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Small-polaron transport in the Zn-doped colossal-magnetoresistance materials e,Zn,Cr,S,
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The electrical resistivity, magnetization, thermoelectric power, and specific heat have been studied on a
series of Zn-doped polycrystalline samples E&n,Cr,S, (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 resistivip(T) and the thermopowes(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.

INTRODUCTION from that of the perovskite manganitéssite ion is divalent
on the tetrahedral sites amisite ion is trivalent on the oc-
Since the discovery of the colossal magnetoresistancehederal site$!° There is no site exchanging betweén
(CMR) effect in perovskitelike manganitésa great interest atoms andB atoms, and there is n& mixed valence in this
has been attracted to investigate these ferromagnetiype of compounds such as Fg&s The magnitude of MR
compoundg: The electronic, magnetic, and transport prop-[ MR= (p(0)-p(H))/p(0)] in spinel compounds is smaller
erties in perovskitelike manganités _,R,MnO; (whereL  than that in perovskitelike compounds under the same con-
=La, Pretal.andR=Ba, Ca, et al) could be described by ditions. For instance, MR of FegS, is less than 20% while
double exchang¢DE) model qualitatively’® Mills, Little- MR of La, Ca, MnOs is as high as 90% in a magnetic field
wood, and Shraimarhave pointed out, however, that double upto 6 T8 |n order to probe the mysteries of great differ-
exchange alone cannot account for the large resistivity drognce of CMR effect in these compounds, the transport
below the Curie temperatuiie; . They proposed that Iattice_— mechanism inAB,S,type compounds needs further to be
polaronic effects due to strong electron-phonon couplingy ieq. 1f magnetic scattering is central to the transport phe-

I(Dan[s)ln.g {“’l”g‘ ? strgng Jahn-TeIIer teflféeslj(;)uld b? mvol_v::‘d. nomena of the system, it would cause a change mostly in
- Jaletal.found an experimental evidence for eXISence, iy, itle variation in n (where u is the mobility of

of the dynamic Jahn-Teller effect subsequently. In spite O%cl:\larriers).lz R. J. Bouchartf has reported that the activation

the effort expended, there is still no consensus of the micro-n Qv n v for conduction in th mpounds de-
scopic mechanism causing the conductivity and CMR effecEN€rdy necessary for conductio ese compounds de

in perovskite manganites. For example, in 1996, M. A. Subpends upon the influence @#site ions. By substituting Zn
ramanian etal! found a CMR material: pyrochlore ion for Fe ion, we can study the influence Afsite ions

TI,Mn,O,. This compound has neither mixed valence for gbecause Zn ion is monovalent and nonmagnetic. The x-ray-

double exchange magnetic interaction nor a Jahn-Teller cafliffraction patterns indicate that all F&.Zn,Cr,S, samples
ion such as M#". Subsequently, Ramirez, Cava, and with different concentrations have a spinel structure without

Krajewskf have reported the existence of CMR effect in a@ny other secondary or impurity phase. These results indicate
class of materials—Cr-based chalcogenide spinels such &Rat the replacement of Fe by Zn ions has hardly any influ-
FeChS,, in which there does not exist the double exchangeence on its lattice because of the identical ion size df Fe
interaction. and Zrt*. In this paper, we report the transport properties
AB,S,type compounds (A=Fe,Zn, etal. and B and the origin of CMR effect in the spinel FgZn,Cr,S,
=Cr, Co, et al) have the spinel structure which is different compounds in more depth based on the experimental data of
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100000 L N x=075) s — TABLE I. Parameters of the various samples investigated in this
E N g:g:gg; ¢ ) ~ work. x stands for the doping concentratidn, is the temperature at
¥ “m, =0125) & / e which the resistivity reaches the maximuii: denotes the Curie
10000 ¢ = // ] temperature derived from the magnetizatidg., is the temperature
/g b x\\ ' :/ at which the specific heat maximum occurs at zero fields.
g 000 Sample No. X T, (K) Te (K) Tsn(K)
S .
= 1 0 1754  165.0 164.5
'é 2 0.125 163.6 158.5 158.0
e 10 3 0.25 147.9 139.2 139.2
4 0.50 106.5 98.0
1 5 0.75
50 1 (l)O 1 ;0 2(|)0 2;:0 300
Temperature(K) again as the temperature is further reduced. This behavior

agrees with that reported by A. P. Ramife?:1314 At the
doping level ofx=0.75, p(T) has a feature similar to that of

a semiconductor in the whole temperature range measured.
The sample withx=0.50 is a transition sample which has
rsemiconductor—semiconductor transition but not obvious.
With increasing the doping concentration the magnitude of
Tp shifts to lower temperatures, and the transition becomes
weaker. When the concentratiameaches 0.75 the transition
EXPERIMENT disappears. The magnetization as a function of the tempera-

The polycrystalline samples of Zn-doped,FgZn,Cr,S, ture for all s_,amples is plotted in Fig. 2. I_t_can be seen that the
were prepared by the conventional solid-state synthesid@MPples withx<0.50 undergo a transition from paramag-
method using high-purity iron powder, zinc powder, chro-Nnetic to ferromagneti¢PM-FM) phase. The temperature ac-
mium powder, and sulfur powder. The powders were mixed®0rding to the maximum ofdM/dT] is defined as the Curie
in the stoichiometric ratios, ground thoroughly, and sealedémperaturelc, which is shown in Table I. With increasing
into evacuated quartz tubes. The initial temperature wa¥ the value of Tc decreases, and whex reaches 0.75
450 °C, then it increased slowly with increment of 100 °C upPM-FM transition disappears. N _
to 850°C over a period of one week, with intermediate In order to gain an insight into the origin of the systematic
grinding, and adding prompt sulfur powder. The resunmgr.e.sistivity change, one may recall that the electrical conduc-
powder was densified by pressing into pellets under 20 atlVity
mosphere pressure with 10 mm diameter and 1 mm thick-

FIG. 1. The temperature dependence of resistivity for a series
Fe _,Zn,Cr,S, samples with different Zn-doping concentrations.
Inset: Inp/T) versus 1&/T.

the electrical resistivity, magnetization, thermoelectric powe
(TEP), and specific heat.

ness. The pellets were fired in evacuated quartz tubes for 36 o=new, @
h at 900 °C and furnace cooled to room temperature. The . o5 ST P
structure and phase purity were checked by x-ray diffraction are ., e .
(XRD). The electrical resistivity was carried out using a con- N _____..........--" {10
ventional four-probe method. The temperature dependence Op..'l..................._., ,,,,,,,, Jo
of magnetization was measured by using a superconducting  sof—..-... -y I 100
quantum interference device(SQUID) magnetometer. 20} - e e -
Specific-heat measurements were done in a standard ac calcg 1of. ° _____,..---'" 10
rimeter. The thermoelectric pow€FEP) measurements were g2 o . st peeessnes 40
performed by suspending a sample between electrically iS0-@ 30f. ..eeeeeee, x=0.25 IE Caley
lated copper posts across which a variable temperature gra-& 2o} " "" .............. = 5
dient was applied. Electrical contacts were achieved with ﬁ 10 - ____..--"" A=)
silver paint. T o wensntnnes sl rrrca se e geversacengesesaes A0 ‘\f
S-, S0P eeereeenn,, x=0.125 4
T ool et fh N ot
RESULTS AND DISCUSSION = 10 T e P
The temperature dependence of resistivity in zero mag- olrenean ............-.-.............l..--"’:-. ...................... .-é)
netic field for all samples with respective doping concentra- 0] SRR ‘---...,,_F° ______ - .
tions is shown in Fig. 1. The curves show obviously that the ok SRR
resistivity increases rapidly with doping concentration in- . ::... z
creasing. For lower _dopmg concentrgponﬁk)sO.ZS), the = Yo o o0 =50 302
semiconductor-semiconductor transition has been observed Temperature(K)

p(T) in zero field increases rapidly, as the temperature is
|0V\{ereq, and l'eaC_heS a maximum at peak temperdtgre FIG. 2. The temperature-dependent magnetization and the in-
which is summarized in Table |. BelowWp, p(T) falls  verse magnetic susceptibility in a magnetic figlD00 G for
abruptly in the narrow temperature region and then increasesamples with different concentrations.
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FIG. 3. Specific heat as a function of temperature for the FIG. 4. The thermoelectric powdlTEP) versus 19T for all
samples withx<0.50. samples.
. . k E
wheren, e, and u are the density, the electronic charge, and T =—2| g4+ — 3
e, : _ ) S(M=—|a+i =/ 3)
the mobility of carriers, respectively. Obviously, separate B

measurements af and u would be beneficial for a proper , , ) )
fespectively, wherég is Boltzmann's constang is the elec-

understanding of the transport mechanism in this kind o s .
materials. We attempted to accomplish this purpose by sifon's charge, andv is a sample-dependent constant. The

multaneously measuring the temperature dependence of rélues ofE, andEs are given in Table IlwhereE,, denotes
sistivity p(T) and specific hea€(T). Figure 3 shows the the activation energy at high temperatures, &nd denotes
temperature dependence of specific heat for four lowine aCt'Vat'O?S energy at low temperatureln 1989, R. M.
concentration samples. The samples with0.50 have no Kusterset al.™ pointed out that activated semiconductorlike

peak in the curve, and the sample witk 0.75 is not shown conductivity aboveT suggested the possibility of conduc-
¢ tion by polarons in the paramagnetic regime. The significant

in Fig. 3. The temperatur&s. at which the specific heat ° .
maximum occurs in zero field, is located at 164, 157, amfilfference betweek, andEs, a characteristic of small po-

139 K, respectively, for the sample wigh=0.25. These val- 12TONS, indicates that the conventional band transport does
ues also coincide with the Curie temperatufesidentified MOt occur abovd ¢, but rather is the hallmark of small po-
by measuring the magnetization. In order to get the relation/2on hopping: . .

ship between the transport mechanism and the magnetic A magnetic pplaron consists Of. an electron .Wh'Ch pola.r-
property, we calculatedp/dT and found thatlp/dT shows 'S the magnetic moment of the lons around i, f(')rml'ng n
a distinctive bell-shaped peak against temperature and iHeffect a small ferromagnetic region, and the combination of

temperature at whictlp/dT reaches the maximum coincides .
TABLE Il. E,4 andE,_denote the activation energy of above

with T¢. From Table | it can be seen clearly thed =T
c y e =T and below the Curie temperature, respectiv&ly.shows the acti-

:e-[iz’oﬁg?n?fnce the specific heat peak is probably of MaY, ation energy according to the TEP, respectivily, is the energy

Figure 4 and the inset in Fig. 1 show the temperature;%?:;gid o jump in & given directioft, is the binding energy of a
dependence of thermopowe®(T) and Inp/T) versus '

1000. For T>T¢, the temperature dependence gffT) E E,. Es Wylks E,
andS(T) can be well described by Sample No. x (meV) (meV) (meV) (K) (meV)
1 0 67.1 285 31.2 417 71.8
E, 2 0.125 69.0 321 256 503 86.8
p(T)=poT eXP( kB_T> : @ 3 025 731 343 227 584 100.8
4 050 1021 756 13.6 1027 177.0
5 0.75 125.6 8.6 1358 234.0

and
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the electron and its strain field is known as a polaroMlag-  of polarons, resulting in the formation of metallic conductiv-
netic polarons are localized as a consequence of magnetity. The applied magnetic field promotes the onset of ferro-
interactions or at impurities, so that conduction proceeds vignagnetic order. As a consequence, the PM-FM transition
thermal hopping. Magnetic polarons, however, can only exisbccurs at higher temperatures. In this temperature range,
over a limited range of temperatures and magnetic fieldsyhich is the difference between the PM-FM transition tem-
The paramagnetic state has been thought to be the envirogeratures in magnetic fields and in zero field, the carrier is
ment of surviving of magnetic polarons. It can be seefpolarons in zero magnetic field, but is delocalized carriers in
clearly from Fig. 2 that the system is actually in paramag-gppjied magnetic fields at the same temperature, which leads
netic state abov& . Evidence of this kind magnetic polaron 4 the abrupt decrease of conductivity. This is the origin of
effect can also be obtained from the large short-range ferrospir in this kind of compounds.

magnetic contribution observed in the measurement of the The doping of Zn will decrease the bandwidth of the po-
magnetic susceptibility above (Ref. 21. For the samples laron band gap, so that the enefgydecreases. At the same

with PM-FM transition, X deviates from the Curie-Weiss .. S
: ) . time, the binding energy becomes larger as can be seen from
behavior well abovel ¢, which can be seen from Fig. 2. A P .
Table Il, and thus the resistivity increases. From Fig. 2 we

more subtle effect of the electron-phonon interaction is the that th tof | tic ord
apparent increment in electron mass that occurs because 48" see that the onset of long-range magnetic order occurs
round the Curie temperatufies. The abrupt drop in both

electron drags the heavy ion cores with it. In zero magneti(?l ’ ) I g
field, the formation of magnetic polarons will become impos-P(T) andS(T) nearTc is fully consistent with carrier delo-

sible if the magnetic ions are ferromagnetically ordefed. calization due to the onset of long-range magnetic order.
That both Inp(T) and S(T) deviate from linear behavior In the plot of Inp(T) versus 1&T shown in the inset of
aboveT in zero field provides evidence of identical micro- Fig. 1 a break occurs, which indicates that the different
scopic mechanisms, i.e., the onset of a long-range ordefechanisms are operative in different regions of the curve
which can be supported by the temperature dependence tsir the semiconductor materiald When the onset of long-

magnetization. range magnetic order occurs, the polaron begins to delocal-
According to the small polaron mod&t!” we can get ize, and the formation of magnetic polarons will become
Eqgs.(4), (5), and(6): impossible if the magnetic ions are magnetically ordére.

Hence, we can conclude that the conductivity at the high-
temperature range is dominated by hopping of localized
A g0+ Wy—J magnetic polarons, and the cqnductivity _at the onv—
o(T)= ?ex;{ - ?> (4)  temperature range by thermal-activated hopping of carriers
B like semiconductors. At high temperatures one would not
expect that the magnetic correlation range grows to a large
extent. However, once the system enters the polaron band
£ regime from the high-temperature side, the magnetic corre-
a+t kB_T) 5 lation would develop rapidly, giving rise to the specific heat
peak belowT, as was mentioned above. For the sample
=0.75, there is no transition from semiconductor to metal
due to the larger doping concentration which inhibits the
Ep=2W,, (6)  onset of long-range magnetic order.
At very low temperatures, the sample resistance begins to

) ) increase again and the magnetization begins to decrease.
whereA is a sample-dependent constaw, is the energy  This may be the onset of some form of localization due to

required to jump in a given direction,is the transfer inte-  ntiferromagnetic ordering of the Erions, and this tem-

gral, andEp is the binding energy of a polaros, is the  perature range is under investigation at present.
energy difference between identical lattice distortions with

and without the carrier, that is to say, it is the energy re-
quired to generate carriers. We compare the Ejsand(3)
with Egs. (4) and (5), and get the following relationships:
E,=eot+Wy—J and Es=¢, respectively. Assuming, as In summary, the transport properties of Zn-doped
usual, thatJ<Wy we note that the conditiom<W,/kg is  Fe _,Zn,Cr,S, system have been studied carefully by using
satisfied, and we get the polaron binding energy shown inhe resistivity, TEP, specific heat, and magnetization. This
Table II. kind of materials show fascinating properties in many as-
According to the polaron model, the measured activatiorpects. We find that the specific heat is of magnetic origin,
energyE,, is the sum of the activation energy needed for theand the resistivity in the paramagnetic phase has an activated
creation of the carriers and activating the hopping of carriersform, whereas the activation energy is not compatible with
and Eg is the energy required to activate the hopping ofthe formation of the TEP. The large difference between the
carriers. Therefore the activation enef§lyis larger tharEs  activation energies, deduced from the electrical resistivity
at the high-temperature range. When the temperature dg{T) and thermopowe$(T) respectively, is the characteris-
creases tolc, the system undergoes the transition fromtic of small polarons. The conductivity at the high-
paramagnetic to ferromagnetieM-FM) phase. The onset of temperature range is dominated by hopping of localized
short-range ferromagnetic order leads to an abrupt expansionagnetic polarons, and the conductivity at the low-

K
SM=—

CONCLUSION
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