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Conductivity from magnetic polarons to variable-range hopping in FeCr2ÀxAl xS4
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In this paper, the magnetic and transport properties of FeCr22xAl xS4 (0,x<1.0) are studied. The experi-
mental results of infrared spectra, magnetization, and electron spin resonance indicate that the substitution of
Al for Cr ions induces both Coulomb and magnetic-potential fluctuations to the system, which favor the carrier
localization. With increasing Al content, the magnetic transition weakens and broadens, the conduction behav-
ior transits from magnetic-polaron transport to the variable-range hopping process, and the colossal magne-
toresistance effect decreases and disappears at last.
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I. INTRODUCTION

Hole-doped manganite perovskites have become the fo
of scientific and technological interest in the past seve
years because they exhibit the colossal magnetoresist
~CMR! effects.1–3 Within the framework of the double
exchange model and the Jahn-Teller~JT! polarons, the mag-
netic and transport properties in these compounds can
explained qualitatively.4,5 In addition, several other factor
are also suspected to influence the conduction behavior,
as the presence of magnetic disorder and the intrinsic va
tions in the Coulomb potential due to the presence ofA31

andA21 ions in the lattice.6,7

FeCr2S4 is another kind of CMR material, however, it ha
neither heterovalence nor the JT polaron,8,9 whose magne-
toresistance mechanism was initially speculated to arise f
scattering between carriers and critical fluctuations; the c
duction in FeCr2S4 was believed to originate from the Fe21

narrow band.10 Recent works have suggested that the car
exists in the form of a magnetic polaron in the conduct
process at temperatures aboveTc .11 In addition, FeCr2S4 is
ferrimagnetic,12,13 both Fe sublattice and Cr sublattice a
ferromagnetic, while between two sublattices the spins ar
antiferromagnetic arrangement, this kind of magnetic
rangement will inevitably influence the conductivity and d
termine the CMR effect. In this paper, we design a series
samples with Al substituting for Cr~FeCr22xAl xS4, 0,x
<1.0! through which the influence of disorder-induced loc
ization on the magnetic-polaron transport behavior has b
studied. The reason we chose Al to substitute for Cr is t
the radius of Al31 ions is much smaller than that of Cr31

ions, thus Al substituting more easily causes the fluctua
of Coulomb potential.

Our results indicate that with increasing Al content, t
resistivity increases and the conduction behavior tran
from magnetic-polaron transport to the variable-range h
ping ~VRH! process. It is believed that the substitution of
for Cr induces both Coulomb- and magnetic-potential flu
tuations, which cause the carrier localization. When the
calization length is much small, the transport behavior
mainly determined by the VRH process. In addition, t
magnetic transition weakens and broadens. As a co
quence, the magnetoresistance effect decreases and d
pears at last.
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II. EXPERIMENT

The polycrystalline samples of FeCr22xAl xS4 (0,x
<1.0) were prepared by the standard solid-state synth
method.8 High-purity powders of iron~99.9%!, chromium
~99.9%!, aluminum ~99.9%!, and sulphur ~99.9%! were
mixed uniformly in a 6 g batch according to the stoichio
metric ratio and sealed into evacuated quartz tubes.
tubes were slowly heated from 450 °C to 850 °C with a s
of 50 °C over a period of 1 week. The initially sintere
samples were ground and pressed into round or squ
shaped pellets~10 mm diameter, 4 mm thick or 2035
34 mm3!. The pellets were resealed in evacuated qua
tubes and heated up to 950 °C and then left at the temp
ture for 3 days.

The x-ray power diffraction~XRD! data were collected on
a rotating anode x-ray diffractometer, type MXP 18AH
with graphite-monochromatized CuKa radiation. The mea-
surements of infrared transmission spectra were carried
with powder samples in the frequency range from 4000
350 cm21. The magnetizationM in the temperature rang
from 4.2 to 400 K were measured using a M-9300 vibrati
sample magnetometer under 0.5 T forx<0.7 and 0.005 T for
x>0.8. The electron spin resonance~ESR! spectra were re-
corded on the powder sample in a Brucker ER200D sp
trometer at 9.4 GHz. The resistivity measurements were
formed using a standard four-probe method in t
temperature range from 4.2 to 300 K under an applied fi
of 0 and 5 T.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Pure phase with spinel structure

Structure and phase purity of FeCr22xAl xS4 (0,x<1.0)
were examined by XRD measurements, which reveal tha
samples are single phased with spinel structure. The la
parameter for each sample was computed by means
weighted least-squares fitting, which is shown in Table I.
substitution of Cr by Al, no structure change has been
served.

B. Fluctuation of Coulomb potential and magnetic
inhomogeneity

The infrared transmission spectra for all samples
shown in Fig. 1. For normal spinel-type compounds, unit-c
©2001 The American Physical Society01-1
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TABLE I. Fitting parameters for FeCr22xAl xS4.

x 0.1 0.2 0.4 0.5 0.6 0.7 0.8 1.0

d Å 9.9912 9.9997 10.0006 9.9949 9.9997 10.0047 10.013 10.
Tc ~K! 167 157 139 129 120 115

EL ~meV! 22 31.5 34.5 38.7 36.9 41.5 41 VRH
EP meV 138 152 172 154 152 153 VRH VRH
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group analysis predicts that there are four infrared ac
vibrations ofF1u modes.14 In our detecting frequency range
only one infrared absorption peak is observed for e
sample, which is responsible for theF1u(1) mode.15,16 As
seen from Fig. 1, the absorption peak shifts to higher
quency gradually with the increase ofx. The systematic
variation of the absorption peak on substitution of Cr by
clearly indicates that Al atoms get into lattice. More impo
tant is that the absorption peak shifts to high frequen
which reveals that the bond strength of the Al-S bond
stronger than that of the Cr-S bond, and it may be furt
deduced that Al ions have a different Coulomb potential
contrast to Cr ions. Thus it can be concluded that Al sub
tution induces the fluctuation.

In addition, since the Al ion is nonmagnetic, the substi
tion of Cr by Al ions will cause not only the fluctuation bu
also magnetic inhomogeneity in the Cr sublattice. As
known, the magnetism of the Cr sublattice and that of the
sublattice couples with each other. Thus the magnetic in
mogeneity in the Cr sublattice will also induce the magne
inhomogeneity in the Fe sublattice. Because the conduc
in FeCr2S4 is originated from the Fe21 narrow band, the
magnetic inhomogeneity in the Fe sublattice will inevitab
influence the transport behavior. So we have studied
magnetism of FeCr22xAl xS4.

FIG. 1. Infrared transmission spectra for FeCr22xAl xS4 (0,x
<1.0) samples.
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C. Macromagnetism

The magnetization as a function of temperature for
samples withx<0.7 is plotted in Fig. 2. It can be seen th
all the samples undergo a transition from paramagnetic
ferrimagnetic phase. The Curie temperatureTc , derivative of
M (T), decreases with the increase ofx ~as shown in Table
I!. On substitution of Al for Cr the magnetic transition wea
ens and broadens and the magnitude of magnetization
creases. In FeCr22xAl xS4, as is known, because the Al ion
nonmagnetic, the magnetism of the Cr sublattice will d
crease with increasingx. For a certain substituting concen
tration, the net magnetism of the system may be negat
Thus forx50.8 and 1.0, in order to obtain the intrinsic ma
netism of the system, we performed the low-field magneti
tion measurement~measuring magnetic field 0.005 T!. The
M -T curves forx50.8 and 1.0 are shown in Fig. 3~a!. With
decreasing temperature, the magnetization first rises
maximum then decreases to zero at a compensation tem
ture. The compensation temperature is 25 and 40 K fox
50.8 and 1.0, respectively. With further decreasing tempe
ture, the net magnetization below the compensation temp
ture is negative.

As is known, the compensation temperature is a cha
teristic of ferrimagnets, which was first predicted by Ne´el
and then discovered in some ferrimagnets.17,18 The magnetic
structure in FeCr2S4 has been investigated long ago by t

FIG. 2. Temperature dependence of the magnetization (M;T)
for FeCr22xAl xS4 (0,x<0.7) samples.
1-2
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CONDUCTIVITY FROM MAGNETIC POLARONS TO . . . PHYSICAL REVIEW B64 024401
powder neutron-diffraction technique, which showed that
spin arrangement in FeCr2S4 is simple Néel type with mCr
52.9mB and mFe54.2mB , the magnetic moment of the C
ion is in the direction of applied field, and the magne
moment of the Fe ion is in a direction opposite to that of
applied field.19 Then according to Ne´el’s two-sublattice
model, for FeCr2S4, both the Fe sublattice and the Cr subla
tice are ferromagnetic, while the magnetic moment of the
sublattice is antiparallel to that of the Cr sublattice due to
magnetic coupling between these two sublattices. Thus
net magnetizationMs can be written as18

Ms5MCr2MFe ~1!

whereMFe and MCr are the spontaneous magnetizations
the Fe and Cr sublattices, respectively. For FeCr22xAl xS4,
MCr andMFe can be written as

MCr5~22x!NgCrJCrmBBJCr
~yCr!,

MFe5NgFeJFemBBJFe
~yFe!,

FIG. 3. ~a!. Temperature dependence of the low-field magn
zation (M;T) for x>0.8. ~b!. Solid line is the experimental resu
of magnetization forx50.8, three dotted lines are the theory resu
of formula ~1!.
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yCr5gCrJCrmBHCr /kt,

yFe5gFeJFemBHFe/kt,

whereHCr andHFe are the total molecular fields acting on F
and Cr ions, respectively.

HCr5H01gFeCr~2MFe1bMCr!, ~1a!

HFe5H01gFeCr~aMFe2MCr!, ~1b!

wherea, b, andgFeCr are the molecular-field coefficients.
In FeCr2S4, because the magnetic moment of the Cr su

lattice is larger than that of the Fe sublattice, it can be
pected that the system displays a net positive magnetiza
at temperatures belowTc . Clearly, with increasingx, the
spontaneous magnetization of the Cr sublatticeMCr de-
creases, thusMs decreases. The substitution of Al for Cr ha
two influences to the magnetism, one is that the substitu
of nonmagnetic Al ions will destroy the magnetism of the
sublattice, which causes the weakening of magnetic coup
between two sublattices. The other is that the Coulom
potential fluctuation of Al ions will induce the random fluc
tuation of the spins in the Cr sublattice, and the fluctuation
the spins in the Cr sublattice can only be depressed at lo
temperatures. ThusTc reduces, the magnetic transitio
broadens and weakens~as seen from Fig. 2!. The magnetism
of the Cr sublattice decreases with further increasing Al c
tent, then atx50.8 and 1.0, the compensation effect occu
The comparison of the experimental result forx50.8 with
formula ~1! is shown in Fig. 3~b!. Clearly, the theory accord
with the experimental result qualitatively. Because of t
substitution of high-concentration aluminum, the magneti
of the Cr sublattice decreases. As seen from Fig. 3~b!, at
temperatures below the compensation temperature,MCr
,MFe. At higher temperatures~from about 90 to 130 K!, the
experimental value is less than the theoretical value, this
indicates that the paramagnetic-ferrimagnetic transition ta
place in this temperature range. Theoretically, the comp
sation effect should occur in the sample withx around 0.55 if
the magnetism of the Fe sublattice is not destroyed (mFe
'1.45mCr). The compensation effect taking place in high
doping samples indicates clearly that the magnetism of
Fe sublattice weakens either.

D. Micromagnetism

The macromagnetism deduced above should also be
flected in micromagnetism of the system. Here we furth
investigated the micromagnetism by the ESR. Figure
shows the temperature dependence of the ESR signal fo
samples withx50.2, 0.4, 0.6, 0.8, and 1.0. Since the ES
spectra for FeCr2S4 sample have already been debat
elsewhere,11 below we are only concerned with the variatio
of the spectra with Al substituting. For FeCr2S4, as seen
from the ESR spectra in our previous work,11 only one ESR
signal is observed with theg-factor near 2 at temperature
aboveTc . The ESR spectrum splits at 155 K, and the sp
ting peaks shift towards lower and higher fields with decre
ing temperature, respectively. The ESR spectra for thx

-
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FIG. 4. ESR spectra at dif-
ferent temperatures fo
FeCr22xAl xS4 ~x50.2, 0.4, 0.6,
0.8, and 1.0! samples. Dark arrow
marks the single signal, ‘‘∧’’
marks the splitting peaks.
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50.2 sample are similar to that for FeCr2S4, however, the
splitting peaks emerge at lower temperatures~below 115 K!.
For x>0.4, only a single ESR signal is observed in the m
sured temperature range. It must be noted that for the
substituting sample, even if for a lower concentration w
x50.2, the ESR resonance line locates at a higher field. W
increasingx, the ESR line is broadened.

For FeCr2S4, the splitting peaks are believed to resu
from the antiparallel magnetic arrangement between the
sublattice and the Cr sublattice.11 The moment of the Cr
sublattice is susceptible to be parallel to the applied fie
hence the internal field of the Cr sublattice may cause
ferromagnetic-resonance line shift to lower fields, whi
forms the left-branch signal. So does the Fe sublattice, w
it is antiparallel and causes the right-branch signal. Fr
formulas~1a! and~1b!, it is known that the field acting on C
~or Fe! ions consists of three parts: the internal field of the
~Fe! sublattice acting on Cr~Fe! ions, the internal field of the
Fe ~Cr! sublattice acting on Cr~Fe! ions, and the applied
field. For lower-concentration aluminum sample, the inter
field of the Cr sublattice is larger than that of the Fe sub
02440
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tice, thus the net internal field is in the direction of the a
plied field and the ESR signal of Cr ions occurs at low
fields ~below 0.34 T!. With increasingx, the magnetism of
the Cr sublattice decreases and the internal field acting o
ions weakens. Thus the resonance line of Cr ions shifts
higher fields and the splitting signal forx50.2 emerges at
lower temperature. With further increasingx, the resonance
line of Cr ions shifting further to higher field merges into th
right-branch signal. As a whole, the ESR signal behaves
single line. Whenx is large, the net field is negative, thus th
net field acting on Cr ions is antiparallel to the applied fie
as a result ESR resonance takes place at fields higher
0.34 T.

Also as the substitution of Al for Cr divides the Cr su
lattice into a number of domains with short-range order, t
will inevitably induce magnetic inhomogeneity to system
that is to say, a certain number of relatively magnetic stro
regions and magnetic weak regions in the Cr sublattice m
form. These magnetic strong and weak regions in the
sublattice will result in the corresponding strong and we
regions in the Fe sublattice because of the coupling betw
1-4
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FIG. 5. Resistivity,r, and magnetoresistanceMRH5@r(0)2r(H)#/r(0), versus temperature for FeCr22xAl xS4 (0,x<1.0).
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the two sublattices, which will also induce magnetic inhom
geneity. The magnetic inhomogeneity is just the reason
the broadening of the ESR spectrum.

From ESR and magnetization, it can be concluded that
substitution of Al for Cr destroys not only the magnetism
the Cr sublattice but also the magnetism of the Fe sublat
Thus it can also be deduced that Al substituting induces
magnetic fluctuations to the system. The magnetic fluct
tions as well as the Coulomb fluctuations in the system w
inevitably influence the transport behavior, then we p
formed the resistivity measurements.

E. The conductivity from magnetic polarons to VRH process

The resistivity r and magnetoresistanceMRH5@r(0)
2r(H)#/r(0), as afunction of temperature are shown
Fig. 5. Comparing with FeCr2S4, the Al-contained sample
has a higher zero-field resistivity. For lower aluminum co
centration (0,x<0.2), bothr andMRH display a peak nea
Tc . For 0.4<x<0.7, the resistivity has no peak, however
is clear that the resistivity shows a point of inflection nearTc
and the CMR effect occurs in that temperature range.
point of inflection in the resistivity curve becomes less cle
with increasing Al content and disappears whenx>0.8. For
the x51.0 sample, the resistivity displays a semiconduct
like behavior in the whole temperature range measured,
no appreciable CMR effect is observed.

As is known, for semiconductorlike transport behavi
there are three models.~1! An Arrhenius law, r
5r0 exp(E/kBT), is generally used to model activated beha
ior due to a band gapE or a mobility edge.~2! Nearest-
neighbor hopping of small polarons,r5r0T exp(EP /kBT).
~3! If the carries are localized by random potential fluctu
tions, Mott’s VRH expression r5r0 exp(T0 /T)1/4 is
appropriate.20–22 Thus in order to understand the transp
mechanism in the FeCr2S4 system, it is necessary to fit th
resistivity curves based on these three descriptions. Figu
shows the zero-field resistivity curves replotted as lr
21000/T, ln(r/T)21000/T, and lnr2(1000/T)1/4, respec-
tively. For the sample withx50.1, as seen from Fig. 6, th
curve of lnr versus 1000/T is linear both atT.Tc and at
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FIG. 6. Zero-field resistivity curves for FeCr22xAl xS4 (0,x

<1.0) replotted as lnr21000/T ~closed circle d!, ln(r/T)
21000/T ~solid squarej!, and lnr2(1000/T)1/4 ~up trianglem!,
respectively. The solid lines are the linear fitting curves, the te
perature value shown in the figure marks the temperature where
experimental curve deviates from linearity.
1-5



s
d
o
e
a

e
g

t

e
t

y

e

y
o

h
d
th
n

he
spa-
n-
the

in-
and
est-
ay
on
ces-
to
n-

e-

of
e-
Al
tial
s-
he

ce
ica,

for

ZHAORONG YANG, SHUN TAN, AND YUHENG ZHANG PHYSICAL REVIEW B64 024401
temperature far belowTc , indicating a semiconductorlike
behavior in two regions. The activation energyE obtained
from the fits tor5r0 exp(E/kBT) readsEH5118 meV and
EL522 meV, respectively. In our previous work, the di
crepancy betweenEL andEH for FeCr2S4 has been discusse
in detail and been attributed to magnetic-polar
conduction.11 As we know, a magnetic polaron is a carri
coupled by short-range magnetic correlation within a m
netic cluster at temperatures aboveTc . Accordingly, the ef-
fective mass of a magnetic polaron increases greatly w
respect to that of a naked carrier, therefore the magn
polaron has a lower mobility and a higher activated ener
The formation of a magnetic polaron will become impossib
if the system is in an ideal ferromagnetic or ferrimagne
order, this explains the rapid fall off in resistivity observe
nearTc . Likewise, an external magnetic field will increas
the magnetic order and inhibit the formation of the magne
polaron, thus CMR occurs.20,23,24As seen from Fig. 6, for the
samples with 0,x<0.2, the resistivity can be described b
thermal-activated conduction@r5r0 exp(E/kBT)# at low-
temperature range, and can be better fitted by magn
polaron hopping conduction@r5r0T exp(EP /kBT)# at high-
temperature range, respectively. The activated energiesEL
andEP obtained form each fit are listed in Table I. Clearl
EP increases with Al content. In the middle concentrati
with 0.4<x<0.7, the resistivity at temperatures aboveTc
could be better fitted by the VRH expression. For t
samples withx>0.8, the resistivity could be well describe
by VRH in the whole temperature range measured. All
results clearly suggest that the transport mechanism tra
from magnetic-polaron transport to VRH with the increase
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Al content. As mentioned above, Al substitution divides t
system into a number of magnetic clusters and induces
tial fluctuations in both the Coulomb and magnetic pote
tials, which increases the magnetic scattering and favors
carrier localization. Thus the resistivity increases. With
creasing Al content, the carrier becomes more localized
the activation energy becomes larger, then the near
neighbor hopping process with a high activation energy m
transform into uncorrelated VRH when the available phon
energy is so small as to make the longer-range hops ne
sary to find a site sufficiently close in energy for hopping
occur.25 Furthermore, as shown in Fig. 2, the magnetic tra
sition weakens and broadens with increasingx. As a conse-
quence, with increasing Al content, the CMR effect d
creases gradually and disappears at last.

IV. CONCLUSION

In conclusion, the magnetic and transport properties
FeCr22xAl xS4 (0,x<1.0) are studied. The experimental r
sults of infrared spectra and ESR indicate clearly that
substituting induces both Coulomb- and magnetic-poten
fluctuations, which favor carrier localization. With increa
ing Al content, the transport behavior transits form t
magnetic-polaron conduction into the VRH process.
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