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Small-polaron transport in the Zn-doped colossal-magnetoresistance materials Fe12xZnxCr2S4
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The electrical resistivity, magnetization, thermoelectric power, and specific heat have been studied on a
series of Zn-doped polycrystalline samples Fe12xZnxCr2S4 (0<x<0.75) with a spinel structure over a wide
range of composition and temperature. The properties show a systematical change with substituting monova-
lent and nonmagnetic Zn for Fe. At high temperatures, a significant difference between the activation energy
deduced from the electrical resistivityr(T) and the thermopowerS(T), a characteristic of small polarons, is
observed. The conductivity is dominated by hopping of small polarons. All of the experimental data can be
well explained on the basis of the polaron model. At the same time, we discuss the origin of the colossal
magnetoresistance effect in these kinds of compounds.
n

e
p

le
ro
-
in

ce
o
r
ec
ub

r a
ca
nd

a
h
g

nt

r
on-

ld
r-
ort
e
he-
n

n
de-

ray-

out
cate
flu-
e
ies

ta of
INTRODUCTION

Since the discovery of the colossal magnetoresista
~CMR! effect in perovskitelike manganites,1 a great interest
has been attracted to investigate these ferromagn
compounds.2,3 The electronic, magnetic, and transport pro
erties in perovskitelike manganitesL12xRxMnO3 ~whereL
5La, Pr et al. andR5Ba, Ca,et al.! could be described by
double exchange~DE! model qualitatively.4,5 Mills, Little-
wood, and Shraiman5 have pointed out, however, that doub
exchange alone cannot account for the large resistivity d
below the Curie temperatureTC . They proposed that lattice
polaronic effects due to strong electron-phonon coupl
~arising from a strong Jahn-Teller effect! should be involved.
P. Dai et al.6 found an experimental evidence for existen
of the dynamic Jahn-Teller effect subsequently. In spite
the effort expended, there is still no consensus of the mic
scopic mechanism causing the conductivity and CMR eff
in perovskite manganites. For example, in 1996, M. A. S
ramanian et al.7 found a CMR material: pyrochlore
Tl2Mn2O7. This compound has neither mixed valence fo
double exchange magnetic interaction nor a Jahn-Teller
ion such as Mn31. Subsequently, Ramirez, Cava, a
Krajewski8 have reported the existence of CMR effect in
class of materials—Cr-based chalcogenide spinels suc
FeCr2S4, in which there does not exist the double exchan
interaction.

AB2S4-type compounds ~A5Fe, Zn, et al. and B
5Cr, Co, et al.! have the spinel structure which is differe
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from that of the perovskite manganites.A-site ion is divalent
on the tetrahedral sites andB-site ion is trivalent on the oc-
tahederal sites.9,10 There is no site exchanging betweenA
atoms andB atoms, and there is noA mixed valence in this
type of compounds such as FeCr2S4. The magnitude of MR
@MR5„r(0)-r(H)…/r(0)# in spinel compounds is smalle
than that in perovskitelike compounds under the same c
ditions. For instance, MR of FeCr2S4 is less than 20% while
MR of La0.5Ca0.5MnO3 is as high as 90% in a magnetic fie
up to 6 T.8,11 In order to probe the mysteries of great diffe
ence of CMR effect in these compounds, the transp
mechanism inAB2S4-type compounds needs further to b
studied. If magnetic scattering is central to the transport p
nomena of the system, it would cause a change mostly im
with little variation in n ~where m is the mobility of
carriers!.12 R. J. Bouchard13 has reported that the activatio
energy necessary for conduction in these compounds
pends upon the influence ofA-site ions. By substituting Zn
ion for Fe ion, we can study the influence ofA-site ions
because Zn ion is monovalent and nonmagnetic. The x-
diffraction patterns indicate that all Fe12xZnxCr2S4 samples
with different concentrations have a spinel structure with
any other secondary or impurity phase. These results indi
that the replacement of Fe by Zn ions has hardly any in
ence on its lattice because of the identical ion size of F21

and Zn21. In this paper, we report the transport propert
and the origin of CMR effect in the spinel Fe12xZnxCr2S4

compounds in more depth based on the experimental da
575 ©2000 The American Physical Society
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the electrical resistivity, magnetization, thermoelectric pow
~TEP!, and specific heat.

EXPERIMENT

The polycrystalline samples of Zn-doped Fe12xZnxCr2S4
were prepared by the conventional solid-state synth
method using high-purity iron powder, zinc powder, chr
mium powder, and sulfur powder. The powders were mix
in the stoichiometric ratios, ground thoroughly, and sea
into evacuated quartz tubes. The initial temperature w
450 °C, then it increased slowly with increment of 100 °C
to 850 °C over a period of one week, with intermedia
grinding, and adding prompt sulfur powder. The resulti
powder was densified by pressing into pellets under 20
mosphere pressure with 10 mm diameter and 1 mm th
ness. The pellets were fired in evacuated quartz tubes fo
h at 900 °C and furnace cooled to room temperature.
structure and phase purity were checked by x-ray diffract
~XRD!. The electrical resistivity was carried out using a co
ventional four-probe method. The temperature depende
of magnetization was measured by using a superconduc
quantum interference device~SQUID! magnetometer.
Specific-heat measurements were done in a standard ac
rimeter. The thermoelectric power~TEP! measurements wer
performed by suspending a sample between electrically
lated copper posts across which a variable temperature
dient was applied. Electrical contacts were achieved w
silver paint.

RESULTS AND DISCUSSION

The temperature dependence of resistivity in zero m
netic field for all samples with respective doping concent
tions is shown in Fig. 1. The curves show obviously that
resistivity increases rapidly with doping concentration
creasing. For lower doping concentrations (0<x<0.25), the
semiconductor-semiconductor transition has been obser
r(T) in zero field increases rapidly, as the temperature
lowered, and reaches a maximum at peak temperatureTP ,
which is summarized in Table I. BelowTP , r(T) falls
abruptly in the narrow temperature region and then increa

FIG. 1. The temperature dependence of resistivity for a serie
Fe12xZnxCr2S4 samples with different Zn-doping concentration
Inset: ln(r/T) versus 103/T.
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again as the temperature is further reduced. This beha
agrees with that reported by A. P. Ramirez.8,10,13,14At the
doping level ofx50.75,r(T) has a feature similar to that o
a semiconductor in the whole temperature range measu
The sample withx50.50 is a transition sample which ha
semiconductor-semiconductor transition but not obvio
With increasing the doping concentration the magnitude
TP shifts to lower temperatures, and the transition becom
weaker. When the concentrationx reaches 0.75 the transitio
disappears. The magnetization as a function of the temp
ture for all samples is plotted in Fig. 2. It can be seen that
samples withx<0.50 undergo a transition from parama
netic to ferromagnetic~PM-FM! phase. The temperature a
cording to the maximum ofudM/dTu is defined as the Curie
temperatureTC , which is shown in Table I. With increasin
x the value of TC decreases, and whenx reaches 0.75
PM-FM transition disappears.

In order to gain an insight into the origin of the systema
resistivity change, one may recall that the electrical cond
tivity

s5nem, ~1!

of

TABLE I. Parameters of the various samples investigated in
work. x stands for the doping concentration.Tp is the temperature a
which the resistivity reaches the maximum.TC denotes the Curie
temperature derived from the magnetization.TS-H is the temperature
at which the specific heat maximum occurs at zero fields.

Sample No. x Tp ~K! TC ~K! TS-H (K)

1 0 175.4 165.0 164.5
2 0.125 163.6 158.5 158.0
3 0.25 147.9 139.2 139.2
4 0.50 106.5 98.0
5 0.75

FIG. 2. The temperature-dependent magnetization and the
verse magnetic susceptibility in a magnetic field~1000 G! for
samples with different concentrations.
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wheren, e, andm are the density, the electronic charge, a
the mobility of carriers, respectively. Obviously, separa
measurements ofn and m would be beneficial for a prope
understanding of the transport mechanism in this kind
materials. We attempted to accomplish this purpose by
multaneously measuring the temperature dependence o
sistivity r(T) and specific heatC(T). Figure 3 shows the
temperature dependence of specific heat for four lo
concentration samples. The samples withx>0.50 have no
peak in the curve, and the sample withx50.75 is not shown
in Fig. 3. The temperatureTS-H at which the specific hea
maximum occurs in zero field, is located at 164, 157, a
139 K, respectively, for the sample withx<0.25. These val-
ues also coincide with the Curie temperaturesTC identified
by measuring the magnetization. In order to get the relati
ship between the transport mechanism and the magn
property, we calculateddr/dT and found thatdr/dT shows
a distinctive bell-shaped peak against temperature and
temperature at whichdr/dT reaches the maximum coincide
with TC . From Table I it can be seen clearly thatTS-H5TC
,TP , and hence the specific heat peak is probably of m
netic origin.12

Figure 4 and the inset in Fig. 1 show the temperat
dependence of thermopowerS(T) and ln(r/T) versus
1000/T. For T.TC , the temperature dependence ofr(T)
andS(T) can be well described by

r~T!5r0T expS Er

kBTD , ~2!

and

FIG. 3. Specific heat as a function of temperature for
samples withx<0.50.
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S~T!5
kB

e S a1
ES

kBTD , ~3!

respectively, wherekB is Boltzmann’s constant,e is the elec-
tron’s charge, anda is a sample-dependent constant. T
values ofEr andEs are given in Table II~whereErH denotes
the activation energy at high temperatures, andErL denotes
the activation energy at low temperatures!. In 1989, R. M.
Kusterset al.15 pointed out that activated semiconductorlik
conductivity aboveTC suggested the possibility of conduc
tion by polarons in the paramagnetic regime. The signific
difference betweenEr andES , a characteristic of small po
larons, indicates that the conventional band transport d
not occur aboveTC , but rather is the hallmark of small po
laron hopping.14–20

A magnetic polaron consists of an electron which pol
izes the magnetic moment of the ions around it, forming
effect a small ferromagnetic region, and the combination

e FIG. 4. The thermoelectric power~TEP! versus 103/T for all
samples.

TABLE II. ErH andErL denote the activation energy of abov
and below the Curie temperature, respectively.ES shows the acti-
vation energy according to the TEP, respectively.WH is the energy
required to jump in a given direction.Ep is the binding energy of a
polaron.

Sample No. x
ErH

~meV!
ErL

~meV!
ES

~meV!
WH /kB

~K!
Ep

~meV!

1 0 67.1 28.5 31.2 417 71.8
2 0.125 69.0 32.1 25.6 503 86.8
3 0.25 73.1 34.3 22.7 584 100.8
4 0.50 102.1 75.6 13.6 1027 177.0
5 0.75 125.6 8.6 1358 234.0
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the electron and its strain field is known as a polaron.15 Mag-
netic polarons are localized as a consequence of mag
interactions or at impurities, so that conduction proceeds
thermal hopping. Magnetic polarons, however, can only e
over a limited range of temperatures and magnetic fie
The paramagnetic state has been thought to be the env
ment of surviving of magnetic polarons. It can be se
clearly from Fig. 2 that the system is actually in parama
netic state aboveTC . Evidence of this kind magnetic polaro
effect can also be obtained from the large short-range fe
magnetic contribution observed in the measurement of
magnetic susceptibility aboveTC ~Ref. 21!. For the samples
with PM-FM transition, 1/x deviates from the Curie-Weis
behavior well aboveTC , which can be seen from Fig. 2. A
more subtle effect of the electron-phonon interaction is
apparent increment in electron mass that occurs becaus
electron drags the heavy ion cores with it. In zero magn
field, the formation of magnetic polarons will become impo
sible if the magnetic ions are ferromagnetically ordered14

That both lnr(T) and S(T) deviate from linear behavio
aboveTC in zero field provides evidence of identical micr
scopic mechanisms, i.e., the onset of a long-range or
which can be supported by the temperature dependenc
magnetization.

According to the small polaron model,16,17 we can get
Eqs.~4!, ~5!, and~6!:

s~T!5
A

T
expS 2

«01WH2J

kBT D , ~4!

S~T!5
KB

e S a1
«0

kBTD , ~5!

EP52WH , ~6!

whereA is a sample-dependent constant,WH is the energy
required to jump in a given direction,J is the transfer inte-
gral, andEP is the binding energy of a polaron,«0 is the
energy difference between identical lattice distortions w
and without the carrier, that is to say, it is the energy
quired to generate carriers. We compare the Eqs.~2! and~3!
with Eqs. ~4! and ~5!, and get the following relationships
Er[«01WH2J and ES[«0 , respectively. Assuming, a
usual, thatJ!WH we note that the conditionT,WH /kB is
satisfied, and we get the polaron binding energy shown
Table II.

According to the polaron model, the measured activat
energyEr is the sum of the activation energy needed for
creation of the carriers and activating the hopping of carrie
and ES is the energy required to activate the hopping
carriers. Therefore the activation energyEr is larger thanES
at the high-temperature range. When the temperature
creases toTC , the system undergoes the transition fro
paramagnetic to ferromagnetic~PM-FM! phase. The onset o
short-range ferromagnetic order leads to an abrupt expan
tic
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of polarons, resulting in the formation of metallic conducti
ity. The applied magnetic field promotes the onset of fer
magnetic order. As a consequence, the PM-FM transi
occurs at higher temperatures. In this temperature ra
which is the difference between the PM-FM transition te
peratures in magnetic fields and in zero field, the carrie
polarons in zero magnetic field, but is delocalized carriers
applied magnetic fields at the same temperature, which le
to the abrupt decrease of conductivity. This is the origin
CMR in this kind of compounds.

The doping of Zn will decrease the bandwidth of the p
laron band gap, so that the energyEs decreases. At the sam
time, the binding energy becomes larger as can be seen
Table II, and thus the resistivity increases. From Fig. 2
can see that the onset of long-range magnetic order oc
around the Curie temperatureTC . The abrupt drop in both
r(T) andS(T) nearTC is fully consistent with carrier delo-
calization due to the onset of long-range magnetic order

In the plot of lnr(T) versus 103/T shown in the inset of
Fig. 1 a break occurs, which indicates that the differe
mechanisms are operative in different regions of the cu
for the semiconductor materials.13 When the onset of long-
range magnetic order occurs, the polaron begins to delo
ize, and the formation of magnetic polarons will becom
impossible if the magnetic ions are magnetically ordered.15,16

Hence, we can conclude that the conductivity at the hi
temperature range is dominated by hopping of localiz
magnetic polarons, and the conductivity at the lo
temperature range by thermal-activated hopping of carr
like semiconductors. At high temperatures one would
expect that the magnetic correlation range grows to a la
extent. However, once the system enters the polaron b
regime from the high-temperature side, the magnetic co
lation would develop rapidly, giving rise to the specific he
peak belowTP as was mentioned above. For the samplex
50.75, there is no transition from semiconductor to me
due to the larger doping concentration which inhibits t
onset of long-range magnetic order.

At very low temperatures, the sample resistance begin
increase again and the magnetization begins to decre
This may be the onset of some form of localization due
antiferromagnetic ordering of the Cr31 ions, and this tem-
perature range is under investigation at present.

CONCLUSION

In summary, the transport properties of Zn-dop
Fe12xZnxCr2S4 system have been studied carefully by usi
the resistivity, TEP, specific heat, and magnetization. T
kind of materials show fascinating properties in many
pects. We find that the specific heat is of magnetic orig
and the resistivity in the paramagnetic phase has an activ
form, whereas the activation energy is not compatible w
the formation of the TEP. The large difference between
activation energies, deduced from the electrical resistiv
r(T) and thermopowerS(T) respectively, is the characteris
tic of small polarons. The conductivity at the high
temperature range is dominated by hopping of localiz
magnetic polarons, and the conductivity at the lo
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temperature range by thermal-activated hopping of carri
We also point out the origin of CMR in these kinds of com
pounds. This systematical study would shed light on
physic origin study of this kind of CMR materials and op
up a vast range of material for the further exploration a
exploitation of CMR effect.
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