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The magnetic properties of the new polymorphic FeIn2S2Se2
compound are presented. The system crystallizes in the a-

FeGa2S4 structure at low temperatures, and undergoes a

transition to a MgAl2S4-type structure at T48501C. For this
high-temperature phase, low-field magnetization data show a

peak at T1=12.5(5) K, below which magnetic irreversibility is
observed. High-temperature susceptibility fits indicate the

presence of antiferromagnetic interactions with a high degree

of frustration. The effective magnetic moment leff=4.54(3) lB
agrees with the expected 3d6 (S=2) configuration for Fe2+.
Mössbauer spectroscopy showed that Fe2+ ions are distributed

in tetrahedral (A) and octahedral (B) sites with a B :AE1 ratio.
The ac susceptibility data were analyzed according to conven-

tional power law dynamics, giving a freezing temperature

Tg=12.5(2) K and critical exponent zn=6.571, in agreement
with Monte Carlo simulations for 3D short-range Ising spin–

glass systems. # 2002 Elsevier Science (USA)
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INTRODUCTION

Chalcogenides with the composition AB2X4 (A,B=tran-
sition metal and X=chalcogen atom) have long attracted
attention due to their magnetic and magneto-optic proper-
ties (1, 2). In particular, thiospinels AB2S4 have been
revisited recently since they show a metal-to-insulator
transition at high pressure, and the ability to form both
metallic and insulating spin glasses (3–7). The solid
solutions AB2(S1�xSex)4 usually crystallize in layered
structures, attributed to the enhanced preference for
tetrahedral coordination with increasing selenium contents.
At the other end of the series, the selenides are less known
regarding their crystal and magnetic structures. Recently,
the FeIn2(S1�xSex)4 solid solution has been obtained for
0�x�1, and different structures have been reported,
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depending on the x value (8). The spinel structure is
observed within compositions 0�x�0.25, whereas a poly-
morphic transition from a-FeGa2S4 to MgAl2S4 structures
is found for 0.4�x�0.55 (low- and high-temperature
phases, respectively). The obtained phase diagram shows
that the phase boundaries are almost temperature inde-
pendent.
The crystal lattices of these sulfides and selenides can be

locally nonstoichiometric due to the presence of vacancies,
breaking the superexchange paths between magnetic ions
and thus resulting in magnetic frustration and spin–glass
(SG) transition at low temperatures. Whereas evidence of a
SG transition can be obtained from the critical parameters
from scaling of the magnetization and/or susceptibility
curves, 57Fe Mössbauer spectroscopy (MS) provides a
suitable tool to sense minute changes in the local electric
field gradient (EFG) and magnetic field at the Fe nucleus.
We present in this work a characterization of the hyperfine
and magnetic properties of the FeIn2S2Se2 compound with
MgAl2S4 structure, using Mössbauer spectroscopy, ac
susceptibility, and dc magnetization.

EXPERIMENTAL PROCEDURE

The material was prepared by sintering stoichiometric
mixtures of the binary sulfides in evacuated and sealed
silica ampoules at 6001C. To obtain the desired high-
temperature phase, samples were quenched from 9001C to
room temperature, as described elsewhere (8). Structural
studies of the powdered products were made by powder
X-ray diffraction and Guiner radiographs. Diffraction
patterns were refined using the Rietveld method to extract
structural data. Mössbauer spectra were recorded in
transmission geometry between 4.2 K and 300K using a
57Co/Rh matrix source in constant acceleration mode,
using a nonlinear least-squares program to fit the spectra to
Lorentzian line shapes. Isomer shifts are referred to a-Fe at
300K. To perform magnetic measurements, small crystal-
lites of the samples were dispersed in epoxy resin, and



FIG. 1. High-velocity Mössbauer spectra for the MgAl2S4-type phase

of FeIn2S2Se2, taken at (a) room temperature and (b) 4.2K.
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molded in cylindrical shape of diameter=5mm and
height=3mm. Magnetization measurements were per-
formed in a commercial superconducting quantum
interference device (SQUID) magnetometer in both zero-
field-cooling (ZFC) and field-cooling (FC) modes, between
5K�T�300K and applied fields up to 70 kOe. The
diamagnetic contribution of the sample holder was
subtracted, and the resulting susceptibilities were further
corrected for core diamagnetism of the ions. Ac suscept-
ibility data were taken in DTB0.05K steps and measuring
times B10min at each point to determine the transition
temperature. To study the frequency-dependent cusp of the
absorptive w0(T) and dispersive w@(T) components of the ac
magnetic susceptibility, data were taken using driving fields
in the 10mHzof�1.1 kHz range, with amplitude of 1Oe.

EXPERIMENTAL RESULTS

Structural parameters obtained from Rietveld refinement
were reported previously (8), and are reproduced in Table 1
for clarity. The structure of this compound can be
described in terms of slabs formed by four anion layers,
stacked in the c-axis direction and separated from each
other by a van der Waals gap (9). These slabs are in turn
composed by a central layer of octahedra surrounded by
two sheets of tetrahedra. The change from the low- to high-
temperature phase yields slight compression and enlarge-
ment of octahedral and tetrahedral sites, respectively,
TABLE 1

Refined Atomic Parameters, Site Occupation Factors (sof ),
and Selected Interatomic Distances and Angles for FeIn2S2Se2
with MgAl2S4-Type Structure

a

Atom Site x y z sof

Fe1 3a 0 0 0 0.56

In1 3a 0 0 0 0.44

Fe2 6c 0 0 0.2344(6) 0.22

In2 6c 0 0 0.2344(6) 0.78

S1 6c 0 0 0.1274(9) 0.5

Se1 6c 0 0 0.1274(9) 0.5

S2 6c 0 0 0.2982(9) 0.5

Se2 6c 0 0 0.2982(9) 0.5

Bond Distance (Å)

MTet–S(1)/Se(1) 2.523(5)

MTet–S(2)/Se(2) 2.450(6)

MOct–S(2)/Se(2) 2.644(5)

Bond Angle (1)

S(1)/Se(1)–MTet–S(1)/Se(1) 102.6(5)

S(1)/Se(1)–MTet–S(2)/Se(2) 115.7(5)

S(2)/Se(2)–MOct–S(2)/Se(2) 96.3(4)

S(2)/Se(2)–MOct–S(2)/Se(2) 83.7(4)

aSpace group R�33m, Z=3, lattice parameters a = 3.9383(8) Å and c =

38.395(9) Å.
maintaining the total volume of the slabs (and the basal
a cell parameter) unchanged. Some hints pointing to
disorder of the anion sublattice at high temperatures could
also be obtained from the X-ray patterns, but the
polycrystalline nature of the sample prevents a definite
conclusion.
Room temperature Mössbauer spectra taken in high-

velocity scale showed the presence of one central doublet,
without magnetic phases present (Fig. 1a). The Mössbauer
spectrum taken at 4.2K (Fig. 1b) shows broad unresolved
lines due to relaxation effects, indicating that magnetic
order is not complete at this temperature. To fit the central
doublet, Mössbauer spectra were taken in a low-velocity
scale, as shown in Fig. 2. The fitting of this spectrum was
done using two doublets and one single line having
hyperfine parameters shown in Table 2. The isomer shift
FIG. 2. Low-velocity Mössbauer spectrum at room temperature.

Three components (dotted lines) were used to make a fit (solid line) of

experimental data (open circles).



TABLE 2

Hyperfine Parameters from Mössbauer Spectra of

FeIn2Cr2S2Se2 at Room Temperature: Quadrupolar Splitting

(DQ), Isomer Shift (d), Line Width (C), and Relative Spectral
Area (A)a

Site DQ (mm/s) IS (mm/s) G(mm/s) Area (%)

DQ1 0.94(2) 0.78(1) 0.44(2) 44(3)

DQ2 1.70(2) 0.73(1) 0.50(2) 52(3)

L1 F 0.09(2) 0.28(4) 4(3)

aErrors are given in parentheses.

FIG. 3. FC-ZFC magnetization curves with applied field of Happ=

5Oe. Inset: amplification of the low-T region showing the transition at

TBT1.

FIG. 4. FC-ZFCmagnetization curves taken at different applied fields.

Inset: molar dc susceptibility wdc=M/H in the paramagnetic region. The

solid line is the best fit using a Curie–Weiss law w=C/(T–Y).
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values for the two doublets are consistent with those
expected for an Fe2+ oxidation state. Partial covalent
character of the Fe–Se bonding may account for the small
difference between our ISE0.7mm/s and the ISB0.8–
1.0mm/s values usually found in ionic compounds contain-
ing Fe2+. It can be noticed that the ratio of spectral areas
between the two doublets (i.e., between iron populations at
each site) is close to 1, indicating that the population at
these sites is different from the other known polytypes of
the series (10). Our assignment of the two doublets was
based on the expected symmetry for each site. Whereas a
DQ=0 value should be expected for a nondistorted site
with cubic symmetry, crystallographic data in Table 1 show
that both MTet and MOct coordination polyhedra are
distorted from their ‘‘perfect’’ symmetry, creating an
electric field gradient at Fe nuclei and thus nonzero values
of DQ. The random distributions of S and Se are also likely
to contribute to the observed electric field gradient. It is
well known that in both iron oxides and chalcogenides the
rule of thumb DQ(Fe2+)Tet4DQ(Fe2+)Oct can be applied
(11), where the subscripts Tet and Oct stand for tetrahedral
and octahedral coordination of Fe, respectively. Thus, we
assign the higher DQ1 value to tetrahedrally coordinated
Fe2+ in the structure, and the lower DQ2 to octahedral
sites. The spectrum shows, in addition, a single line
amounting to B471% of the total resonant area with
hyperfine parameters corresponding to non-magnetic
nanometer-size g-Fe (fcc) particles. This assignment is
based on the observation of the same line in Mössbauer
spectra of FeIn2Se4 and (low-T phase) FeIn2S2Se2 samples,
at temperatures down to 4.2K. Previous experimental and
theoretical works on fcc-Fe have shown that, due to the
volume dependence of the ground state, nanosized g-Fe
particles are paramagnetic down to 1.8K (12). The
presence of this phase seems to originate from the
reduction of the starting sulfide.
ZFC–FC magnetization curves taken at low field are

shown in Fig. 3. A sharp transition is observed at
T1=12.5(5)K, and below this point the FC and ZFC
branches display irreversible behavior similar to that of
iron-containing thiospinels (13). Magnetization curves in
ZFC–FC modes taken at higher applied fields (Fig. 4) show
that the temperature T1 of the irreversible point (defined as
the point where FC and ZFC branches separate) steadily
shifts to lower values with increasing field, attaining
B771K for H=70kOe. No significant changes are
observed in the paramagnetic (PM) regime with increasing
fields. In the PM region, the M/H (labeled as wdc) vs T
curves were found to obey a Curie–Weiss law wdc=C/
(T�Y). From the fit of wdc in the T4100K range (inset of
Fig. 4), we obtained Y=�126(3)K for the Weiss
temperature and meff=4.54(3) mB for the effective magnetic
moment, similar to those previously reported for FeIn2S4
(14). This similarity between Curie-Weiss parameters in
FeIn2S2Se2 and FeIn2S4 (�126(3)K and �122(3)K in Ref.
(14), respectively) suggests that the effective superexchange
interactions involves mainly Fe–S paths. The meff value is
about 10% smaller than expected for the free ion value
(Fe2+B4.9 mB), which might be due to covalence effects.



FIG. 5. Magnetization curves vs applied field at selected temperatures.

The inset shows the low-field region, where a coercive field HC develops

for ToT1.
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Additionally, from the C value reported in Ref. (14) an
effective magnetic moment meff=4.85 mB is deduced, which
lies between the free-ion value and our result for
FeIn2S2Se2, as could be expected from a simple picture
based on the electronegativity differences in S–Fe and Se–
Fe chemical bonds. Magnetization vs applied field cycles
performed at different temperatures (Fig. 5) show PM
behavior for temperatures T4T1. For ToT1, the sudden
appearance of a coercive field HC is observed, in agreement
with the irreversibility in ZFC–FC curves. The value of
coercive field at 5K, namely HC=2.1(1) kOe, is consider-
ably larger than the values usually found in sulfides and
selenides (2, 15).
Figure 6 shows the real w (T) and the imaginary w@(T)

components of the ac susceptibility at some selected
frequencies. For temperatures T�20K, the in-phase
w 0(T) and out-of-phase w@(T) components overlap for the
different frequencies, indicating that the system is in
FIG. 6. Ac susceptibility data taken at different driving frequencies,

showing the shift of the temperature of the maximum. The excitation field

was H=2G. The driving frequency were between B10mHz and

B1.12 kHz.
thermodynamic equilibrium. For lower temperatures, it
can be observed that, at each frequency, the temperature Tf

of the maximum in the absorption component w0 is almost
coincident with the inflection point observed in the
dispersion component w@. It can be also noticed from
Fig. 6 that the peak of the real component broadens as it
shifts to higher T for higher applied frequencies.

DISCUSSION

From the inspection of the structural data presented in
Table 1 it can be inferred that, since the unit cell has cB10a
and the layers of MOct/MTet sites are parallel to the ab
planes, there is a considerable separation between layers.
Within each layer, the exchange paths connecting MTet to
MOct cations are essentially those involving one S(2) or
Se(2) anion, whereas the shortestMTet–MTet exchange path
(within the same or at different layers) must involve at least
two S(1) (or Se(1)) anions. It is interesting to note that, as a
consequence of this layered structure, low-dimensional
magnetic properties could be expected. However, no
evidence of Do3 magnetic order can be observed from
the M(T) curves between 5K and 300K, which approxi-
mately follow a Curie–Weiss regime down to TE1.5T1.
The existence of anisotropy effects, on the other hand, is
difficult to establish due to the polycrystalline nature of the
present samples.
For a SG state to develop, it is usually assumed that

some degree of magnetic frustration is needed, either from
competing interactions or randomness of spin positions.
The small ratio T1/YE0.1 between the transition tempera-
ture and the Curie–Weiss parameter (which is a measure of
the exchange interactions in the system) indicates that a
large degree of frustration is indeed present in FeIn2S2Se2.
This frustration probably originates in the randomness of
spin positions as the Fe ions are statistically distributed
over the tetrahedral and octahedral sites. It is worth noting
that ordering of the Fe atoms would result in a different
space group.
The frequency-dependent cusp of ac data agrees with the

existence of a frozen state below B14K. To analyze
whether this corresponds to a true SG transition is not a
trivial task, because even the nature of the SG phase is still
matter of discussion (16,17). The usual way to obtain
quantitative evidence for spin–glass behavior is from the
relative shift of the temperature of the maximum, Tm, in
the real component of the ac susceptibility w0(T), through
the relationship

W ¼ �Tm=ðTm� logðoÞÞ ¼ 4:7� 10�2: ½1


Although this value is larger than the (5–9)� 10�3 found in
canonical spin–glasses such as MnCu and AuFe (18), it is
much smaller than the shift in a superparamagnet (19).



FIG. 7. Plot of Tg vs ac driving frequency f. The dotted line is the best

fit to the experimental points using Eq. [1].
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Interestingly, a similar value W=6� 10�2 has been
reported for several members of the (Eu1�xSrx)S family
of insulating spin–glasses (20).
We have tried two different approaches in the analysis of

the frequency dependence to clarify the underlying physical
mechanism. The activated dynamics model for critical
behavior in disordered systems assumes the existence of
free-energy barriers for relaxation processes, giving relaxa-
tion times that follow a Vogel–Fulcher law,

f ¼ f0 exp½EA=ðT � T0Þ
; ½2


where f is the applied frequency, EA is the activation
energy, and T0 is a measure of the interactions between
particles (or clusters). Applying this relationship yielded
the unrealistic 9.8(2)K and 51(5)K values for T0 and EA,
respectively, indicating that this model is not appropriate
to describe the present system.
A second determination of the SG parameters was based

on the conventional critical slowing down for relaxation of
the magnetic moments, valid for a SG phase transition at
finite temperature. From the theory of dynamical scaling
near a phase transition it is known that the divergence of
the relaxation time t when approaching the freezing
temperature from above, is described by the relation

f ¼ f0t
z�; ½3


where t=(Tf –Tg)/Tg is the reduced temperature, Tf is the
freezing temperature at each frequency, Tg is the SG
transition temperature, and zn is a dynamic critical
exponent. Typical values for f0 are in the 1012–13Hz range
for canonical spin–glasses, such as CuMn and AuMn. We
note here that the frequently used criteria to extract the
freezing temperatures Tf at different frequencies, e.g., the w0

or w@ maximum, yields incorrect results since they define
sets of Tf (H,o) values for which � is not necessarily
constant. Instead, we have used a criterion (21) that
involves the quantity

tan� ¼ � 00=� 0 ¼ !�; ½4


setting tan� � �¼ constant, where the constant value was
chosen to be small compared to the value at the inflection
point. This defines a set of Tf values that satisfy the o
t=constant condition. As shown in Fig. 7, the Tf values
defined in this way yield the expected linear dependence of
log t vs log f, and the best fit is obtained with
f0=1.96� 106Hz, Tg=12.5(2)K, and zn =6.571.0. The
resulting value of the dynamic critical exponent zn is similar
to previous results found for other 3D short-range Ising
spin glasses (22, 23). From the theoretical side, Monte
Carlo simulations of the Ising system (7J model),
assuming that Tg=0 for the SG–PM transition, yielded
zn=4 for the three-dimensional case and zn=2 for two
dimensions (24). On the other side, Monte Carlo simula-
tions of short-range Ising spin–glass (discrete nearest-
neighbor 7J model in a 3D cubic lattice) have shown that
zn can vary from 5.570.5 to 7.270.8 depending on the
different methods of analysis (25). Our results show clearly
that the latter model with Tg40 is more appropriate to
describe the SG transition in FeIn2S2Se2.

CONCLUSIONS

The magnetic characterization of the high-temperature
polytype FeIn2S2Se2 has been accomplished. Antiferro-
magnetic interactions were found in the paramagnetic
regime, yielding a magnetic transition from the PM to an
ordered state at T1=12.5(5)K. Despite its layered struc-
ture, the magnetic behavior was determined to be of three-
dimensional type. Partial inversion of the cations was
determined from the resonant areas at room temperature.
From ac susceptibility data at different frequencies, a spin–
glass transition has been found to occur at TE14K. The
critical parameter zn=6.571.0 resulting from the conven-
tional critical slowing down fits of w0(T) and w@(T) indicates
that this system is well described by a 3D short-range Ising
spin–glass model.
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