PHYSICAL REVIEW B 70, 054421(2004)

Fermi surface and magnetic properties of CeTe
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We have grown high quality single crystals of the Kondo compound CeTe and its reference compounds
LaX/s with X.=S, Se, Te, and gasured the de Haas-van Alphen effect of these compounds and the magnetic
properties of CeTe. The Fermi surface of each L&Xcentered at the X points of the Brillouin zone and has
a nearly ellipsoidal shape. The cyclotron effective masses are very close to the electron rest mass. On the other
hand, CeTe has a rather complicated magnetic phase diagram which is different from that predicted by
previous works. In the induced ferromagnetic phase of CeTe, the Fermi surface is found to be similar to that
of LaTe but it splits into the majority and minority spin Fermi surface due to the exchange interaction between
the 4f and conduction electrons. We have also observed strongly enhanced cyclotron effective masses in that
phase. Interestingly, the mass enhancement of the minority spin surface differs with that of the majority spin
surface by about a factor of 2.
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[. INTRODUCTION Table I, one may expect that the Kondo effect also increases
and consequently the magnetic moment decreases. However,

Rare-earth monochalcogenid&®X;'s with X,;=S,Se,Te¢ this is contrary to the experimental observation.
have been intensively studied because of various attractive It has been also found by our angle-resolved photoemis-
properties and also because of the simple NaCl-type crystaion spectroscopyARPES measurements that CeTe has a
structure. For example, SmS shows the pressure-induceqzkculiar electronic band structure compared with CeSe and
metal-insulator transition, and TmSe shows the anomalou€eS™ In CeTe as well as in CeS and CeSe a dispersionless
valence fluctuating stafe? These interesting phenomena band is observed well below the Fermi lev&g) which is
have been thought to originate from the interaction betweemscribed to the localizedf4tates. However, only for CeTe a
the 4f and conduction electrons. Among them, Ce monochdispersive band is also observed close tofthand and in a
alcogenidegCeX_s) are regarded as the most simple systemvery narrow region around thE point. Although this band
because the Ce ion is in the trivalent state with oheléc-  mostly arises from the valenge band, we found that the
tron. However, even in such simple CgxXthe physical hybridization between thef4state and the valenge band
properties are still not well understood. plays a significant role for this band. From this fact and the

CeX/’s have been thought to be typical Kondo com- observation that the electronic band structure systematically
pounds that coexist with the magnetic order because thehange in CeXs, we suspect that the intersitef hybridiza-
magnetic part of electrical resistivity clearly exhibits a loga-tion through the valencp band probably plays an important
rithmic increase with decreasing temperatir€he cubic  role for the magnetic properties such as the small magnetic
crystal field splits the lowest-lying multiplet (J=5/2) into  moment. Therefore, further extensive investigation on the
theI'; doublet grand state and tfig quartet excited stafe®  electronic structure will certainly give important information
At low temperatures, Cej6 enter the type-ll antiferromag- to understand physical properties of CeTe. The de Haas-van
netic state which probably has the fdustructure’8 We list
some magnetic properties of these compounds together with TABLE |. Lattice constant at room temperatui@, Néel tem-
the lattice constant in Table 1. All the values for the magneticperature(Ty), crystal field splitting energyAc,), and magnetic
properties are largest for CeS, and become smaller for CeSeoment in the ordered sate of CeX
Those for CeTe are much smaller than those for CeS and
CeSe. Particularly, that of the magnetic moment is consider- aA)  Ty(K) Agy(K) Magnetic momentug)
ably reduced from 0.7d5 which is expected for th&; dou- CeS 57761 8.4 1407 057
blet grand state.

It is well known for Ce compounds that application of CeSe 5992 54 el 0.5¢
pressure enhances both the Kondo effect and the magnefi€Te ~ 6.361 2.2 32 0.3¢°
Ruderman-Kittel-Kasuya-Yosida interaction. The chemicalkrgference 5.
pressure increases by replacing the chalcogen element frosReference 6.

Te to Se, and then to S, because the lattice constant decreasggference 7.
with the replacement. Since the Néel temperaillig) in-  dreference 9.
creases with increasing chemical pressure as noted frofReference 4.
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Alphen (dHVA) effect measurement is another powerful tool 2 T o T '
to investigate the electronic structure. Particularly, it is very 100 —
useful to investigate the interaction between tlfieadd con- AT CTRIXO 0 /
duction electrons as well as the Fermi surface topology. Z: Sample-B bottom ]
However, a long mean free path of the conduction electronis ~ 3t ’—M"'
necessary for the detection of the dHVA signals. The sample g 2k ——

L . . Sample-4 bottom e
qualities in preceding works are not enough to detect the g
dHVA signals. High quality single crystals that have good 2 10

stoichiometry and high purity have been awaited. 5
In this paper, following the high quality single crystal §

growth of LaX.'s and CeTe, we will present the dHVA effect >

measurements of reference materials L'eXThen, the mea-

surements of the magnetization and dHvA effect for CeTe 1 '

will be presented. We will show that the magnetic properties 1 10 100

of CeTe are considerably sample dependent and its magnetic Temperature (K)

phase diagram obtained in this study is different from that

predicted by previous works. Furthermore, we will show that FIG. 1. Temperature dependence of the electrical resistivity of

the mass enhancement of the minority spin band differs fronteTe grown from the stoichiometric molten liquid. “Sample A” and
that of the majority spin band by a factor of 2. “sample B” were prepared using the Ce metal with 4 and 3 purity,
respectively.

T T

Lol

Il. SAMPLE PREPARATION AND EXPERIMENT We performed another test for CeTe to examine the
growth process. The sample was heated again up to 1000°C
just after the single crystal growth process and kept about 1
day. We have found that a small amount of another phase
with ThsP, structure, which is probably G&e,, is formed in

Single crystals of LaXs and CeTe were prepared by the
following procedure. Starting materials are La or Ce with 4N
purity (Ames laboratoryand S, Se, or Te with 6N purity. In
the cases of LaS and LaSe, the starting materials were seal

i an ev ted silica tube and then the prereaction w bottom part, while no trace of such compound was found
1 an evacuated silica tube and then the prereaction was Cgfr ,q upper part. This observation suggests that the crystal
ried out in a conventional electric furnace to avoid evapora-

tion of the constituent elements at the next procedure. TheWlth off-stoichiometric composition segregates from the sto-

, ; hiometric molten liquid and CeTe is likely to include a
Fhe prereacted powder was sealed in a tungsten crucible ul%frge amount of vacancies at the Ce sites. Accordingly, the
ing an electron beam welder. In the case of LaTe and CeT '

. . . . %ontent of Ce in the molten liquid increases as the crystal
the starting materials were directly sealed in a tungsten cru N Y

. . e grows. The upper part with a stoichiometric composition
cible. _Slngle crystals Were grown from the molten liquid by eems to segregate from the molten liquid with a Ce-rich
the Bridgman ”_‘ethOd using a tungsten heater furnace, whic omposition. This behavior is probably also common to the
was controlled just above each melting temperature of more

. a monochalcogenides. The lattice constants and RRR val-
than 2000°C. Single crystals thus grown have a bullet shap : : :
with a size of 14 mnidiametef X 20 mm (height. Ges of the upper parts are summarized in Table Il. The lattice

. N : - constants of the upper parts are 0.001-0.002 A larger than
_To examine the sample quality in detail, we divided eachy, e of the hottom parts on an average, probably reflecting
ingot into three pieces Of. bottom_, r.m.ddle and upper PartSihe jower concentration of the vacancies in the upper part.
and measured the electrical resistivity of each piece. Wﬁere, it should be noted that the true RRR value of CeTe
X Yeems to be larger than that listed in Table II, probably more

of the bottom and upper parts of the CeTe single crystal ify,, 50 hecause its resistivity continues to decrease even at
F'g: 1. The 4 l_\l_Ce was used for sample A. It is .noted thatthe lowest temperature of the measurement. We cut small

residual resistivity ratigRRR) of th? upper part is much Pieces from the upper part for both the magnetization and

larger than that of the bottom part, indicating that the uppefy A effect measurements.

part has higher quality. This is also true for the other La The direct currentdc) magnetization was measured down

mochalcogenid_es and is contrary to what we e>_<pected from, 0.5 k by the standard extraction technique usintHe
previous experience. We expected that the quall.ty_ Pf the uF?(:ryos’[at in magnetic fields up to 8 T. The dHVA effect mea-
per part was worst, because the upper part solidifies last in

the pregent growth process and then impu_rities usually accu- TagLE |I. Lattice constant and RRR of high quality LaXnd
mulate in the upper part. It should be pointed out that theseTe single crystals obtained in this work.
overall feature of the electrical resistivity of the upper part is

significantly different from that reported previouslyFor Lattice constantA) RRR=R(300 K)/R(1.5 K)
comparison, we also show in Fig. 1 the electrical resistivity:

of the low-quality CeTe single crystédample B which was  LaS 5.852 15

grown using the Ce metal with 3 N purity. It had a similar LaSe 6.066 21

RRR value to that reported previously. Such disagreementaTe 6.435 20
between the previous and present reports can be also seendgre 6.369 18

magnetic properties described later.
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dHVA Frequency (10° T) measuremef shows that the conduction band, which is de-
rived from the 9 orbit of the La ion, is located just beloi&x
FIG. 2. (a) dHVA oscillation of LaTe aff=500 mK and(b) its gt theI" point in LaTe. This missing part of the frequency
Fourier spectrum. The magnetic field is applied for #81  pranch becomes narrower for LaSe. It becomes more nar-
direction. rower for LaS for the[001] direction and the dHVA signal
appears at thgl1Q] direction. This means that the ellipsoidal
surements were performed by the conventional field moduFermi surfaces in LaSe do not connect with each other at the

lation technique using 3He cryostat inmagnetic fields up to I' point. The present observation of the Fermi surfaces is
15 T and a dilution refrigerator in magnetic fields up to 20 T consistent with the band structures observed by the ARPES

in the temperature range from 20 mK to 1.0 K. The fre-measurement. However, according to the ARPES measure-
quency of the modulation field was mostly 67 Hz, while theMent, the dHVA signal should be observed arog@ill] di-

lower frequency of 17 Hz was used for the measurements c{ﬁctmtnhln hanT?he r?ason IS ”notl C'?ar at prEstenthstageB On
effective masses to decrease the heating effect. € other hand, the two Small eleclron pockels have been

observed by the ARPES measurement in LaTe but they have
not been detected in this study. In CeTe whose quality seems
[ll. RESULT AND DISCUSSION to be higher than that of LaTe, one small Fermi surface have
A LaX been detected as described later. Therefore, the missing of
: ¢ the two small Fermi surface is most likely attributed to the
We have successfully observed the dHVA signal in allworse sample quality of LaTe. The volumes surrounded by
LaX.. Figure 2a) shows a typical dHVA oscillation of LaTe the Fermi surfaces of LaXare estimated to be very close to
at T=500 mK in the field along thgd01] direction. Its Fou- 50% of that of the first Brillouin zone. It is noted that the
rier spectrum is shown in Fig.(8) where the frequency la- small electron pockets does not significantly contribute to the
beled asa is clearly observed. Figure 3 shows the angulartotal volume. Therefore, La)6 are uncompensated metals
dependences of the dHVA frequencies for aXlt is clearly ~ With one conduction electron per formula unit, and the sys-
seen that their overall features are similar to each other. Thgmatic decrease of the dHvA frequency is mainly ascribed
dHVA frequency at the same field angle decreases from thdp the systematic increase of the lattice constant from that of
of LaS to that of LaSe and then to that of LaTe. The char-aS to that of LaTe. .
acteristic angular dependence of the dHVA frequency is well From the temperature dependence of the amplitude of the

reproduced assuming ellipsoidal Fermi surfaces centered 9f1V/A Signal, we determined the cyclotron effective masses
) Lo . g of LaX.'s. They are summarized in Table Ill. Every cyclo-
the X points of the Brillouin zone whose major axis is par-

allel to the I-X high symmetry line. They are shown as tron effective mass is close tarj, of the electron rest mass.

dotted(LaS), dashedLaSe, and solid(LaTe) lines in Fig. 3. B. CeTe
The dHVA signal has not been observed in LaTe around the
[00]] and [11Q] directions. This imply that the ellipsoidal
Fermi surfaces are connected at thepoint and that the We have measured the dc magnetizatibfy, ;) of CeTe
conduction band does not croBs in the vicinity of thel’ under magnetic field§H) up to 8 T along[hkl]=[001],
point on thel’-X high symmetry line. In fact, the ARPES [111], and[110] directions.

1. Magnetic properties oCeTe
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TABLE llI. Cyclotron effective masses of La$ for the field 12 T . T

along the[001], [111], and[110] directions. Lol CeTe 4 |
T-0.5K
[007] [111) [110] 3 08 1
LaS 0.78n, 1.08m, 0.96m, f 081 1
LaSe 0.88 1.02m, 04 ' o Hupon |
LaTe 0.84n, 1.34m, 1.08m, 02f A H:‘l’} .
| |
0.0 1 L 1
0 2 4
H(T)

Figure 4 shows the temperature dependencil 6ff for o ) )
various magnetic fields in the temperature range from 0.5 tg F!G- 5. Magnetization of CeTe as a function of the magnetic
4 K. Let us see the behavior dfljp;/H first. At the low field along the[001], [111], and[110] directions at 0.5 K.
magnetic field of 0.1 T,Mgo;/H exhibits a well-defined ' o
kink at around 2 K that is a characteristic behavior of thethe phases above 0.5 T in the00] and[110] directions are
type-Il antiferromagnetic order. On the other haltlgoy/H different from the type-ll anufer_romagnetlc state. Above
exhibits a discontinuous change at 0.5 T instead of the kinkQ-> T: Mooy doesnot show any discontinuous change up to
suggesting that a ferromagnetic component is induced below T, While M1, exhibits a second transition at around
1.8 K. This discontinuous change becomes weaker with in6.2 T. Here, it should be noted that the magnetization of
creasing magnetic field, and no trace of the discontinuityCeTe exceeds the magnetic moment Quglof the T,
remains at 8 T. Similar field dependence is also observed iground state at around 5 T. This means that the magnetic
M[11g/H-T curves. On the other hand, the kink idf,;4)/H ground state of Ce_Tc_e under the magnetic field is a mixture of
is observed up to 3 T, and the ferromagnetic component ag-7 @ndI's states arising from the small crystal field splitting.

pears at 4 T, although thi;;;/H change at the transition It is also noted that the magnetic properties observed in this

is rather gradual compared to those for the two other direcStUdy do not agree with those reported previodsiyd(yyy

tions. Therefore, the phase above 4 T in [a&1] direction reported by Hulligert al. does not show any discontinuous
certainly has a different character from those above 0.5 T ifhange up to 9 T andjqoyy and My, show almost the
the [001] and[110] directions. same field dependence below 3 T. On the other hand, Ravot

Figure 5 shows the dc magnetization as a function of thet.al. report a small step at around 2 T associated with a
magnetic field along thg001], [111], and[110] directions at hysteresis on th&l;oq—H curve. The difference with those
0.5 K. The transition in th¢111] direction from the type-Il  in the previous reports indicates that the magnetic properties
antiferromagnetic phase to the phase with the ferromagnetiof CeTe are very sensitive to the sample quality as well as
component mentioned earlier is clearly seen on ey the transport properties. We suspect that the magnetic phases
—H curve at around 3.5 T. Below 3.5 M35 increases of CeTe are formed' based_on a delicate balance among the
linearly with the magnetic field, reflecting the antiferromag-Several exchange interactions because the face-centered-
netic state of this phase. On the other hand, the transition teUbiC lattice of CeTe is sensitive to the competition of the
the phase with the ferromagnetic component aroun@Xchange interactions. Our ARPES measuremstygest
0.1-0.5 T on theMoy—H andMy39—H curves could not that there are two types of tiief exchange interactions in
be detected probably because of too small changes of th%eTe' €., thelon—snéf ferromagnepc exchange Interaction
magnetization. However, tdrooy—H andMp;1g—H curves and the mtersﬂeﬂ—f antlferr_omag'netlc exc':h.ange interaction.

: . The latter arises from the intersitef hybridization through

have convex shapes in contrast to thdinear shape of the

- . . the valencep band. Vacancies and impurities presumably
Mp119=H curve below 3.5 T. This fact clearly indicates that destroy the delicate balance between the exchange interac-

tions.
CeTe g/ foo01) H//[111) H/[110]
8T HJ// [001] H//[111] H// [110]
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FIG. 4. Temperature dependenceMfH of CeTe for various
magnetic fields alon§001], [111], and[110] directions. For clarity
the M/H curves are displaced vertically.

FIG. 6. Magnetic phase diagram of CeTe. Closed and open
circles are determined by ti vsH andM/H vs T measurements,
respectively.
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12 13 14 15 16 FIG. 9. Fourier spectrum of the dHVA oscillation in phase V of
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FIG. 7. Field dependence of the ac susceptibility of CeT& at 00 toward[110).

=100 mK. The applied field direction is tilted 35° frofd01] to-

ward [110]. ¥’ and y” are real and imaginary parts of the ac sus- quartet excited state certainly mixes into the ground state

ceptibility, respectively. under the magnetic field as mentioned before. Therefore, the
field-induced phases of CeTe are likely to relate to the quad-
rapole order.

Summarizing the characteristic changes observed in the 'y getermined the magnetic phase boundaries also by the
temperature dependenceMf H and the field dependence of dHVA effect measurement. In Fig. 7, we show, as an ex-

the magnetization, we propose the magnetic phase diagrag?n ; o ;
. . ple, the alternating curre¢dc) susceptibility as a function
for CeTe. Figure 6 shows those in tf@01], [111], and[110] of the magnetic field for the direction tilted 35° frofA01]

directions as a function of the magnetic field and tempera; ward[110] at T=100 mK. The oscillation of the real part is
ture. Phase | is the type-Il antiferromagnetic phase. Phasei e dHVA signal. AtH=13.8 T, the real party’) remarkably

is characterized by th_e dlscont|nupus change OM‘H VS changes its oscillatory amplitude and wave form. Moreover,
T curves. phase |V is characterized by the d|scont|nuou§ne imaginary party”) forms a peak at the same magnetic

change at around 3.5 T on thé-H curve in the{111] direc- field. Since theoscillatory amplitude and waveform are re-

tion. It shou_ld be noted that p_hase IVis not an Inducedlated to the Fermi surface properties, their changes suggest
ferromagnetic phase as described later. Nevertheless, the . . o P

" that the electronic structure is modified there. The modifica-
transition temperature between phase IV and the paramag-

. . o ) g on is presumably due to a change of the magnetic Brillouin
netic phase increases with increasing magnetic field as we .
one caused by the change of the magnetic structure.

as that between phase Il and the paramagnetic phase in the By collecting such transition points, we have obtained the

[001] direction does. Such behavior of the phase boundary i?nagnetic phase diagram of CeTeTat100 mK as a function

quite _exceptional for the magnetic transition, while it is of the field strength and direction. It is shown in Fig. 8. In
rather commonly observed for the quadrapole OrOIeE’:\ddition to the phases described earlier, we have found
transition™12Although the magnetic ground state of CeTe is P ’

. ; phases Il and V. Therefore, CeTe has at least five magnetic
theI'; doublet without the orbital degrees of freedom, the phases aff=100 mK. The open circles in thgo01] and

18

16

dHvA Frequency (103 T)

L b7 | 2k o]
2_ 7 o -
0- . 1] PN IS PP IO I Y

0 30 60 90 -45-30-15 0 15 30 45 60 75 90
[001] [111] [101] [101] [001] [111] [110]
Field Angle (degrees) Field Angle (degrees)
FIG. 8. Magnetic phase diagram of CeTeTat100 mK as a FIG. 10. Angular dependence of the dHVA frequencies in phase

function of the field strength and direction determined by the dHVAV of CeTe. Doted and solid lines fatt; and «, branches show
effect measuremeritlosed circles Open circles are determined by calculated results assuming the ellipsoidal Fermi surfaces centered
the dc magnetization measurement. at the X points of the Brillouin zone.
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TABLE IV. Effective masses of they; and a, branches deter- although we could not determine the branch shape unam-
mined for two different field ranges in phase V of CeTe. The ap-biguously because of the limited angle for the observation.

plied field direction is tilted 35° fronf001] toward[110]. Assuming the ellipsoidal Fermi surfaces for thegeand a,
_ branches as we do for LaTe, each of them is estimated to
Field range 17.6-15.1T 16.2-140T occupy about 50% volume of the first Brillouin zone. There-

N 10.8m, 12.2m, fore, it is likely that thea branch in LaTe splits into the;

1 ’ ' and a, branches in phase V of CeTe, probably because the
2 5.9 6.5m conduction band splits due to the exchange interaction with
the 4f electrons. Since the Fermi surface has the same shape

s that of LaTe or is consistent with that of the paramagnetic

hase observed in the ARPES measurement, we believe that

hase V is the ferromagnetic state induced by the strong
kternal magnetic field.
From the temperature dependence of the dHvA amplitude,

[107] directions denote the boundaries of phase | determine
by the dc magnetization measurements as described earli
Here, it should be noted that the phase above phase | is n
phase Il but IV in the vicinity of thg111] direction. The

other boundaries of phase | are drawn based on the ac SUse have determined the effective masses of dheand a,
ceptibility measurement but there is an ambiguity in thebranches for two different field ranges in phase V. They are
value of the boundary field due to the gradual change of t.hghown in Table IV. The effective masses of both branches

ac susceptibility at the transition field. Since phase | IS, e remarkably enhanced compared to that of LaTe and be-
known to be the type-Il antiferromagnetic state that has prob

; come smaller in the higher field range. The magnetic field
ably the fourk structure, the (_:omphca_lted bom_mdary betWeendependence may be interpreted in the framework of the com-
phases | and IV in th¢l11] direction is possibly related to petition between the Kondo effect and magnetic field. How-
the successive spin flop from the fokrstructure. We have

. ever, it seems to be beyond this framework that the effective
succeeded to observe the dHVA effect in phases IV and V. masses of they; and a, branches are very much different.

2 dHVA effect inCeTe Here, we compare the branch of CeTe with th¢ branch of
) , CeAl,. That is a typical Kondo compound which shows the
At first, we present the results of the dHVA effect in phaseantiferromagnetic order below 3.85%R.The ¢ branch of
V. As shown in Fig. 7, the oscillatory feature in phase V of ceal, has a similar size of the Fermi surface as that ofdhe
CeTe above 13.8 T is distinctly different from that of LaTe, pranch of CeTe and splits into the majority and minority spin
suggesting that seve.ral oscnlauons_of dlfferent frequencie$gnds in the induced ferromagnetic phase above about 6 T.
are superimposed. Figure 9 shows its Fourier spectrum. B¥ome characteristic values of them are summarized in Table

considering the angular dependence of the dHvA frequency; pere, the spin splitting energgE,, are calculated from
described later, we can assign three frequencies labeled gs, following equation:

aq, ap, and B to the three different fundamental frequency.
The frequency labeled asag is a second harmonic fre- m
quency Ofa,. AF=F,—-Fy= ZmO,uBAEex’ (1)
Figure 10 shows the dHVA frequency of CeTe in phase V
as a function of the field angle. We could observe the dHvAwWhereAF is the difference of the dHVA frequencies from the
signal only in a limited angle range aroufitil1] because majority spin (F,) and minority spin(F;) Fermi surfaces,
necessary magnetic field is too high to enter phase V in othexndm’ is an average value of the effective masses of the split
field directions in Fig. 8. As seen in Fig. 10, the frequency ofbranches. From Eql), AE., of the « branch is estimated to
the B branch is very small and its flat shape suggests that ibe 7 meV, which is similar tdAE.,=10 meV of CeA}, and
arises from a small spherical Fermi surface. Assuming @ much smaller thaE-=1.62 eV of CeTe evaluated from
spherical shape centered at fA@oint, the Fermi wave vec- the ARPES measuremelit. Nevertheless, the effective
tor is estimated to be 0.27A The size is in good agreement masses of the;; and a, branches are very much different in
with that of larger one of the two electron pockets observedontrast to those of thé branch of CeAJ. This is a quite
in the ARPES measuremeXtThe volume of the Fermi sur- exceptional case among Kondo compounds where the effec-
face of thegB branch is less than 1% of the first Brillouin tive masses can be very different only when the sizes of up
zone as mentioned earlier. On the other hand, the anguland down Fermi surfaces are very different or the exchange
dependence of the; branch is very similar to that of the, splitting is very large. A similar large difference of the
branch. They are also similar to that of thdranch of LaTe, masses has been found in PsRind CePgSi,.1**> Anoma-

TABLE V. Comparison of CeAl £ branch® and CeTex branchF means dHVA frequency, and suffixes
1 and 2 indicate minority and majority spin bands formed by the spin splitting, respectively. The applied field
is parallel to thel111] direction in CeA} and tilted 35° fron[001] toward[110] in CeTe.

FoM  Fu(M) m, m, AF(=F;=F1)(T)  AEe(meV)
CeAl, ¢ branch 6645 5300 14y 14.6my 1350 10
CeTea branch 6790 6270 11nk, 6.1my 520 7
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< FIG. 12. Angular dependence of the dHVA frequencies in phase
5 IV of CeTe.
I
sdol L | 1 The smallerAF in phase IV probably indicates that the
0 4000 3000 12000 16000 20000 exchange energpE,, in phase IV is smaller than that in
dHvA Frequency (T) phase V, suggesting a smaller ferromagnetic component in

phase IV. Therefore, phase IV is considered to be an antifer-
romagnetically ordered state with a ferromagnetic compo-
nent. This antiferromagnetic order forms a magnetic Bril-

louin zone to generate new branches in phase IV.

FIG. 11. (a) dHVA oscillation of CeTe in phase IV al
=100 mK and(b) its Fourier spectrum. The magnetic field direction
is tilted 30° from[00]] to [110].

lous spin dependence of the dHVA signal has been also re-
ported in CeB and Cg_,La,Bg where the signal arises only
from either up or down spin electrof&.Understanding of IV. CONCLUSION

these strongly spin dependent effects seems to be a crucial jigh quality single crystals of La¥ with X,

issue of the strongly correlated electron systems. =S, Se, Te, and CeTe have been grown. We have measured
Finally, we present the results of the dHVA effect mea-the de Haas-van Alphen effect of these compounds and the
surement in phase IV. Figure (B shows a typical dHVA  magnetic properties of CeTe. The Fermi surfaces of JsaX
oscillation in phase IV af'=100 mK. The field direction is  haye nearly ellipsoidal shapes centered at the X points of the
tilted 30° from the{001] direction toward th¢11(] direction.  Byjjlouin zone. The cyclotron effective masses have been
The oscillatory feature in phase IV of CeTe is obviously jetermined to ber,. On the other hand, CeTe has a rather
different from that in phase V of CeTe and also from that of ;ompjicated magnetic phase diagram which is very different
LaTe, suggesting that the Fermi surfaces are different g that predicted by the previous works. We have suc-
phase IV. Figure 1(b) shows its Fourier spectrum. Five fun- ceeded to observe the dHvA effect in phases V and IV, which
damental frequencies labeled as, a;, B, 7, and ¢ are  4re probably an induced ferromagnetic state and an antifer-
found. Figure 12 shows the dHVA frequency in phase IV of;omagnetic state with a ferromagnetic component, respec-
CeTe as a fL_mctlon of the field angle. In addition to thetively. The main Fermi surface of CeTe in phases V and IV
branches in Fig. Ib), two branches labeled ag andy, are  gpjits into those of the majority and minority spin bands due
found. The angular dependences of thenda, branches in g the exchange interaction between theahd conduction
phase IV are very similar to those of the anda, branches  g|ectrons, and both of them have very similar shape to that of
in phase V and also that of the branch of LaTe. This fact | 537e. Strongly enhanced cyclotron effective masses have
suggests that the main Fermi surface in phase IV has afeen observed in phase V. However, the mass enhancement

ellipsoidal shape and is centered at the X point of the Bril-tactor of the minority spin surface considerably differs with
louin zone. It also indicates that the conduction band split$nat of the majority spin surface.

into the majority and minority spin bands due to the ex-

change interaction between the conduction ahetléctrons

similgrly to the case of phase V. It is also noted that the spin ACKNOWLEDGMENTS

splitting AF is smaller than that of phase V. On the other

hand, they;, v,, 5, and¢ branches are not observed bothin ~ The authors would like to thank M. Kikuchi and M. Su-
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