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The de Haas—van AlphefidHvA) effect is used to study angular-dependent extremal areas of the Fermi
surfaces and effective masses of ICg ,Bg alloys for x between 0 and 0.05. The dHVA signals from these
alloys are observed to change from that arising from the normal two-spin metal, t@B single-spin sheet
signal atx=0.05.

[. INTRODUCTION measurement8 and found to be in excellent agreement. In
this paper, the spin dependences of the dHVA signals are
The rare earti{RE) and divalent hexaborides have a va- investigated both qualitatively and quantitatively, and it is
riety of electrical, magnetic, and thermodynamic propertiefound that the spin-up component dominates the dHVA sig-
and all have the same cubic structure. Among these material#l as the Ce concentration increases.
are metallic LaB,! Kondo insulating SmR? semimetallic
CaB;,>™® heavy-fermion (HF) CeB;,° and ferromagnetic Il. EXPERIMENT AND SAMPLE PREPARATION
EuBs.” Extensive experimental and theoretical investigations )
Single crystals of Cga; ,Bg with x=0, 0.01, 0.02,

have been done in order to understand their varying physic ) .
properties. One of the most decisive techniques to study thag'03’ 0.04, and 0.05 were grown in Al qux_ln the shape of
rectangular parallelepipeds X10.5x2 mm) with each face

electronic properties of these materials is the de Haas—va ) A
Alphen (dHVA) effect with which the extremal cross- along a[100] axis of the cubic structure. Most of the dHVA

. . . magnetization measurements on these samples were made in
sectional areas of the Fermi surfa€ES and effective 9 P

b d tely. P A an NMR calibrated 0-18 T superconducting magnet using
maeses cah be measured aceuaey. ©ure ' PUT€  the field modulation technique. To verify the reproducibility
CeB; have been studied using this technique, having nearlys ihe field modulation results. torque measurements on an

identical prolate ellipsoidal FS’s, with the FS of GegBeing  y_( 01 ce sample were made to 30 T at the National High
larger than that of Lagby about 10%:° For example, the Magnetic Field Laboratory, Tallahassee, FL.
values of the dHVA frequencies for Lgiand CeR for the Using field modulation, constant-angle dHvA measure-
same minimum FS ellipsoid cross section are 7.89 and 8.6fents were made in the field range 6—15 T with the field
KT, respectively. Yet, the effective masses are quite differentgdirection rotated within a100 plane. From these fixed-
being 0.6%n, and 30n, (at 5-7 T for LaBg and CeR angle—variable-field measurements, one can determine the
respectively’® wherem, is the free-electron mass. extremal cross-sectional areas and effective masses from the
There have been several electrical, magnetic, and therm&mperature dependence of signal amplitudes over the entire
studies carried out to explore how this transition from lightFS. The sample was further rotated continuously in a fixed
metallic LaB; to the HF CeR takes place when La ions are field of 10 T to observe the detailed dependences of the FS
gradually replaced by Ce ions that introducé dlectrons cross-sectional areas on angle. The above measurements
into the metal. In addition to this, experimental work haswere made at five or six different temperatures in the tem-
been carried out, using the dHVA effect at high magnetioperature range of 1.4 K to 4.2 K with the sample immersed
fields (>20 T), to explore the development of the HF behav-in a pumped*He bath. The sample temperature was mea-
ior in CelLa;_,Bg.2° Here, it was reported that both the FS sured using a calibrated Cernox thermometer and the vapor
topology and effective masses transform continuously fronpressure of the bath.
that of pure LaR to that of pure CeBas the Ce concentra-
tion x is increased from O to 1. Furthermo_re, _beginning at IIl. EXPERIMENTAL RESULTS
very low values ofx (about 0.0%, the contribution to the
dHVA signal was observed to originate from only a single- Figure 1 shows typical dHVA oscillations for (e, ,Bg
spin FS sheet. (x=0.01) for #=0° (i.e., the applied field in th¢100] di-
Here we report detailed dHvA measurements, using bothection in the field range of 10—-11 T and at a temperature of
the field modulation technique at intermediate fie(ds15 1.4 K. A discrete Fourier transforfDFT) of the signal is
T) and cantilever torque measurements to 30 T to investigatshown on the same graph. For measurements on purg, LaB
how the spin polarization manifests itself in the topologicalthe frequency of the minimum area @g orbit is found to be
changes of the FS, and changes in effective masses @894+ 0.004 kT, which is in good agreement with the origi-
Cela,_,Bs alloys for 0<x=0.05. The results of these mea- nal measurements of Arket al! With this as a point of
surements are then compared with the previous pulsed fieletference, complete angular-dependent studies of the fre-
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F; and Fy, at fields 10-11 T. The inset shows the number of

FIG. 1. An example of dHVA oscillations from the field modu- electrons per unit volumen, as a function ok.
lation measurements for = 0.01 sample foH along the[100]
axis. The inset shows the DFT of the oscillations for a field range of<(.05) are extracted from the temperature dependences of
10-11°T. the oscillation amplitudes. In comparison, the value of the

effective mass of thev; orbit for x=0 or pure LaB was

quencies in all of the Ce concentrations were made. Thifound to be (0.66 0.03)m, compared to the results of Arko
study was made in order to check the assumption that the F& al,! which give 0.68n,. Thus, the two values are the
is represented by an ellipsoid of revolution, because this assame to within experimental uncertainty.
sumption had previously been used to calculate FS
volumes!® Both constant-angle field sweeps and constant-
field angle sweeps were obtained. Example data from the
constant field rotation measurementsxer0.01 atT=1.4 K From the measured values of the dHvA frequencies, the
andH=10 T is shown in the inset of Fig. 2. The oscillations gytremal cross-sectional areas of g and a; , orbits for
with angle are caused by the fact that the dHvA phasee field applied along thELOQ] crystal axis of Ce concen-
2mF(6)/H, changes by 2 for each complete oscillation as rations betweerk=0 andx=0.05 can be calculated. As
0 is varied. The angular variation ¢f can be determined shown in Fig. 3, both of the frequencies corresponding to the
from these rotation measurements using the counting methog, and «, , orbits are observed to increase with From
first implemented by HalsE. Using this technique, the an- these two frequencies, the volume of the FS, and hence the
gular variations of the minimum area of; and maximum  nymper of charge carriers per unit volume can be evaluated
area ora; , orbits were obtained. As a further check, field- assuming that the FS is an ellipsoid of revolutfdrThe x
dependent measurements and DFT's were also made at sjspendence of the carrier densitgalculated in this manner
eral angles. An example of the complete dataxfer 0.01is  is shown in the inset of Fig. 3.
shown in Fig. 2. . It has been reported that both LaBnd CeR have similar

The effective masses of the different samples<¢0 prolate electron ellipsoidal FS's situated at the Xipoints
of the cubic Brillouin zongBZ) that overlap along th&'R
symmetry axed®13 This situation is shown schematically in
Fig. 4. The minimum cross-sectional area of the ellipse cor-

IV. DISCUSSION

j—

bt

wn
of

101 § responding to ther; orbit can be measured directly by ap-
F plying the magnetic fieldH along the[100] axis, while the
9.5 maximum area for ther; , orbit is only observed through
. magnetic breakdowMB) for this same field orientatiotf.
e 9 rngtics) MB through the necks also leads to a multitude of frequen-
é cies a; ,+np within the '’XM plane,p being the frequency
8.5 1 of the orbit associated with a small FS orbit inside the necks
J—" g andn an integer* The value ofp is ~4—8 T which is
8 L e i smaller than our experimental uncertainty, and therefore can-
. ‘ . . not be resolved at the fields used for our measurements.
7‘50 10 20 30 40 50 The expected angular dependence of the dHVA frequency
Angle (deg.) from an ellipsoid of revolution ¥

FIG. 2. The dHVA frequencie§; and F,, as a function of 1
orientation forx=0.01 from field sweep and rotatighigh density — =Aco2 §+Bsir? 6+ C sin 6 cosé. (1)
points in the figuremeasurements. The solid lines are the fits to the F(0)
to the ellipsoid, Eq(1). The inset shows the raw data from angular
sweep measurements at 10 T. Here F(0) is the dHVA frequency and is the angle of
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FIG. 5. The Ce concentration dependence of cyclotron mass for
the a5 orbit at 10 T. The solid line is a quadratic fit to the data.

of the overall dHVA signal without regard to the detailed
contributions from spin-up and spin-down electrons. The
spin dependence aofh* will be discussed later in Sec. V.

FIG. 4. FS of LaR. In the usual case when both spin states have the same
mass, the magnetic field dependence of the dHvVA amplitude

rotation from the principal axis of the ellipsoid normal to the can be used to determine the average Dingle temperagure
field direction. A fit of the data to this equation is a useful for the two spin state¢see Sec. Y. The effect of finite re-
criterion for deciding whether or not the FS is an ellipsoid oflaxation time due to impurity or point defects is to broaden
revolution!® We are interested here in the angular variationghe Landau levels, leading to a reduction in amplitude
of the a3 and a; , orbits. If the[100] axis is rotated through roughly equivalent to that which would be caused by a rise
an angle relative to the field direction in tkE00) plane, the of temperature tdl ;. The field dependence of the dHVA
cross-sectional area of the FS normal to the field directioramplitude can be expressed%s
corresponding to the semiminor axis of the ellipse, ordhe

orbit, increases while the one corresponding to the semima- C.TH "R

. . . P D
jor axis or thea; , orbit decreases, and these two areas or Ap:—sinr(apT/H)’
frequencies become degenerate at 4&8e Fig. 2 These

two frequenc_ies .and their f_it to Eql) are plotted on the where A, is the amplitude of thepth harmonic,Rp = exp
sr?me graphdln Flg'l 2,dsh0W|(rj1g excfellent ﬁ\gree(rjnel,-nt betv(\;ee —ap?D/H) is the Dingle reduction factop is the harmonic
the expected angular dependence from ellipsoidal FS and t

i ¢ P P mber, a=14.69(m*/m,) T/K, and C, and n depend on

data. This same agreement is obtained for all of the sampl icul hod of F h
with 0=x=<0.05 measured here. Thus, all of the measure!'® Particular method of measurement. For the torque

; ;9 method the value of n=-1/2 and a plot of

EZTseﬁﬁOZ%?(;t;??e?/i?:j&ﬁlon used previdtitlihat the FS InN[A;H™"sinh(@pT/H)] versus 1A yields a straight line

Figure 5 shows the concentrati¢x) dependence of m* With a slope ofapTp and a linear fit to the data gives
for the a5 orbit, and the fit to the data has the quadratic form:m* T . A Dingle plot for the high field cantilever data for
m* =mg(c+bx+ax?). According to Gorkov and Kim, a 1% Ce in LaR at T=1.73 K and in the field range 10-25 T
linear dependence of the specific heat coefficigiipropor-  is given in Fig. 6. From the slope of the straight line the
tional to m*) and the magnetic susceptibility of Ce- and  yalue of the average Dingle temperatdig was found to be
U-based alloys would be a signature of contributions fromz 5 K at high fields on the assumption tivat=0.73m, for
independent impurity centeté However, at larger values of poth spin states. We have analyzed the field dependence of
concentration in a system of localized spins, the linear dethe amplitude for all six samples €x<0.05) using field
pendence on does not hold, and Gor’kov and Kirhcalcu- modulation in the rangeZB<15 T and we find thann*?D

g 2 . g
L?te? ar:j add|t|or;gk correfg_c;? te”T‘ tothbotl? thg I_spgg?c obtained simply from the overall field dependence of the
eall ?n r_?sgni Ic Sl:ﬁcep' iy, l(ﬂ.r;gf € 3”?' thUI Ototal signal amplitude is the same within the measurement
mulation. Therefore, the very good Nt of our data fo a qua'uncertainty. This means that the arbitrary substitution of La

Qratic equation relatingr and x would indicate that _impu- by Ce(or Ce by La contributes little or nothing to the mean
rity centers are cou.pled even at low Ce concentrations. Th'ﬁee pathl of the electrons giving rise to the signals. The
observation is consistent with the model of coupled Ce atoms, o n free path is given by

giving rise to the antiquadrupolar state in Gé8We would
like to point out that the effective mass* could be spin-
dependent. At this stage in the analysis, the effective mass —=w.T, 3
m* is the one determined from the temperature dependence le ¢

@
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FIG. 6. Dingle plot forx = 0.01 at 1.73 K in the field range of FIG. 7. A plot of InQAp/pl’z) versus the harmonic numbprfor
10-25 T using the cantilever technique. x = 0 to 0.05. Note that it becomes linearat= 0.05.

wherel, is the cyclotron length for a particular orbit given determine if one or two spin states are contributing to the

by© scattering. Part of the purpose of the present work was to
1o study in detail how the single-spin dHVA signal develops in

2hF CeB; from the two-spin signal in pure LgB
c:(g) : (4) In the presence of high magnetic fields, if there is only

one spin contribution to the signal, then a plot ofAg(p'/?)
The average scattering rate is related to the average Dinglgyainst the harmonic numbptyields a straight line because
temperature by the relation the spin-splitting reduction factor as is given by Eg).is no
longer present. However, if there are contributions to the
—D: h . (5) dHVA amplitude from spin-up and spin-down states, there is
2mkr spin reduction of the amplitude, and we observe a nonlinear

. = .. _ _ dependence of I#/pY?) on p as shown in Fig. 7 for &x
Thus, sincen® Ty, is independent ok to within experimental g g5 eycept fop:(qu0.0S, the concentration at which only
uncertainty, the mean free pditls also independent of for one spin component is observed.

a given field range. This observation is in agreement with our For pure LaB, the dHvA amplitudes associated with the

earlier resu!t%.o that the_ dominant source of scattering for the ¢ in-up and spin-down electrons are equal. However, if mag-
observed signals originates from other mechanisms and n?lgtic impurities are involved, we could expect spin-

from the substi?ution of_ La by Ce. Howeve;r, it will be seen dependent scatteringDS), and the amplitudes for spin-up
in the next section that if the masses are different for the twq, 4 spin-down oscillations could be unequal corresponding

spin states, the concentration depgndgnqaidT%,—mTTE, IS" to unequal Dingle temperatures and unequal masses. So, the
nonzero, indicating that the contributions to the dHVA am-gjgna| amplitude measured with the field modulation tech-
plitude from the two spin states are unequal. nique, which has contributions from both the spin-up and
spin-down components, has to be modified in order to ac-

V. SPIN-DEPENDENT SCATTERING count for differences in Dingle temperatures and masses be-
tween the two spin channels. In the first harmonic detection,

One of the effects of an applied magnetic field is to lift the | .=~ . : N
PP 9 is signal voltage is related to the oscillatory magnetization
0

spin degeneracy of the energy levels and the contributions t
the dHvVA signal from the spin-up and spin-down electrons.
In conventional metals, the effect of the Zeeman splitting is
to 1r6educe the amplitude by a spin reduction fad®argiven V(O)=G, Mle(pA)simp§+ 0p), (7)
by P

1 * whereG represents the system galeI,p is the magnetization

Rs= cos(iprrg )Ecos{pr), (6) due to thepth harmonic of the dHVA signall; is a Bessel
function of order oneA =2h/H?, his the modulation am-

whereg is the spin-splitting factor and pis the free electron  plitude, {=27F/H, o= %1, and#é, is the phase. The mag-

mass. We had reported earlier that above 5% Ce ingLti2  netizationM can be written &8

contribution to the dHVA amplitude, originates from a single

spin FS. One explanation of this observation is that scatter- U ) T

ing from spin fluctuations does not occur with equal strength M= 21 ; CoDPE’Psin p{+p, —op7S|, (8)

for the two spin directions. There is a large negative P

magnetoresistantéin Cela; ,Bg alloys that can be ex- where

plained by the suppression of spin fluctuation scattering. o

However, from magnetoresistance measurements one cannot D=exp—Km*Tp/H), 9)

Me



PRB 62

To=(TL+Th)/2, (10
E=exgd —Km*(8Tp)/H], (12)
6To=(TH—Th)/2, (12

and
o VTF 1 .

P (A"ph) Y2 sinh(pKm* T/H)
where v=1.304x 10" ° 0e"%K, K=14.69 (T/K), F is the

dHvVA frequency, andA is the extremal cross sectional area

of the FS.

If the phase difference, (= p#7S) between spin-up and
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spin-down oscillations is field dependent, the first two har-

monics of the magnetizatioll may also be written as

M,=C,4| zsin (14)

U+ g +z’sin( - g)

=Cy(Z2+7'%2+ 227 cos¢)?sin(y+ 6;)
(15

and

~ w
M,=Cy[2*+2'*+22%2'2 cog2¢) "2 sin(2¢:z+ 02,
(16)

FIG. 8. Ce concentration dependencendfT,—m/ T .

m!T,—m! T}, is nonzero, then we can determine that the
productm* Ty is spin-dependent even though it is not trivial
to single out the spin dependencenof or Ty . Therefore, if
we first assume than* is spin-independent an'=m' so
that C, [Eq. (13)] is the same for both spin states, then
m!TL—m! T, reduces tom* (T5—TL) and the concentra-
tion dependence ah(Tj—T}) shows the dependence of the
Dingle temperature. On the other hand, nf* is spin-
dependent om' #m', thenCj# C| and thex dependence of
m!TL—m! T}, as compared to that @i(T5—T)) shows the
spin dependence of* in addition to that ofT; . These two

wherez is the Dingle reduction factor for the spin up elec- expressions are plotted agaimsts shown in Fig. 8. The first
trons, z' is the Dingle reduction factor for the spin-down gpservation is that the slopes of these two lines are nonzero,

electrons, andy is defined to be ZF/H = w/4, where the

exhibiting clear evidence of SDS. Notice that the circles rep-

upper sign is for a minimum FS area and the lower is for &esent the case fan' =m!, while the squares represent the
maximum FS area. Other higher harmonics can be written igasem’#m!. The slope of the line corresponding to!

-down components of the signal is given by

P 7P
an, =2l oY),

ZP+27'P 2

17

and the spin-up and the spin-down Dingle reduction factor

for the pth harmonic are given by
ZP=exp(—paTL/H) (18
and

z'P=exp(—paTh/H). (19

The relative phases are obtained by fitting the data to th
first three harmonics of the magnetization. From the mea-

sured signal harmonic amplitude ratibk, /M, andM 3 /My
and the relative phases between the harmoéjes26, and
0;— 364, we calculate, at a giveH andT, the values of the

amplitudesD andE (i.e.,m* Ty andm* §T) and the value

of Sor ¢,. Once the value o§is known, we can determine

the amplitude ratioz'C}/zC} (or m'T—m!T)). Since

S

=m!, indicating thatm' T} becomes greater than' T}, as
the Ce concentration increases, that additional large increase
in slope arising from the difference in mass.

For LaB;, the two spin components have equal ampli-
tudes and the amplitude ratid/z is equal to one 08Ty
=TL—TL=0. In other words, the scattering rates for spin
up and spin down are equal. As the Ce concentration is in-
creased to 5%, the ratio of the spin-up to the spin-down
dHVA amplitude increases so that the observed dHVA signals
at 5% Ce in LaR arise from one spin channel, which is the
spin-up channel.

There are two contrasting theories concerning whether the
roperties of the FS are dominated by the spin-up or spin-
own states. The first is the theory developed by Wasserman
et al! for quantum oscillations in heavy-fermion materials.
This model, along with its zero-field predeces$ois suc-
cessful in accounting for the heavy effective masses as well
as small topological changes in the FS caused by the pres-
ence of additionaf electrons. However, this model also pre-
dicts that the dHVA signal is dominated by the spin-down
channel, and that its associated effective mass should de-

m*ﬁ, is the average of the contributions to the dHvA am-crease in a magnetic field. While apparent evidence for this
plitudes from both spins, it is not possible from this to de-was reported in very heavy compounds such as G&8itiis

termine the spin dependence ®@f or m*. However, if

CeB; that shows perhaps the most dramatic mass changes
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with increasing magnetic fieltf, but the polarity of the spin

; e 1.4[°5 'Intlerce' t I I I .

was not identified. 0.4f P

A large number of dHvVA measurements have been per- 1.2}9-31 y -
formed on CeB,2*~* which is regarded as a typical dense ] oo Slope
Kondo lattice with a very low Kondo temperature of 1-2 K. _, [ . ' 59|
Previous experimental data have appeared to be entirely con- N 0.8} 0-02 g 004 9.9 .
sistent with the theoretical model of Wassernearl,?* that Q
is, the effective mass is dramatically suppressed in a mag- 5 0.6 4% 1
netic field>* Recent measuremefitsave shown that in ad- £ o0.a} " 3% |
dition to the suppression of the effective mass, there is no- ———a—% 2%
table deformation in the topology of the FS in a magnetic 0.2 —e 1% i
field, and this result is not entirely consistent with the mean- 0 L L - - -
field theory of Ref. 21. One aspect of the result that does 1 1.5 2 2.5 3 3.5 4

appear to be consistent with this theoretical model, though, is
that the dHVA signal originates from only a single-spin FS T(K)
sheef even though the theory must be fundamentally incor- FIG. 9. Temperature dependence &/K)In(CZC'Z) for all
rect because it predicts the wrong spin state to be observeg,e alloys including pure Lag From the linear fits to the data,
All of the dHVA measurements on Cgfre made in the mass differences between the two spin states were determined from

high-magnetic-field regime well above the metamagnetiGhe slopes and intercepts. The inset shows the slopes and intercepts
transition where the dipole moments of thelectrons are as a function ok.

essentially aligned. According to Edwards and Gr&eim

this regime the theory developed by Wassermtal 2! is no . . -
longer applicable. This is due to the fact that this is a mean) Nese observations lead us to the conclusion that it is the

field approach in which the interactions are assumed not t80mb|nat|on ofA_m* and SDS that takes*the down spin out
change in a magnetic field. Making such a description of theOf the (.jHVA S|gn_al. Therefore_, bothm™ and SDS are
dHVA effect in HF systems is really only valid at low mag- equally important in understanding many of the properties of
netic fields, that is, magnetic fields less than the Kondo tem- ebs.

perature scale. Edwards and Gr¥enstead make the anal-

ogy of a HF compound in a magnetic field to a itinerant

ferromagnet, in which spin fluctuations play a decisive role. VI. CONCLUSION

Edwards and Greéfialso anticipate that the dHVA effect  \ye have performed a detailed microscopic dHvA study of
§hou|d be dominated by only a single spin, but the up spir,, concentratior(up tox=0.05) in CgLa, B alloys and
instead of the down spin. Therefore, one can see that OWgiermined the development of the size and geometry of the
measurements are in agreement with the predictions of Eq_:S from that of La to the observed single spin state of

wards and Green that the down-spin mass enhancement s, | 5 B (x=0.05) allovs. We have shown the followin
larger than that of the up spin and does not contribute to thg:%‘ 1-xBe( :05) alloys. g

dHVA signal amplitude.

As further verification of _this mass difference, we use (1) The spin-up signal amplitude dominates the dHVA sig-
Egs.(13), (18), and(19) to write nal when the Ce concentration 355%.

(2) We determined that the down-spin mass is greater
than that of the up spin, and the spin-down contribution to
the dHVA signal amplitude is small.

(20 (3) The angular dependence of the dHVA extremal areas
o ) . of the FS show that the assumption that the FS is an ellipsoid
In deriving Eq.(20) we replace sinty) with exp(y) because  of revolution is valid for all concentrations measured.

all values of the exponent are much greater than 1. The  (4) The dependence of the effective mass on concentra-

quantity on the left hand side of EQRO) is calculated for tjon is in agreement with the existing theories of magnetic
each value ok and plotted versu$ in Fig. 9. It can be seen  jmpurity interactions”

that the data is linear it with a slope ofm' —m' and inter-
ceptm!T5—m! T} . The value oim'—m!' ranges from 0.003
for x=0 or pure LaR to 0.09 forx=0.05, respectively. In
addition, the value o' T, —m!T], ranges from 0.03 fox
=0 to 0.3 forx=0.05. Thus, for pure La8 where both spin
states are observed=m' as expected. As the Ce concen-
tration increases to 5%n'—m' increases withm' being
greater tharm' by about 10%. If this mass difference con-
tinues to increase with the observed discrepancy between A portion of this work was performed at the National
specific heat and dHVA mass measurements in £isBex-  High Magnetic Laboratory, which is supported by NSF Co-
plained. Moreover, the difference in the scattering parameteperative Agreement No. DMR-9527035 and by the State of
m!TE—m!T], increases with the Ce concentration, confirm-Florida. Additional support from the NS(PMR9971348 is

ing that the observed FS is due only to the spin-up stateacknowledged by one of us, Z.F.

H
— < In(zCYz' Ch=(m' =m)T+(m'Th—m'Th).

Overall, this work presents a very detailed analysis of dHVA
measurements in alloy systems involving magnetic ions with
concentrations greater than 1%.
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