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To understand the anomalous conductivity and colossal magnetoresistance effect of multiferroics CdCr,Sy
around magnetic transition temperature Tc, we propose the spin-pair correlation dependence of magnetic
polarons model. In CdCr,S,, system shows the spontaneous magnetic order at Tc and the magnetic order pro-
motes the delocalization of magnetic polarons. According to the proposed model of a dual-conduction behavior,
the normal and delocalized magnetic polarons coexist below T¢ due to the gradual delocalization process
of magnetic polarons. Compared to the conductivity of normal magnetic polarons, the conductivity from the de-
localized magnetic polarons is dominant. It is suggested that the spin-pair correlation modifies the hopping acti-
vation energy of delocalized polarons to realize the anomalous conductivity and colossal magnetoresistance ef-
fect. In addition, the applied magnetic field, which promotes the magnetic order and delocalization of magnetic
polarons, also leads to the increase of conductivity via spin-pair correlation. It is found that the obtained conduc-
tivity and colossal magnetoresistance are in agreement with the experimental results.
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1. Introduction

The magnetic chromium spinels with the general for-
mula ACr,X, have become the focus of theoretical and
experimental interest in recent years, because they exhibit
many exotic magnetic and electrical properties [1-4]. Many
relevant researches of these compounds reveal the strong
interplay among the spin, the charge and the lattice, which
is regarded as the source of the interesting physical phe-
nomena [3,5-7]. The strong interplay among different pro-
perties offer extra degree of freedom and make ACryX,
the potential candidates for applications in magnetic data
storage and high-frequency magnetic devices [8,9].

CdCr,S, is typical ferromagnetic semiconductor, which
shows ferromagnetic phase transition at the Curie tempera-
ture Tc =85 K, has captured the attention of researchers
since 1960th due to the various interests. Early studies
mainly focused on the anomalous expansion coefficient,
the strong blue shift of absorption edge, the unusual pho-
non shift and so on [10-12]. It has been found that these
phenomena are relevant to the paramagnetic-ferromagnetic
(PM-FM) transition of system. The ion cr¥* with a spin
S =3/2, which has a half-filled t,, ground state and a
saturated moment p4 is equal to 3ug, is responsible for the
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magnetic properties and the PM—FM transition originates
from the superexchange interaction of the 90° crit-s¥—cr¥t
path [13,14]. The magnetic properties of CdCr,S, can be
characterized as a typical Heisenberg ferromagnet.

Besides, it was claimed that CdCr,S, exhibits evident
multiferroic behavior, as well as colossal magnetoresist-
ance (CMR) and colossal magnetocapacitance (CMC) ef-
fects [1,15]. The similar effects have also been found in
other members of ACr,X, [2-4]. All these make thio-spinel
compounds regain much attentions. Researches reveal that
multiferroic materials CdCr,S, shows the simultaneous
occurrence of magnetic order and relaxor ferroelectricity as
well as many interesting phenomena below T [15]. It has
been firmly testified the magnetic ion cré* plays the key
role in the exotic properties of the system via the off-center
displacement of Cr3*. Guided by previous conclusions, it
is suggested that the relaxor ferroelectricity in CdCr,S,
originates from an off-center displacement of the magnetic
ion Cr¥* [5]. This off-center displacement of Cr®* also
resulted in a peculiar coupling between the magnetic prop-
erties and relaxor ferroelectricity. The study of electron
paramagnetic resonance (EPR) spectra and x-ray diffrac-
tion measurement reveal the spin-lattice coupling happen
accompanying with the ferromagnetic phase transition.



Q.S. Xia, J. Li, C.N. Wang, and J. Wen

Moreover, this coupling is also impacted by the external
magnetic field and pressure [16,17]. We regard this spin-
lattice coupling as the major contribution of magnetoelec-
tric (ME) coupling between the magnetic order and relaxor
ferroelectricity. Based on the ME coupling theory, many
phenomena, such as the anomaly of dielectric constant and
heat capacity, magnetocaloric effect and magnetic entropy
change etc., can be explained reasonably [7,16,18-21].

The CMR effect in ACr,X,-type compounds are also
becoming one of the most attractive issues in recent years.
In CdCr,S,, dc conductivity o4 (T) exhibits an evident
anomaly and the CMR effect occurs around its magnetic
transition temperature [15]. In general, the CMR effect is
mainly reported in manganites, which is thought to be rele-
vant to the double exchange (DE) mechanism [22,23]. How-
ever, DE mechanism can be excluded in ACr,X, due to
the magnetic ion cre* having a half-filled tyq state level [2].
It is plausible that an alternative mechanism is responsible
for the CMR effects of ACr,X,-type system. Studies reveal
that a kind of spin-pair correlation dependent magnetic
polarons exist in ACr,X, [3,24-27]. The conduction pro-
cess of the system mainly attributes to the thermal hopping
of magnetic polarons. With the decrease of temperature,
the magnetic polarons delocalize gradually and grow in
size. Furthermore, the spontaneous ferromagnetic order of
system below T promotes a more evident delocalization
process. The delocalized magnetic polarons possess a much
higher hopping probability and lead to a much stronger
conduction ability. More importantly, the conduction of de-
localized magnetic polarons are believed to be completely
different from the itinerant behavior which has not been
found from experimental data for CdCr,S, [28]. The spin-
pair correlation, which reflects the degree of magnetic or-
der and the delocalization of magnetic polarons, can be used
to represent the change of hopping probability of delocal-
ized magnetic polarons. For comparison, the spectroscopic
signatures of (localized) polarons can be found going with
transport process and show metallic T-dependence of resis-
tivity and Drude-like conductivity in the CMR-system
La:SrMnO5 [29]. Accordingly, when temperature is lower
or magnetic field stronger, the rate of thermal hopping of
delocalized magnetic polarons enhance due to the spin-pair
correlation and the anomalous conductivity as well as
the CMR effect ensue.

In this article, we concentrate on the temperature and
magnetic field dependent conduction properties as well as
the CMR effect in CdCr,S,. An appropriate relation of the
proportion and the modified hopping activation energy for
delocalized magnetic polarons are applied to describe the
conduction behavior. We consider that the gradually delo-
calized magnetic polarons and the decreasing hopping ac-
tivation energy are the origin of anomalous conductivity
and the CMR effect. Briefly this article is arranged as fol-
lows: model and methods which describe the temperature
and magnetic field dependent conduction properties are

given in Sec. 2, the numerical results and discussion are
given in Sec. 3, and finally the conclusions are proposed in
Sec. 4.

2. Model and methods

In CdCr,S,, electron polarizes the magnetic moment of
magnetic ion Cr¥* around itself via exchange interaction
forming a small ferromagnetic spin cluster and localizes
into this cluster to form a magnetic polaron. The energy of
magnetic polarons in the framework of mean-field approach
can be expressed as [30,31]

2 3
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where the first term is the kinetic energy of electron local-
ized in the sphere cluster of radius a and the second term is
the energy loss of the antiferromagnetic exchange due to
the FM order of local spin S inside the magnetic polaron.
J is antiferromagnetic exchange, t is the bandwidth, d is
the inter-site distance.

The average conductivity of magnetic polaron can be
expressed as [30,32]
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where Uy, is the hopping activation energy of electron lo-
calized in magnetic polaron and proportional to % /ca
with & being the static dielectric constant, o is the zero
temperature conductivity, kg is the Boltzmann constant.
We find the conductivity increases monotonously with tem-
perature, which is the typical conduction behavior of mag-
netic polarons.

However, this single relation can not describe the evo-
lution of conductivity of CdCr,S, for the wide temperature
range. The reason lies in the occurrence of spontaneous
magnetic order at T which promotes the delocalization of
magnetic polarons. Knowledge of magnetic order is im-
portant for understanding electronic transport properties.
Accordingly, studying the magnetic properties of system
are essential.

The magnetic properties of system originate from the
magnetic ion Cr¥* and can be described by a Heisenberg
model. The Hamiltonian reads [13]

H=-> 3Si-S;- > 1,Si-S -2 h-S;,  (3)
G, [i k] i

where S; is the Heisenberg spin of cr¥* at site i, J; and
J, represent the nearest and next-nearest neighbor ex-
change integral, respectively. The denotation (i, j) and
[i,k] mean that the sum of nearest and next-nearest neigh-
bor are involved, respectively. h is the external magnetic
field.
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When the magnetic field h is parallel to the z axis, the
Hamiltonian on the single ion Cr3* can be expressed as

Hi = H,S{ +H,S{. 4)

Based on the mean field theory, H, and H, are given as
Hy =6J1(S*)+303,(S%), (5)
H, =6J(S*)+30J,(S%) +h. (6)

Here, x and z represent the spin components of cr¥*. For
each magnetic ion, the number of nearest and next-nearest
neighbor magnetic ion are 6 and 30, respectively. Accord-
ing to the statistical theory, the thermo-average of spin
components can be expressed as

2 .
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The spin-pair correlation of nearest neighbor can be de-
coupled as

(Si-S;)=(S¥)? +(s7)2. 9

In general, magnetic polarons only survive over a lim-
ited range of temperature and magnetic field. The PM state
has been deemed to be the surviving environment of mag-
netic polarons. In CdCr,S,, the PM—FM transition happens
at Tc and external magnetic field can also promotes the
magnetic order. The magnetic order makes the magnetic
polarons delocalized. The delocalization process refers to
magnetic polarons confining from a spin cluster before the
delocalization process to several of overlapped spin clus-
ters, which enables the delocalized polarons to hop much
easier inside several of spin clusters [33]. This easy hop-
ping embodies the activation energy being modified by the
magnetic order inside the several of spin clusters. Further-
more, we should realize that the enhancement of magnetic
order is a gradual process rather than an abrupt one for the
effect of temperature and magnetic field, which brings up
the gradual delocalization process of magnetic polarons.
Accordingly, the activation energy of hopping process U
of delocalized magnetic polarons can be modified as

U=Up+9(S;-Sj) (10)

where the spin-pair correlation (S; -S;) reflects the mag-
netic order degree of system, g is viewed as the correlation
strength between the magnetic moment and polarons.
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Besides, it is also considered that the delocalization of
magnetic polarons are stochastic, and the number of delo-
calized magnetic polarons are dependent on system mag-
netization M . This dependence is assumed to be linear and
approached by m = M / Mg, with Mg, the saturated mag-
netism (equivalent to 3ug /Crs*) [31]. Thus, the normal
and delocalized magnetic polarons will coexist in the same
phase until the total magnetic order achieves. Under this
kind of hypothesis, the conductivity of system can be

amended as
o=|1-M 0 exp ~Yo |,
Mgt ) T kgT

Ug+9¢5;-S;
+ M G—Oexp[——o 9 J>J. (11)
sat T I(BT

The first term of Eq. (11) denotes the conductivity from the
contribution of normal magnetic polarons, and the second
term from the delocalized magnetic polarons.

3. Results and discussion

In CdCr,S,, we choose J; =12.53kg and J, = 0.25kg
to produce the ferromagnetic order at To =85 K [13,19].
We define the dimensionless magnetization as m(h) =
= M (h)/ Mgat, where M (h) represents the real magnetiza-
tion and Mgy is the saturation magnetization correspond-
ing to 3ug / Cr3* for CdCr,S,. Based on the definition, the
dimensionless magnetization m(h) is proportional to the
magnetization M (h). Temperature and magnetic field de-
pendence of dimensionless magnetism m(h) are shown in
Fig. 1(a). It is found that the non-zero dimensionless mag-
netization arises at T indicating the occurrence of PM-
FM transition, and the magnetization enhances with the
increase of external magnetic field. In order to show clear-
ly the low fields of magnetization of CdCr,S,, we exhibit
the relation between the dimensionless magnetization m(h)
and In h in Fig. 1(b). When the temperature are below T¢
(the red curve), system shows the spontaneous order in
extremely low field and the degree of magnetic order en-
hances gradually with the decrease of temperature. Mean-
time, the applied magnetic fields promote the degree of
magnetic order until the total magnetic order completes.
All these clearly suggest the effect of temperature and
magnetic field on the magnetization of system. Corre-
sponding to the magnetization, the spin-pair correlation has
the similar tendency for the onset of temperature and mag-
netic field (seeing Figs. 1(a) and 2(a)). The fluctuation of
spin-pair correlation, defined as A(S; ~SJ->((Si STy~
—=(Si-SjoT) ) reaches its peak around T embodying the
sudden occurrence of magnetic order in CdCr,S,. Mean-
while the external magnetic field also promotes the fluc-
tuation degree of spin-pair correlation via the growing of
magnetic order (seeing Fig. 2(b)).
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Fig. 1. (Color online) (a) Temperature dependences of dimen-
sionless magnetism for different magnetic field. (b) Magnetic
field dependences of dimensionless magnetism for different tem-
peratures.
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Fig. 2. (Color online) Temperature dependences of (a) spin-pair
correlation (S; -Sj>, (b) the fluctuation of spin-pair correlation
A(S;j -SJ-) for different magnetic field. The dotted line refers to
the magnetic transition temperature T¢ .
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Through the linear fit for the relevant experimental re-
sults, we yield a hopping activation energy of magnetic po-
larons Uy = 0.13 eV. Base on the fit data, the temperature
and magnetic field dependences of conductivity are plotted
in Fig. 3(a). With the decrease of temperature, the conduc-
tivity o decreases exponentially above the magnetic transi-
tion temperature T, which conforms to the conduction cha-
racter of magnetic polarons. When the temperature is below
T, the conductivity exhibits sudden increase (seeing the
red curve of Fig. 3(a)). It is found the conductivity behavior
is in good agreement with the experimental data of Ref. 15,
in which the curve at 3 mHz gives a good approximation of
the dc conductivity. Below T¢, the coexistence of the nor-
mal and delocalized magnetic polarons happens and this
coexistence will survive until the total magnetic order per-
forms. Therefore, two types of magnetic polarons contribute
to the conductivity of system, in which the delocalized one
is dominant due to the hopping activation energy modified
by the spin-pair correlation. Anomalous conductivity can
attribute to the gradual delocalization process of magnetic
polarons due to the occurrence of magnetic order at Tc.
In addition, a continuous conduction behavior around Te
exhibits in Fig. 3(a), which also results from the gradual
delocalization process of magnetic polarons. Due to the
gradual delocalization, the coexistence of normal and delo-
calized magnetic polarons should appear, then the continu-
ous transition of conductivity happens. Besides, the applied
magnetic field also enhances the magnetic order and pro-
motes the delocalization, which makes the anomalous con-
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Fig. 3. (Color online) Temperature dependences of conductivi-
ty o (a) and the CMR effect (b) for different magnetic field.
The closed squares are the experimental data and the dotted line
refers to the magnetic transition temperature T¢ .
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Fig. 4. The magnetic field dependences of CMR effect for differ-
ent temperatures: (a) below T, and (b) above T¢ .

ductivity shift to a higher temperature. As a result, the
spin-pair correlation is the main reason to cause the
anomalous conductivity.

The MR, defined as MR = (p(0,T) —p(h,T))/p(0,T) (p is
the resistivity of system and the inverse of conductivity),
are shown in Figs. 3(b) and 4. At T, the magnetic transi-
tion temperature, the maximum value of MR happens.
When the temperature deviates from T, the MR effect
diminishes gradually. The most remarkable MR effect is
observed at magnetic transition temperature T, which is
very similar to the behavior of the fluctuation of spin-pair
correlation A(S; -S;) (Fig. 2(b)). All these confirm that the
spin-pair correlation can play a key role in the anomalous
conductivity. Besides, the magnetic field also promotes the
spin-pair correlation to realize the increase of MR effect.
However, this MR effect does not always increase, but
tend to saturation with the enhanced magnetic field (seeing
Fig. 4).

Although, the promotion of magnetic field on MR ef-
fect is obvious, the manner of promotion is quite special at
different temperature range. Figure 5 shows the evolution
trend MR effect below and above the magnetic transition
temperature T. The smooth magnetic field dependence of
MR effect above T, while this dependence is sharp below
Tc. The discrepancy results from the difference of spin-
pair correlation between two types of temperature ranges.
Above T, only magnetic field driven spin-pair correlation
contributes to the MR effect. Below T, both the sponta-
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Fig. 5. The evolution behavior of CMR effect on the magnetic
field: (a) above T¢, and (b) below T¢ .

neous magnetic order and magnetic field simultaneously
promote the spin-pair correlation, which leads to the sharp
MR effect. Undoubtedly, the quantitatively coincident re-
sults with the experimental data approve our conception
[2,3,15].

4. Conclusions

In this article, the conductivity and CMR effect of
CdCr,S, have been studied. It is found that the spontane-
ous magnetic order at T promotes the formation of over-
lapped spin cluster and destroys the survival environment
of magnetic polarons to make the magnetic polarons delo-
calized gradually. Thus the normal and delocalized mag-
netic polarons coexist in the same phase until the entire
magnetic order has been established. Herein, the delocal-
ized magnetic polarons locate in the overlapped spin clus-
ters distinguished from the normal magnetic polarons in
single spin cluster, which enables an electron to hop more
easily from one cluster to another inside the overlapped
spin clusters and enhances the conductivity of system. The
hopping activation energy, which is modified by spin-pair
correlation, can depict quantitatively this facilitation of
hopping conductivity. Furthermore, the applied magnetic
field promotes the magnetic order to enhance the conduc-
tion ability of system. The anomalous conductivity and
CMR effect in CdCr,S, result from the spin-pair correla-
tion driven delocalization process of magnetic polarons.
Accordingly, small-radius magnetic polarons describe the
dielectric state, and the overlap of large-radius magnetic
polarons with the formation of a narrow conduction band
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can describe the metallization of the sample after the fer-
romagnetic transition. The presence of colossal changes in
the magnetoresistance and the magnetic capacity also fol-
lows from this physical picture.

In this article, we mainly focus on the spin-pair correla-
tion dependent dc conductivity. We also notice that the mag-
netic polarons hopping may lead to variable range hopping.
Although the present work only confirms the key role of
spin-pair correlation for the anomalous dc-conductivity, we
believe that it may play an important role on ac conductivi-
ty of system. The relevant work is undertaking and will
deliver in the following time.
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Kopensuia cniHoBux nap, wo obymoBneHa
KonocarnbHUM MarHiTope3mcTUBHUM eDEKTOM
B MynbTudepoikax CdCraSy

Q.S. Xia, J. Li, C.N. Wang, and J. Wen

st mOsICHeHHsT aHOMAJIbHOI MPOBIIHOCTI Ta KOJOCAIBLHOTO
MarHiTope3uctuBHoOro edekry B Mynbrudepoikax CdCrpSy mo-
6113y TemmepaTypy MarHiTHOrO mepexoay ¢ 3alpornoHOBaHO
MOJIEJIb MarHiTHHUX IOJISIPOHIB 3 KOPEISIIIHHOIO 3aIeXHICTIO CIIi-
HoBux map. B cucremi CACryS, moka3aHo HasBHICTH CIIOHTAHHOTO
MAarHITHOTO TOPSAKY B T, IO OOYMOBIIIOE JETOKATI3AIl0 Mar-
HITHHX TOJIIPOHIB. 3TiZIHO 3 3aIIPOIIOHOBAHOI0 MOJIEILIIO, HOPMaJIb-
Hi # JeoKai30BaHi MarHiTHI HOJIIPOHU CIIIBICHYIOTh HIDKYE T
3aBJSIKM IUIABHMM JIeJIOKaJIi3aliiHUM mpoliecam. B nopiBHsHHI 3
MIPOBIJHICTIO HOPMAJbHUX MAarHiTHUX HOJIIPOHIB IIPOBIIHICTD
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4yepes JeNIOKANIi3alil0 MarHiTHUX IOJIIPOHIB € goMiHyrodoro. [le-
penbadyeTses, M0 KOPEISLisl CIHIHOBUX Iap MOAM(IKYe SHEpriio
CTPUOKOBOI aKTUBAL] JEeJI0KaIi30BaHUX MOJLSIPOHIB, 110 HPU3BO-
JUTH 10 aHOMAJILHOI IPOBIAHOCTI # KOJIOCAJIBHOTO MarHiTopesu-
cruBHoro edekry. J[0JaTkOBO HpHKIaJeHE MarHiTHE IMoJje, sKe
crpusie HGOpMyBaHHIO MarHiTHOTO MOPSIKY Ta JIEIOKalli3alii mar-
HITHUX TMOJIIPOHIB, MPH3BOIUTH TAKOXK [0 3POCTAHHS MPOBIIHOCTI
4yepe3 KOpersiniio criHoBHX map. OneprkaHi IPOBIIHICTH Ta KOJO-
CaIbHUI MAarHiTOOMIp Y3TOMXKYIOTHCS 3 EKCHEePUMEHTAIbHUMU
pe3yIbTaTaMH.

Kitro4oBi ciioBa: MarHiTHU MOPSIOK, MATHITHHI TIOJISIPOH, JEJI0-
KaJi3ais, KOpeJsiis CIIHOBHX Iap, KOJOCATbHUN MarHITOOIIIp.

Koppensiums cnuHoBbix nap, 06ycrnoeneHHas
KoroccanbHbIM MarHUTOPE3UCTUBHBLIM 3PeKTOM
B MmynbTudpeppounkax CdCroSy

Q.S. Xia, J. Li, C.N. Wang, and J. Wen

st 00bsICHEHHST aHOMAJIBHOM MPOBOJMMOCTH M KOJIOCCATIBHO-
IO MarHUTOPE3UCTUBHOTO 3P dekra B MynpTudepponkax CdCroSy
BOJMM3M TeMIlepaTypbl MAarHUTHOTO Iepexola |¢ MpeanoxkeHa
MOJIETTb MarHUTHBIX TOJSIPOHOB C KOPPEISIIMOHHOI 3aBHCHMO-

cThi0 criHOBBIX map. B cucreme CdCrpS, mokasaHo Hamudne
CIIOHTAHHOTO MAarHUTHOTO IOpsiiKa B T¢, KOTOPBIH 00YCIOBIH-
BaeT NEJOKAIM3ALMI0 MAarHUTHBIX HOIApoHOB. CoryiacHO mpen-
JIO)KEHHON MOJIeNH, HOPMAJbHBIE U JEIOKAIN30BAaHHBIC MATrHHT-
HBIE IOJISIPOHBI COCYHIECTBYIOT HIDXKE ¢ Onaromapsi IUIaBHBIM
JIeJIOKaIU3aluOHHbIM IpoueccaM. [1o cpaBHEHUIO ¢ IPOBOAUMO-
CTBbI0O HOPMAJIbHBIX MAarHUTHBIX IOJIIPOHOB MPOBOJMUMOCTD H3-3a
JeTOKAIM3ai MarHUTHBIX TOJIIPOHOB SIBISICTCS! JIOMHHHUPYIO-
meil. IIpennonaraercs, 4To KOppensLus CIUHOBBIX Iap MOJAU-
(UnupyeT SHEPrHIo NPHDKKOBON aKTHBAIMHU JIEIOKAIN30BaHHBIX
MOJISIPOHOB, YTO NPUBOJUT K aHOMAIBHOW MPOBOIMMOCTH M KO-
JIOCCAIbHOMY MarHHTOPE3UCTHBHOMY 3¢ deKkTy. JJonoIHUTeIbHO
MPUIOKEHHOE MAarHUTHOE I0JIe, KOTOPOe CIocoOCTBYeT (opmu-
POBAHMIO MarHUTHOTO IIOPSIIKA U JETOKAIM3AMH MarHUTHBIX I10-
JSIPOHOB, IPUBOJUT TAKKE K BO3PACTAHUIO IIPOBOAUMOCTH BCIIEA-
CTBHE KOPPEJSIMY CHMHOBBIX Hap. ITorydeHHbIE TIPOBOIUMOCTE
U KOJIOCCAJIbHOE MarHUTOCONPOTUBIIEHHE COTJIACYIOTCS C JKCIIe-
PUMEHTAIBHBIMU PE3YIIbTaTaMH.

KntodeBble c0Ba: MarHUTHBINA MOPSAAOK, MarHUTHBIN TOJSPOH,
JIeJIOKaIu3anus, KOppessiys CIIMHOBBIX Map, KOJIOCCAIbHOE Mar-
HHTOCOMPOTHBIIECHHE.
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