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Competing interactions and anisotropic magnetoresistance in layered CeTe2
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~Received 23 May 2000!

On a single crystal of CeTe2 with a layered tetragonal structure, we have studied the effect of magnetic field
on magnetic susceptibilityM /B, specific heatC, and electrical resistivityr. It is confirmed that this compound
orders antiferromagnetically atTN54.4 K, while r(T) shows no anomaly atTN but a sharp peak atTr

56.1 K. Below Tr , M /B rises suddenly forBic, the easy magnetization axis, suggesting the onset of a
short-range ferromagnetic order. At 2 K,M (Bic) shows a metamagnetic transition at a small field of 0.06 T
from the antiferromagnetic ground state to a field-induced ferromagnetic state. The peak inC(T) shifts from
4.3 K in zero field to 4.0 K inBiC50.1 T, and furthermore a shoulder appears at 4.3 K. With increasing
magnetic field, the shoulder changes to a broadened maximum, which shifts towards higher temperatures.
These observations indicate that the ferromagnetic interaction competes with the antiferromagnetic one even in
zero field. A large negative magnetoresistance, MR5@r(B)2r(0)#/r(0), wasobserved in the vicinity ofTr .
For I ic, the MR amounts to225% at 3 T forBic, which is twice that forB'c. The large MR forI iBic is
a result of the increase of thec-axis conduction in the field-induced ferromagnetic alignment of Ce spins.
However, the MR forI'c is essentially the same forBic andB'c, suggesting the confinement of carriers
within the Te sheet sandwiched by the ferromagnetically coupled CeTe layers.
ru

es

im

s
-
th

o

D

.
t

rd
v

ng
e
n
te
he

ag-

nce

the

e
d
du-
al

-

e
t
etic
one

e.

n

ased
-

the
ent,
I. INTRODUCTION

Rare-earth based compounds with layered crystal st
tures such asRXn ~R5rare earth;X5S, Se, Te,n52,2.5,3!
~Refs. 1 and 2! andRSb2 ~R5La-Nd and Sm! ~Refs. 3 and 4!
exhibit highly anisotropic transport and magnetic properti
The compoundsRTe2 crystallize in the layered Cu2Sb-type
tetragonal structure.5 Among this series, CeTe2 has been
studied extensively.6–12 This compound is constructed from
semiconducting CeTe double layers separated by a sem
tallic Te sheet stacking along thec axis, and thus exhibits
high anisotropy in transport and magnetic properties.9,12–14

For example, thec-axis resistivityr iC exhibits a semicon-
ducting temperature dependence of the order of a few tenV
cm, while thec-plane resistivityr iC shows a broad maxi
mum at 100 K and then decreases on cooling, resulting in
resistivity ratior iC /r'C;150 at 1.5 K. The large resistivity
even in thec plane has been attributed to the presence
charge-density wave~CDW!, with a pseudogap of 0.35 eV.9

Electron-tunneling measurements suggested that the C
transition temperature is far above room temperature.

CeTe2 undergoes an antiferromagnetic transition atTN

54.3 K,6,9 where both magnetic susceptibilityx(T) and spe-
cific heatC(T) exhibit a peak. However,r(T) shows a sharp
peak atTr56.1 K well aboveTN54.3 K, which was ex-
plained in terms of ferromagnetic-type magnetic polarons9,12

In this picture, the carriers of 5p electrons in the Te shee
become localized well above the long-range magnetic o
at TN because their spins are coupled to the Ce spins
local ferromagnetic exchange interactions. The short-ra
ferromagnetic order was indicated by the marked increas
C(T) below 10 K. Recent elastic and inelastic neutro
scattering studies revealed two successive transitions at
peraturesTr and TN .10,11 From the sudden decrease in t
a-axis lattice parameter belowTr , it was proposed that the
PRB 620163-1829/2000/62~17!/11609~5!/$15.00
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transition atTr has magnetoelastic origin. BelowTr the
magnetic moments of Ce ions are partially aligned ferrom
netically in a CeTe layer, and belowTN the ferromagnetic
layers are stacked antiferromagnetically in the spin seque
up-down-down-up along thec axis. It is now conjectured
that the short-range ferromagnetic order is responsible for
drop in r(T) at T<Tr .

Our previous measurements ofr(T) for polycrystalline
samples of CeTe2 in various magnetic fields showed that th
peak inr(T) at Tr56.1 K in zero field is strongly depresse
with increasing field and the peak temperature shifts gra
ally towards higher temperatures for both the longitudin
and transverse configurations.6,9 This shift to higher tempera
tures is opposite to that of the peak inx(T). It should be
noted that the magnetoresistance, MR5@r(B)
2r(0)#/r(0), is the largest in the vicinity of 6.1 K. The
negative MR forB,0.2 T accompanies a rapid rise of th
initial magnetization curveM (B). This fact suggested tha
the negative MR is closely associated with the ferromagn
moments induced by the magnetic field. Furthermore,
can expect anisotropicr(B) and M (B) in response to the
direction of magnetic field forBic and B'c, because the
layered magnetic structure in CeTe2 is similar in some sense
to magnetic multilayers showing giant magnetoresistanc15

In this paper, we report on magnetic-field variations ofx(T),
C(T), andr(T) on a single crystal of CeTe2.

II. EXPERIMENTAL DETAILS

Samples of CeTe2 were prepared by the mineralizatio
method, as described previously.9 Powder x-ray-diffraction
patterns indicated that the samples are almost single ph
with the tetragonal Cu2Sb-type structure with the lattice pa
rameters a54.47 Å and c59.11 Å. Electron-probe mi-
croanalysis of several parts of the samples showed that
compositions in the host phase are deficient in Te cont
11 609 ©2000 The American Physical Society



iz

th
r-

o
ed
-

de

0
cti
5

ur

e
e

za

nsi-
er-
f

ak

d at
is

e
ge
ith

ge
-

the

tion.
s-
ld-

of
6.
T
eld

s

ility

11 610 PRB 62M. H. JUNG, K. UMEO, T. FUJITA, AND T. TAKABATAKE
CeTe1.85. By cleaving the samples, single crystals of the s
1.031.030.5 mm3 with ~001! surfaces were obtained.

Because of the platelike shapes of the single crystal,
in-plane resistivity (r'C) was measured by a standard fou
probe dc technique, but thec-axis resistivity (r iC) was esti-
mated from measurements using a modified four-probe c
figuration, with dotlike voltage contacts and with U-shap
current contacts on opposite surfaces.9 This method was pre
viously used for layered compounds such asRSb2.

4 How-
ever, because of the large anisotropy, it was difficult to
termine the absolute value ofr iC . Magnetoresistance
measurements were performed in magnetic fields up to 1
Magnetization was measured by means of a supercondu
quantum interference device magnetometer in fields up to
T in the temperature range 2–300 K. Specific-heat meas
ments were carried out by an ac method in fields up to 1 T at
temperatures between 0.3 and 20 K. The absolute valu
the specific heat was determined by using the value m
sured by an adiabatic dc method.9

III. EXPERIMENTAL RESULTS

The top panel of Fig. 1 shows the isothermal magneti
tion curvesM (B) for a single crystal of CeTe2 measured in a

FIG. 1. ~Top! isothermal magnetization of a single crystal
CeTe2 for Bic andB'c measured at temperatures 2, 4.2, and
K. The arrows indicate the direction of Ce spins in the two Ce
double layers. Middle and bottom panels show, respectively, fi
dependent resistivity of CeTe2 for I ic and I'c at 1.5, 4.2, and 6.1
K upon increasing and decreasing magnetic field. Magnetore
tance, MR5@r(B)2r(0)#/r(0) at 6.1 K is shown by the right-
hand axis.
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field range20.4<B<0.4 T for Bic and B'c. At 2 K, an
applied magnetic field ofBT50.06 T along thec axis, the
easy magnetization direction, induces a metamagnetic tra
tion from the antiferromagnetic state to a field-induced f
romagnetic state.M (Bic) saturates rapidly to a value o
1.0mB /Ce at 0.2 T, whereasM (B'c) gradually reaches to a
value of 0.3mB /Ce at 0.4 T. It should be noted that a we
hysteresis is observed for bothM (Bic) andM (B'c) at 2 K.
The hysteresis is reduced with increasing temperature, an
6.1 K M (B) increases linearly without showing hysteres
and remanence.

The temperature dependence ofM /B in different mag-
netic fields for Bic and B'c is shown in Fig. 2. In the
lowest field of 0.01 T, bothM /B curves show a sudden ris
at 6.1 K, indicating an onset of ferromagnetic short-ran
order. It is noteworthy that this temperature coincides w
Tr wherer(T) exhibits a sharp peak. The peak ofM /B at
TN54.4 K is attributed to the antiferromagnetic long-ran
order. Only belowTN , there is a significant difference be
tween the zero-field-cooled~ZFC! and field-cooled~FC!
data. As the magnetic field is increased up to 0.1 T,
hysteresis is decreased and the peak inM /B shifts to lower
temperatures, as expected for an antiferromagnetic transi
Above 0.2 T, theM /B curve steadily increases with decrea
ing temperature. This behavior is consistent with the fie

1
e
-
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FIG. 2. Temperature dependence of magnetic susceptib
M /B in various magnetic fields forBic andB'c at 2 K for a single
crystal of CeTe2. The zero-field-cooled~ZFC! and field-cooled~FC!
data are compared.
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induced ferromagnetic state forBiC>0.2 T. In the M /B
curves, there appears an inflection point, of which the te
perature shifts from 4.3 to 5.2 K as the magnetic field
creases from 0.2 T to 1 T.

The specific heatC(T) was measured at various magne
fields applied parallel to thec axis. As is seen in the uppe
panel of Fig. 3,C(T) in zero field exhibits a pronounce
peak centered at 4.3 K. The midpoint of the jump agrees w
TN54.4 K defined as the peak in theM /B vs T curve. In a
field of 0.1 T, the peak shifts down to 4.0 K and furthermo
a shoulder appears at 4.3 K. The peak at 4.0 K coincides
the peak temperature observed inM /B at the same field of
B50.1 T, and the shoulder at 4.3 K agrees with the infl
tion point in theM /B curve. As the field exceeds 0.2 T, th
former inC(T) disappears and the latter develops to a bro
maximum. With increasing magnetic field further, the ma
mum temperatureTC shifts to higher temperatures, bein
characteristic of a ferromagnetic state. The magnetic entr
Sm(T) was estimated by subtracting theC(T) data for LaTe2
from those for CeTe2. The results are displayed in the low
panel of Fig. 3. In zero field,Sm amounts to a value o
0.7R ln 2 at TN54.4 K and reaches the full value ofR ln 2
only at 10 K. The value ofSm decreases gradually with mag
netic field and the saturation is achieved well above 10
This field variation ofSm(T) is consistent with the stabiliza
tion of the ferromagnetic state by applied fields.

Figure 4 shows the temperature dependence of elect
resistivity r(T) for I ic and I'c measured at constant ma
netic fields forBic and B'c. The c-axis resistivityr iC is
much larger than thec-plane resistivityr'C , as was found in
the previous measurements using other samples.9 However,
the ratior iC /r'C is 45 at 1.5 K, being smaller than that o

FIG. 3. Temperature dependence of specific heatC ~upper
panel! and magnetic entropySm ~lower panel! in various magnetic
fields applied along thec axis for a single crystal of CeTe2.
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previous samples. With decreasing temperature below 10
bothr iC andr'C increase strongly and exhibit a sharp pe
at Tr56.1 K. The decrease inr(T) belowTr is attributed to
the development of ferromagnetic order inferred from t
sudden rise ofM /B. On further cooling below 3 K,r iC
increases butr'C remains constant, as reported previousl9

This suggests that thec-axis conduction is suppressed by th
antiferromagnetic alignment of CeTe ferromagnetic laye
while thec-plane conduction is not affected. With increasin
magnetic field, the peak atTr for both r iC and r'C is
strongly suppressed and shifts to higher temperatures.
leads to a large negative magnetoresistance in the vicinit
6.1 K.

Since the field effect onr(T) is much different forI ic
and I'c, as shown in Fig. 4, we further measured the fie
dependence of resistivityr(B) up to 10 T at fixed tempera
tures. In Fig. 5, the results are compared with theM (B)
curves. As shown in the top panel,M (Bic) at 2 K saturates
rapidly to a value of 1.05mB /Ce at B50.2 T, whereas
M (B'c) increases gradually to a value of 0.75mB /Ce at 5.5
T. As the temperature is raised to 5 K, the saturated mom
decreases. In the middle and bottom panels,r(B) at 1.5 K
initially decreases with fields up to 0.4 T, and then turns
increase making a broad minimum. The magnetoresista
MR5@r(B)2r(0)#/r(0), at B50.4 T is much larger for
I ic than for I'c. This fact suggests that the weak magne
field affects significantly onc-axis transport, rather than th
c-plane one. On the other hand, the positive MR in hi
magnetic fields is much stronger forI'c than for I ic. The
origin of the positive MR is not clear at present.

In order to find the close relation betweenr(B) and
M (B), low-field data ofr(B) were recorded upon increasin
and decreasing magnetic fields. As shown in the middle
bottom panels of Fig. 1, there is marked difference betw
the ZFC and FC curves at 1.5 K. Even in the FC curves,

FIG. 4. Magnetic-field variations of electrical resistivityr for
I ic ~upper panels! and I'c ~lower panels! in fields up to 10 T for
Bic ~left panels! and B'c ~right panels! for a single crystal of
CeTe2.
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field-up and field-down branches across atB50 and exhibit
well-defined symmetric peaks atB560.06 T. Because this
field value coincides with the metamagnetic transition fi
BT determined from theM (Bic) curve, the changes inr(B)
should be associated with the moment orientations in
CeTe double layers. As shown in the top of Fig. 1, the
moments are antiparallel in low fields less than60.06 T,
while they orient to the field direction as the field excee
60.2 T. The peak atB560.06 T inr(B) is sharper forBic
than those forB'c, as similar to the case of the derivativ
dM/dB at the metamagnetic transition. As the temperatur
increased to 4.2 K, the hysteresis inr(B) is reduced, and
disappears at 6.1 K. In the configurationI ic, the negative
MR for Bic are twice those forB'c, while in the configu-
ration I'c the MR for Bic and B'c are nearly the same
Implications of these observations will be discussed in
next section.

IV. DISCUSSION

We have shown the sets of results ofr(T), M /B, and
C(T) for a single crystal of CeTe1.85 at various magnetic
fields. They provide us three characteristic temperatures,Tr ,
TN , and TC . We took Tr as the peak point inr(T). The
three-dimensional antiferromagnetic ordering tempera
TN was obtained from the peak point inM /B, which is sup-
pressed in a magnetic field. Above 0.2 T,M (Bic) reaches
almost full moment of 1mB /Ce, that is expected for a groun
state ofJz56 3

2 for a trivalent Ce ion in the tetragonal crys
tal field.12 It should be noted that the inflection point in th
M /B vs T curve forBiC>0.1 T coincides withTC , the peak

FIG. 5. ~Top! isothermal magnetization of a single crystal
CeTe2 in a field range up to 5.5 T forBic and B'c. Magnetore-
sistance forI ic ~middle! and I'c ~bottom! at 1.5, 4.2, and 6.1 K.
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temperature inC(T). ThereforeTC is the transition tempera
ture to the ferromagnetic state which is stabilized by
magnetic field applied along thec axis. Three transition tem
peratures,Tr , TC , andTN , are plotted in Fig. 6. The dotted
lines are drawn as a guide to the eye. In zero field, the sh
range ferromagnetic order develops belowTr , which is fol-
lowed by the antiferromagnetic long-range order belowTN .
By applying a magnetic field along thec axis, the transition
temperatures are changed:TN shifts towards lower tempera
tures,TC is enhanced, andTr shifts to higher temperatures

The results described above are consistent with the an
sis of elastic and inelastic neutron experiments.10,11 The an-
tiferromagnetic structure belowTN54.4 K was determined
as follows. The magnetic moments of Ce ions are pointing
the c axis in a CeTe layer, and the ferromagnetic layers
stacked antiferromagnetically in the sequence up-down-
down-up along thec axis. In this structure, the semimetall
Te layer is sandwiched by the ferromagnetically coup
CeTe layers, and the semiconducting CeTe double layers
coupled antiferromagnetically. The neutron-scattering
periments have also indicated the presence of another tra
tion at 6.1 K, which agrees withTr determined as the peak i
r(T). The sudden rise inM /B simultaneously occurring be
low Tr marks the development of two-dimensional ferr
magnetic order within the CeTe layer. When such tw
dimensional ferromagnetic order develops, the carriers in
semimetallic Te sheet would mediate the ferromagnetic
teraction between the two CeTe layers above and below
Te sheet. However, the interlayer exchange interac
within the semiconducting CeTe double layer is antifer
magnetic. This competition between the ferromagnetic a
antiferromagnetic exchange interactions may give rise to
actual three-dimensional antiferromagnetic structure built
of the ferromagnetic CeTe layers in the sequence↑↓Te↓↑
along thec axis. This structure changes to the ferromagne
state by the application of magnetic field above 0.06 T alo
the c axis, which is reflected in the rapid saturation in t
M (Bic) curve.

The metamagnetic transition accompanies a large ne
tive MR, that is displayed in Fig. 1. At 2 K,M (Bic) rapidly
increases to a saturated value of 1.0mB /Ce at 0.2 T, whereas

FIG. 6. Magnetic phase diagram~B-T diagram forBic! con-
structed from the combination of theM /B, M (B), C(T), andr(T)
data of CeTe2. Three transition temperatures,Tr , TN , andTC , are
taken as the peak points inr(T), M /B, andC(T) and the inflection
points inM /B andM (B), see text. The paramagnetic, short-ran
ferromagnetic, ferromagnetic, and antiferromagnetic phases are
noted as P, SRF, F, and AF, respectively.
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M (B'c) increases gradually to a value of 0.3mB /Ce at 0.4
T. Corresponding to this field dependence ofM (B), the MR
for Bic at 1.5 K in the configurationI ic sharply decrease
by about 4.1% with fields up to 0.4 T, whereas the MR
B'c decreases by 2.6%. At 6.1 K, the MR further decrea
to 14.1 and 7.1% forBic andB'c, respectively. This mean
that the negative MR forBic is twice that forB'c at tem-
perature both below and aboveTN . The large negative MR
in accordance with the development ofM (B) suggests tha
the electrical conduction is closely related to the spin ali
ment of Ce ions. When the applied magnetic field ov
whelms the antiferromagnetic interlayer coupling, the
spins align ferromagnetically along thec axis and thus re-
duces scattering of the carriers by the Ce spins. Howe
one should note that the negative MR in CeTe2 does not obey
the scaling function, MR}2M2, which is expected for the
conventional MR due to reduced scattering by field alig
ment of local spins.16,17

Let us now discuss the enhanced MR atT;Tr observed
for the single crystal in the four configurations ofB and I.
The sharp increase of bothr(T) and C(T) below 10 K in
zero field suggested that the carriers become localized
polarize the neighboring Ce spins ferromagnetically.9,12 The
formation of a sort of magnetic polarons was also sugge
by the observation of a sudden decrease in the unit-cell
ume belowTr .11 We can thus ascribe the drop inr(T) at
T<Tr to the delocalization of carriers by the overlap of t
magnetic polarons. A similar mechanism has been propo
to explain the colossal magnetoresistance in manga
perovskites.18 When a magnetic field above 0.06 T is appli
along thec axis, ferromagnetic clusters are oriented in th
direction. This enhances the hopping of carriers along
field direction. On the other hand, thec-plane transport may
be dominated by the two-dimensional motion of carriers,
is expected from the large anisotropy,r i@r' . Since the Te
sheet is sandwiched by the ferromagnetically coupled C
layers in both the antiferromagnetic state and the fie
induced ferromagnetic state, the MR forI'c could be inde-
pendent of the field directions.
.
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V. CONCLUSION

For a single crystal of CeTe2, we have studied the effect
of magnetic field on the magnetic susceptibilityM /B, spe-
cific heatC, and electrical resistivityr at various magnetic
fields forBic andB'c. The combined results allowed us t
draw aB-T phase diagram with three characteristic tempe
tures,Tr , TN , andTC . With decreasing temperature in ze
field, the paramagnetic phase changes to a short-range f
magnetic state atTr56.1 K, and then to a three-dimension
antiferromagnetic state belowTN54.4 K. The application of
magnetic field along thec axis, the easy magnetization dire
tion, stabilizes the ferromagnetic phase belowTC , which
seems to agree withTN in zero field. With increasing mag
netic field,TN shifts to lower temperatures,TC is enhanced,
andTr shifts towards higher temperatures. The coinciden
of TC with TN in zero field indicates that the ferromagnet
interaction between the CeTe layers above and below the
sheet competes with the antiferromagnetic interaction wit
the CeTe double layer.

We have observed highly anisotropic behavior in t
magnetoresistance. The negative MR is most enhanced
6.1 K, MR'225% atBiC53 T. In the configurationI ic,
the changes of MR with fields forBic andB'c correspond
to those ofM (Bic) andM (B'c), respectively, and the MR
for Bic is twice that forB'c. The large MR forI iBic is a
result of the strong reduction of scattering by the ferrom
netic alignment of Ce magnetic moments. In the configu
tion I'c, on the other hand, the negative MR forBic is
essentially the same as that forB'c. This fact supports tha
the c-plane conduction is dominated by the two-dimensio
motion of the carriers within the Te sheet sandwiched by
ferromagnetically ordered CeTe layers.
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