT and the LT phases
respectively. This qualitative analysis of frustration index in-
dicates that the LT phase is much more frustrated than the HT
phase.

C. Nonequilibrium dynamics

DC magnetization and heat capacity studies indicated a
spin glass state with short-range magnetic interactions in both
phases. To get a better insight into the short-range magnetic
fluctuation and frozen spin state, various nonequilibrium mag-
netic properties such as magnetic relaxation, ZFC, and FC
memory effects were carried out. To investigate magnetic re-
laxation, the magnetic moment was measured with time after
cooling down the sample from a paramagnetic region to a
temperature below Tirr under a magnetic field of 100 Oe, in a
demagnetizing protocol [1]. The magnetic relaxation has been
fitted with Eq. (2), as shown in Figs. 4(a) and 4(b),

M(t) = M0 + Mge−(t/τ )β . (2)

Here, M(t ), M0, and Mg account for instantaneous magne-
tization, a bulk ferromagnetic component that sustains upon
removal of the external magnetic field, and the glassy compo-
nent of the magnetic moment that diminishes over time. The
parameters τ and β stand for relaxation time and relaxation
rate, respectively. In the absence of a metastable state in the
system, β = 0, reveals no magnetic relaxation. But, when
β = 1, the system possesses a uniform energy barrier between
the excited nonrelaxed and relaxed ground states [15]. So,
for a spin glass compound that lacks a uniform energy bar-
rier and evolves through different metastable states, where
β lies between 0 and 1. The obtained fitting parameters are
shown in Table III. We have obtained 0 < β < 1 for all the
temperatures below the spin glass temperature for both the
phases, which reveals that the systems are evolving through
a number of intermediate metastable states over anisotropic
energy barriers [33,34].

FIG. 4. The magnetic relaxation at different temperatures for (a)
HT and (b) the LT phases.

The magnetic memory effect is another characteristic fea-
ture of spin glass compound, resulting from short-range
magnetic ordering and magnetic relaxation. Memory effect in
both phases is probed using zero-field-cooling (ZFC memory
effect) and field-cooling (FC memory effect) protocols [23].
In the ZFC protocol, we first cool down the samples from

TABLE III. Parameters obtained from fitting of magnetic
relaxation.

HT phase LT phase

Temperature (K) τ (sec) β τ (sec) β

2 3067 0.4283 2843 0.4707
5 2020 0.4818 2192 0.4993
10 2054 0.4933 1435 0.4771
15 1488 0.4861 1012 0.4578
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FIG. 5. Zero-field-cooled (ZFC) memory effect at different temperatures for (a) HT and (b) the LT phase. (c) and (d) Field-cooled memory
effect (FC memory) interrupted at temperatures 10 and 5 K by magnetic field 100 Oe with a time delay of 3600 sec.

paramagnetic region to a temperature below Tirr without ap-
plying magnetic field, and wait 1 h at that temperature before
cooling down to 2 K. We measured magnetic moment while
warming under a 100 Oe magnetic field. The procedure was
repeated varying the waiting temperatures (T = 5, 10, and
15 K). For measuring ZFC reference, we followed the same
protocol without any waiting time. All these plots for different
phases are shown in Figs. 5(a) and 5(b), respectively. There
is a dip in magnetic moments with respect to ZFC reference
at those waiting temperatures. At the waiting temperatures,
the magnetic cluster relaxes to attain a local minimum energy
owing to the magnetic relaxation of the system. The average
energies in these magnetic clusters are insufficient to over-
come the energy barrier between the local minima and the
global minima. At local minima, the magnetic entities are
relaxed with fewer moments and are confined. While mea-
suring the magnetic moment with increasing temperature, the
clusters achieve the local minima and show a relaxed moment
value, less than that of the ZFC reference [1,35,36].

According to the spin glass model of short-range interac-
tion [37], the FC state is paramagnetic. But, mean field theory
suggests field cooling brings in an equilibrium state [2] where
no memory effect is expected. Though there are some reports
on the memory effect in magnetic nanoparticles [38–40] and
canonical spin glass system [41], the effect of perturbation of
magnetic field was not understood well in different classes
of spin glass. So we have performed FC memory on both
the polymorphs by the protocol followed by Roy et al. [41].
The sample was cooled from paramagnetic region to a certain
temperature below Tirr under 100 Oe magnetic field. The mag-
netic field was increased to 200 Oe followed by a wait time
of one hour. After waiting, the magnetic field was reduced
to 100 Oe again and the sample was cooled to 2 K. The
magnetic moment was measured in warming cycle. In another
set, we followed a similar protocol except the magnetic field
was changed from 100 to 0 Oe. FC reference was measured
in conventional FC measurement protocol in 100 Oe while
warming from 2 K and depicted in Figs. 5(c) and 5(d) for both
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FIG. 6. (a) and (b) Frequency-dependent ac magnetic susceptibility and relative shift of spin freezing temperature Tf . (c) and (d) Power
law fitting of the shift of Tf with υ. (e) and (f) VF fitting for HT and the LT polymorphs, respectively.

polymorphs. The deviation of magnetic moment at 10 and 5 K
with respect to reference indicates the FC memory effect. The
bifurcation of magnetization data for different magnetic field
(0 or 200 Oe) shows that the FC state can also remember
any perturbation in magnetic field to its Hamiltonian. So, the
FC state energy landscape is also rugged in presence and
absence of external magnetic field [41], which is contradictory
to the short-range interaction model [37] and mean field model
[42]. This suggests the FC state of a spin glass compound is
paramagnetic [37] and lies in equilibrium [42].

D. AC susceptibility

Frequency-dependent magnetic measurements were car-
ried out to understand the spin freezing dynamics of spin glass
state of the polymorphs under 10 Oe ac magnetic field in ZFC
protocols. Figures 6(a) and 6(b) show that the spin freezing
temperature Tf (the position of maxima) is shifting towards
higher temperature with an increase of the frequency of the ac
magnetic field with a dispersion of ac magnetic susceptibility
below Tf confirming the spin glass nature of both the systems.
The frequency sensitivity of spin freezing was determined by
the Mydosh parameter, which measures relative peak shift
with change of frequency. The expression for the Mydosh
parameter s is given by

s = Tf

Tf  log10 (υ )
, (3)

where Tf = Tf (υ1) − Tf (υ2), log10(υ ) = log10(υ1) −
log10(υ2), Tf = Tf |minimum.

For strongly interacting entities, a large amount of fre-
quency difference is needed to observe a detectable amount
of peak shift. As a result, a system with stronger magnetic
interacting entities is less frequency sensitive than that of
weakly interacting clusters. For a spin glass system, the value
of s lies between 0.001 and 0.081. The Mydosh parameter was
obtained to be 0.015 and 0.018, which rules out the possibility
of a superparamagnetic state (s > 0.2), confirming the spin
glass state of the polymorphs. To get an insight about spin
glass nature of the polymorphs, the frequency dependency
of spin freezing temperature Tf has been studied through
different scaling laws. According to the power law, the Tf can
be expressed as [1,2],

τ = τ0(Tf /Tg − 1)−zv′
, (4)

where τ represents slowed down relaxation time due to the ap-
plication of external frequency υ ( 1

τ
). τ0 accounts for intrinsic

characteristic single spin-flip time, Tg is spin glass temperature
(Tirr (0)), Tf = spin freezing temperature. Thus Eq. (4) can
alternatively be written as

Tf = Tg{1 + (υτ0)
1

zv′ }. (4a)

Equation (4a) stipulates that the spin freezing temperature
increases with an increasing frequency indicating slowing
down the spin flip. This is being referred as critical slowing
down [43]. Here, z is the dynamical critical constant and
v′ is critical exponent representing the correlation length as
ξ ∼ (Tf /Tg−1)−v′

and the slowed down relaxation time τ can
be corelated as τ ∼ ξ z. This power law can be fitted with the
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TABLE IV. Parameters obtained from the power law and VF fittings of ac susceptibility data.

Power law fitting VF fitting

Phase zv′ τ0 (sec) τ0LT /τ0HT Ea/kB (K) T0 (K) t = T0kB/Ea tLT /tHT

HT 7.3 ± 0.5 3 × 10−13 3000 67.51 18.70 0.27 2.3
LT 4.0 ± 0.3 9 × 10−10 24.71 15.60 0.63

following linearized equation:

log10υ = log10 υ0 + zv′ log10(Tf /Tg − 1) (4b)

The intrinsic characteristic single spin-flipping time τ0 is
given by τ0 = 10− log10 υ0 We have fitted this linearized power
law equation (4b) for both HT and the LT polymorphs shown
in Figs. 6(c) and 6(d). The fitted parameters are given in
Table IV. The τ0 values for a typical canonical spin glass lie in
between 10−12 to 10−14 sec [35], which is comparable to the
single spin-flip time of atomic magnetic moments (10−13 sec).
In contrast, for a cluster glass, τ0 lies between 10−7 to 10−10

sec [44]. The intrinsic characteristic spin-flip time of the HT
phase is ∼3 × 10−13 sec, which lies in the canonical spin
glass regime. Whereas for the LT phase, τ0 is ∼9 × 10−10 sec.
The slowing down of intrinsic relaxation by 3 × 103 order of
magnitude clearly indicates the existence of interacting larger
spin clusters in the LT phase [2,43,45]. The obtained zv′ falls
under spin glass regime of value 3 to 10.

Besides the power law, Vogel-Fulcher (VF) law can give
an insight about the interaction strength between the magnetic
entities [35] given by Eq. (5)

τ = τ0 exp{Ea/kB(Tf − T0)}. (5)

The VF law deals with systems having sufficiently large
τ . However, the difference looks visible when the variation
of τ approaches 10−11 order of magnitude. This explains the
usefulness phenomenological VF law to explain the glassy be-
havior of spin glass [46]. The equation can be further written
as

Tf = Ea

kB ln
(

υ0
υ

) + T0, (5a)

where Ea is the average activation energy of spin flipping, and
T0 is the VF temperature which is a measure of intercluster
coupling strength. We have fitted the experimental data points
with linearized VF equation (5a) (values of υ0 taken from
power law fitting) shown in Figs. 6(e) and 6(f), and the fitting
parameters are given in Table IV. Here, T0 � Ea/kB indicates
a weaker coupling between interclusters and T0 � Ea/kB for a
stronger one. The ratio t , T0kB/Ea can be used as a parameter
to understand the interaction. A large value of t indicates
strong intercluster coupling [47]. As seen from Table IV,
tLT ∼ 2.3tHT . Moreover, the Tholence criterion (δT = (Tf −
T0)/T0) [48] turns out to be ∼0.13 and 0.14 for HT and the LT
polymorphs, respectively, which comes under the spin glass
regime [49].

The systems with stronger magnetic interaction between
different magnetic clusters should relax more slowly than
those with weaker magnetic interaction. The entities with
comparatively stronger magnetic interaction (t = 0.63) in the
LT phase relax slowly with higher intrinsic spin-flip time

(τ0 ∼ 10−10 sec) than that of the entities with comparatively
weaker magnetic interaction (t = 0.27), which relaxes faster
with shorter spin-flip time (τ0 ∼ 10−13 sec). So, the LT phase
consists of magnetic entities interacting more strongly than
the entities in the HT phase, representing the LT phase as
cluster glass and the HT phase as canonical spin glass.

Magnetic frustration is the thing which is dictating the
system to be spin glass. This frustration can arise either by
site disorder or geometrical frustration or both. In the HT
phase the 4c site is randomly occupied by Fe3+ and Sn4+ ion
with total 50% occupancy each and this random distribution
of magnetic and nonmagnetic ion (with same number of Fe3+

and Sn4+ as a whole) is the ingredient of magnetic frustration
in HT phase. On the other hand, in the LT phase there are
two disorder site: 2b site with random distribution of Li1+

(56.26%) and Fe3+ (43.72%) and 6c site with random distribu-
tion of Li1+ (33.4%), Fe3+ (53.4%), and Sn4+ (13.2%). Both
the site disorder contributes to the magnetic frustration. The
6c site forms a Kagome lattice which is also a geometrically
frustrated lattice so both the site disorder and geometrical frus-
tration contributes to the magnetic frustration in the LT phase.
So, this add on of geometrical frustration in the LT phase is
somehow responsible for increasing the frustration to the LT
phase than the HT phase and can be extrapolated as the driving
force in the canonical to cluster glass crossover in LiFeSnO4.

E. Exchange bias effect

Exchange bias is the experimental outcome of the presence
of exchange anisotropy in magnetic materials [50]. Systems
with exchange anisotropy attain different magnetic ground
states upon cooling the system below the ordering temperature
in FC and ZFC protocols [50]. The ZFC hysteresis loop is
expected to be symmetric around H = 0 Oe in isothermal
magnetization. But, in the FC protocol, after cooling down
the material in the presence of the external applied mag-
netic field, the FC hysteresis loop became asymmetric about
H = 0 Oe. This horizontal and vertical shift of the hystere-
sis loop is referred to as the exchange bias effect. Materials
showing an exchange bias effect are useful for permanent
magnet [51], spin valves [52], and spintronic devices [53].
Exchange bias is generally exhibited for the ferromagnetic
(FM)-antiferromagnetic (AFM) interface. However, it exists
even in systems without clearly defined FM/AFM interfaces.
Random arrangements of magnetic ions create certain areas
(or domains) with FM/AFM interaction resulting in local ex-
change anisotropy and exchange bias in spin glasses [50]. The
variation of magnetic moment (m) with the magnetic field
(H) for different cooling (HCF ) is shown in Figs. 7(a) and
7(b) for the HT and LT phases, respectively. The symmetrical
hysteresis loop in M vs H data at 2 K shown in Figs. 7(a) and
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FIG. 7. (a) and (b) Shifting of coercive field under different cooling field (HCF ). (c) The variation of exchange bias field for HT and the LT
phases.

7(b) for both the samples around H = 0 Oe in ZFC protocol
rules out the presence of any exchange anisotropy in the ZFC
state. The shift of the hysteresis loop in horizontal and vertical
direction in FC protocol showing the exchange bias effect in
the system under external magnetic field (HCF ). The exchange
bias field HE is calculated by the equation HE = | |HC1|−|HC2|

2 |.
Here the Hc1 and Hc2 are the coercive field in positive and
negative magnetic cycle. The variation of exchange bias field
HE, with the cooling magnetic field are shown in Fig. 7(c).
The maxima in the exchange bias can be explained by local
spin arrangement and formation of interacting local FM or
AFM clusters. In ZFC isothermal magnetization there is a
small symmetrical hysteresis loop at 2 K because of very few
ferromagnetic short-range cluster interactions. Upon cooling
the system in the presence of HCF there is an alignment of
FM clusters in the direction of HCF indicating increase of
FM domain and increasing exchange anisotropy in FM/AFM
or FM/SG or FM/cluster glass. At higher HCF there might
increase of FM domain on the expense of the FM/SG or
FM/AFM or FM/cluster glass region so the surface exchange
anisotropy decreases resulting in a decrease in exchange bias
field [7,54,55].

IV. CONCLUSIONS

We have investigated the structure and the magnetic prop-
erties of two polymorphs of LiFeSnO4. The high and low

temperature polymorphs crystallize in orthorhombic (Pmcn)
and hexagonal (P63mc) structures, respectively. Both poly-
morphs exhibit a spin glass state at low temperature. The
spin-flip time obtained from temperature-dependent ac mag-
netic susceptibility suggests the HT and the LT polymorphs
are canonical spin glass and cluster glass, respectively. This
is because the HT polymorph is disordered with no geomet-
rical frustration in the lattice, whereas the LT phase exhibits
a disordered frustrated kagome lattice making the LT phase
more frustrated than HT. Interestingly, both polymorphs ex-
hibit exchange bias effect below spin freezing temperature.
The metastable nature of the FC state was understood by
FC memory effect in a cluster glass system for first time.
We believe our study will provide an insight into the origin
of different nature of spin glass systems and can be studied
further as a reference of canonical spin glass to cluster glass
crossover by interplay of magnetic site disorder and geometri-
cal frustration by various microscopic probing techniques like
inelastic neutron scattering and μSR experiments.
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