
PHYSICAL REVIEW B 15 NOVEMBER 2000-IVOLUME 62, NUMBER 19
Fermi surface properties of low-concentration CexLa1ÀxB6: de Haas–van Alphen
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The de Haas–van Alphen~dHvA! effect is used to study angular-dependent extremal areas of the Fermi
surfaces and effective masses of CexLa12xB6 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, LaB6, to a single-spin sheet
signal atx50.05.
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I. INTRODUCTION

The rare earth~RE! and divalent hexaborides have a v
riety of electrical, magnetic, and thermodynamic propert
and all have the same cubic structure. Among these mate
are metallic LaB6,1 Kondo insulating SmB6,2 semimetallic
CaB6,3–5 heavy-fermion ~HF! CeB6,6 and ferromagnetic
EuB6.7 Extensive experimental and theoretical investigatio
have been done in order to understand their varying phys
properties. One of the most decisive techniques to study
electronic properties of these materials is the de Haas–
Alphen ~dHvA! effect with which the extremal cross
sectional areas of the Fermi surface~FS! and effective
masses can be measured accurately. Pure LaB6 and pure
CeB6 have been studied using this technique, having ne
identical prolate ellipsoidal FS’s, with the FS of CeB6 being
larger than that of LaB6 by about 10%.8,9 For example, the
values of the dHvA frequencies for LaB6 and CeB6 for the
same minimum FS ellipsoid cross section are 7.89 and 8
kT, respectively. Yet, the effective masses are quite differ
being 0.65me and 30me ~at 5–7 T! for LaB6 and CeB6
respectively,8,9 whereme is the free-electron mass.

There have been several electrical, magnetic, and the
studies carried out to explore how this transition from lig
metallic LaB6 to the HF CeB6 takes place when La ions ar
gradually replaced by Ce ions that introduce 4f electrons
into the metal. In addition to this, experimental work h
been carried out, using the dHvA effect at high magne
fields (.20 T!, to explore the development of the HF beha
ior in CexLa12xB6.10 Here, it was reported that both the F
topology and effective masses transform continuously fr
that of pure LaB6 to that of pure CeB6 as the Ce concentra
tion x is increased from 0 to 1. Furthermore, beginning
very low values ofx ~about 0.05!, the contribution to the
dHvA signal was observed to originate from only a sing
spin FS sheet.

Here we report detailed dHvA measurements, using b
the field modulation technique at intermediate fields~6–15
T! and cantilever torque measurements to 30 T to investig
how the spin polarization manifests itself in the topologic
changes of the FS, and changes in effective masse
CexLa12xB6 alloys for 0<x<0.05. The results of these me
surements are then compared with the previous pulsed
PRB 620163-1829/2000/62~19!/12875~7!/$15.00
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measurements10 and found to be in excellent agreement.
this paper, the spin dependences of the dHvA signals
investigated both qualitatively and quantitatively, and it
found that the spin-up component dominates the dHvA s
nal as the Ce concentration increases.

II. EXPERIMENT AND SAMPLE PREPARATION

Single crystals of CexLa12xB6 with x50, 0.01, 0.02,
0.03, 0.04, and 0.05 were grown in Al flux in the shape
rectangular parallelepipeds (130.532 mm! with each face
along a@100# axis of the cubic structure. Most of the dHvA
magnetization measurements on these samples were ma
an NMR calibrated 0–18 T superconducting magnet us
the field modulation technique. To verify the reproducibili
of the field modulation results, torque measurements on
x50.01 Ce sample were made to 30 T at the National H
Magnetic Field Laboratory, Tallahassee, FL.

Using field modulation, constant-angle dHvA measu
ments were made in the field range 6–15 T with the fi
direction rotated within a~100! plane. From these fixed
angle–variable-field measurements, one can determine
extremal cross-sectional areas and effective masses from
temperature dependence of signal amplitudes over the e
FS. The sample was further rotated continuously in a fix
field of 10 T to observe the detailed dependences of the
cross-sectional areas on angle. The above measurem
were made at five or six different temperatures in the te
perature range of 1.4 K to 4.2 K with the sample immers
in a pumped4He bath. The sample temperature was m
sured using a calibrated Cernox thermometer and the va
pressure of the bath.

III. EXPERIMENTAL RESULTS

Figure 1 shows typical dHvA oscillations for CexLa12xB6
(x50.01) for u50° ~i.e., the applied field in the@100# di-
rection! in the field range of 10–11 T and at a temperature
1.4 K. A discrete Fourier transform~DFT! of the signal is
shown on the same graph. For measurements on pure L6,
the frequency of the minimum area ora3 orbit is found to be
7.89460.004 kT, which is in good agreement with the orig
nal measurements of Arkoet al.1 With this as a point of
reference, complete angular-dependent studies of the
12 875 ©2000 The American Physical Society
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12 876 PRB 62A. A. TEKLU et al.
quencies in all of the Ce concentrations were made. T
study was made in order to check the assumption that the
is represented by an ellipsoid of revolution, because this
sumption had previously been used to calculate
volumes.10 Both constant-angle field sweeps and consta
field angle sweeps were obtained. Example data from
constant field rotation measurements forx50.01 atT51.4 K
andH510 T is shown in the inset of Fig. 2. The oscillation
with angle are caused by the fact that the dHvA pha
2pF(u)/H, changes by 2p for each complete oscillation a
u is varied. The angular variation ofF can be determined
from these rotation measurements using the counting me
first implemented by Halse.12 Using this technique, the an
gular variations of the minimum area ora3 and maximum
area ora1,2 orbits were obtained. As a further check, fiel
dependent measurements and DFT’s were also made at
eral angles. An example of the complete data forx 5 0.01 is
shown in Fig. 2.

The effective masses of the different samples (0<x

FIG. 1. An example of dHvA oscillations from the field modu
lation measurements forx 5 0.01 sample forH along the@100#
axis. The inset shows the DFT of the oscillations for a field range
10–11 T.

FIG. 2. The dHvA frequenciesF3 and F1,2 as a function of
orientation forx50.01 from field sweep and rotation~high density
points in the figure! measurements. The solid lines are the fits to
to the ellipsoid, Eq.~1!. The inset shows the raw data from angu
sweep measurements at 10 T.
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<0.05) are extracted from the temperature dependence
the oscillation amplitudes. In comparison, the value of
effective mass of thea3 orbit for x50 or pure LaB6 was
found to be (0.6660.03)me compared to the results of Arko
et al.,1 which give 0.65me . Thus, the two values are th
same to within experimental uncertainty.

IV. DISCUSSION

From the measured values of the dHvA frequencies,
extremal cross-sectional areas of thea3 and a1,2 orbits for
the field applied along the@100# crystal axis of Ce concen
trations betweenx50 and x50.05 can be calculated. A
shown in Fig. 3, both of the frequencies corresponding to
a3 and a1,2 orbits are observed to increase withx. From
these two frequencies, the volume of the FS, and hence
number of charge carriers per unit volume can be evalua
assuming that the FS is an ellipsoid of revolution.11 The x
dependence of the carrier densityn calculated in this manne
is shown in the inset of Fig. 3.

It has been reported that both LaB6 and CeB6 have similar
prolate electron ellipsoidal FS’s situated at the sixX points
of the cubic Brillouin zone~BZ! that overlap along theGR
symmetry axes.10,13 This situation is shown schematically i
Fig. 4. The minimum cross-sectional area of the ellipse c
responding to thea3 orbit can be measured directly by ap
plying the magnetic fieldH along the@100# axis, while the
maximum area for thea1,2 orbit is only observed through
magnetic breakdown~MB! for this same field orientation.10

MB through the necks also leads to a multitude of frequ
ciesa1,21nr within the GXM plane,r being the frequency
of the orbit associated with a small FS orbit inside the ne
and n an integer.14 The value ofr is ;4 –8 T,15 which is
smaller than our experimental uncertainty, and therefore c
not be resolved at the fields used for our measurements

The expected angular dependence of the dHvA freque
from an ellipsoid of revolution is16

1

F~u!
5A cos2 u1B sin2 u1C sinu cosu. ~1!

Here F(u) is the dHvA frequency andu is the angle of

f

e

FIG. 3. Ce concentration dependence of the dHvA frequen
F3 and F1,2 at fields 10–11 T. The inset shows the number
electrons per unit volume,n, as a function ofx.
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PRB 62 12 877FERMI SURFACE PROPERTIES OF LOW- . . .
rotation from the principal axis of the ellipsoid normal to th
field direction. A fit of the data to this equation is a use
criterion for deciding whether or not the FS is an ellipsoid
revolution.16 We are interested here in the angular variatio
of thea3 anda1,2 orbits. If the@100# axis is rotated through
an angle relative to the field direction in the~100! plane, the
cross-sectional area of the FS normal to the field direc
corresponding to the semiminor axis of the ellipse, or thea3
orbit, increases while the one corresponding to the semi
jor axis or thea1,2 orbit decreases, and these two areas
frequencies become degenerate at 45°~see Fig. 2!. These
two frequencies and their fit to Eq.~1! are plotted on the
same graph in Fig. 2, showing excellent agreement betw
the expected angular dependence from ellipsoidal FS and
data. This same agreement is obtained for all of the sam
with 0<x<0.05 measured here. Thus, all of the measu
ments support the assumption used previously9,10 that the FS
is an ellipsoid of revolution.

Figure 5 shows the concentration~x! dependence of m*
for thea3 orbit, and the fit to the data has the quadratic for
m* 5me(c1bx1ax2). According to Gor’kov and Kim, a
linear dependence of the specific heat coefficientg ~propor-
tional to m*) and the magnetic susceptibilityx of Ce- and
U-based alloys would be a signature of contributions fr
independent impurity centers.17 However, at larger values o
concentration in a system of localized spins, the linear
pendence onx does not hold, and Gor’kov and Kim17 calcu-
lated an additionalx2 correction term to both the specifi
heat and magnetic susceptibility, using the Fermi liquid f
mulation. Therefore, the very good fit of our data to a qu
dratic equation relatingm* and x would indicate that impu-
rity centers are coupled even at low Ce concentrations. T
observation is consistent with the model of coupled Ce ato
giving rise to the antiquadrupolar state in CeB6.18 We would
like to point out that the effective massm* could be spin-
dependent. At this stage in the analysis, the effective m
m* is the one determined from the temperature depende

FIG. 4. FS of LaB6.
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of the overall dHvA signal without regard to the detaile
contributions from spin-up and spin-down electrons. T
spin dependence ofm* will be discussed later in Sec. V.

In the usual case when both spin states have the s
mass, the magnetic field dependence of the dHvA amplit
can be used to determine the average Dingle temperaturT̄D
for the two spin states~see Sec. V!. The effect of finite re-
laxation time due to impurity or point defects is to broad
the Landau levels, leading to a reduction in amplitu
roughly equivalent to that which would be caused by a r
of temperature toT̄D . The field dependence of the dHvA
amplitude can be expressed as16

Ap5
CpTH2nRD

sinh~apT/H !
, ~2!

whereAp is the amplitude of thepth harmonic,RD 5exp
(2apT̄D /H) is the Dingle reduction factor,p is the harmonic
number,a514.69(m* /me) T/K, and Cp and n depend on
the particular method of measurement. For the torq
method the value of n521/2 and a plot of
ln@ApH

21/2sinh(apT/H)# versus 1/H yields a straight line
with a slope ofapT̄D and a linear fit to the data give
m* T̄D . A Dingle plot for the high field cantilever data fo
1% Ce in LaB6 at T51.73 K and in the field range 10–25
is given in Fig. 6. From the slope of the straight line t
value of the average Dingle temperatureT̄D was found to be
3.5 K at high fields on the assumption thatm50.73me for
both spin states. We have analyzed the field dependenc
the amplitude for all six samples (0<x<0.05) using field
modulation in the range 7<B<15 T and we find thatm* T̄D
obtained simply from the overall field dependence of t
total signal amplitude is the same within the measurem
uncertainty. This means that the arbitrary substitution of
by Ce~or Ce by La! contributes little or nothing to the mea
free pathl of the electrons giving rise to the signals. Th
mean free path is given by

l

l c
5vct, ~3!

FIG. 5. The Ce concentration dependence of cyclotron mass
the a3 orbit at 10 T. The solid line is a quadratic fit to the data.



n

ng

ou
he

n
n

tw

m

he
s
ns

i

le
te
gt
ive
-
ng
n

the
to

in

ly

e

the
is

ear

y

e
ag-
n-
p
ing
, the

ch-
nd
ac-
be-

ion,
ion

-

f

12 878 PRB 62A. A. TEKLU et al.
where l c is the cyclotron length for a particular orbit give
by10

l c5S 2\F

eB2 D 1/2

. ~4!

The average scattering rate is related to the average Di
temperature by the relation

T̄D5
\

2pkt
. ~5!

Thus, sincem* T̄D is independent ofx to within experimental
uncertainty, the mean free pathl is also independent ofx for
a given field range. This observation is in agreement with
earlier results10 that the dominant source of scattering for t
observed signals originates from other mechanisms and
from the substitution of La by Ce. However, it will be see
in the next section that if the masses are different for the
spin states, the concentration dependence ofm↓TD

↓ 2m↑TD
↑ is

nonzero, indicating that the contributions to the dHvA a
plitude from the two spin states are unequal.

V. SPIN-DEPENDENT SCATTERING

One of the effects of an applied magnetic field is to lift t
spin degeneracy of the energy levels and the contribution
the dHvA signal from the spin-up and spin-down electro
In conventional metals, the effect of the Zeeman splitting
to reduce the amplitude by a spin reduction factorRS given
by16

RS5cosS 1

2
ppg

m*

me
D[cos~ppS!, ~6!

whereg is the spin-splitting factor and me is the free electron
mass. We had reported earlier that above 5% Ce in LaB6, the
contribution to the dHvA amplitude, originates from a sing
spin FS. One explanation of this observation is that scat
ing from spin fluctuations does not occur with equal stren
for the two spin directions. There is a large negat
magnetoresistance19 in CexLa12xB6 alloys that can be ex
plained by the suppression of spin fluctuation scatteri
However, from magnetoresistance measurements one ca

FIG. 6. Dingle plot forx 5 0.01 at 1.73 K in the field range o
10–25 T using the cantilever technique.
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determine if one or two spin states are contributing to
scattering. Part of the purpose of the present work was
study in detail how the single-spin dHvA signal develops
CeB6 from the two-spin signal in pure LaB6.

In the presence of high magnetic fields, if there is on
one spin contribution to the signal, then a plot of ln(Ap /p1/2)
against the harmonic numberp yields a straight line becaus
the spin-splitting reduction factor as is given by Eq.~6! is no
longer present. However, if there are contributions to
dHvA amplitude from spin-up and spin-down states, there
spin reduction of the amplitude, and we observe a nonlin
dependence of ln(Ap /p1/2) on p as shown in Fig. 7 for 0<x
<0.05 except forx>0.05, the concentration at which onl
one spin component is observed.

For pure LaB6, the dHvA amplitudes associated with th
spin-up and spin-down electrons are equal. However, if m
netic impurities are involved, we could expect spi
dependent scattering~SDS!, and the amplitudes for spin-u
and spin-down oscillations could be unequal correspond
to unequal Dingle temperatures and unequal masses. So
signal amplitude measured with the field modulation te
nique, which has contributions from both the spin-up a
spin-down components, has to be modified in order to
count for differences in Dingle temperatures and masses
tween the two spin channels. In the first harmonic detect
this signal voltage is related to the oscillatory magnetizat
by20

Ṽ~z!5G(
p

M̃ pJ1~pL!sin~pz1up!, ~7!

whereG represents the system gain,M̃ p is the magnetization
due to thepth harmonic of the dHvA signal,J1 is a Bessel
function of order one,L52ph/H2, h is the modulation am-
plitude,z52pF/H, s561, andup is the phase. The mag
netizationM̃ can be written as20

M̃5 (
p51

`

(
s

CpDpEspsinS pz1p
p

4
2sppSD , ~8!

where

D5exp~2Km* T̄D /H !, ~9!

FIG. 7. A plot of ln(Ap /p1/2) versus the harmonic numberp for
x 5 0 to 0.05. Note that it becomes linear atx 5 0.05.
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T̄D5~TD
↓ 1TD

↑ !/2, ~10!

E5exp@2Km* ~dTD!/H#, ~11!

dTD5~TD
↓ 2TD

↑ !/2, ~12!

and

Cp5
nTF

~A9p\!1/2

1

sinh~pKm* T/H !
, ~13!

where n51.30431025 Oe1/2/K, K514.69 ~T/K!, F is the
dHvA frequency, andA is the extremal cross sectional ar
of the FS.

If the phase differencefp (5ppS) between spin-up and
spin-down oscillations is field dependent, the first two h
monics of the magnetizationM̃ may also be written as

M̃15C1Fz sinS c1
f

2 D1z8sinS c2
f

2 D G ~14!

5C1~z21z8212zz8 cosf!1/2sin~c1u1!
~15!

and

M̃25C2@z41z8412z2z82 cos~2f!#1/2 sinS 2c7
p

4
1u2D ,

~16!

wherez is the Dingle reduction factor for the spin up ele
trons, z8 is the Dingle reduction factor for the spin-dow
electrons, andc is defined to be 2pF/H6p/4, where the
upper sign is for a minimum FS area and the lower is fo
maximum FS area. Other higher harmonics can be writte
a similar way. The relative phase between the spin-up
-down components of the signal is given by

tanup5
zp2z8p

zp1z8p
tanS pf

2 D , ~17!

and the spin-up and the spin-down Dingle reduction fact
for the pth harmonic are given by

zp5exp~2paTD
↑ /H ! ~18!

and

z8p5exp~2paTD
↓ /H !. ~19!

The relative phases are obtained by fitting the data to
first three harmonics of the magnetization. From the m
sured signal harmonic amplitude ratiosM2 /M1 andM3 /M1
and the relative phases between the harmonicsu222u1 and
u323u1, we calculate, at a givenH andT, the values of the
amplitudesD andE ~i.e., m* TD̄ andm* dTD) and the value
of Sor fp . Once the value ofS is known, we can determine
the amplitude ratioz8Cp

↓/zCp
↑ ~or m↓TD

↓ 2m↑TD
↑ ). Since

m* T̄D is the average of the contributions to the dHvA a
plitudes from both spins, it is not possible from this to d
termine the spin dependence ofTD or m* . However, if
-

a
in
d

s

e
-

-
-

m↓TD
↓ 2m↑TD

↑ is nonzero, then we can determine that t
productm* TD is spin-dependent even though it is not trivi
to single out the spin dependence ofm* or TD . Therefore, if
we first assume thatm* is spin-independent orm↑5m↓ so
that Cp @Eq. ~13!# is the same for both spin states, the
m↓TD

↓ 2m↑TD
↑ reduces tom* (TD

↓ 2TD
↑ ) and the concentra

tion dependence ofm(TD
↓ 2TD

↑ ) shows the dependence of th
Dingle temperature. On the other hand, ifm* is spin-
dependent orm↑Þm↓, thenCp

↓ÞCp
↑ and thex dependence of

m↓TD
↓ 2m↑TD

↑ as compared to that ofm(TD
↓ 2TD

↑ ) shows the
spin dependence ofm* in addition to that ofTD . These two
expressions are plotted againstx as shown in Fig. 8. The firs
observation is that the slopes of these two lines are nonz
exhibiting clear evidence of SDS. Notice that the circles re
resent the case form↑5m↓, while the squares represent th
casem↑Þm↓. The slope of the line corresponding tom↑

Þm↓ is approximately eight times that corresponding tom↑

5m↓, indicating thatm↓TD
↓ becomes greater thanm↑TD

↑ as
the Ce concentration increases, that additional large incre
in slope arising from the difference in mass.

For LaB6, the two spin components have equal amp
tudes and the amplitude ratioz8/z is equal to one ordTD

5TD
↓ 2TD

↑ 50. In other words, the scattering rates for sp
up and spin down are equal. As the Ce concentration is
creased to 5%, the ratio of the spin-up to the spin-do
dHvA amplitude increases so that the observed dHvA sign
at 5% Ce in LaB6 arise from one spin channel, which is th
spin-up channel.

There are two contrasting theories concerning whether
properties of the FS are dominated by the spin-up or sp
down states. The first is the theory developed by Wasser
et al.21 for quantum oscillations in heavy-fermion materia
This model, along with its zero-field predecessor,22 is suc-
cessful in accounting for the heavy effective masses as
as small topological changes in the FS caused by the p
ence of additionalf electrons. However, this model also pr
dicts that the dHvA signal is dominated by the spin-dow
channel, and that its associated effective mass should
crease in a magnetic field. While apparent evidence for
was reported in very heavy compounds such as CeCu6,23 it is
CeB6 that shows perhaps the most dramatic mass chan

FIG. 8. Ce concentration dependence ofm↓TD
↓ 2m↑TD

↑ .
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12 880 PRB 62A. A. TEKLU et al.
with increasing magnetic field,24 but the polarity of the spin
was not identified.

A large number of dHvA measurements have been p
formed on CeB6,25–33 which is regarded as a typical den
Kondo lattice with a very low Kondo temperature of 1–2
Previous experimental data have appeared to be entirely
sistent with the theoretical model of Wassermanet al.,21 that
is, the effective mass is dramatically suppressed in a m
netic field.24 Recent measurements9 have shown that in ad
dition to the suppression of the effective mass, there is
table deformation in the topology of the FS in a magne
field, and this result is not entirely consistent with the me
field theory of Ref. 21. One aspect of the result that d
appear to be consistent with this theoretical model, though
that the dHvA signal originates from only a single-spin F
sheet,9 even though the theory must be fundamentally inc
rect because it predicts the wrong spin state to be obser

All of the dHvA measurements on CeB6 are made in the
high-magnetic-field regime well above the metamagne
transition where the dipole moments of thef electrons are
essentially aligned. According to Edwards and Green,34 in
this regime the theory developed by Wassermanet al.21 is no
longer applicable. This is due to the fact that this is a me
field approach in which the interactions are assumed no
change in a magnetic field. Making such a description of
dHvA effect in HF systems is really only valid at low mag
netic fields, that is, magnetic fields less than the Kondo te
perature scale. Edwards and Green34 instead make the ana
ogy of a HF compound in a magnetic field to a itinera
ferromagnet, in which spin fluctuations play a decisive ro
Edwards and Green34 also anticipate that the dHvA effec
should be dominated by only a single spin, but the up s
instead of the down spin. Therefore, one can see that
measurements are in agreement with the predictions of
wards and Green that the down-spin mass enhanceme
larger than that of the up spin and does not contribute to
dHvA signal amplitude.

As further verification of this mass difference, we u
Eqs.~13!, ~18!, and~19! to write

2
H

K
ln~zCp

↑/z8Cp
↓!5~m↓2m↑!T1~m↓TD

↓ 2m↑TD
↑ !.

~20!

In deriving Eq.~20! we replace sinh(y) with exp(y) because
all values of the exponenty are much greater than 1. Th
quantity on the left hand side of Eq.~20! is calculated for
each value ofx and plotted versusT in Fig. 9. It can be seen
that the data is linear inT with a slope ofm↓2m↑ and inter-
ceptm↓TD

↓ 2m↑TD
↑ . The value ofm↓2m↑ ranges from 0.003

for x50 or pure LaB6 to 0.09 forx50.05, respectively. In
addition, the value ofm↓TD

↓ 2m↑TD
↑ ranges from 0.03 forx

50 to 0.3 forx50.05. Thus, for pure LaB6, where both spin
states are observed,m↓5m↑ as expected. As the Ce conce
tration increases to 5%,m↓2m↑ increases withm↓ being
greater thanm↑ by about 10%. If this mass difference co
tinues to increase withx the observed discrepancy betwe
specific heat and dHvA mass measurements in CeB6 is ex-
plained. Moreover, the difference in the scattering parame
m↓TD

↓ 2m↑TD
↑ , increases with the Ce concentration, confir

ing that the observed FS is due only to the spin-up st
r-
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-
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These observations lead us to the conclusion that it is
combination ofDm* and SDS that takes the down spin o
of the dHvA signal. Therefore, bothDm* and SDS are
equally important in understanding many of the properties
CeB6.

VI. CONCLUSION

We have performed a detailed microscopic dHvA study
low concentration~up tox50.05) in CexLa12xB6 alloys and
determined the development of the size and geometry of
FS from that of LaB6 to the observed single spin state
CexLa12xB6(x>0.05) alloys. We have shown the following

~1! The spin-up signal amplitude dominates the dHvA s
nal when the Ce concentration is>5%.

~2! We determined that the down-spin mass is grea
than that of the up spin, and the spin-down contribution
the dHvA signal amplitude is small.

~3! The angular dependence of the dHvA extremal ar
of the FS show that the assumption that the FS is an ellips
of revolution is valid for all concentrations measured.

~4! The dependence of the effective mass on concen
tion is in agreement with the existing theories of magne
impurity interactions.17

Overall, this work presents a very detailed analysis of dH
measurements in alloy systems involving magnetic ions w
concentrations greater than 1%.
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FIG. 9. Temperature dependence of (H/K)ln(Cz/C8z8) for all
the alloys including pure LaB6 . From the linear fits to the data
mass differences between the two spin states were determined
the slopes and intercepts. The inset shows the slopes and inter
as a function ofx.
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