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In FeCr2S4 with colossal magnetoresisitance effect, there are neither heterovalence nor Jahn-TellersJTd
distortion, hence double-exchange and JT effect can be excluded. It is proved that magnetic polarons hopping
is responsible for the transport behavior in FeCr2S4 aboveTc. Here, we report that in the system Fe1−xInxCr2S4,
there is the magnetic fluctuation in the high temperature region. The transport properties in the high tempera-
ture region are dominated by variable-range hopping process. This can be ascribed to the magnetic random
potential induced by the magnetic fluctuation. By studying the electron-spin-resonancesESRd spectra of the
single crystal with different angle, we successfully explain the intricate ESR behaviors that only a single line
with g,2 is observed belowTc and splitting peaks are exhibited whenT,Ts in polycrystalline samples.
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I. INTRODUCTION

The discovery of colossal magnetoresistancesCMRd ef-
fect in doped manganites with perovskite structure has fasci-
nated considerable interest for its possible application and
scientific significance in the past decade.1–4 The essential
physical mechanism in this system is believed to be double-
exchangesDEd and Jahn-TellersJTd effect.5,6

However, chalcogenide spinels, such as FeCr2S4, are an-
other kind of CMR material. There are neither heterovalence
nor JT effect.7,8 The conductivity in FeCr2S4 was believed to
originate from an Fe2+ narrow band.9 Its magnetoresistance
mechanism is initially speculated to arise from scattering be-
tween carriers and critical fluctuation.10 In addition, the mag-
netism of FeCr2S4 is ferrimagnetic, both Fe sublattice and Cr
sublattice are ferromagnetic, while the arrangement between
two sublattices is antiferromagnetic. This kind of magnetic
arrangement will inevitably influence the conductive proper-
ties. Previous works prove that magnetic polaron hopping is
responsible for the transport properties at temperature above
Tc.

11

In order to probe the mysteries of great difference of the
conductive mechanism between manganites and spinels, the
transport mechanism in chalcogenide spinels need further to
be investigated. We design a series of In doped samples
Fe1−xInxCr2S4 sx=0,0.05,0.10d, through which the influence
of A site doping on magnetic and transport behavior is stud-
ied. Our results indicate that in all doped samples, the In ion
occupies the Fe site in the form of In2+. The magnetic fluc-
tuation is observed aboveTc in doped samples. It is found
that the transport mechanism is the variable-range hopping in
the high temperature region. This is attributed to the mag-
netic random potential which is induced by the magnetic
fluctuation. In addition, by studying the ESR lines of the
single crystal with different angle, we understand the intri-
cate ESR behavior in polycrystalline samples properly.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Fe1−xInxCr2S4 sx=0,0.05,0.10d
were prepared by conventional solid-state method.7 High-

purity powders of irons99.9%d, indium s99.9%d, chromium
s99.9%d, and sulphurs99.999%d were mixed uniformly in a
2 g batch according to the stoichiometric ratio and sealed
into evacuated quartz tubes. The tubes were slowly heated
from 450 °C to 850 °C with a step of 50 °C over a period of
1 week. The initially sintered samples were ground and
pressed into round or square-shaped pelletss10 mm diam-
eter, 4 mm thick or 203534 mm3d. The pellets were re-
sealed in evacuated quartz tubes and heated at 950 °C for
3 days. FeCr2S4 single crystals were grown by the chemical
transport reaction method,12 with chlorine as the transport
agent.

Powder x-ray diffractionsXRDd data for polycrystalline
samples were collected on a rotating anode x-ray diffracto-
meter, type MXP 18AHF, with graphite monochromatized
Cu Ka radiation. Single crystal FeCr2S4 was powdered and
diffraction spectrum was taken with the same diffractometer
as polycrystals. The orientation of single crystal was deter-
mined by the x-ray diffractometer. Room temperature Möss-
bauer spectra were recorded using a MS-500 Mössbauer
spectrometer and57CosPdd radiation source. The measure-
ment of x-ray photoemission spectroscopysXPSd was carried
out on a XPS spectrometer, type VG ESCALAB MKII, with
dual-anode x-ray source. The magnetizationsMd in the tem-
perature range of 4.2–300 K was measured using an M-9300
vibrating sample magnetometersVSMd. The electron-spin-
resonancesESRd spectra of polycrystalline samples were re-
corded on the powder samples in a Brucker ER200D spec-
trometer at 9.61 GHz. The ESR spectra of the single crystal
at different directions were collected by the same instrument
as polycrystalline samples using polished disks withs111d
plane orientation by rotating the slice in as11̄0d plane. The

slice is perpendicularity to thes11̄0d plane.sIn fact, the dif-
ferent directions are obtained by rotating the magnet.d The
measurements of resistance were performed using a standard
four-probe method in the temperature range from
4.2 to 300 K.

III. RESULTS AND DISCUSSION

Because In ions are usually in the form of In3+ in the
compounds, one can image that the heterovalence should be
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introduced in the system by the substitution of In for
Fe. Thus the system became Fe1−2x

2+ Fex
+Inx

3+Cr2
3+S4

2− or
Fe1−x

2+ Inx
3+Cr2−x

2+ Crx
3+S4

2−. The system can be a CMR material
with mixed valence. As is known, the conductive mechanism
in the manganites is believed to be the result of DE effect
which originated from heterovalence. The initial purpose of
this work is to try to introduce the heterovalence in this
system by the means of substituting In for Fe, through which
the conductive mechanism will be investigated. But the ex-
periments give totally different results.

A. Structure

Figure 1 shows powder XRD patterns of the polycrystal-
line samples Fe1−xInxCr2S4 sx=0,0.05,0.10d, which exhibit
the pure spinel phase. The powder XRD pattern of the single
crystal FeCr2S4 is the same as that of the polycrystal and
confirms the pure spinel phase. The crystal structure of poly-
crystals at room temperature are determined by Rietveld
method.13 It is found that the crystals belong to a normal
structure of the cubic system. The space group is Fd3m.
From Fig. 1, one can find a small, systematic change with

doping level. By substituting Fe with In, the intensity of
s111d increases. The ratio of intensity, for example,
Is220d / Is311d, also changes. These changes can be attributed
to the variation of the structure factor, because the scattering
factor of In is different from that of Fe atom. The lattice
parameters are listed in Table I. Fe and In atoms occupy the
sites 8a s1/8,1/8,1/8d. Cr and S atoms occupy the sites 16d
s1/2,1/2,1/2d, and 32e, respectively. The finalRb factor is
0.0537, 0.0626, and 0.0573, forx=0, 0.5 and 0.10, respec-
tively. These data reveal that In ions are introduced inA sites
and there are no replacement between Fe/ In atoms and Cr
atoms. Upon substitution of Fe by In, no structure change
has been observed.

B. Valence and occupancy for Fe, In, and Cr ions

However, it is argued that it is very difficult to rule out
some percent ofA–B site inversion or a corresponding frac-
tion of In3+ due to the resolution of XRD spectras,5%d
despite that the Rietveld analysis proves that Fe and In ions
occupy theA sites. To determine the ion distribution and

FIG. 1. Powder XRD patterns
for Fe1−xInxCr2S4 sx=0,0.05,0.1d
polycrystalline samples.

TABLE I. Lattice parameters, Mössbauer parameters, Curie temperature,Tc
onsetandTS for the investigated

samples.

D sÅda Qs smm/sdb Is smm/sdc Tc sKdd Tc
onsetsKde Ts sKdf

x=0 9.9941s6d 168 190 130

x=0.05 9.9969s8d 0.5395 0 165 178 120

x=0.1 10.0072s4d 0.5101 0 161 175 110

aD is lattice parameter.
bQs is quadruple splitting.
cIs is isomer shift.
dTc is Curie temperature.
eTc

onset is the temperature below which the magnetization begins to rise.
fTs is the temperature below which ESR spectra split into two lines.
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valence definitely, Mössbauer and XPS are used to give fur-
ther information.

In order to determine the valence and occupancy of the Fe
ions, Mössbauer measurements were performed at room tem-
perature. The Mössbauer spectra and fitting curves are shown
in Fig. 2. Fitting parameters are listed in Table I. As seen
from Fig. 2, the spectrum for each sample contains only one
absorbing peak with an isomer shiftsISd ,0.5 mm/s and a
zero quadruple splittingsQSd. These indicate that the Fe ions
occupy the tetrahedral sites in the form of Fe2+.14 Based on
the Mössbauer results, we estimate the occupancy of the Fe
ions of both doped samples. More than 99% of the Fe ions
occupy theA sites in the form of Fe2+. Thus, we can con-
clude that only very little Fe ions reverse to theB sites,
which can be neglected. Because the samples are solid solu-
tion, the Fe and In ions distribute randomly in theA sites.
Thus, we can plausibly deduce that only little proportion of
the In ions which are near to that of the Fe ions reverse to the
B sites. Such littleA–B site inversion will not affect the
properties of the system. Therefore, we can exclude the in-
fluence of theA–B site inversion.

The possibility of mix valence is not excluded completely
yet because some percent of Cr atoms may appear in the

form of Cr2+. Thus, we perform XPS measurements to deter-
mine the valence states of indium and chromium, which are
shown in Figs. 3sad and 3sbd. The sharp peaks of Cr2p2/3 and
In 3d5/2 core levels are located at the position of 575.2 and
444.6 eV, respectively. The sharp peak of InM4N45N45 in the
inset of Fig. 3sbd is at 408.2 eV. These results mean that Cr
ion is in the form of Cr3+ and In ion is in the form of In2+.
The peaklike structure around the InM4N45N45 peak located
at 408.02 eV has been found to be noise induced. The pos-
sibility that a few percent of Cr2+ appears inB sites then can
be ruled out because the same amount of In3+ will be induced
which will produce another distinct peak in addition to the
current observed peak in the XPS spectra of indium. Com-
bined with the XRD analysis, one can reach the conclusion
that Cr ion appears in the form of Cr3+ and occupies the
octahedral site, while In ion is in the In2+ valence state and
occupies the tetrahedral sites. Thus, the possibility of mixed
valence can be ruled out.

C. Magnetism

1. Macromagnetism

The M-H curves of the FeCr2S4 at 180 K and 200 K and
that of the Fe0.9In0.1Cr2S4 at 160 K and 180 K are shown in
the inset of Figs. 4sbd and 4sdd, respectively. The magnetiza-
tion saturate above,0.2 T in ferromagneticlikeM-H curve.
Therefore, the temperatureT dependence of the magnetiza-
tion M for Fe1−xInxCr2S4 sx=0,0.05,0.1d under zero-field
cooling sZFCd and field coolingsFCd in a 0.005 T and 0.5 T
magnetic field are shown in Fig. 4, respectively. It can be
seen that all the samples undergo a transition from paramag-
netic sPMd to ferrimagneticsFMd phases. In a 0.5 T mag-
netic field, the magnetization began to raise below a certain
temperatureTc

onsetwhich is listed in Table I. TheM-H curve
display a ferromagneticlike behavior belowTc

onset and is
paramagnetic aboveTc

onset. This is a hint that there are no
impurity magnetic phase in high temperature in all samples.
The obviously irreversibility of curves under ZFC and FC in

FIG. 2. Mössbauer spectra for Fe1−xInxCr2S4 sx=0.05,0.1d at
room temperature.

FIG. 3. XPS spectra ofsad Cr
2p core level andsbd In 3d core
level for Fe0.9In0.1Cr2S4; inset sbd
shows the In MNN spectrum.
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0.005 T can be ascribed to magnetic order frustration or a
transition into a spin-glass phase.15,16 In ferrimagnetic mate-
rial, this can also be attributed to spin reorientation.17 No
irreversibility was observed in applied field of 0.5 T as ex-
pected. These results agree with previous reports.18

We note that the magnetizationM in 0.5 T decreases with
increasingx fsee Fig. 4sadg. This is much surprising. The
magnetic structure in FeCr2S4 has been investigated long ago
by the powder neutron-diffraction technique, which shows
that the spin arrangement in FeCr2S4 is simple Nèel type
with the magnetic moment of Cr ion is in the direction of
applied field and the magnetic moment of Fe ion is in the
direction opposite to that of the applied field.19 Then accord-
ing to Nèel’s two-sublattice model, for FeCr2S4, both the Fe
sublattice and Cr sublattice are ferromagnetic, while the
magnetic moment of Fe sublattice is antiparallel to that of
the Cr sublattice due to the magnetic coupling between two
sublattices. Thus, the net magnetizationMs can be written as
Ms=MCr−MFe, where MCr and MFe are the spontaneous
magnetization of the Cr and Fe sublattices, respectively. In
previous studies by doping in Cr sites,Ms does decrease with
increasing of doping level becauseMCr decreases with in-
creasingx.18 One can image that in Fe1−xInxCr2S4 system, the
substitution of nonmagnetic In ions for Fe ions will dilute the
Fe sublattice, thusMFe will decrease with increasingx. It
seems thatMs should increase with increasing doping level.
But the experimental results prove thatMs decreases with
increasing doping level, which imply only thatMCr should
decrease.

It is known that there are at least two kinds of Cr-Cr
magnetic interactions in ACr2S4 compounds, namely the
nearest-neighbor ferromagnetic Cr-Cr interaction, and the

more distant neighbor antiferromagnetic Cr-Cr interactions.
Both the nearest-neighbor ferromagnetic Cr-Cr interaction,
and the more distant neighbor antiferromagnetic Cr-Cr inter-
actions are modulated by the distance between Cr ions and in
turn by the lattice parameter.20 The radium of the Fe2+ lies
between that of Zn2+ and that of Cd2+. Comparing the lattice
parameter of the Fe1−xInxCr2S4 ssee Table Id to that of
ZnCr2S4 s9.988 Åd and that of CdCr2S4 s10.244 Åd,20 the
lattice parameters of Fe1−xInxCr2S4 are almost identical to
that of ZnCr2S4 but considerably smaller than that of
CdCr2S4. Thus, ZnCr2S4 should be taken as a reference for
theB-B interaction of Fe1−xInxCr2S4. In ZnCr2S4, the sum of
the nearest-neighbor ferromagnetic Cr-Cr interactions is
smaller than the sum of the more distant neighbor antiferro-
magnetic Cr-Cr interactions, thus the overall Cr-Cr interac-
tion is antiferromagnetic.20 There is no magnetic coupling
betweenA andB sublattices in ZnCr2S4. A remarkable fea-
ture of FeCr2S4 spinel is that all exchange integralsJAA sor
JFe-Fed, JAB sor JFe-Crd and JBB sor JCr-Crd are negative and
favor antiparallel alignment of the spins connected by the
interaction.21 But theAB sor Fe-Crd interaction is the stron-
gest, so that theA sor Fed spins are parallel to each other and
theB sor Crd spins are parallel to each other, just in order that
theA sor Fed spins may be antiparallel to theB sor Crd spins.
The magnetism of Fe sublattice is reduced due to the dilution
of the Fe sublattice by the nonmagnetic In ions in
Fe1−xInxCr2S4. The magnetic coupling between two sublat-
tices is weakened subsequently and thus spins in Cr sublat-
tice will not align parallel perfectly as before and prefer to
align antiparallel. HenceMCr decreases with increasing dop-
ing level. The net magnetization will decrease as a result.

As is known, Curie temperatureTc, obtained by the in-
flection point ofMsTd, is determined by all exchange inter-

FIG. 4. sad M-T curves for Fe1−xInxCr2S4 sx=0,0.05,0.1d in 0.5 T. sbd, scd, sdd show theM-T curves under FCsclosed circled and ZFC
sopen circled sequences in 0.005 T. The insets insbd and sdd show theM-H curve of FeCr2S4 and Fe0.9In0.1Cr2S4, respectively,
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actions. The doping suppress these exchange interactions.
Therefore,Tc decreases with increasing doping levelsshown
in Table Id.

2. Micromagnetism

Obviously, the magnetism should also reflect in micro-
magnetism of the system. Here we further investigated the
micromagnetism by the ESR. Figure 5 shows the ESR spec-
tra for the polycrystalline samples withx=0,0.05,0.10 at
different temperature.

For the undoped sample, the ESR spectra consist of a
single line withg,2.0 which is marked by “↑” aboveTc

onset.
This signal has been believed to be originated from the PM
state in both Cr and Fe sublattice layers. But in doped
sample, there are some anomaly peaks which are marked by
“m” except for the PM line withg,2.0 aboveTc. These
anomaly peaks became more obvious in higher doping level.
Because we have excluded the possibility of the existence of
the impurity phase, such anomalies can be attributed to the
magnetic fluctuation embedded in the paramagnetic matrix.
But because there are large anisotropy in the FeCr2S4 series,
the anisotropy of theg factor may contribute to such anoma-
lies in polycrystal too.

Below Tc
onset, there is only a single line withg,2 which

is marked by “n.” This is attributed to the ferrimagnetism
nature of the system. As temperature decreases belowTs sde-
fined as the temperature below which ESR spectra split into
two linesd, the ESR line splits into two lines which is marked
by “∧,” shifting to higher and lower fields with decreasing
temperature, respectively.Ts decrease with increasing doping
level ssee Table Id. This is a hint of the lowering of aniso-
tropy with increasing doping level.

The ESR behavior in FeCr2S4 system is obviously differ-
ent from that of manganites. Generally, in the manganites,
ESR line withg.2 or coexistence of ESR lines withg,2
and g.2 should appear belowTc. And the ESR line with
g.2 will shift to lower field with decreasing temperature.22

The ESR line withg.2 is generally attributed to the FM
state atT,Tc.

Turskanet al. present the angular dependence of the reso-
nance field of ESR spectra for the FeCr2S4 single crystal
with s110d plane orientation and the intensity of ESR spectra
along three principle crystal axes.23 The results clearly show
that ESR spectrum depend on the orientation drastically. We
suggest that the polycrystalline samples can be treated as a
collection of many small single crystals with different crystal
orientation. Thus, the ESR spectra of the polycrystalline
samples should be the overlapping of the ESR spectra of the
single crystal with different magnetic field orientation. But as
the intensity is given only along three principle crystal axes
in a previous report,23 the overlapping of different angles
cannot be obtained directly. In order to understand the ex-
traordinary ESR spectra of FeCr2S4 polycrystal, we perform
the ESR study on FeCr2S4 single crystal from 0° to 180° at

an interval of 10° by rotating the sample in planes11̄0d at
170 K and 110 K, respectively. The reason to choose 170 K
and 110 K is that 170 K is the typical temperature of a single
ESR line in the PM state and 110 K is the typical tempera-
ture of two splitting ESR lines in the FM state. In Figs. 6sad
and 6sbd, we display the results of the ESR lines as a func-
tion of angleus0° –180°d at an interval of 10° at 170 K and
110 K, respectively. At 170 K, the ESR lines translate from
Hres,0.396 T to Hres,0.421 T from 0° to 90° gradually.
The ESR lines from 100° to 180° is just the reverse. For
110 K, however, the experiments give very complex image.
From 0° to 90°, the ESR lines can be divided into two groups
which are located near Hres,0.24 T and Hres,0.576 T, re-
spectively. The resonance field of the ESR lines from 100° to
180° transit from 0.35 T to 0.52 T gradually. And the inten-
sity of the ESR line with different angle is different. We
display the overlapping of all ESR lines with different angles
at 170 K and 110 K in Figs. 6scd and 6sdd, respectively. One
can find that the overlapped spectrum at 170 K consist of a
single ESR line withHres,0.41 T at 170 Kfsee Fig. 6scdg
and the overlapped spectrum consist of two ESR lines with

FIG. 5. ESR spectra of
Fe1−xInxCr2S4 at different tem-
perature.sad x=0, sbd x=0.05, scd
x=0.1. Dark arrows “↑” mark the
single PM line aboveTc

onset, “∧”
marks the splitting peaks. The
peaks marked by the open triangle
“n” is attributed to the ferrimag-
netic nature of the system.
Anomalies marked by the closed
triangle “m” are due to the mag-
netic fluctuation embedded in the
paramagnetic matrixssee textd.
The spectra in the insets have
been enlarged by a factor of 200
and 500 for x=0.05 and 0.10,
respectively.
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Hres,0.23 T andHres,0.5 T at 110 Kfsee Fig. 6sddg. The
results of the overlapped spectra obtained by overlapping
over a plane coincide with the experiments qualitativelyfsee
the ESR line at 170 K and 110 K in Fig. 5sadg, although a
quantitative explanation require overlapping over the full
space. These results show that the splitting ESR spectra of
FeCr2S4 polycrystal is due to the large anisotropy.

Now we turn to the question of what is the origin of the
anomalies in ESR lines. First we consider the possibility that
the anomalies of ESR signal come from the anisotropy of the
g factor and/or the polycrystalline nature of the samples. To
elucidate this question, measurements in the single crystal
will be helpful. The splitting of the ESR spectra is attributed
to the large anisotropy according to the above discussion.
From Fig. 5 we can conclude that there are large anisotropy
in all samples. Therefore, both undoped and doped samples
will suffer the influence of the anisotropy inevitably. Thus,
the anomalies should also appear in the ESR signal of the
undoped sample. In Fig. 7 we present the ESR spectra of the
undoped polycrystalline samples at 200 K and that of the
undoped single crystal samples at 180 K and 200 K. No such
anomalies observed in the ESR spectra of the doped samples
appear. In fact, the anisotropy of the FeCr2S4 series is very
low in the PM region, as shown in Fig. 6sad. Thus, we can
conclude that the anomalies of the ESR signal do not origi-
nate from the anisotropy of theg factor and/or the polycrys-

FIG. 6. The ESR line of the FeCr2S4 single crystal as a function of angleus0° –180°d at an interval of 10° atsad 170 K andsbd 110 K,
respectively. The overlapping of all ESR lines with different angle is shown inscd andsdd, respectively. Insets inscd andsdd show the relation
between resonance fieldHres and angleu.

FIG. 7. sad The ESR signal of the FeCr2S4 polycrystal at 200 K.
sbd The ESR signal of the FeCr2S4 single crystal at 180 K and
200 K.
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talline nature of the sample. Therefore, the anomalies should
be ascribed to the magnetic fluctuation embedded in the
paramagnetic matrix. We further evaluate the origin of the
magnetic fluctuation. Because the radium of the nonmagnetic
In ion is much larger than that of the Fe ion, the existence of
the In ions will block the correlation between the Fe ions
which are closed to the In ions. Thus, the magnetic fluctua-
tion will appear in the paramagnetic matrix.

D. VRH mechanism aboveTc

As magnetism and transport property is closely related in
chalcogenide spinels, the magnetism will inevitably affect
the transport property. The temperature dependence of resis-
tance in zero magnetic field for doped samples is shown in
Fig. 8sad. The curves show obviously that the resistivity in-
creases with increasing doping level. The resistance in zero
field increases rapidly with decreasing temperature, and
reaches a maximum aroundTc. As the temperature is further
reduced,r falls abruptly in the narrow temperature region
and then increases again belowTm sdefined as the tempera-
ture corresponding to the minimum resistivity belowTc,
shown in Table IId. Both aboveTc and belowTm, semicon-
ductorlike transport behavior is observed. As is known, for

semiconductorlike transport behavior, there are three models.
s1d An Arrhenius law,r=r0 expsE/kBTd, is generally used to
model activated behavior due to a band gapE or mobility
edge. s2d Nearest-neighbor hopping of small polarons,r
=r0T expsEp/kBTd. s3d If the carriers are localized by ran-
dom potential, Mott’s VRH expressionr=r0 expsT0/Td1/4 is
appropriate.24–26 Thus, in order to understand the transport
mechanism in this system, it is necessary to fit the resistivity
curves both aboveTc and belowTm based on these three
descriptions.

In Figs. 8sbd–8sdd, the zero-fieldrsTd curves are replotted
as lnr,s1000/Td, lnsr /Td,s1000/Td, ln r,s1000/Td1/4,
respectively. The solid lines are a fit for a different model.
The fitted parameters are listed in Table II. For FeCr2S4, the
fit of the small polaron hopping model remarkably agrees
with the data in the temperature range above,192 K. Al-
though the other two models agree with the data in some
limited temperature aboveTc, deviations can be seen at
higher temperatures. Thus, the data of FeCr2S4 is clearly in
favor of the small polaron hopping model in the high tem-
perature range. In the temperature belowTc, the fit of the
VRH model agrees with the data below,84 K. The fit of
the thermal activation model agrees with the data in a much
broader temperaturesbelow,112 Kd. The data are clearly in

FIG. 8. sad The temperature dependence of resistivityr in zero magnetic field for Fe1−xInxCr2S4 sx=0,0.05,0.1d. sbd,scd,sdd Zero-field
resistivity curves for Fe1−xInxCr2S4 sx=0.05,0.1d replotted as lnr,1000/T sclosed circled, lnsr /T,1000/Td ssolid squared, ln r
,s1000/Td1/4 ssolid triangled, respectively. The solid lines are the linear fitting curves.
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favor of the thermal activation model in the low temperature
range. These results of undoped samples are consistent with
previous reports.11 For doped samples, the resistivity can be
fitted to the small polaron hopping model and/or thermal
activation model in a limited temperature range; deviations,
however, are seen at higher temperature. The VRH model
gives a convincing fit above the Curie temperature. In the
low temperature, however, the thermal activation model fit
the resistivity below,105 K for both samples. The VRH
model agrees with the data in a narrower temperature range.
These results are in favor of the thermal activation model in
the low temperature range. As is known, the VRH model
dominates the transport behavior when there are random po-
tential. In our doped samples, the magnetic fluctuation is
found in the high temperature regime. The magnetic random
potential will appear and trap the carrier. Also, the hopping
across the grain boundaries is the variable-range case and
will contribute to the whole transport process at high tem-
perature. Because the magnetic fluctuation disappears in the
low temperature regime and the possibility of the hopping
across the grain boundaries decreases drastically at low tem-
perature, thermal activation dominates the transport behav-
ior. Thus, the transport behavior in doped samples can be
well understood.

IV. CONCLUSION

In conclusion, the magnetic and transport properties of
Fe1−xInxCr2S4 sx=0,0.05,0.10d are studied. The experimen-
tal results of ESR indicate clearly that there is the magnetic
fluctuation aboveTc in doped samples. The random magnetic
potential is induced and resulted in the localization of the
carriers. Thus the VRH mechanism dominates the transport
properties aboveTc in the doped sample. We suggest that the
polycrystal can be treated as a collection of many small crys-
tals with different orientation. Thus, the ESR spectra of the
polycrystal should be the overlapping of the ESR spectra of
the single crystal with different magnetic field orientation.
By studying the ESR lines of the single crystal with different
angle, we explain the unusual ESR behavior appropriately,
i.e., there is only a single line withg,2 belowTc

onsetwhile
there are two splitting peaks belowTs in polycrystal.

ACKNOWLEDGMENTS

This work was supported by the National Science Foun-
dation of China under Grant No. 10334090 and the State Key
Project of Fundamental Research, ChinasGrant No.
001CB610604d.

*Electronic address: zhangyh@ustc.edu.cn
1J. M. D. Coey, M. Viret, and S. von Molnar, Adv. Phys.48, 167

s1999d.
2Colossal Magnetoresistive Oxides, edited by Y. TokurasGordon

and Breach, Amsterdam, 2000d.
3E. L. Nagaev, Phys. Rep.346, 387 s2001d.
4M. B. Salamon and M. Jaime, Rev. Mod. Phys.73, 583 s2001d.
5C. Zener, Phys. Rev.82, 403 s1951d.
6A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. Lett.

74, 5144s1995d.
7A. P. Ramirez, R. J. Cava, and J. Krajewski, NaturesLondond

386, 156 s1997d.
8Z. W. Chen, S. Tan, Z. R. Yang, and Y. H. Zhang, Phys. Rev. B

59, 11172s1999d.
9J. B. Goodenough, J. Phys. Chem. Solids30, 261 s1969d.

10P. F. Bongers, C. Haas, A. M. J. G. Van Run, and G. Zanmarchi,

J. Appl. Phys.40, 958 s1969d.
11Z. R. Yang, S. Tan, Z. W. Chen, and Y. H. Zhang, Phys. Rev. B

62, 13872s2000d.
12T. Watanable, J. Phys. Soc. Jpn.32, 1443s1972d.
13H. M. Rietveld, J. Appl. Crystallogr.2, 65 s1969d.
14E. Riedel and R. Karl, J. Solid State Chem.38, 40 s1981d.
15K. Binder and A. P. Young, Rev. Mod. Phys.58, 801 s1986d.
16X. X. Zhang, R. H. Yu, J. Tejada, G. G. Sun, Y. Xin, and K. W.

Wong, Appl. Phys. Lett.68, 22 s1996d.
17G. Srinivasan and Mohindar S. Seehra, Phys. Rev. B28, 1

s1983d.
18Z. Yang, S. Tan, and Y. H. Zhang, Phys. Rev. B64, 024401

s2001d; Z. Yang, S. Tan, and Y. H. Zhang,ibid. 65, 184404
s2002d.

19G. Shirane, D. E. Cox, and S. J. Pickart, J. Appl. Phys.35, 954
s1964d.

TABLE II. Fitting parameters of the various samples for the thermal activation, the small polaron hopping
and the variable-range hoppingsVRHd model. The values in parentheses are the temperature above which
only a limited regime can be fitted by the model.

T abovesKd T downsKd

Tm
cln r,1000/T lnsr /Td,1000/T VRHa ln r,1000/T VRHb

x=0 s197d 192 s214d 112 84 156

x=0.05 s202d s197d 190 103 91 154

x=0.1 s210d s208d 187 105 98 150

aT aboveis the lowest temperature deviated from linear in the high temperature region.
bT down is the highest temperature deviated from linear in the low temperature region.
cTm is the temperature corresponding to the minimum resistivity belowTc.

QU et al. PHYSICAL REVIEW B 71, 184430s2005d

184430-8



20P. K. Baltzer, P. J. Wojtowicz, M. Robbins, and E. Lopatin, Phys.
Rev. 151, 357 s1966d.

21Introduction to Solid State Physics, 6th ed., edited by C. Kittel,
sWiley, New York, 1986d.

22X. M. Liu, X. J. Xu, and Y. H. Zhang, Phys. Rev. B62, 15112
s2000d.

23V. Tsurkan, M. Lohmann, H.-A. Krug von Nidda, A. Loidl, S.

Horn, and R. Tidecks, Phys. Rev. B63, 125209s2001d.
24R. M. Kusters, J. Singleton, D. A. Keen, R. McGreevy, and W.

Hayes, Physica B155, 362 s1989d.
25M. Viret, L. Ranno, and J. M. D. Coey, Phys. Rev. B55, 8067

s1997d.
26G. J. Snyder, R. Hiskes, S. DiCarolis, M. R. Beasley, and T. H.

Geballe, Phys. Rev. B53, 14434s1996d.

MICROMAGNETISM AND VARIABLE-RANGE HOPPING… PHYSICAL REVIEW B 71, 184430s2005d

184430-9


