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Competing interactions and anisotropic magnetoresistance in layered CeJe
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On a single crystal of CeTavith a layered tetragonal structure, we have studied the effect of magnetic field
on magnetic susceptibilitil/B, specific heaC, and electrical resistivity. It is confirmed that this compound
orders antiferromagnetically aty=4.4K, while p(T) shows no anomaly aly but a sharp peak af,
=6.1K. BelowT,, M/B rises suddenly foBlic, the easy magnetization axis, suggesting the onset of a
short-range ferromagnetic order. At 2 K| (Blic) shows a metamagnetic transition at a small field of 0.06 T
from the antiferromagnetic ground state to a field-induced ferromagnetic state. The pe@k)ishifts from
4.3 K in zero field to 4.0 K inB,c=0.1T, 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,-MR(B) — p(0)]/p(0), wasobserved in the vicinity oT, .
For llic, the MR amounts te-25% at 3 T forBlic, which is twice that foBL c. The large MR forl [IBllc is
a result of the increase of theaxis conduction in the field-induced ferromagnetic alignment of Ce spins.
However, the MR forlL ¢ is essentially the same fd@llc andB.Lc, suggesting the confinement of carriers
within the Te sheet sandwiched by the ferromagnetically coupled CeTe layers.

[. INTRODUCTION transition atT, has magnetoelastic origin. Below, the
magnetic moments of Ce ions are partially aligned ferromag-
Rare-earth based compounds with layered crystal strugietically in a CeTe layer, and beloW, the ferromagnetic
tures such aR X, (R=rare earthX=S, Se, Ten=2,2.5,3 layers are stacked antiferromagnetically in the spin sequence
(Refs. 1 and PandRSh, (R=La-Nd and Sm(Refs. 3and#  up-down-down-up along the axi_s. It is now conjeptured
exhibit highly anisotropic transport and magnetic propertiesthat the short-range ferromagnetic order is responsible for the
The compoundRTe, crystallize in the layered GBb-type ~ drop inp(T) atT<T,. ,
tetragonal structure.Among this series, CeTfehas been Our previous measurements p(T) for polycrystalline
studied extensivel§22 This compound is constructed from Samples of CeTgin various magnetic fields showed that the
semiconducting CeTe double layers separated by a semimB€K inp(T) atT,=6.1K in zero field is strongly depressed
tallic Te sheet stacking along theaxis, and thus exhibits with increasing field and the peak temperature Sh'fts.’ grgdu-
high anisotropy in transport and magnetic propertigsi4 ally towards hlgher_temp_erature_s fo_r both_ the longitudinal
For example, the-axis resistivityp,c exhibits a semicon- and transverse configuratioh$This shift to higher tempera-

) tures is opposite to that of the peak y{T). It should be
ductlng.temperature depe-n(je.nce of the order of a fewﬂb.ns noted that the magnetoresistance, MR (B)
cm, while thec-plane resistivityp,c shows a broad maxi-

. o —p(0)]/p(0), is thelargest in the vicinity of 6.1 K. The
mu_m_at_ 100 K and then decreases on cooling, res““_'”g n th egative MR forB<<0.2T accompanies a rapid rise of the
resistivity ratiop;c/p, c~150 at 1.5 K. The large resistivity

_ ) initial magnetization curveM (B). This fact suggested that
even in thec plane has been attributed to the presence ofe negative MR is closely associated with the ferromagnetic
charge-density wavéCDW), with a pseudogap of 0.35 €. moments induced by the magnetic field. Furthermore, one
Electron-tunneling measurements suggested that the CD\W5p expect anisotropip(B) and M(B) in response to the
transition temperature is far above room temperature. direction of magnetic field foBlc and BLc, because the
CeTe undergoes an antiferromagnetic transitionTat  |ayered magnetic structure in Celie similar in some sense
=4.3K,%°where both magnetic susceptibilig{T) and spe-  to magnetic multilayers showing giant magnetoresistace.
cific heatC(T) exhibit a peak. Howevep(T) shows a sharp  In this paper, we report on magnetic-field variationg ¢T),
peak atTp=6.1K well aboveTy=4.3K, which was ex- C(T), andp(T) on a single crystal of CeTe
plained in terms of ferromagnetic-type magnetic polarbifs.
In this picture, the carriers of (b electrons in the Te sheet
become localized well above the long-range magnetic order
at Ty because their spins are coupled to the Ce spins via Samples of CeTewere prepared by the mineralization
local ferromagnetic exchange interactions. The short-rangmethod, as described previouSlfPowder x-ray-diffraction
ferromagnetic order was indicated by the marked increase gfatterns indicated that the samples are almost single phased
C(T) below 10 K. Recent elastic and inelastic neutron-with the tetragonal Ci8b-type structure with the lattice pa-
scattering studies revealed two successive transitions at temameters a=4.47 A and ¢=9.11A. Electron-probe mi-
peraturesT,, and Ty 1011 From the sudden decrease in the croanalysis of several parts of the samples showed that the
a-axis lattice parameter beloWw,, it was proposed that the compositions in the host phase are deficient in Te content,

II. EXPERIMENTAL DETAILS
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FIG. 1. (Top) isothermal magnetization of a single crystal of
CeTe for Bllc andBL c measured at temperatures 2, 4.2, and 6.1 T( K )
K. The arrows indicate the direction of Ce spins in the two CeTe
double layers. Middle and bottom panels show, respectively, field- FIG. 2. Temperature dependence of magnetic susceptibility
dependent resistivity of CeJéor Illc andl Lc at 1.5, 4.2, and 6.1 M/B in various magnetic fields fddllc andB.L c at 2 K for a single
K upon increasing and decreasing magnetic field. Magnetoresissrystal of CeTe. The zero-field-coole@FC) and field-cooledFC)
tance, MR=[p(B)—p(0)]/p(0) at 6.1 K is shown by the right- data are compared.
hand axis.

field range—0.4<B=<0.4T for Bllc andBLc. At 2 K, an

CeTa g5 By cleaving the samples, single crystals of the sizeapplied magnetic field o0B;=0.06 T along thec axis, the
1.0x 1.0 0.5 mn? with (001) surfaces were obtained. easy magnetization direction, induces a metamagnetic transi-

Because of the platelike shapes of the single crystal, théon from the antiferromagnetic state to a field-induced fer-
in-plane resistivity p, c) was measured by a standard four- romagnetic stateM(Blic) saturates rapidly to a value of
probe dc technique, but theaxis resistivity p,c) was esti-  1.0ug/Ce at 0.2 T, whereals! (BL ¢) gradually reaches to a
mated from measurements using a modified four-probe conralue of 0.3:5/Ce at 0.4 T. It should be noted that a weak
figuration, with dotlike voltage contacts and with U-shapedhysteresis is observed for bath(Blic) andM (BL c) at 2 K.
current contacts on opposite surfal&his method was pre- The hysteresis is reduced with increasing temperature, and at
viously used for layered compounds suchRSh,.* How- 6.1 K M(B) increases linearly without showing hysteresis
ever, because of the large anisotropy, it was difficult to deand remanence.
termine the absolute value op,c. Magnetoresistance The temperature dependence MB in different mag-
measurements were performed in magnetic fields up to 10 Thetic fields forBlic and BLc is shown in Fig. 2. In the
Magnetization was measured by means of a superconductingwest field of 0.01 T, bottM/B curves show a sudden rise
quantum interference device magnetometer in fields up to 5.8t 6.1 K, indicating an onset of ferromagnetic short-range
T in the temperature range 2—300 K. Specific-heat measureyrder. It is noteworthy that this temperature coincides with
ments were carried out by an ac method in fieldsafp T at T wherep(T) exhibits a sharp peak. The peak Mf/B at
temperatures between 0.3 and 20 K. The absolute value gf =4.4K is attributed to the antiferromagnetic long-range
the specific heat was determined by using the value meayrder. Only belowTy, there is a significant difference be-
sured by an adiabatic dc methdd. tween the zero-field-cooledZFC) and field-cooled(FC)
data. As the magnetic field is increased up to 0.1 T, the
hysteresis is decreased and the peaMifB shifts to lower
temperatures, as expected for an antiferromagnetic transition.

The top panel of Fig. 1 shows the isothermal magnetizaAbove 0.2 T, theM/B curve steadily increases with decreas-
tion curvesM (B) for a single crystal of CeTeaneasured ina ing temperature. This behavior is consistent with the field-

Ill. EXPERIMENTAL RESULTS



PRB 62 COMPETING INTERACTIONS AND ANISOTROPIC. .. 11611

16 T T T T 16

_ - 0T (zFC)

CeTefor |o0T(FO)
| 02T

2 05T

14}

pyc (Qom )

. v
3 @
7

C (J/mol K)

g
O
G
X Q
- ]
e} Q
E
e
S . . . , .
« 0 5 10 15 200 5 10 15 20
T(K) T(K)
00 2 4 6 8 10 FIG. 4. Magnetic-field variations of electrical resistivipyfor
T(K) llic (upper panejsandlLc (lower panelsin fields up to 10 T for

Bllc (left panel$ and BLc (right panel$ for a single crystal of
FIG. 3. Temperature dependence of specific h@atupper CeTe.

pane) and magnetic entrop$,, (lower panel in various magnetic . . .
. : , . previous samples. With decreasing temperature below 10 K,
fields applied along the axis for a single crystal of Cele both p;c andp, ¢ increase strongly and exhibit a sharp peak
atT,=6.1K. The decrease ip(T) belowT , is attributed to
induced ferromagnetic state fd,c=0.2T. In the M/B the development of ferromagnetic order inferred from the
curves, there appears an inflection point, of which the temsudden rise ofM/B. On further cooling below 3 Kp,c
perature shifts from 4.3 to 5.2 K as the magnetic field in-increases bup, c remains constant, as reported previodsly.
creases from 0.2 Tto 1 T. This suggests that theaxis conduction is suppressed by the
The specific heaC(T) was measured at various magnetic antiferromagnetic alignment of CeTe ferromagnetic layers,
fields applied parallel to the axis. As is seen in the upper while thec-plane conduction is not affected. With increasing
panel of Fig. 3,C(T) in zero field exhibits a pronounced magnetic field, the peak at, for both pc and p, ¢ is
peak centered at 4.3 K. The midpoint of the jump agrees witlstrongly suppressed and shifts to higher temperatures. This
Ty=4.4K defined as the peak in t/B vs T curve. In a  leads to a large negative magnetoresistance in the vicinity of
field of 0.1 T, the peak shifts down to 4.0 K and furthermore6.1 K.
a shoulder appears at 4.3 K. The peak at 4.0 K coincides with Since the field effect op(T) is much different forllic
the peak temperature observedNtiB at the same field of andl_Lc, as shown in Fig. 4, we further measured the field
B=0.1T, and the shoulder at 4.3 K agrees with the inflecdependence of resistivity(B) up to 10 T at fixed tempera-
tion point in theM/B curve. As the field exceeds 0.2 T, the tures. In Fig. 5, the results are compared with ¥1¢B)
former inC(T) disappears and the latter develops to a broadurves. As shown in the top panél,(Blic) at 2 K saturates
maximum. With increasing magnetic field further, the maxi-rapidly to a value of 1.06g/Ce at B=0.2T, whereas
mum temperaturel ¢ shifts to higher temperatures, being M(BL c) increases gradually to a value of Ow&/Ce at 5.5
characteristic of a ferromagnetic state. The magnetic entropy. As the temperature is raised to 5 K, the saturated moment
Sm(T) was estimated by subtracting ti§T) data for LaTe@  decreases. In the middle and bottom pang(®) at 1.5 K
from those for CeTg The results are displayed in the lower initially decreases with fields up to 0.4 T, and then turns to
panel of Fig. 3. In zero fieldS,, amounts to a value of increase making a broad minimum. The magnetoresistance,
0.7RIn2 at Ty=4.4K and reaches the full value &In2  MR=[p(B)—p(0)]/p(0), at B=0.4T is much larger for
only at 10 K. The value 08, decreases gradually with mag- ||ic than forl L c. This fact suggests that the weak magnetic
netic field and the saturation is achieved well above 10 Kfield affects significantly orc-axis transport, rather than the
This field variation ofSy,(T) is consistent with the stabiliza- c-plane one. On the other hand, the positive MR in high
tion of the ferromagnetic state by applied fields. magnetic fields is much stronger fat ¢ than forllic. The
Figure 4 shows the temperature dependence of electricakigin of the positive MR is not clear at present.
resistivity p(T) for lllc andlL c measured at constant mag-  In order to find the close relation betwegi{B) and
netic fields forBllc and BLc. The c-axis resistivityp,c is  M(B), low-field data ofp(B) were recorded upon increasing
much larger than the-plane resistivityp, ¢, as was found in  and decreasing magnetic fields. As shown in the middle and
the previous measurements using other sanfpliswever,  bottom panels of Fig. 1, there is marked difference between
the ratiop;c/p, c is 45 at 1.5 K, being smaller than that of the ZFC and FC curves at 1.5 K. Even in the FC curves, the
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FIG. 6. Magnetic phase diagrafB-T diagram forBlic) con-
structed from the combination of ti/B, M(B), C(T), andp(T)
data of CeTg Three transition temperatures,, Ty, andT¢, are
i — taken as the peak points i{T), M/B, andC(T) and the inflection
Ilec 10 points inM/B and M (B), see text. The paramagnetic, short-range
ferromagnetic, ferromagnetic, and antiferromagnetic phases are de-
noted as P, SRF, F, and AF, respectively.

temperature irC(T). ThereforeT ¢ is the transition tempera-
ture to the ferromagnetic state which is stabilized by the
] magnetic field applied along theaxis. Three transition tem-
65 4 8 8 100 2 4 6 & 7o peraturesT,, Tc, andTy, are plotted in Fig. 6. The dotted
Byc(T) B,o(T) lines are drawn as a guide to the eye. In zero field, the short-
range ferromagnetic order develops bel®y, which is fol-

FIG. 5. (Top) isothermal magnetization of a single crystal of lowed by the antiferromagnetic long-range order belby
CeTeg in a field range up to 5.5 T foBlic andBLc. Magnetore- By applying a magnetic field along theaxis, the transition
sistance forllc (middle) andlLc (bottom at 1.5, 4.2, and 6.1 K.  temperatures are changek); shifts towards lower tempera-

tures,Tc is enhanced, and, shifts to higher temperatures.
field-up and field-down branches acros8at0 and exhibit The results described above are consistent with the analy-
well-defined symmetric peaks 8= +0.06 T. Because this sis of elastic and inelastic neutron experiméfits- The an-
field value coincides with the metamagnetic transition fieldtiferromagnetic structure beloWy=4.4K was determined
B+ determined from thé&1(Blic) curve, the changes in(B) as follows. The magnetic moments of Ce ions are pointing to
should be associated with the moment orientations in théhe ¢ axis in a CeTe layer, and the ferromagnetic layers are
CeTe double layers. As shown in the top of Fig. 1, the Cestacked antiferromagnetically in the sequence up-down-Te-
moments are antiparallel in low fields less thai®.06 T,  down-up along the axis. In this structure, the semimetallic
while they orient to the field direction as the field exceedsTe layer is sandwiched by the ferromagnetically coupled
+0.2 T. The peak aB= *=0.06 T inp(B) is sharper foBllc CeTe layers, and the semiconducting CeTe double layers are
than those foBL c, as similar to the case of the derivative coupled antiferromagnetically. The neutron-scattering ex-
dM/dB at the metamagnetic transition. As the temperature iperiments have also indicated the presence of another transi-
increased to 4.2 K, the hysteresis g(B) is reduced, and tion at 6.1 K, which agrees with, determined as the peak in
disappears at 6.1 K. In the configuratibirc, the negative p(T). The sudden rise iiM/B simultaneously occurring be-
MR for Blic are twice those foB.L c, while in the configu- low T, marks the development of two-dimensional ferro-
ration | L c the MR for Bllc and BL ¢ are nearly the same. magnetic order within the CeTe layer. When such two-
Implications of these observations will be discussed in thalimensional ferromagnetic order develops, the carriers in the
next section. semimetallic Te sheet would mediate the ferromagnetic in-

teraction between the two CeTe layers above and below the

IV. DISCUSSION Tt_-} _sheet. Hoyvever, t_he interlayer exchangg inte_raction

within the semiconducting CeTe double layer is antiferro-

We have shown the sets of results @fT), M/B, and  magnetic. This competition between the ferromagnetic and
C(T) for a single crystal of CeTgs at various magnetic antiferromagnetic exchange interactions may give rise to the
fields. They provide us three characteristic temperatdigs, actual three-dimensional antiferromagnetic structure built up
Tn, andTc. We took T, as the peak point ip(T). The  of the ferromagnetic CeTe layers in the sequen¢&e| T
three-dimensional antiferromagnetic ordering temperaturalong thec axis. This structure changes to the ferromagnetic
Ty Was obtained from the peak point M/B, which is sup-  state by the application of magnetic field above 0.06 T along
pressed in a magnetic field. Above 0.2 NI(BIlic) reaches the c axis, which is reflected in the rapid saturation in the
almost full moment of Lg/Ce, that is expected for a ground M(BIic) curve.
state ofJ,= + 2 for a trivalent Ce ion in the tetragonal crys-  The metamagnetic transition accompanies a large nega-
tal field} It should be noted that the inflection point in the tive MR, that is displayed in Fig. 1. At 2 KVI(Blic) rapidly
M/B vs T curve forB;c=0.1T coincides withT -, the peak increases to a saturated value ofidz@Ce at 0.2 T, whereas
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M (BLc) increases gradually to a value of 2,3/Ce at 0.4 V. CONCLUSION

T. Corresponding to this field dependencewbfB), the MR For a single crystal of CeTewe have studied the effects
for Bllc at 1.5 K in the configurationlic sharply decreases of magnetic field on the magnetic susceptibilld/B, spe-

by about 4.1% with fields up to 0.4 T, whereas the MR forcific heatC, and electrical resistivity at various magnetic
B c decreases by 2.6%. At 6.1 K, the MR further decrease$ields forBllc andB.L c. The combined results allowed us to
to 14.1 and 7.1% foBlic andB.L ¢, respectively. This means draw aB-T phase diagram with three characteristic tempera-
that the negative MR foBl|c is twice that forB.Lc at tem-  tures,T,, Ty, andT¢. With decreasing temperature in zero
perature both below and aboWg,. The large negative MR field, the paramagnetic phase changes to a short-range ferro-
in accordance with the development Idf(B) suggests that Magnetic state ;I[p=6.1 K, and then to a three-d_lme'nsmnal
the electrical conduction is closely related to the spin align-&ntiferromagnetic state beloW,= 4.4 K. The application of
ment of Ce ions. When the applied magnetic field over-magnetic f|_eld along the axis, the_ easy magnetization Q|rec-
whelms the antiferromagnetic interlayer coupling, the Celon, stabilizes the ferromagnetic phase beldw, which
spins align ferromagnetically along theaxis and thus re- seems to agree witly in zero field. With increasing mag-

duces scattering of the carriers by the Ce spins. HowevelnetiC ﬁeld.’TN shifts to Ic_)wer temperatureS is enha_mc_ed,
one should note that the negative MR in Cg@iees not obey dnd T, shifts towards higher temperatures. The coincidence

. . T L of T¢ with Ty in zero field indicates that the ferromagnetic
the scal_lng function, MR —M®, which is e_xpected_ for th_e interaction between the CeTe layers above and below the Te
conventional MR due to reduced scattering by field align-

. 1617 sheet competes with the antiferromagnetic interaction within
ment of local spins? the CeTe double layer.

Let us now discuss the enhanced MRTat T, observed We have observed highly anisotropic behavior in the
for the single crystal in the four configurations Bfandl.  magnetoresistance. The negative MR is most enhanced near
The sharp increase of bo@(T) and C(T) below 10 Kiin g1 K, MR~—25% atB;c=3T. In the configuratiorlic,
zero field suggested that the carriers become localized angle changes of MR with fields fdBlic andB.L ¢ correspond
polarize the neighboring Ce spins ferromagneticdlffThe o those oM (Blic) andM(B.L c), respectively, and the MR
formation of a sort of magnetic polarons was also suggestefbr Biic is twice that forBL c. The large MR forl [Blic is a
by the observation of a sudden decrease in the unit-cell vokesult of the strong reduction of scattering by the ferromag-
ume belopr.11 We can thus ascribe the drop g{T) at  netic alignment of Ce magnetic moments. In the configura-
T<T, to the delocalization of carriers by the overlap of thetion I.Lc, on the other hand, the negative MR fBfic is
magnetic polarons. A similar mechanism has been proposegssentially the same as that 8t c. This fact supports that
to explain the colossal magnetoresistance in manganegke c-plane conduction is dominated by the two-dimensional
per()vskites'l_8 When a magnetic field above 0.06 T is applied motion of the carriers within the Te sheet sandwiched by the
along thec axis, ferromagnetic clusters are oriented in thisferromagnetically ordered CeTe layers.
direction. This enhances the hopping of carriers along the
field direction. On the other hand, tleeplane transport may ACKNOWLEDGMENTS
be dominated by the two-dimensional motion of carriers, as We are grateful to Professors J. G. Park, Y. S. Kwon, H.
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