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Fermi surface and magnetic properties of Cela;_,Sb alloys(x=0.5,0.9
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We have investigated the Fermi surfa&S) and magnetic properties of @e, ,Sb alloys forx=0.9,0.5
by means of the de Haas—van Alphen effect and high-field magnetization measurements. We successfully
observed quantum oscillations in Gkay Sb and determined its Fermi surface. The other misaif& due to
the p-f mixing effect in CgLa; _,Sb at high concentration, which degenerates for spins in LaSb X, theint,
was found in CgslaysSb. The obtained results indicate that the FS and magnetic propertieslaf; CeSb
exhibit a remarkable transformation, strongly dependent on La substitution due to the suppressiop-of the
mixing effect. These results indicate that fhé mixing effect becomes weaker and, consequently, the crys-
talline electric field effect becomes dominant in,C& ,Sb with increasing La concentration.
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I. INTRODUCTION a at the X points and twofold spherical hole FS and
twofold octahedral hole FS'y at thel" point. Here every
Ce monopnictides Ce(X=P, As, Sh, Bi) with the NaCl twofold FS’s degenerate for up and down spins. thelec-
crystal structure have attracted much attention because of itgon FS’s correspond to the Io{t2g) character of the con-
anomalous magnetic and transport propeftreEspecially, duction bands. Thes and y hole FS's correspond to the
CeSb has been studied intensively because of its amazifgostly Sb P character (=3/2:  5p-I'g) of the valence
physical properties. CeSb exhibits a complex magnetic phageands. On the other hand, the Fermi surface of CeSb in the
diagram where at least 14 different magnetic structures exiderromagnetic phase, which was determined by dHVA effect
depending on the magnetic fields and the temperafuresmeasurements, can be explained by band structure calcula-
Since these are the most typical low carrier systems, th#ons based on the anisotrogef mixing model proposed by
Fermi energy occurs in a region of the band structure wher&asuyaet al*> and Sakakt al.™® In the p-f mixing model of
such interactions are important as follows: the intra-atomicC€Sb, the anisotropic mixing effect between ttel4; states
d-f interaction, interatomia-f or p-f mixing effect, crystal- and 5-I'g bands plays an important role. Due to the
line electric field(CEP effect[whered represents the con- mixing, the 4f state located below the Fermi level with
duction electrons—namely,d5or 6s electrons in rare-earth mostly I'g character is pulled down and thep $ands are
atoms—p represents th@ band (holeg of pnictogen. It is  pushed up by the bonding-antibonding effect to gain energy.
well known that the magnetic properties are due to such inActually, the CEF levels of C¢ in CeSb have been pro-
direct exchange interactions irf &lectron systems. That is posed: I';(0)—T'g(37K).* This CEF splitting energy\
to say, these interactions affect the structure of Fermi surface 37 K is much smaller than the value &f=264 K expected
(FS) and very sensitive to the carrier number. Thus it is ex-from the data of other rare-earth monoantimonitfes.c-
pected that slight perturbations, for example, such as magsording to the dHvA experiments and the band structure cal-
netic fields or pressures, bring about various magnetic phesulation of CeSb; the FS’s consist of the singlefold ellipsoi-
nomena in such a low-carrierf&lectron system. Actually, dal electron FSy at theX, point, twofold ellipsoidal electron
such anomalous behaviors have been observed by the magS’s y which exhibitd-f exchange splitting at th¥, and X,
netization and de Haas—van Alph&tHvA) effect measure- points (we denote thema, and «,, respectively in
ment of CeSH ! In the rare-earth monopnictides, repre- Cgla; ,Sb in this paper and four singlefold closed-hole
sented by RX(R=rare earth), the conduction band is FS’s (81, B2, Bz, andB,) at thel” point (we denote them
formed by the 8 orbits of the catiorR and has its minimum 81, B>, y1, and y,, respectively in Cda; ,Sb in this
at theX points in the Brillouin zone, while the valence band paper to avoid confusignFor the details of notation, refer to
formed mainly by the anionicpstate ofX (n=2,3,4,5) has Refs. 16 and 17. The F& at the X, point is somewhat
its maximum at thd” point in the Brillouin zoné. smaller than that aX, andX, points. The electron FS's arise
Here we review the FS of LaSb and CeSb, brigfly!  mostly from the 5 bands of Ce, while the hole FS’s arise
The FS of LaSb consists of twofold ellipsoidal electron FS’smostly from the B bands of Sb. The holg, FS can be
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explained as arising from the particular valence band which I; —T —T—
mixes strongly with the #|J=5/2, J,=5/2) state and is 6.50 CelLa,,S
pushed up due tp-f mixing. The other holegs,, B>, andB; - )
FS’s are ascribed to the valence bands which have apitle — L ]
mixing. This p-f mixing effect causes a quite large magnetic 6.48 . / 1
anisotropy in CeSb. Even in a magnetic field up to 15 T !

6.46 \"‘;._-- : ]

along the(012) or (111) direction, the magnetic moment is
fixed along the(001) axis!® Recent studies of CeSb under
high pressure reveal that thpef mixing is very sensitive to
pressure and shows anomalous behav{dté1°0On the con-
trary, Cegla; ,Sb alloys give an expansion of the distance
between Ce ions and also change the effective numbef of 4 k e ]
electrons. Therefore, alloying experiments are expected to o | "'.]
elucidate these anomalous magnetic properties by suppress- e o o o5 10"
ing thep-f mixing effect. In this paper, we report the FS and
magnetic properties dfCe, La Sb alloys by means of the de
Haas—van Alphen effect and magnetization measurements to FIG. 1. Variation of the lattice constaatand the Nel tempera-
reveal how the complicated system CeSb is transformed ttire vs the Ce concentrationin CelLa; —,Sh.

the simple reference metal LaSb with varying Ce concentra-

tion x. A Brief Report has been already published in Ref. 20

oD Np

Lattice Constant (A)

Ce concentration x

‘metamagnetic transitions were found ld{~2 T and H,
~4 T for T=4.2 K accompanied by a hysteresis in which the
Il. SAMPLE AND EXPERIMENTAL PROCEDURE induced magnetization reaches A4 Ce at H; and

. 2.0ug/Ce atH,. The latter value is mostly equal to the
The single crystals of Gea; ,Sb alloys (x=0.90 and _ _
0.50 were prepared by the Bridgman method using Cesaturated moment for thgl=5/2, J,=5/2) state, gJ

. =2.14up/Ce, whereg is Lande’sg factor andJ is the total
0, 0 0 -
(99.99%, La (99.99%, and Sb(99.9999%in a closed tung angular momentum of Gé. Besides, another small anomaly

sten crucible. Their lattice constants are well fitted by Veg- , . I .
ard’s law. The details of the sample preparation have beelf2S observed af;~3.8 T forT=4.2K only with increasing

published elsewheré. The dHVA measurements were per- ma_gne_tic fields: The first transitidﬁl_ {shift5 to lower mag-

formed by a standard field modulation technique usirigla netic f|e_Ids_, while _the_secono_l transitidd, shifts to higher .
cryostat at temperatures down to 0.5 K and a superconduc't]j""gm':'t'C fields with Increasing temperatures. Both transi-
ing magnet in fields up to 15 T. The temperature waglions were gradually smeared with increasing temperatures.

; Figure 3 showsM-H curves of Cgslay sSb for HII(001),
changed from 0.5 to 4.2 K by controlling the vapor pressure -5-90.5
of he?ium. y g porp (011), and(112) for T=0.5K measured by the pulsed mag-

The high-field magnetizatiotM) measurement was car- net. A shoulder was found in each principal axis around 4 T.
ried out in the fields up to 30 T by using a pulsed-field The €asy axis of thsl-H curves changes fro001) to (111)

magnet with a pulse duration of 5 msec and at temperature®IS in alloying Ce-LaSh fox=0_.5. These characteristic fea-
down to 0.5 K by using théHe cryostat. The samples were tures are t7he same as the previous result's reported.b'y_ Cooper
shaped into thin plates, G<3x 3 mn?, to avoid the eddy and Vogt?’ Figure 4 shows _the magnetic susceptibility of
current effect due to the pulsed magnetic field. The details of ®.5-8055D. It can be explained well taking account of the
the high-field magnetization measurement with pulsed-field°EF effect: the CEF energy splitting of 50 K in the
magnet have been published elsewHéré* The magnetiza-

tion measurements were also carried out by using the vibrat- A
ing sample magnetometé¢/SM) method in fields up to 14 T 2.0 H /I <001> 7
and at temperatures down to 4.2 K. The detailed magnetic f00f :
susceptibility was measured by superconducting quantum in-
terference devic€SQUID) magnetometer from 1.8 to 300 K.

15[

IIl. EXPERIMENTAL RESULTS

M (ug/Ce)

A. Magnetic properties of CglLa;_,Sh [/ 30K ]

Figure 1 shows the lattice constatend Nel tempera- 051 10K ]
turesTy versus the concentration of Ce,for CelLa; _,Sb. L ]
The Nesl temperature of Ggla, ;Sh and CgdlLag Sb is 15 L:

and 1.5 K, respectively, deduced from specific heat and mag- 0'00 T T

netic susceptibility measuremeritsFor values of LaSb and Magnetic field (T)

CeSb, refer to Ref. 26. Figure 2 shows the typical magneti-

zation (M-H) curves of CgglLay;Sb for HI{001) axis at FIG. 2. The magnetization curves of &ka,,;Sb with fields

several temperatures measured by the VSM. Clear two -stggarallel to the(001) axis at various temperatures.

Cegglag Sb 1
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FIG. 3. The magnetization curves of Gea,sSb with fields
parallel to the three principal axes at 0.5 K. The dotted line repre-
sents the calculated magnetization by the CEF médsekt in Fig.

4) deduced from the result of its susceptibility.

paramagnetic phase, where the CEF ground state is assumed
to bel';. The Curie constant was estimated to be 0.85 emu/
Ce mol at high temperatures. The effective magnetic moment
is estimated to be 2.¢dz/Ce in the paramagnetic phase.
This is close to that of the free €eion, g{J(J+1)}*?
=2.54up/Ce. In Fig. 3 the dotted lines represent the calcu-
lated M-H curves by the point-charge CEF model with
=50K deduced from the magnetic susceptibility measure-
ment. The observed magnetization féf(011), M{°*Y and

for HII(111), M{1? where the superscript denotes the axis
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along the applied field direction, can be explained well by B2 3“; ¥ |

taking account of the CEF effect with=50K. However,

the observedv{°®? is induced more in high fields than that 500 1000 1500 2000
expected by the proposed CEF model. The prominent feature (o) dHvA Frequency (T)

(the easy axis i111)) can be reproduced by assuming the

CEF ground state to bE, in Ce,sLay sSh. This CEF effect FIG. 5. () dHVA signal of Cgd.a,,Sb measured at 0.5 K for
indicates that the observed shoulders around 4 T can be ethe field parallel to th€001) axis. (b) The corresponding fast Fou-
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rier transform(FFT) spectra in induced ferromagnetic phase.

plained by the fact that thEg excited state mixes into tHe,
ground state to gain the Zeeman energy in magnetic fields.

B. Fermi surface properties of CglLa,_,Sb

In this section we report the Fermi surface properties of
Cela; ,Sbh. Clear quantum oscillations have been observed
in both alloys Cgl.a; ,Sb forx=0.90 and 0.50. Figure(&)
shows the typical dHVA oscillation of GgLag ;Sb measured
at 0.5 K with the field parallel t§001). Two distinct anoma-
lies were observed around 1 and 3 T. They correspond to the
phase transitions observed in the present magnetization mea-
surements. Figure(b) shows the corresponding fast Fourier
transform (FFT) spectra in the field range from 4 to 14 T,
which should be the paramagnetic phéeld-induced fer-
romagnetic phaséF)]. The angular dependence of the ex-
tremal cross-sectional area of F&,; in the IF phase is

FIG. 4. Temperature dependence of the magnetic susceptibilitphown in Fig. 6. Here we use units ofq@a)z for the area
of CeycLaySh. The solid line represents the experimental resultAex. One can find that most of the obtained dHVA branches,
The solid line represents the theoretical inverse susceptibility foi.e., FS's, are similar to those of Ce3We determined all

the CEF model.

observed branches as indicated by Greek labels in Fig. 6
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FIG. 6. The angular dependence of the extremal cross-sectional

area of FSA,,, in the IF phase of Gglag 1Sb.
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FIG. 7. (a) dHVA signal of CgsLaysSh measured at 0.5 K for
the field parallel to001). (b) The corresponding fast Fourier trans-

12

2000

form (FFT) spectra in induced ferromagnetic phase.

14

PHYSICAL REVIEW B 64 224402

016 T T T T T
{100} 3g {110} ]
0.14F .ol =
;-"1-*.4'8-.1'/'.-"“;“'*““"5";
0.12F Yo o ]
C : 0e® ° . ]
JENTRTI N S ]
g -0t Ak i
g o008F f/ ’ N °
: f Ho | Cemon
< 006 i b B e =
E_ A 5 »
Z“’*‘—“;oomb/— oo -0-@ o]
004 | _o® o o]
eesde R &
002f *esssdss ':‘.*_.\1.‘{-3 S
. Az ]
000t ', ., A I i

50 0 50
<100> <001> <111>

Field Angle (deg.)

FIG. 8. Angular dependence of the extremal cross-sectional area
of FS Ay in the IF phase of Ggla,sSb. The dotted line repre-
sents the calculated results. They' branches are assumed to be
three ellipsoids centered at the points. TheB branches are as-
sumed to be a sphere centered atlthgoint.

[ellipsoidal electron FSx at the X, point a,;, ellipsoidal
electron FS’se, which exhibitd-f exchange splitting at the

Xy andX, pointsa, anda,, and four singlefold closed-hole
FS's(B1, B2, B3, andfB,) at thel point]. Unfortunately, the
heaviest branch expected in {gkay 1Sb, which corresponds

to B, of CeSb, cannot be observed in the present measure-
ment and may be due to the low value wfr, wherew, is

the cyclotron frequency andis the scattering lifetime of the
carrier. The lower temperatures or higher magnetic fields
should be necessary to observe it. The magnitude of the spin
splittings observed iB and « branches in Ggla, 1Sb be-
come somewhat smaller than those of CeSb as will be dis-
cussed later.

Figure da) shows the typical dHvA oscillation of
CeyslagsSb measured at 0.5 K with the field parallel to
(001). Figure 1b) shows the corresponding FFT spectra in
the field range from 4 to 14 T, which also should be the
paramagnetic phagéF). Figure 8 shows the angular depen-
dence of the extremal cross-sectional area ofAgg in the
IF phase. The most of obtained dHVA branches are similar to
those of the reference material LaSb. We determined all ob-
served branches as indicated by Greek labels in Figv8-
fold ellipsoidal electron FS’sy at the X point and twofold
spherical hole FS'® and twofold octahedral hole FSgat
the I' point). However, we have observed spin splittings in
the y branch around th€001) axis. Furthermore, it is note-
worthy that the twofold FSx [the spin splitting of FSx at
the X, point (a,1,@,,) ] has been observed in I&,; _,Sb at
x=0.5, implying «, to be twofold, which is singlefold in
CeSb and Cgllag 1Sbh. It will be discussed in detail later.
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TABLE I. The effective mass of each branch alg@g1) axisin  Introduction, thep-f mixing effect plays an important role
Cegla;Sb. and is helpful to understand the present results.JCa® ;Sb
exhibits the complicatet-H curves mostly similar to those
of CeSb, implying the existence of complicated magnetic

LaSb C@slagsSh CqdlagSh CeSb

« branch 0.12 0.14 0.25 0.2% structures in the fields. In CeSb this complicated magnetic
0.16 behavior seems to originate in the coexistence of strong in-
B branch 0.18 0.15 0.48 0.5 plane and weak interplane magnetic layers which consist of
0.68 0.97 the occupied 4 state of|{J=5/2, J,=5/2) with mostly I'g
ybranch  0.43 0.73 082 0.89 character. Due to the-f mixing, this 4f state is considerably

4.3 pushed down by the bonding-antibonding effect to gain en-
ergy in thex-rich region. As the present results imply, how-
#The effective mass of CeSb and LaSb are taken from Setttaii ~ ever, the CEF excited state, which is the occupiédtate of
(Refs. 5 and 2B |J=5/2, J,=5/2) with mostly I'g character, seems to shift to
higher energy due to the suppression of phemixing effect
The cycrotron massn* of each branch along th@01)  in the x~0.5 region: A(CeSh=37K,* A(CeysLagsSh)
axis in both CggdLay;Sb and CgslaysSb is determined by =50K. ConsequentlyM-H curves of CgslagsSb exhibit
using the conventional method, i.e., by fitting the observednuch simpler behaviors compared to those of
temperature dependence of the amplitude to the Lifshitz€e)d.ay,Sh: The magnetic properties of £xfa, sSb seem
Kosevich formula?® The obtained results are summarized into be described by thE, doublet with Kramers degeneracy
Table | combined with the previous data of CeSb and LaSkat lower temperatures, for the behavior of the easy axis of the
reported by the other gromf® All the effective masses of M-H curve may suggest important hints about emixing
each branch are monotonically lighter, implying the masseffect. Actually, the easy axis changes remarkably to the
enhancement to be reduced with increasing the concentratidall) direction in Cg sLag sSb. We propose the sequence of
of La. the CEF model: I';7(0)-I'g(50K) determined from the
Next, we will show the carrier number in @&, ,Sh.  magnetic susceptibility. However, this model cannot explain
First, the volume of each Fermi surfadé;, is determined well the M(°°? behavior. At present, we do not have a clear
by fitting from the obtained angular dependence of the crossdea. The deviation may be ascribed to a snpafl mixing
sectional area assumed by the shape of each correspondiafiect even in CgslLa, sSh. Actually, the spin splitting of the
Fermi surfaces of LaSb. Then, we can estimate the carriey branch, which is believed to be due to tpef mixing
numbers of each branch, from the relationn=Vg/(47%) effect, is still observed only along th€001) axis in
without spin degeneracy. The calculated results are summae, sLa,Sb. We note that La substitution transforms the
rized in Table Il combined with the previous data of CeSbmagnetic properties remarkably, implying that th&€mixing
and LaSb reported by the other grotf5.Here the carrier effect becomes fairly weaker; as a result, the CEF effect can
number of they branch in the parentheses is determined bybe dominated in the Gea, _,Sb alloy forx=0.5.
taking into account the fact that the compound has an equal Next, we will discuss the obtained results of the FS prop-
number of electrons and holes, i.e.=n;,, wheren, andn,,  erties of both Cggla,;Sb and Cgd aysSh. As mentioned
denote the number of electrons and holes, respectively. Thabove, all F&, 8, andy branches have twofold degenerate
total carrier number of both the branch andy branch is sheets for up- and down-spin states in LaSb. However, in
increasing with increasing the concentration of Ce, while theCeSb, which has one f4electron in C&*, all twofold-
total carrier number of8 branch is decreasing with increas- degenerate sheets can be split. The spin splitting ofathe

ing the concentration of Ce. branch is considered to be due to the irdrhexchange in-
teraction. Therefore, if in the absence of hd mixing ef-
IV DISCUSSION fect, all @ branches at th¥ point would exhibit spin splitting

due to intrad-f exchange. Figures(8® and 9b) show the
First, we discuss the obtained results of magnetic properschematic angular dependence of the extremal cross-
ties of both Cgd.a,;Sb and CgslLa,sSb. As explained in  sectional area of FS and its schematic electric structure in

TABLE Il. The carrier numbers of each branch in,Ce, _,Sb.

(numbers/atom
ay Ay, Qy B1 B2 Y1 Y2
CeSb 0.002% 0.018% 0.001G¢ 0.001% 0.0032 0.015¢
Ceyolay ;Sb 0.0031 0.0171 0.0011 0.0016 (0.0179
CeyslaySh 0.00246r,,) 0.0105 0.0036 (0.0108
0.0020(,)
LaSb 0.014 0.0037 0.01G

&The carrier numbers of CeSb and LaSb are taken from S&&fi 26.
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FIG. 10. The schematic angular dependence of the extremal
cross-sectional area of ellipsoidal electronic & &t theX point (a)
and its schematic energy band structure in the vicinity ofltrand
X points in k space with thep-f mixing effect. The dotted lines
represent the bands before hybridization. After hybridization due to
the p-f mixing effect represented by solid lines, one can observe
only the smallerx FS («,;) at theX, point because the other FS
is pushed up abovEg .

Ceydlap1Sb. Figures 1@&) and 1Q@b) show the schematic

FIG. 9. The schematic angular dependence of the eXtremﬁmgular dependence of this extremal cross-sectional area of

cross-sectional area of ellipsoidal electronic &&t theX point (a)
and its schematic energy band structure in the vicinity oflttand
X points ink space(b) without thep-f mixing effect represented by
a dotted line in the vicinity of th point. The solid line represents
those with thep-f mixing effect.

FS and its schematic electric structure in the vicinity ofthe
point, respectively. However, with increasing La
substitutions—i.e., th@-f mixing effect is suppressed—the
pushed-up p band returns andr FS which exhibits spin
splitting appears at th&, point. They are most likely to
correspond to the observed splitFS at theX, point in

the vicinity of thel” point, respectively. These correspond to Ceg, sLap sSb. These results are in agreement with the predic-

FS’'s at theX, and X, points observed in Ggla,;Sb and
Ceyslag sSh. However, the behavior af FS at theX, points
is quite different as affected strongly by thd mixing effect.
This may be explained as follows. Because of hiamixing
effect, the % band corresponding to the, branch is par-
ticularly pushed up at thE point. The result is hybridization
of the 5p (B4 FS) and & («, FS) bands, which is allowed at

tions of Kasuyaet al'? and Sakakt al 3

Next, we will discuss the Ce-LaSb alloying dependence
of carrier numbers in each FS. The obtained behavior is in
agreement with that of FS studies in CeSb under pressure
done by Takashitat al!®’ It revealed that the 5 band
corresponding to thg, branch was particularly pushed up at
theT point due to thep-f mixing effect. They suggested that

the X, point. It was thought that one observed the smallemwith increasing pressure, thp-f mixing effect becomes

split-a FSa,; at the X, point in CeSb as well as

stronger because the overlap of the wave functions between

224402-6
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Fermi energyE with the weakem-f mixing effect, while dotted - T=05K 7
lines represent those with thef mixing effect as seen in CeSbh. CeysLay Sb . R, .
P B | - -
the 5p bands of Sb and thef4states of Ce increases. There- 0.1 0.15
fore, the 5 band corresponding to tf@l branch is particu- (@ 1/H (T'l)
larly pushed up farther at thE point with pressure. In the
same manner, the Ce-LaSb alloying dependence of carrier i T tr N
numbers in each FS can be explained as follows. Tphe 5 y
band corresponding to thg, branch is pushed down at tie o, ——— 1
’ g - h > 1 g meee B Mo, W B W . -
point with increasing the La concentration due to the sup- [ i B
pression of the-f mixing effect. This effect causes the vol- — t
ume of theB, FS to decrease. The Fermi levg} also de- g R = = = |
creases to compensate for the numbers of holes and = [ T i
electrons. Consequently, the volumes of the electron FSs de- & | b . _
crease, while the volumes of the hole FSs, other than the S ¢ ". 1
B4 FS, increase as shown in Fig. 11. We found a decrease of g ° ]
the effective masses in each branch with respect to the La @ e, .
concentration. This implies that the mass enhancement due S B ""-Q._, 7
to thep-f andd-f many-body interaction is reduced. This also E [ B2 S ‘
E I o, 0 o “u..
1400 ——— T i 0 -
T < > L e ]
1200 [ g UL ] T=05K ™ ., ]
o i S, _
T S [ Costaasd T ]
) '8 (BB 0.1 0.15 0.2
[o 300 (b) VH (T
ge 600 | FIG. 13. Dingle plot, the dHvA amplitud@ vs inverse magnetic
g [ Gx. O field for the field along th€001) direction at 0.5 K for each branch
& 400 [* Bt § St in CeysLagsSb (@) and Cgglay:Sb (b), respectively, wherexX
< [ L N‘ =¢&mET/H,J1(N) is the first-order Bessel function which depends
200 * : on\=2xFh/H?. Hereh is the modulation field an# is the dHvVA
i O frequency.
0 . °
6.42 A 6.43 6.44 6.45 6;‘6 indicates that. thgp—f mixing effect become; weaker in
(CeSb) (Ce, ,La, Sb) (Ce, La, Sb) Cela; ,Sb with increasing the La concentration.

lattice costant (A)

FIG. 12. (mg/mZ)AF for the field along th€001) direction as

Next, we will comment on the observed spin splittings in
Cela; ,Sb alloys, qualitatively. We can roughly estimate
the interaction energy of intra-atomit-f exchange energy

a function of a lattice constant. The solid squares, solid trianglesEqs and p-f mixing energyE ¢ by using E;~(mq/mg)AF

solid circles, and open squares denote the values akhg a(y),

assuming the same cyclotron mass for the different spin

B, andy branches, respectively. A description used in the CeSb casstates, where&F:|FT— FL| is the difference of the dHVA

is represented in parenthed&ef. 5.

frequencies with the up- and down- spin states, iashehotes
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TABLE Ill. The dHVA frequencyF, Dingle temperaturép, is the modulation field and~ is the dHvVA frequency.
and corresponding mean free pathf each branch along th@01)  F [=(c#/2me)Se] is proportional to the extremal cross-
axis in Cgla; -,Sb estimated in Figs. 18 and 1@b). sectional areaS: of the Fermi surface. Figures (& and

13(b) show the field dependence of the dHvVA amplitude
CeyglagsSb Ceolao.1Sb (Dingle ploy for the each branch im=0.5 andx=0.9, re-

Branch F[T] Tp[K] I[A] F[T] TolK] I[A] spectively. The effective field is used ad=2(1Hy,;
+1/H pz)‘l. The obtained Dingle temperature and mean free
a; 180 276 2690 192 0.32 13400 path are listed in Table Ill. Here, we determined the mean

a; 216 3.31 2150 free pathl from the relations of the Fermi surfacg:

By 418 371 2850 333 043 6860 =q5kZ, hke=m¥vg, and|=wve7, wherevg is the Fermi

B2 497 1.67 1520  velocity andkg is half of the caliper dimension of the Fermi

Y1 1053 1.15 3000 762 1.20 2180 surfaceSg . Actually, they indicate that in all cases a higher

Y2 1096 1.20 Tp is approximately 3.7 Kcomparable to that in many other
pure metals

df and pf. Figure 12 shows;~(my/m%)AF for the field
along the(001) directions at 8 T, in which the effective field

is used agd=2(1H,,+1/H,) "%, whereH; andH, are We have performed dHVA effect and high-field magneti-
the end points for the FFT, as a function of a lattice constant;ation measurements to investigate the magnetic and Fermi
This re;ult indicates that the .magnitud_e of the spin splittings;rfaces properties of Qea; _Sb alloys forx=0.9,0.5. We
normalized by the each effective mass in any branches seerggtermined the topological changes of the FS and changes in
to be proportional to a concentration of Ce. This suggestgffective mass and scattering lifetime of the carrier of
that the every interaction energy between localizédekec- Cela;_,Sb alloys forx=0.9,0.5. Furthermore, we deter-
tron and carriergp-f mixing effect,d-f exchange interaction  mined the CEF level scheme in Ga,Sb alloy. La sub-
depends considerably on the La substitution. _ stitution transforms the dominant-physical effect in the sys-
Finally, we comment on the reason why quantum oscillaygp (from the p-f mixing effect to the CEF effect in
tions can be observed even in the alloying system up to 509@exLa1_XSb alloys as seen in their FSs and magnetization
concentration of Ce, Ggl.agsSh. In general, the amplitude ¢ypes. The band structure around thig point was trans-
of quantum oscillations is greatly reduced by even veryigrmed remarkably due to the suppression of pHemixing
slight alloying due to a consequence of the extra scattering Qfact in the Cgslag sSb alloy. As the result, missing FS due
electrons by the impurity atoms. Especially, in dHVA osCil- 15 the p-f mixirig effect, which is most likely to originate
lations in alloys, they are completely damped out for concent,om one of thea branches at th¥, point, have been found
trations of order 1%atomig of an impurity componentina ;, CeyLaysSh. We observed the dHVA signals in the alloy-
pure host® That is to say, in the Gea, _,Sb alloy system it ing system Cgd.a, <Sb in this compound indicating the ex-
should be difficult to observe quantum oscillations due to angience of Iohg—li\/ed quasiparticles for both the up- and
increase of the Dingle temperature in a conventional ””derdown—spin channels. Our present results support experimen-
standing of the dHVA effect. However, recently quantum OS+ally the anisotropiq-f mixing effect.
cillations of Cgla, ,Bg intermetallic for all 0<x<1 were In order to clarify this fact, further studies, especially the-
also observed** They explain those reasons in detail and oretical analysis, are necessary. Moreover, the same study of
agreed with their conclusions that long-lived quasiparticlessamples with other concentrations may yield important de-
which consist of all Fermi surfaces may exist even intaijls for qualitative and quantitative discussions.
Cela; ,Sb forx=0.5. It indicates that the substitution of
La by Ce does not cause any significant potential scattering
due to charge differences or lattice distortion. The Dingle
temperatureTy, [ = (A/2mkg) 7 1] or the relaxation time One of the authorgY.N.) would like to express special
(scattering lifetime 7 is estimated from the field dependence thanks to Professor Hisatomo Harima for helpful discussions
of the amplitude of dHVA oscillations, i.e., from the slope of and thanks to Professor Osamu Sakai and Professor Haruy-
a plot of IMAHY2(sinhX/X)/J;(\)] versusH ! at constant  oshi Aoki for fruitful discussions. We would like to thank Dr.
temperature, whereA is the dHvVA amplitude, X is  Mumtaz Khalid for his help in completing this manuscript.
2m°m¥ chikgT/eH (= ém* T/H), andJ;(\) is the first-order  We are partially indebted to the Center for Low Temperature
Bessel function which depends on=2=7Fh/H?. Hereh  Science, Tohoku University.

V. CONCLUSION

ACKNOWLEDGMENTS

*Corresponding author. Present address: Department of Material$ T. Suzuki, Physica B.86-188 347 (1993.
Science and Engineering, Iwate University, Morioka, 020-8551, 2P. Wachter, inHandbook on the Physics and Chemistry of Rare
Japan. FAX: +81-19-621-6373. Electronic address: Earths edited by K. A. Gschneidner, Jr., L. Eyring, G. H.

yoshiki@iwate-u.ac.jp Lander, and G. R. Choppi(Elsevier, Amsterdam, 1994\ol.
"Present address: Photon Factory, Institute of Materials Structure 19, p. 388.
Science, KEK, 1-1 Oho, Tsukuba 305-0801, Japan. 3J. Rossat-Mignod, J. M. Effantin, P. Burlet, T. Chattopadhyay, L.

224402-8



FERMI SURFACE AND MAGNETIC PROPERTIES P. . .

P. Regnault, H. Bartholin, C. Vettier, O. Vogt, D. Ravot, and J.
C. Achart, J. Magn. Magn. MateB2, 111(1985.

4G. Busch and O. Vogt, Phys. Le®5A, 449 (1967).

5R. Settai, T. Goto, S. Sakatsume, Y. S. Kwon, T. Suzuki, Y. Kan-
eta, and O. Sakai, J. Phys. Soc. J§8.3026(1994).

6A. Hasegawa, J. Phys. Soc. Jj5@, 677 (1985.

"R. Settai, T. Goto, S. Sakatsum, Y. S. Kwon, T. Suzuki, and T.
Kasuya, Physica B86-188 176 (1993.

8H. Kitazawa, Y. S. Kwon, A. Oyamada, N. Takeda, H. Suzuki, S.

Sakatsume, T. Satoh, T. Suzuki, and T. Kasuya, J. Magn. Magn.

Mater. 76—78, 40 (1988.

9H. Aoki, G. W. Crabtree, W. Joss, and F. Huliiger, J. Magn. Magn. 14

Mater. 52, 389(1985.

104, Kitazawa, T. Suzuki,
gawa, and T. Kasuya, J. Magn. Magn. Mat8i—34, 421
(1983.

PHYSICAL REVIEW B 64 224402

along the(100), (010, and (001 directions in a cubic NaCl
crystal structure at zero magnetic field of CeSb. Once a mag-
netic field is applied to the CeSb system, the nearest direction to
the magnetic field will be the easy magnetic axis. When the
direction of magnetic field changes, especially from {@@l) to

the (100 direction in the(010) plane or from the/001) to the
(110 direction in the (110) plane, the easy magnetic axis
changes immediately to the direction @021 or (111), respec-
tively. Therefore, the angular dependence of the dHVA fre-
quency shows that the discontinuous behaviors around such
angles strongly depend on the direction of its easy magnetic
axis.

N. Mori, Y. Okayama, H. Takahashi, Y. Haga, and T. Suzuki, Jpn.

J. Appl. Phys., Part 8, 182(1983.

M. Sera, I. Oguro, A. Yanase, A. Hase-20y Nakanishi, F. Takahashi, T. Sakon, A. Uesawa, M. Kubota, T.

Suzuki, and M. Motokawa, Physica B31&282, 742 (2000.

21T, Suzuki, Jpn. J. Appl. Phys., Partg] 44 (1993.

H. Aoki, G. W. Crabtree, W. Joss, and F. Huliiger, J. Magn. Magn.22sirong and Ultrastrong Magnetic Fields and their Applications

Mater. 52, 169(1991).

edited by F. Herlact{Springer-Verlag, Berlin, 1983

'2T. Kasuya, O. Sakai, J. Tanaka, H. Kitazawa, and T. Suzuki, J23High Field Magnetismedited by F. Herlach and J. J. M. Franse

Magn. Magn. Mater63-64, 9 (1987.

(North-Holland, Amsterdam, 1989

130. Sakai, M. Takegahara, H. Harima, K. Otaki, and T. Kasuya, J?4T. Sakakibara, H. Horimoto, M. Motokawa, and M. DateHigh

Magn. Magn. Mater52, 18 (1985.

H. Heer, A. Furrer, W. Halg, and O. Vogt, J. Phys.1@, L961
(1981).

15H. Takahashi and T. Kasuya, J. Phys18 2697(1985.

Field Magnetism edited by M. Date(North-Holland, Amster-
dam, 1983 p. 299.

25y, Nakanishiet al, J. Phys. Soc. Jprr0, 2437(2001).
26R. Settai, Ph.D. thesis, Tohoku University, 1992.

16\, Takashita, H. Aoki, C. J. Haworth, T. Matsumoto, T. ?’B. R. Cooper and O. Vogt, J. Phys.X;1026(1971).
Terashima, S. Uji, C. Terakura, T. Miura, A. Uesawa, and T.28D, ShoenbergMagnetic Oscillation in Metal§Cambridge Uni-

Suzuki, J. Phys. Soc. Jp67, 3859(1998.

versity Press, Cambridge, England, 1984

Y"M. Takashita, H. Aoki, T. Matsumoto, C. J. Haworth, T. ?°R. G. Goodrich, N. Harrison, A. Teklu, D. Young, and Z. Fisk,

Terashima, A. Uesawa, and T. Suzuki, Phys. Rev. [7&t1948
(1997.

Phys. Rev. Lett82, 3669(1999.

30A. Teklu, R. G. Goodrich, N. Harrison, D. Hall, Z. Fisk, and D.

8]t is to be noted that a magnetic moment has some possibility Young, Phys. Rev. B2, 12 875(2000.

224402-9



