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Fermi surface and magnetic properties of CexLa1ÀxSb alloys „xÄ0.5,0.9…
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We have investigated the Fermi surface~FS! and magnetic properties of CexLa12xSb alloys forx50.9,0.5
by means of the de Haas–van Alphen effect and high-field magnetization measurements. We successfully
observed quantum oscillations in Ce0.5La0.5Sb and determined its Fermi surface. The other missinga FS due to
thep-f mixing effect in CexLa12xSb at high concentration, which degenerates for spins in LaSb at theXz point,
was found in Ce0.5La0.5Sb. The obtained results indicate that the FS and magnetic properties of CexLa12xSb
exhibit a remarkable transformation, strongly dependent on La substitution due to the suppression of thep-f
mixing effect. These results indicate that thep-f mixing effect becomes weaker and, consequently, the crys-
talline electric field effect becomes dominant in CexLa12xSb with increasing La concentration.
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I. INTRODUCTION

Ce monopnictides CeX (X5P, As, Sb, Bi) with the NaCl
crystal structure have attracted much attention because o
anomalous magnetic and transport properties.1,2 Especially,
CeSb has been studied intensively because of its ama
physical properties. CeSb exhibits a complex magnetic ph
diagram where at least 14 different magnetic structures e
depending on the magnetic fields and the temperatur3

Since these are the most typical low carrier systems,
Fermi energy occurs in a region of the band structure wh
such interactions are important as follows: the intra-atom
d-f interaction, interatomicd-f or p-f mixing effect, crystal-
line electric field~CEF! effect @whered represents the con
duction electrons—namely, 5d or 6s electrons in rare-earth
atoms—p represents thep band ~holes! of pnictogen#. It is
well known that the magnetic properties are due to such
direct exchange interactions in 4f electron systems. That i
to say, these interactions affect the structure of Fermi sur
~FS! and very sensitive to the carrier number. Thus it is e
pected that slight perturbations, for example, such as m
netic fields or pressures, bring about various magnetic p
nomena in such a low-carrier 4f -electron system. Actually
such anomalous behaviors have been observed by the
netization and de Haas–van Alphen~dHvA! effect measure-
ment of CeSb.4–11 In the rare-earth monopnictides, repr
sented by RX(R5rare earth), the conduction band
formed by the 5d orbits of the cationR and has its minimum
at theX points in the Brillouin zone, while the valence ban
formed mainly by the anionic np state ofX (n52,3,4,5) has
its maximum at theG point in the Brillouin zone.6

Here we review the FS of LaSb and CeSb, briefly.5,7–11

The FS of LaSb consists of twofold ellipsoidal electron FS
0163-1829/2001/64~22!/224402~9!/$20.00 64 2244
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a at the X points and twofold spherical hole FS’sb and
twofold octahedral hole FS’sg at the G point. Here every
twofold FS’s degenerate for up and down spins. Thea elec-
tron FS’s correspond to the Lad(t2g) character of the con-
duction bands. Theb and g hole FS’s correspond to th
mostly Sb 5p character (j 53/2: 5p-G8) of the valence
bands. On the other hand, the Fermi surface of CeSb in
ferromagnetic phase, which was determined by dHvA eff
measurements, can be explained by band structure calc
tions based on the anisotropicp-f mixing model proposed by
Kasuyaet al.12 and Sakaiet al.13 In the p-f mixing model of
CeSb, the anisotropic mixing effect between the 4f -G8 states
and 5p-G8 bands plays an important role. Due to thep-f
mixing, the 4f state located below the Fermi level wit
mostly G8 character is pulled down and the 5p bands are
pushed up by the bonding-antibonding effect to gain ene
Actually, the CEF levels of Ce31 in CeSb have been pro
posed: G7(0)2G8(37 K).14 This CEF splitting energyD
537 K is much smaller than the value ofD5264 K expected
from the data of other rare-earth monoantimonides.15 Ac-
cording to the dHvA experiments and the band structure
culation of CeSb; the FS’s consist of the singlefold ellips
dal electron FSa at theXz point, twofold ellipsoidal electron
FS’sg which exhibitd-f exchange splitting at theXx andXy
points ~we denote themax and ay , respectively in
CexLa12xSb in this paper!, and four singlefold closed-hole
FS’s ~b1 , b2 , b3 , andb4! at theG point ~we denote them
b1 , b2 , g1 , and g2 , respectively in CexLa12xSb in this
paper to avoid confusion!. For the details of notation, refer t
Refs. 16 and 17. The FSa at the Xz point is somewhat
smaller than that atXx andXy points. The electron FS’s aris
mostly from the 5d bands of Ce, while the hole FS’s aris
mostly from the 5p bands of Sb. The holeb4 FS can be
©2001 The American Physical Society02-1
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YOSHIKI NAKANISHI et al. PHYSICAL REVIEW B 64 224402
explained as arising from the particular valence band wh
mixes strongly with the 4f uJ55/2, Jz55/2& state and is
pushed up due top-f mixing. The other holeb1 , b2 , andb3
FS’s are ascribed to the valence bands which have a littlep-f
mixing. Thisp-f mixing effect causes a quite large magne
anisotropy in CeSb. Even in a magnetic field up to 15
along the^011& or ^111& direction, the magnetic moment i
fixed along thê 001& axis.18 Recent studies of CeSb und
high pressure reveal that thep-f mixing is very sensitive to
pressure and shows anomalous behaviors.16,17,19On the con-
trary, CexLa12xSb alloys give an expansion of the distan
between Ce ions and also change the effective number of
electrons. Therefore, alloying experiments are expected
elucidate these anomalous magnetic properties by supp
ing thep-f mixing effect. In this paper, we report the FS a
magnetic properties of~Ce, La! Sb alloys by means of the d
Haas–van Alphen effect and magnetization measuremen
reveal how the complicated system CeSb is transforme
the simple reference metal LaSb with varying Ce concen
tion x. A Brief Report has been already published in Ref. 2

II. SAMPLE AND EXPERIMENTAL PROCEDURE

The single crystals of CexLa12xSb alloys ~x50.90 and
0.50! were prepared by the Bridgman method using
~99.99%!, La ~99.99%!, and Sb~99.9999%! in a closed tung-
sten crucible. Their lattice constants are well fitted by Ve
ard’s law. The details of the sample preparation have b
published elsewhere.21 The dHvA measurements were pe
formed by a standard field modulation technique using a3He
cryostat at temperatures down to 0.5 K and a supercond
ing magnet in fields up to 15 T. The temperature w
changed from 0.5 to 4.2 K by controlling the vapor press
of helium.

The high-field magnetization~M! measurement was ca
ried out in the fields up to 30 T by using a pulsed-fie
magnet with a pulse duration of 5 msec and at temperat
down to 0.5 K by using the3He cryostat. The samples wer
shaped into thin plates, 0.23333 mm3, to avoid the eddy
current effect due to the pulsed magnetic field. The detail
the high-field magnetization measurement with pulsed-fi
magnet have been published elsewhere.22–24The magnetiza-
tion measurements were also carried out by using the vib
ing sample magnetometer~VSM! method in fields up to 14 T
and at temperatures down to 4.2 K. The detailed magn
susceptibility was measured by superconducting quantum
terference device~SQUID! magnetometer from 1.8 to 300 K

III. EXPERIMENTAL RESULTS

A. Magnetic properties of CexLa1ÀxSb

Figure 1 shows the lattice constantsa and Néel tempera-
turesTN versus the concentration of Ce,x, for CexLa12xSb.
The Néel temperature of Ce0.9La0.1Sb and Ce0.5La0.5Sb is 15
and 1.5 K, respectively, deduced from specific heat and m
netic susceptibility measurements.25 For values of LaSb and
CeSb, refer to Ref. 26. Figure 2 shows the typical magn
zation (M -H) curves of Ce0.9La0.1Sb for Hi^001& axis at
several temperatures measured by the VSM. Clear two -
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metamagnetic transitions were found atH1;2 T and H2
;4 T for T54.2 K accompanied by a hysteresis in which t
induced magnetization reaches 1.0mB /Ce at H1 and
2.0mB /Ce at H2 . The latter value is mostly equal to th
saturated moment for theuJ55/2, Jz55/2& state, gJ
52.14mB /Ce, whereg is Lande’sg factor andJ is the total
angular momentum of Ce31. Besides, another small anoma
was observed atH18;3.8 T forT54.2 K only with increasing
magnetic fields. The first transitionH1 shifts to lower mag-
netic fields, while the second transitionH2 shifts to higher
magnetic fields with increasing temperatures. Both tran
tions were gradually smeared with increasing temperatur

Figure 3 showsM-H curves of Ce0.5La0.5Sb forHi^001&,
^011&, and^111& for T50.5 K measured by the pulsed ma
net. A shoulder was found in each principal axis around 4
The easy axis of theM-H curves changes from̂001& to ^111&
axis in alloying Ce-LaSb forx50.5. These characteristic fea
tures are the same as the previous results reported by Co
and Vogt.27 Figure 4 shows the magnetic susceptibility
Ce0.5La0.5Sb. It can be explained well taking account of th
CEF effect: the CEF energy splittingD of 50 K in the

FIG. 1. Variation of the lattice constanta and the Ne´el tempera-
ture vs the Ce concentrationx in CexLa12xSb.

FIG. 2. The magnetization curves of Ce0.9La0.1Sb with fields
parallel to thê 001& axis at various temperatures.
2-2



um
m
e

e.

cu

re

xi
b

t
tu
he

e

ds.

of
ved

the
ea-

er
,

x-

es,

. 6

re

il
ul
fo

r
-

FERMI SURFACE AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B 64 224402
paramagnetic phase, where the CEF ground state is ass
to beG7 . The Curie constant was estimated to be 0.85 e
Ce mol at high temperatures. The effective magnetic mom
is estimated to be 2.61mB /Ce in the paramagnetic phas
This is close to that of the free Ce31 ion, g$J(J11)%1/2

52.54mB /Ce. In Fig. 3 the dotted lines represent the cal
lated M-H curves by the point-charge CEF model withD
550 K deduced from the magnetic susceptibility measu
ment. The observed magnetization forHi^011&, M ^011& and
for Hi^111&, M ^111&, where the superscript denotes the a
along the applied field direction, can be explained well
taking account of the CEF effect withD550 K. However,
the observedM ^001& is induced more in high fields than tha
expected by the proposed CEF model. The prominent fea
~the easy axis iŝ111&! can be reproduced by assuming t
CEF ground state to beG7 in Ce0.5La0.5Sb. This CEF effect
indicates that the observed shoulders around 4 T can be

FIG. 3. The magnetization curves of Ce0.5La0.5Sb with fields
parallel to the three principal axes at 0.5 K. The dotted line rep
sents the calculated magnetization by the CEF model~inset in Fig.
4! deduced from the result of its susceptibility.

FIG. 4. Temperature dependence of the magnetic susceptib
of Ce0.5La0.5Sb. The solid line represents the experimental res
The solid line represents the theoretical inverse susceptibility
the CEF model.
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plained by the fact that theG8 excited state mixes into theG7
ground state to gain the Zeeman energy in magnetic fiel

B. Fermi surface properties of CexLa1ÀxSb

In this section we report the Fermi surface properties
CexLa12xSb. Clear quantum oscillations have been obser
in both alloys CexLa12xSb forx50.90 and 0.50. Figure 5~a!
shows the typical dHvA oscillation of Ce0.9La0.1Sb measured
at 0.5 K with the field parallel tô001&. Two distinct anoma-
lies were observed around 1 and 3 T. They correspond to
phase transitions observed in the present magnetization m
surements. Figure 5~b! shows the corresponding fast Fouri
transform~FFT! spectra in the field range from 4 to 14 T
which should be the paramagnetic phase@field-induced fer-
romagnetic phase~IF!#. The angular dependence of the e
tremal cross-sectional area of FSAext in the IF phase is
shown in Fig. 6. Here we use units of (2p/a)2 for the area
Aext. One can find that most of the obtained dHvA branch
i.e., FS’s, are similar to those of CeSb.5 We determined all
observed branches as indicated by Greek labels in Fig

-

ity
t.
r

FIG. 5. ~a! dHvA signal of Ce0.9La0.1Sb measured at 0.5 K fo
the field parallel to thê001& axis. ~b! The corresponding fast Fou
rier transform~FFT! spectra in induced ferromagnetic phase.
2-3
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YOSHIKI NAKANISHI et al. PHYSICAL REVIEW B 64 224402
FIG. 6. The angular dependence of the extremal cross-sect
area of FSAext in the IF phase of Ce0.9La0.1Sb.

FIG. 7. ~a! dHvA signal of Ce0.5La0.5Sb measured at 0.5 K fo
the field parallel tô 001&. ~b! The corresponding fast Fourier tran
form ~FFT! spectra in induced ferromagnetic phase.
22440
@ellipsoidal electron FSa at the Xz point az1 , ellipsoidal
electron FS’sa, which exhibitd-f exchange splitting at the
Xx andXy pointsax anday , and four singlefold closed-hole
FS’s~b1 , b2 , b3 , andb4! at theG point#. Unfortunately, the
heaviest branch expected in Ce0.9La0.1Sb, which corresponds
to b4 of CeSb, cannot be observed in the present meas
ment and may be due to the low value ofvct, wherevc is
the cyclotron frequency andt is the scattering lifetime of the
carrier. The lower temperatures or higher magnetic fie
should be necessary to observe it. The magnitude of the
splittings observed inb and a branches in Ce0.9La0.1Sb be-
come somewhat smaller than those of CeSb as will be
cussed later.

Figure 7~a! shows the typical dHvA oscillation o
Ce0.5La0.5Sb measured at 0.5 K with the field parallel
^001&. Figure 7~b! shows the corresponding FFT spectra
the field range from 4 to 14 T, which also should be t
paramagnetic phase~IF!. Figure 8 shows the angular depe
dence of the extremal cross-sectional area of FSAext in the
IF phase. The most of obtained dHvA branches are simila
those of the reference material LaSb. We determined all
served branches as indicated by Greek labels in Fig. 8~two-
fold ellipsoidal electron FS’sa at theX point and twofold
spherical hole FS’sb and twofold octahedral hole FS’sg at
the G point!. However, we have observed spin splittings
the g branch around thê001& axis. Furthermore, it is note
worthy that the twofold FSa @the spin splitting of FSa at
theXZ point (az1 ,az2)# has been observed in CexLa12xSb at
x50.5, implying az to be twofold, which is singlefold in
CeSb and Ce0.9La0.1Sb. It will be discussed in detail later.

al

FIG. 8. Angular dependence of the extremal cross-sectional
of FS Aext in the IF phase of Ce0.5La0.5Sb. The dotted line repre
sents the calculated results. Thea,a8 branches are assumed to b
three ellipsoids centered at theX points. Theb branches are as
sumed to be a sphere centered at theG point.
2-4
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FERMI SURFACE AND MAGNETIC PROPERTIES OF . . . PHYSICAL REVIEW B 64 224402
The cycrotron massmc* of each branch along thê001&
axis in both Ce0.9La0.1Sb and Ce0.5La0.5Sb is determined by
using the conventional method, i.e., by fitting the observ
temperature dependence of the amplitude to the Lifsh
Kosevich formula.28 The obtained results are summarized
Table I combined with the previous data of CeSb and La
reported by the other group.5,26 All the effective masses o
each branch are monotonically lighter, implying the ma
enhancement to be reduced with increasing the concentra
of La.

Next, we will show the carrier number in CexLa12xSb.
First, the volume of each Fermi surface,VF , is determined
by fitting from the obtained angular dependence of the cro
sectional area assumed by the shape of each correspo
Fermi surfaces of LaSb. Then, we can estimate the ca
numbers of each branch,n, from the relationn5VF /(4p3)
without spin degeneracy. The calculated results are sum
rized in Table II combined with the previous data of Ce
and LaSb reported by the other group.5,26 Here the carrier
number of theg branch in the parentheses is determined
taking into account the fact that the compound has an e
number of electrons and holes, i.e.,ne5nh , wherene andnh
denote the number of electrons and holes, respectively.
total carrier number of both thea branch andg branch is
increasing with increasing the concentration of Ce, while
total carrier number ofb branch is decreasing with increa
ing the concentration of Ce.

IV. DISCUSSION

First, we discuss the obtained results of magnetic pro
ties of both Ce0.9La0.1Sb and Ce0.5La0.5Sb. As explained in

TABLE I. The effective mass of each branch along^001& axis in
CexLa12xSb.

LaSb Ce0.5La0.5Sb Ce0.9La0.1Sb CeSb

a branch 0.14a 0.14
0.16

0.25 0.27a

b branch 0.15a 0.15 0.48
0.68

0.5a

0.97a

g branch 0.49a 0.73 0.82 0.89a

4.3a

aThe effective mass of CeSb and LaSb are taken from Settaiet al.
~Refs. 5 and 26!.
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Introduction, thep-f mixing effect plays an important role
and is helpful to understand the present results. Ce0.9La0.1Sb
exhibits the complicatedM-H curves mostly similar to those
of CeSb, implying the existence of complicated magne
structures in the fields. In CeSb this complicated magn
behavior seems to originate in the coexistence of strong
plane and weak interplane magnetic layers which consis
the occupied 4f state of uJ55/2, Jz55/2& with mostly G8
character. Due to thep-f mixing, this 4f state is considerably
pushed down by the bonding-antibonding effect to gain
ergy in thex-rich region. As the present results imply, how
ever, the CEF excited state, which is the occupied 4f state of
uJ55/2, Jz55/2& with mostly G8 character, seems to shift t
higher energy due to the suppression of thep-f mixing effect
in the x;0.5 region: D~CeSb!537 K,14 D~Ce0.5La0.5Sb)
550 K. Consequently,M-H curves of Ce0.5La0.5Sb exhibit
much simpler behaviors compared to those
Ce0.9La0.1Sb: The magnetic properties of Ce0.5La0.5Sb seem
to be described by theG7 doublet with Kramers degenerac
at lower temperatures, for the behavior of the easy axis of
M-H curve may suggest important hints about thep-f mixing
effect. Actually, the easy axis changes remarkably to
^111& direction in Ce0.5La0.5Sb. We propose the sequence
the CEF model: G7(0)-G8(50 K) determined from the
magnetic susceptibility. However, this model cannot expl
well the M ^001& behavior. At present, we do not have a cle
idea. The deviation may be ascribed to a smallp-f mixing
effect even in Ce0.5La0.5Sb. Actually, the spin splitting of the
g branch, which is believed to be due to thep-f mixing
effect, is still observed only along thê001& axis in
Ce0.5La0.5Sb. We note that La substitution transforms t
magnetic properties remarkably, implying that thep-f mixing
effect becomes fairly weaker; as a result, the CEF effect
be dominated in the CexLa12xSb alloy forx50.5.

Next, we will discuss the obtained results of the FS pro
erties of both Ce0.9La0.1Sb and Ce0.5La0.5Sb. As mentioned
above, all FSa, b, andg branches have twofold degenera
sheets for up- and down-spin states in LaSb. However
CeSb, which has one 4f electron in Ce31, all twofold-
degenerate sheets can be split. The spin splitting of tha
branch is considered to be due to the intra-d-f exchange in-
teraction. Therefore, if in the absence of thep-f mixing ef-
fect, alla branches at theX point would exhibit spin splitting
due to intra-d-f exchange. Figures 9~a! and 9~b! show the
schematic angular dependence of the extremal cr
sectional area ofa FS and its schematic electric structure
TABLE II. The carrier numbers of each branch in CexLa12xSb.

az ax ,ay b1 b2

~numbers/atom!

g1 g2

CeSb 0.0024a 0.0183a 0.0010a 0.0015a 0.0032a 0.0150a

Ce0.9La0.1Sb 0.0031 0.0171 0.0011 0.0016 ~0.0175!
Ce0.5La0.5Sb 0.0024(az1)

0.0020(az2)
0.0105 0.0036 ~0.0108!

LaSb 0.014a 0.0037a 0.010a

aThe carrier numbers of CeSb and LaSb are taken from Settai~Ref. 26!.
2-5
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YOSHIKI NAKANISHI et al. PHYSICAL REVIEW B 64 224402
the vicinity of theG point, respectively. These correspond
FS’s at theXx and Xy points observed in Ce0.9La0.1Sb and
Ce0.5La0.5Sb. However, the behavior ofa FS at theXz points
is quite different as affected strongly by thep-f mixing effect.
This may be explained as follows. Because of thep-f mixing
effect, the 5p band corresponding to theb4 branch is par-
ticularly pushed up at theG point. The result is hybridization
of the 5p (b4 FS) and 5d (az FS) bands, which is allowed a
the Xz point. It was thought that one observed the sma
split-a FSaz1 at the Xz point in CeSb as well as

FIG. 9. The schematic angular dependence of the extre
cross-sectional area of ellipsoidal electronic FSa at theX point ~a!
and its schematic energy band structure in the vicinity of theG and
X points ink space~b! without thep-f mixing effect represented by
a dotted line in the vicinity of theX point. The solid line represent
those with thep-f mixing effect.
22440
r

Ce0.9La0.1Sb. Figures 10~a! and 10~b! show the schematic
angular dependence of this extremal cross-sectional areaa
FS and its schematic electric structure in the vicinity of theG
point, respectively. However, with increasing L
substitutions—i.e., thep-f mixing effect is suppressed—th
pushed-up 5p band returns anda FS which exhibits spin
splitting appears at theXz point. They are most likely to
correspond to the observed split-a FS at theXz point in
Ce0.5La0.5Sb. These results are in agreement with the pred
tions of Kasuyaet al.12 and Sakaiet al.13

Next, we will discuss the Ce-LaSb alloying dependen
of carrier numbers in each FS. The obtained behavior is
agreement with that of FS studies in CeSb under pres
done by Takashitaet al.16,17 It revealed that the 5p band
corresponding to theb4 branch was particularly pushed up
theG point due to thep-f mixing effect. They suggested tha
with increasing pressure, thep-f mixing effect becomes
stronger because the overlap of the wave functions betw

al

FIG. 10. The schematic angular dependence of the extre
cross-sectional area of ellipsoidal electronic FSa at theX point ~a!
and its schematic energy band structure in the vicinity of theG and
X points in k space with thep-f mixing effect. The dotted lines
represent the bands before hybridization. After hybridization due
the p-f mixing effect represented by solid lines, one can obse
only the smallera FS (az1) at theXz point because the othera FS
is pushed up aboveEF .
2-6
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the 5p bands of Sb and the 4f states of Ce increases. Ther
fore, the 5p band corresponding to theb4 branch is particu-
larly pushed up farther at theG point with pressure. In the
same manner, the Ce-LaSb alloying dependence of ca
numbers in each FS can be explained as follows. Thep
band corresponding to theb4 branch is pushed down at theG
point with increasing the La concentration due to the s
pression of thep-f mixing effect. This effect causes the vo
ume of theb4 FS to decrease. The Fermi levelEF also de-
creases to compensate for the numbers of holes
electrons. Consequently, the volumes of the electron FSs
crease, while the volumes of the hole FSs, other than
b4 FS, increase as shown in Fig. 11. We found a decreas
the effective masses in each branch with respect to the
concentration. This implies that the mass enhancement
to thep-f andd-f many-body interaction is reduced. This al

FIG. 11. The schematic energy band structure in the vicinity
theG andX points ink space which takes only thep-f mixing effect
into account. The solid lines represent the energy bands and
Fermi energyEF with the weakerp-f mixing effect, while dotted
lines represent those with thep-f mixing effect as seen in CeSb.

FIG. 12. (m0 /mc* )DF for the field along thê001& direction as
a function of a lattice constant. The solid squares, solid triang
solid circles, and open squares denote the values of thea~a!, a~g!,
b, andg branches, respectively. A description used in the CeSb c
is represented in parentheses~Ref. 5!.
22440
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indicates that thep-f mixing effect becomes weaker i
CexLa12xSb with increasing the La concentration.

Next, we will comment on the observed spin splittings
CexLa12xSb alloys, qualitatively. We can roughly estima
the interaction energy of intra-atomicd-f exchange energy
Ed f and p-f mixing energyEp f by usingEi;(m0 /mc* )DF
assuming the same cyclotron mass for the different s
states, whereDF5uF↑2F↓u is the difference of the dHvA
frequencies with the up- and down- spin states, andi denotes

f

he

s,

se

FIG. 13. Dingle plot, the dHvA amplitudeA vs inverse magnetic
field for the field along thê001& direction at 0.5 K for each branch
in Ce0.5La0.5Sb ~a! and Ce0.9La0.1Sb ~b!, respectively, whereX
5jmc* T/H,J1(l) is the first-order Bessel function which depen
on l52pFh/H2. Hereh is the modulation field andF is the dHvA
frequency.
2-7



n
ng
e
s

la
0

ry

il-
n

a
e
s

d
le
in
f
rin
le

e
of

-

de

ree
an

i
er
r

ti-
ermi

es in
of

r-

ys-

on

e

y-
-
nd
en-

e-
y of

de-

l
ons
ruy-

r.
t.

ure

YOSHIKI NAKANISHI et al. PHYSICAL REVIEW B 64 224402
df and pf. Figure 12 showsEi;(m0 /mc* )DF for the field
along thê 001& directions at 8 T, in which the effective field
is used asH52(1/Hp111/Hp2)21, whereHp1 andHp2 are
the end points for the FFT, as a function of a lattice consta
This result indicates that the magnitude of the spin splitti
normalized by the each effective mass in any branches se
to be proportional to a concentration of Ce. This sugge
that the every interaction energy between localized 4f elec-
tron and carriers~p-f mixing effect,d-f exchange interaction!
depends considerably on the La substitution.

Finally, we comment on the reason why quantum oscil
tions can be observed even in the alloying system up to 5
concentration of Ce, Ce0.5La0.5Sb. In general, the amplitude
of quantum oscillations is greatly reduced by even ve
slight alloying due to a consequence of the extra scattering
electrons by the impurity atoms. Especially, in dHvA osc
lations in alloys, they are completely damped out for conce
trations of order 1%~atomic! of an impurity component in a
pure host.28 That is to say, in the CexLa12xSb alloy system it
should be difficult to observe quantum oscillations due to
increase of the Dingle temperature in a conventional und
standing of the dHvA effect. However, recently quantum o
cillations of CexLa12xB6 intermetallic for all 0,x,1 were
also observed.29,30 They explain those reasons in detail an
agreed with their conclusions that long-lived quasipartic
which consist of all Fermi surfaces may exist even
CexLa12xSb for x50.5. It indicates that the substitution o
La by Ce does not cause any significant potential scatte
due to charge differences or lattice distortion. The Ding
temperatureTD @5(\/2pkB)t21# or the relaxation time
~scattering lifetime! t is estimated from the field dependenc
of the amplitude of dHvA oscillations, i.e., from the slope
a plot of ln@AH1/2 (sinhX/X)/J1(l)# versusH21 at constant
temperature, whereA is the dHvA amplitude, X is
2p2mc* c\kBT/eH (5jmc* T/H), andJ1(l) is the first-order
Bessel function which depends onl52pFh/H2. Here h

TABLE III. The dHvA frequencyF, Dingle temperatureTD ,
and corresponding mean free pathl of each branch along thê001&
axis in CexLa12xSb estimated in Figs. 10~a! and 10~b!.

Branch

Ce0.5La0.5Sb Ce0.9La0.1Sb

F @T# TD @K# l @Å# F @T# TD @K# l @Å#

a1 180 2.76 2690 192 0.32 13400
a2 216 3.31 2150
b1 418 3.71 2850 333 0.43 6860
b2 497 1.67 1520
g1 1053 1.15 3000 762 1.20 2180
g2 1096 1.20
ia
1
:

u
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is the modulation field andF is the dHvA frequency.
F @5(c\/2pe)SF# is proportional to the extremal cross
sectional areaSF of the Fermi surface. Figures 13~a! and
13~b! show the field dependence of the dHvA amplitu
~Dingle plot! for the each branch inx50.5 andx50.9, re-
spectively. The effective field is used asH52(1/Hp1
11/Hp2)21. The obtained Dingle temperature and mean f
path are listed in Table III. Here, we determined the me
free path l from the relations of the Fermi surfaceSF

5pkF
2, \kF5mc* nF , and l 5nFt, where nF is the Fermi

velocity andkF is half of the caliper dimension of the Ferm
surfaceSF . Actually, they indicate that in all cases a high
TD is approximately 3.7 K~comparable to that in many othe
pure metals!.

V. CONCLUSION

We have performed dHvA effect and high-field magne
zation measurements to investigate the magnetic and F
surfaces properties of CexLa12xSb alloys forx50.9,0.5. We
determined the topological changes of the FS and chang
effective mass and scattering lifetime of the carrier
CexLa12xSb alloys for x50.9,0.5. Furthermore, we dete
mined the CEF level scheme in Ce0.5La0.5Sb alloy. La sub-
stitution transforms the dominant-physical effect in the s
tem ~from the p-f mixing effect to the CEF effect in
CexLa12xSb alloys! as seen in their FSs and magnetizati
curves. The band structure around theXz point was trans-
formed remarkably due to the suppression of thep-f mixing
effect in the Ce0.5La0.5Sb alloy. As the result, missing FS du
to the p-f mixing effect, which is most likely to originate
from one of thea branches at theXz point, have been found
in Ce0.5La0.5Sb. We observed the dHvA signals in the allo
ing system Ce0.5La0.5Sb in this compound indicating the ex
istence of long-lived quasiparticles for both the up- a
down-spin channels. Our present results support experim
tally the anisotropicp-f mixing effect.

In order to clarify this fact, further studies, especially th
oretical analysis, are necessary. Moreover, the same stud
samples with other concentrations may yield important
tails for qualitative and quantitative discussions.
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^110& direction in the ~110! plane, the easy magnetic ax
changes immediately to the direction of^101& or ^111&, respec-
tively. Therefore, the angular dependence of the dHvA f
quency shows that the discontinuous behaviors around s
angles strongly depend on the direction of its easy magn
axis.
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