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Kondo effect in CexLa1ÀxCu2.05Si2 intermetallics
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The magnetic susceptibility and susceptibility anisotropy of the quasibinary alloy system CexLa12xCu2.05Si2
have been studied for low concentration of Ce ions. The single-ion description is found to be valid forx
<0.09. The experimental results are discussed in terms of the degenerate Coqblin-Schrieffer model with a
crystalline electric field splittingD.330 K. The properties of the model, obtained by combining the lowest-
order scaling and the perturbation theory, provide a satisfactory description of the experimental data down to
30 K. The experimental results between 20 K and 2 K are explained by the exact solution of the Kondo model
for an effective doublet.
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I. INTRODUCTION

The intermetallic compound CexLa12xCu2.05Si2 has been
studied for more than two decades, but its properties are
not completely understood. For a large concentration of
ions the compound shows heavy fermion superconductiv1

and small-moment antiferromagnetism.2,3 At intermediate
concentrations, non-Fermi-liquid features are found,4 while
for small x one observes anomalies due to the crystall
electric field ~CF! splitting and the Kondo effect.5–7 The
change of the properties of the compound induced by
doping is an important issue that remains to be clarified, b
experimentally and theoretically.

Here we present magnetic susceptibility data
CexLa12xCu2.05Si2 intermetallics for small concentrations o
Ce ions,x<0.09, and show that the magnetic moment of
depends on temperature and is very anisotropic.8 The
samples we consider are sufficiently dilute for the interact
between the Ce ions to be neglected. We find the susc
bility of a single Ce ion embedded in a tetragonal host
studying the effects of Ce concentration. The magne
anomalies are accompanied by transport anomalies, as
cated by large peaks in the thermoelectric power and a lo
rithmic increase of the electric resistance.7,9 This behavior is
typical of exchange scattering on CF-split ions, and we b
the theoretical analysis on the degenerate Coqblin-Schrie
model10 in which the two lowest CF states are coupled by
exchange interaction to conduction states.

The CF parameters of dilute Ce alloys are obtained
analyzing the high-temperature magnetization data with
usual CF theory which neglects the coupling between thf
electrons and the conduction states, and considers jus
isolated Ce ion in a tetragonal environment~for details see
the Appendix!. The magnetic anisotropy is explained by ta
ing D.330 K for the CF splitting between the doubl
ground state and a pseudoquartet, formed by the two clo
spaced excited doublets, and takingh50.816 for the relative
0163-1829/2001/64~18!/184438~11!/$20.00 64 1844
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weight of the CF orbitals. These values are consistent w
the high-temperature neutron scattering data on CeCu2Si2
single crystals.11,12However, the CF theory does not descri
correctly the response of the high-temperature local mom
and it also fails to explain the rapid reduction of the loc
moment at intermediate temperatures and the loss of an
ropy at low temperatures. These characteristic features o
magnetic response of Ce ions in metallic hosts can only
obtained by coupling thef states to the conduction band.

In this paper we show that the magnetic properties
dilute CexLa12xCu2.05Si2 compounds can be explained b
describing the interaction between the Ce ions and the
tallic electrons by the Coqblin-Schrieffer model with the C
splitting. The high-temperature susceptibility obtained by
lowest-order perturbation theory agrees very well with t
experimental data, provided we renormalize the excha
interaction by the ‘‘poor man’s scaling.’’13–15 For large CF
splitting, the scaling theory generates two relevant lo
energy scalesTK!TK

H instead of one without splitting. The
behavior of the anisotropic susceptibility above 30 K is a
counted for by choosingTK58.5 K andTK

H5100 K. The two
low-energy scales, which differ by an order of magnitud
explain the reduction of the local moment from a hig
temperature sextet to a low-temperature doublet, and lea
a qualitative explanation of the transport data.7,16 The low-
temperature properties of the Coqblin-Schrieffer model c
not be calculated by scaling. However, forD5330 K and
TK

H5100 K, the occupation of the excited CF states below
K is negligibly small. Thus, we approximate thef state by an
effective doublet, and describe the low-temperature prop
ties by an effective spin-1/2 Kondo model with Kondo sca
TK . The exact renormalization group results for t
susceptibility17 agree very well with the experimental data

The paper is organized as follows. First we describe
sample preparation and provide the details of the meas
ments. Then we analyze the susceptibility data obtained
the Faraday magnetometer on powdered samples and th
©2001 The American Physical Society38-1



ol
al
ed
n
h
e
te

r
n

e
v
u
p
se
o
e
ur
he
C
ed
-
se
ui

or
o
n
ro

2

th

d
re
ce
n

ila
e

no
gh

m
o

e
y

open
tion
ht

en-
ical

mall
of

py
ites

ility

n 2
e

ion
to

is

in
the
nd
all.

cep-
is

mi-
the

pti-
ag-

f
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isotropy data obtained by the torque magnetometer on p
crystalline samples, and show that the observed anom
cannot be explained by the CF effects due to an isolatf
state. The coupling between thef state and the conductio
band, as described by the Coqblin-Schrieffer model wit
CF splitting, is introduced next. Then, we discuss the susc
tibility and the magnetic anisotropy of an excited quar
separated from the ground-state doublet by the energyD.
Finally, we compare the theoretical results with the expe
mental data. The CF calculations for Ce ions in a tetrago
environment are presented in the Appendix.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

A. Samples

The polycrystalline CexLa12xCu2.05Si2 samples with low
Ce content (x<0.09) were prepared using a two-step proc
dure in order to enhance composition control and impro
homogeneity. In the first step, appropriate amounts of p
elements were arc melted to get master ingots with com
sitions x50 and x50.1. In the second step, part of the
master ingots were melted together in an appropriate rati
obtain samples with 0.01<x<0.09. Samples with larger C
content were prepared in a single step directly from p
elements. All samples were annealed for 40 h at 700 °C, t
for 80 h at 950 °C, followed by a slow cooling to 700 °
within 72 h. The x-ray powder diffraction patterns show
only reflections of the ThCr2Si2 structure. Both lattice pa
rametersa and c, as well as the unit cell volume, decrea
linearly with increasing Ce content, the decrease being q
pronounced fora but rather weak forc.7 This preparation
procedure combines all the experience gained in our lab
tory within the last 20 years upon the investigation
CeCu2Si2 and related alloys. More detailed informatio
about the preparation process can be obtained directly f
the authors.18

The temperature dependence of the susceptibilityx(x,T)
is found by measuring the fixed powders weighing about
mg. The data analysis shows thatx(x,T) is dominated by the
contribution due to Ce ions, but that the samples with
same nominal Ce Concentration19 show slightly different
susceptibilities at low temperatures. This is demonstrate
Fig. 1, wherex(x,T) is plotted as a function of temperatu
for two pairs of typical samples. The susceptibility differen
for the two samples with the same nominal concentratiox
50.07 grows from about 231026 (emu/mol) at 300 K to
about 20031026 (emu/mol) at 2 K, whilex(x,T) increases
in the same temperature interval only about 10 times. Sim
behavior is seen in other samples, and we take that as
dence that the susceptibility difference shown in Fig. 1 is
due to an inhomogeneous distribution of Ce ions. The sli
variation of the functional form ofx(x,T) is most pro-
nounced at low temperatures~see also Fig. 5!, and that can
be explained in terms of a small variation in the Kondo te
peratureTK . The inset in Fig. 1 shows the data for the tw
samples with nominally 7 at. % of Ce, plotted versusT/TK .
The low-temperature data follow the same curve, provid
we useTK57.6 K andTK59.3 K for the data represented b
the open and solid triangles, respectively.20 However, at in-
18443
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termediate temperatures, the data represented by the
and solid symbols cannot be represented by a single func
of T/TK . The Kondo temperature of various samples mig
differ because of small deviations of the actual Cu conc
tration from the nominal one and the associated chem
pressure effects.

The samples used for the torque measurements are s
polycrystallites of irregular shape. The uniaxial symmetry
the unit cell allows one to obtain the intrinsic anisotro
even in the absence of perfect alignment of the crystall
~for details see below!.

B. Susceptibility

The absolute value of the average magnetic susceptib
x(x,T) is measured for CexLa12xCu2.05Si2 samples on a
high-precision Faraday balance for temperatures betwee
K and 350 K, for a magnetic field up to 9 kOe and for C
concentration ranging from 1 to 9 at. %. The magnetizat
of all samples, measured at 300 K, 77 K, and 2 K, is found
be a linear function of the applied field. Susceptibility
defined asx(x,T)5M /H @emu/mol#. The experimental re-
sults are plotted in Fig. 2 as a function of temperature and
Fig. 3 as a function of concentration. Figure 3 shows that
susceptibility increases linearly with Ce concentration, a
we take that as evidence that the Ce-Ce interaction is sm

The data analysis shows that the high-temperature sus
tibility of the samples with the lowest concentration of Ce
diamagnetic; i.e., the response of very dilute alloys is do
nated by a background. Thus, the effects of alloying on
matrix in which the Ce ions fluctuate should not bea priori
neglected. We also notice that the low-temperature susce
bility has a Curie-like upturn due to some unspecified m

FIG. 1. x(x,T) plotted vs temperature for two pairs o
CexLa12xCu2.05Si2 samples. The triangles correspond tox50.07
and the squares tox50.03, respectively. The inset showsx(x,T)TK

for the two x50.07 samples, plotted vsT/TK , with two different
values ofTK .
8-2
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KONDO EFFECT IN CexLa12xCu2.05Si2 INTERMETALLICS PHYSICAL REVIEW B 64 184438
netic impurities that are immanent to the rare earths, and
very dilute alloys this upturn becomes relatively large. B
cause the concentration of these unspecified magnetic im
rities differs in each sample and because the alloy
changes the background, we do not define the single-ion
response as a difference between the susceptibility
CexLa12xCu2.05Si2 and LaCu2.05Si2. To minimize the system-
atic error due to sample preparation we define the susc
bility of a Ce-free compound as a statistical average obtai
from Fig. 3, and find the single-ion contribution by the fo
lowing procedure.

We assume that the total susceptibility of a given sam
which is shown in Figs. 2 and 3, comprises two contrib
tions: a single-ion Ce susceptibilityx ion and a concentration
dependent background xB(x,T).x(0,T)
1x@]xB(x)/]x#x50 . We consider only the lowest-order con
centration effects and express the measured susceptibili
a given sample as

x~x,T!5x~0,T!1x$x ion~T!1@]xB~x!/]x#x50%. ~1!

FIG. 2. Susceptibility of CexLa12xCu2.05Si2 plotted vs tempera-
ture on a logarithmic scale forx<0.09.

FIG. 3. Susceptibility of CexLa12xCu2.05Si2 plotted vs concen-
tration for various temperatures.
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To find xB(x,T) we notice that the susceptibility data show
in Fig. 3 are linear in concentration for all temperatures, a
use thex50 intercept of the straight lines to define the s
tistically averaged background susceptibility of the Ce-fr
matrix,x(0,T). The values obtained in such a way are sho
in Fig. 4, together with the least-squares fit based on
expression

x~0,T!5x01
Cimp

T2Q imp
, ~2!

wherex0 describes the constant diamagnetic contribution
the stoichiometric compound LaCu2.05Si2 and the Curie-
Weiss term describes magnetic contamination. The exp
ment givesx0523.131025 (emu/mol),Cimp55.931024

K (emu/mol), andQ imp522.8 K. To estimate the level o
contamination we assumeCimp5(Nimp/3kB)g2mB

2 j ( j 11),
wheremB is the Bohr magneton,g is the gyromagnetic fac-
tor, andkB is Boltzmann’s constant. Taking forj the smallest
possible value,j 51/2, we find that the upper limit for the
number of magnetic impurity atoms isNimp50.0016NA ,
whereNA is Avogadro’s number. Thus, the average conc
tration of the unspecified magnetic impurities is about 0
at. %, which is at least one order of magnitude less than
lowest Ce concentration we measure.

Using Eqs.~1! and ~2! we find that@x(x,T)2x(0,T)#/x
defines the same curve for all the samples. This unique cu
defines the impurity susceptibilityx ion(T) up to a constant
shift @]xB(x)/]x#x50. However, the two terms in the brace
in Eq. ~1! cannot be obtained by independent measureme
and we replacex ion(T) in Eq. ~1! with a theoretical expres
sion ~for details see below! and find that the experimenta
data can be fitted by taking@]xB /]x#x5051024 (emu/mol
Ce!. The same value of this constant shift is obtained
using for the high-temperature single-ion susceptibility
Eq. ~1! the expressionx ion(T);1/T and making the least

FIG. 4. The susceptibility of the LaCu2.05Si2 matrix x(0,T) plot-
ted vs temperature~circles!. The solid line is the least-squares fit b
Eq. ~2!. The low-temperature Curie-Weiss upturn is due to magn
contamination. Note the difference in the vertical scales used h
and in Fig. 2.
8-3
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I. AVIANI et al. PHYSICAL REVIEW B 64 184438
squares fit through the data above 250 K. The compariso
x ion(T) and]xB(x)/]x shows that the susceptibility contr
bution due to Ce ions is at least one order of magnitu
larger than the background contribution, so that a poss
small error in@]xB(x)/]x#x50 does not influence our con
clusions in an essential way.

The average susceptibility of a single Ce ion in dilu
CexLa12xCu2.05Si2 samples is defined by the expression

x ion~T!5
x~x,T!2x~0,T!

x
21024 ~emu/mol Ce!, ~3!

which is shown in Fig. 5 as a function of temperature
various values ofx. The response of Ce ions is nearly th
same for all the compounds up tox.0.09, and it begins to
deviate from thex-independent form forx>0.1.8 The scatter
of the data at low temperatures is about the same as
scatter shown in Fig. 1 and can be eliminated by plott
x ion on a universal temperature scaleT/TK(x), with TK(x)
58.561 K. However, in our dilute samples, the lack of an
systematic behavior ofTK(x) as a function of Ce doping
does not allow us to explain the observed fluctuations
terms of the chemical pressure effects induced by Ce dop
As discussed in the previous section, the random variatio
TK(x) can be associated with the local fluctuations in
stoichiometry.

The anomalous behavior of the molar susceptibility of
in CexLa12xCu2.05Si2 becomes most transparent if one co
paresx ion(T) with the susceptibility of a crystallographicall
equivalent but unhybridized 4f 1 state,xCF(T), which is cal-
culated in the Appendix. In Fig. 5 we plot the susceptibiliti
versus logT, and in Fig. 6 we use the Curie-Weiss plot a
show the inverse of the susceptibilities as a function ofT.
The symbols represent the experimental data, while
dashed line, the solid line, and the dash-dotted line repre
the CF, the scaling, and Wilson’s results, respectively.

FIG. 5. The average single-ion susceptibility
CexLa12xCu2.05Si2 defined asx ion(T)5@x(x,T)2x(0,T)#/x21
31024 (emu/mol Ce!, plotted vs temperature forx<0.09 samples.
The solid line shows the scaling result, the dashed line shows
CF result, and the dash-dotted line shows the exact solution fo
spin-1/2 Kondo model in the local moment regime.
18443
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The high-temperature susceptibility follows the Curi
Weiss law 1/x ion(T).(T2Q)/C, where C5NAmeff

2 /3kB

.0.125meff
2 /mB

2.0.8 K emu/mol Ce, which is close to
the CF result. The antiferromagnetic Weiss temperature
Q.2100 K. The low-temperature susceptibility data c
also be represented by a Curie-Weiss law withC
50.3 K emu/mol Ce andQ.215 K. This value ofC leads
to meff.1.6mB which is close to the average value obtain
for the lowest CF doublet~see the Appendix!.

The analysis of the single-impurity data in Figs. 5 and
shows clearly that the CF theory, which neglects the coup
of f electrons to conduction states, fails to explain the
sponse of the 4f 1 ions to an external magnetic field. Th
correct description is obtained by considering not only
thermodynamic fluctuations but taking also into account
quantum fluctuations, due to the Kondo effect. Before eva
ating these effects in more detail, we discuss the torque m
surements which provide the magnetic anisotropy of Ce i
and allow us to obtain the full susceptibility tensor.

C. Susceptibility anisotropy

The intrinsic anisotropy of polycrystalline
CexLa12xCu2.05Si2 samples with clear preferential orienta
tion was measured on a high-precision torque magnetom
In the experiment the sample is attached to a thin vert
quartz fiber and a homogeneous magnetic fieldH is applied
in the horizontalxy plane, as shown in Fig. 7. Thus, only th
z component of the torqueG is measured.

The experimental values for the susceptibility anisotro
of a given sampleDxexpt are obtained from the ratioGz /H2,
which is measured by the following procedure. For an ar
trary sample orientation, the magnetic field is rotated in
xy plane by an anglea varying from 0° to 180°. Measuring
the angular dependence of the torque curve at 300 K, 77
and 2 K, in a magnetic field of 8 kOe, we find thatGz(a) is
a sinusoidal function of a periodp, with zeros which are
independent of temperature. This shows that the magne

he
he

FIG. 6. The inverse of the average single-ion susceptibi
shown as a function of temperature for CexLa12xCu2.05Si2 samples
with x<0.09. Dashed line is the CF result, and the solid line is
scaling result.
8-4
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KONDO EFFECT IN CexLa12xCu2.05Si2 INTERMETALLICS PHYSICAL REVIEW B 64 184438
tion of the sample is proportional to the applied field. T
amplitudeGz

(h) of the sine torque curve is then measured a
function of temperature. Next, the sample is rotated by 9
around they axis, and the amplitudeGz

(v) is measured as a
function of temperature. The experimental anisotropy o
given sample is defined asDx i

expt52Gz
( i )/H2n @emu/mol#,

wheren is the number of moles and the indexi 5h,v denotes
the two orientations of the sample. The data obtained in
way are shown in Fig. 8 whereDx i

expt(x,T) is plotted versus
temperature forx50.01, 0.02, 0.03, and 0.06. All of th
curves in Fig. 8 show similar temperature dependence, w
the extremum point at 48 K. The torque signal is quite stro
due to a large anisotropy of the Ce moment and because
measurements are performed on samples with a rather
degree of preferential alignment of the crystallites within t
polycrystal.

FIG. 7. The torque on a uniaxial crystallite, oriented along thc
direction, induced by the external magnetic fieldH in thexy plane.

FIG. 8. The susceptibility anisotropy of CexLa12xCu2.05Si2 is
shown as a function of temperature forx<0.06 samples. The dat
corresponding to two different orientations of the sample with
spect to the magnetic field are denoted byh andv, respectively.
18443
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To analyze the torque data shown in Fig. 8 we write thz
component ofG as

Gz5V~M3H!z , ~4!

whereV is the volume of the sample andM is the magneti-
zation induced byH. For a single tetragonal crystallite, th
induced magnetization has an isotropic and an anisotro
component; i.e., it can be written as

M5M I1MA, ~5!

where the isotropic componentM I is directed alongH, while
the anisotropic oneMA is directed along thec axis of the
crystal. Obviously, M I5xabH and MA5(xc2xab)Hc ,
where xc is the susceptibility along thec axis, xab is the
susceptibility in theab plane, andHc is the component of
the magnetic field along thec direction. Using Eq.~4!, we
find that the torque on a crystallite with thec axis directed
along ~u,w! and induced by the magnetic field in thexy
plane,H5H(cosa, sina, 0), is given by the expression~see
also Fig. 7!

Gz5
1

2
nH2Dx sin2~u!sin@2~a2w!#, ~6!

where Dx is now measured in emu/mol, i.e., stands f
(V/n)Dx. Thus, the temperature dependence of the torqu
given, up to a numerical constant, by the intrinsic susce
bility anisotropyDx5xc2xab, regardless of the orientatio
of the crystallite.

In a polycrystalline sample, we are dealing with som
volume distributionVi5Vi(u i ,w i) of the crystallites with
respect to their orientations. The total torque on a sam
with a given concentration of Ce ions is the sum of all t
separate contributions and can be written as

Gz
x5

1

2
nH2gxDx sin@2~a2w̄x!#, ~7!

where we introduced the alignment factorgx (0<gx<1)
and the phase shiftw̄x . In our experiment the magnet i
rotated to a positiona2w̄x56p/4 which maximizes the
torque. Thus, up to a geometrical factorgx , the temperature
dependence of the torque follows from the intrinsic anis
ropy of the sample. The alignment factorgx depends on the
distribution of the polycrystallites in the sample, and is giv
by gx5AAx

21Bx
2, where

Ax5
1

V (
i

Vi sin2 u i cos 2w i

and

Bx5
1

V (
i

Vi sin2 u i sin 2w i .

To find the single-ion anisotropy we have to estimategx and
the intrinsic anisotropy of the metallic matrix.

The data analysis shows that the experimental anisotr
Dxexpt(x,T)5gxDx follows a similar temperature depen

-

8-5
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I. AVIANI et al. PHYSICAL REVIEW B 64 184438
dence in all the samples. This is shown in Fig. 9, wh
Dx i

expt(x,T) is plotted as a function ofDxv
expt(x1 ,T), with

temperature as an implicit variable. We recall that the ind
i 5v,h denotes the orientation of the sample with respec
the applied field. The orientation of the reference samplev
and the reference Ce concentration isx150.01. The correla-
tion between the torque data is found to be strictly linear

Dx i
expt~x,T!5kx

i Dxv
expt~x1 ,T!1 l x

i , ~8!

where kx
i and l x

i denote the slope and the intercept of t
straight lines, respectively. The numerical values ofkx

i andl x
i

for each sample are given in Table I. As shown below,
linear relation~8! proves essential for obtaining the singl
ion contribution from the experimental anisotropy data.

In analogy with the analysis of the susceptibility data
assume that the susceptibility anisotropy of a given crys
lite has a single-ion contribution,Dx ion(T)5x ion

c 2x ion
ab ,

and a van Vleck contribution due to the matrix,DxB5xB
c

2xB
ab . The unspecified magnetic impurities which contam

nate our samples, and which are described by Eq.~2!, are
assumed to be isotropic, because the torque shown in F
has no Curie-like upturn. Thus, we write the susceptibi
anisotropy of a given sample as

FIG. 9. Dx i
expt(x,T) of CexLa12xCu2.05Si2 samples is plotted vs

Dxv
expt(x1 ,T). The data are given for two different orientationsi

5h,v) with respect toH. The concentration of the Ce ions in th
referent sample isx150.01. The solid lines are the linear extrap
lations which define the coefficientskx

i and l x
i .
18443
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Dx i
expt~x,T!5gx

i @xDx ion~T!1DxB~x!#, ~9!

where the temperature dependence ofDxB is neglected. In
the dilute limit, we approximate the van Vleck anisotropy
a linear expression

DxB~x!.Dx01xF]DxB~x!

]x G
x50

and use Eqs.~8! and ~9! to derive an approximate relatio
between the experimentally determined quantities,

l x
i x

kx
i ~x2x1!

52g1
vDx0 , ~10!

where g1
v is the alignment factor of the reference samp

The experimental values obtained from Fig. 9 indica
that the ratio in Eq.~10! is indeed very nearly sampl
independent~see Table I! and given by g1

vDx0.22.4
31025 @emu/mol#. Using this value, and Eqs.~8! and ~9!,
we can express the productg1

vDx ion(T) in terms of ex-
perimentally determined quantities,21

g1
vDx ion~T!5FDx i

expt~x,T!2 l x
i

x1kx
i

2
g1

vDx0

x1
G . ~11!

Consideringg1
vDx ion(T) as a function of temperature on

obtains the same function for all the samples. The value
g1

v is obtained by fitting the universal curve~11! by the the-
oretical result for the Coqblin-Schrieffer model, with th
same parameters as in the previous section. This givesg1

v

50.55.
The single-ion anisotropyDx ion(T), defined in the above

described way, is plotted as a function of temperature
Fig. 10, together with the scaling result~solid line! and
the CF anisotropy~dashed line!. The data show clearly tha
the magnetic anisotropy of 4f 1 ions in the tetragona
CexLa12xCu2.05Si2 crystals cannot be explained by the C
theory, which considers only the thermal fluctuations amo
various CF states. The correct description is obtained by
cluding the quantum fluctuations and is provided here by
scaling solution of the Coqblin-Schrieffer model.
TABLE I. The parameters from Fig. 9.

Sample Slopekx
i Interceptl x

i @emu/mol# l x
i /kx

i "x/(0.012x)@emu/mol# gx
i

0.01 h 0.566 21.4131027 — 0.31
0.02 v 2.042 2.7331025 22.6731025 0.56
0.02 h 0.901 1.3431025 22.9731025 0.24
0.03 v 21.06 1.7131025 22.4231025 0.20
0.03 h 22.78 24.4531025 22.4031025 0.52
0.06 v 1.825 3.6131025 22.3731025 0.17
0.06 h 24.170 28.4631025 22.4331025 0.38
8-6
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III. THEORETICAL ANALYSIS

The properties of Ce ions in dilute CexLa12xCu2.05Si2
samples are modeled by the Coqblin-Schrieffer Hamilton
with CF splitting,

HK5HCF1H01HJ , ~12!

whereHCF describes thef states in the tetragonal CF~see the
Appendix!, H0 describes the conduction band of width 2D0,
with a constant density of statesr, and HJ defines the ex-
change coupling between the 4f 1 states and the ban
electrons.10

The high-temperature properties are calculated by
poor man’s scaling,13–15 which provides the renormalize
coupling by reducing the conduction electron cutoff fromD0
to D, and simultaneously rescaling the coupling const
from J0 to J(D), so as to keep the low-energy excitations
the total system unchanged. Assuming the isotropic
change, this leads to14,15

rJ expS 2
1

rJD5S kBTK

D D mS kBTK1D

D1D D M

, ~13!

whereJ is the absolute value of the antiferromagnetic co
pling constant,m52 andM54 are the degeneracies of th
lower and upper CF states, respectively,D is the CF splitting,
andTK is the Kondo temperature. The renormalized coupl
constantJ(D) defines an effective model with cutoffD. The
Kondo temperature is given by Eq.~13! with J and D re-
placed by the initial valuesJ0 andD0, respectively~for de-
tails see Refs. 14 and 15!. The scaling law~13! applies pro-
vided the renormalized coupling is small, i.e.,rJ!1 and
D@TK .

The scaling trajectory described by Eq.~13! has two
asymptotic regimes. The high-temperature asymptoteJH(T)
is obtained by neglecting the CF splitting and is given by

FIG. 10. The single-ion susceptibility anisotropyDx ion(T)
defined by Eq. ~11! plotted vs temperature for all th
CexLa12xCu2.05Si2 samples withx<0.06. The solid line is the scal
ing result, and the dashed line is the CF result.
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rJH expS 2
1

rJH
D5S kBTK

H

D D N

, ~14!

where,TK
H is the high-temperature Kondo scale, defined

Eq. ~14!, with J0 andD0 replacingJH andD, respectively.
The low-temperature asymptoteJL(D) is obtained by ne-

glecting in Eq.~13! the effects of the excited CF levels, i.e
by neglectingTK and D with respect toD. This identifies
JL(D) as the scaling trajectory of an effective doublet w
Kondo scaleTK and the effective coupling

rJL expS 2
1

rJL
D5S kBTK

D D m

. ~15!

Equations~13!–~15! show that thef level behaves at high
temperatures as an effective sextet with Kondo scaleTK

H and
at low temperatures as an effective doublet with Kondo re
nanceTK . The two Kondo scales satisfy the relation

~kBTK
H!m1M5~kBTK!mDM. ~16!

The scaling result given by Eq.~13! shows that we can re
move the CF splitting from the asymptotic considerations
high and low temperatures, provided we renormalize the
fective coupling constant in such a way that the low-ene
properties of the effective models and the Coqblin-Schrie
model are the same. Note that theTK of the effective doublet
is much higher than the Kondo scale of the Coqbl
Schrieffer model calculated in the limitD@D0, with the ini-
tial conditionJL(D0)5J0.

The anisotropic susceptibility tensor of the Coqbli
Schrieffer model with CF splitting is obtained by applyin
the linear response theory and calculating the response f
tions by lowest-order perturbation theory with renormaliz
coupling constants.22–25 The effective Coqblin-Schrieffer
model at a given temperatureT is obtained by reducing the
cutoff from D0 to D5AkBT and renormalizingJ0 to J(T)
5J(TK /AT,D/AkBT) according to Eq.~13!. Here, A is a
numerical constant of the order of unity. Thus, we obtain
susceptibility

xJ
a~T!5xCF

a ~T!@122rJ~T!#, ~17!

where xCF
a (T) is the a component of the anisotropic C

susceptibility calculated in the Appendix. The result~17!
shows that the exchange interaction reduces the CF sus
tibility, and the poor man’s scaling gives the reduction fac
as F(T,TK ,D)5@122rJ(T)#. Fitting the experimental re-
sults above 30 K with the renormalized susceptibility giv
by Eq. ~17!, whereJ(T) is given by Eq.~13!, we obtain an
implicit relation betweenTK and the cutoff constantA. The
analysis of the CexLa12xCu2.05Si2 data above 30 K shows
that we can writeTK.aA1b, wherea53 K andb521 K.
The physically acceptable range of the cutoffs is fromkBT to
4kBT, which givesTK between 2 K and 11 K andTK

H be-
tween 60 and 110 K. However, the analysis of the lo
temperature data~see below! leads to the valuesTK58.5 and
A53. The theoretical results obtained in such a way
shown in Figs. 5, 6, 10, 11, and 12 as a solid line.
8-7
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The experimental data are described by the scaling the
down to 30 K. At lower temperatures there is a discrepan
which is not really surprising, sinceJ(T) in Eq. ~17! grows
rapidly for T!TK

H and at about 30 K the coupling given b
Eq. ~13! becomes too large for the renormalized perturbat
expansion to be valid. Note that in the absence of the
splitting the perturbation theory for theN-fold degeneratef
level breaks down at aroundT.TK

H . The CF splitting re-
duces the degeneracy of the ground state and extend
validity of the perturbation expansion down to aboutT
.ATK , whereTK is the Kondo temperature of the effectiv
doublet andTK!TK

H .
Below 20 K, however, the coupling constants defined

Eqs. ~13! and ~15! satisfy J(T).JL(T), such that we can
consider thef state as an effective doublet. The average m

FIG. 11. The single-ion susceptibility for finite Ce concentrati
shown on a Curie-Weiss plot as a function of temperature
Ce0.06La0.94Cu2.05Si2. Dashed line is the CF result 1/xCF

a (T), and
solid line is the scaling result 1/xJ

a(T). The calculations are per
formed forTK58.5 K, TK

H5100 K, andD5330 K.

FIG. 12. Temperature dependence of the reduction factor of
susceptibility,F(T)5x ion(T)/xCF(T), for CexLa12xCu2.05Si2 with
x<0.09. The symbols are obtained from the susceptibility data,
dashed line is obtained from the anisotropy data, and the solid
is the scaling result. The dash-dotted line shows the reduction fa
for the spin-1/2 Kondo model.
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ry
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ment of the CF ground state, calculated by the CF theory
m51.62mB , which is not too different from the free spin-1/
momentA3mB . Thus, to discuss the low-temperature da
for T<TK we neglect the small anisotropy of the CF grou
state, approximate the CF split multiplet by an effecti
doublet, and replace the Coqblin-Schrieffer model by
effective spin-1/2 Kondo model. We relate the two mod
by setting the Kondo temperature of the spin-1/2 Kon
problem toTK . In such a way the parameter space of t
low-temperature model is completely determined. The s
ceptibility of the Kondo model in the local moment~LM !
regime, i.e., forTK/2<T<15TK , is given by the numerica
renormalization group result17

xW5
0.68C0

T1A2TK

, ~18!

where C05NA(gmB)2S(S11)/3kB , i.e., C050.375 emu/
mol. UsingxW andTK58.5 K we obtain the curve shown in
Figs. 5 and 12. In the low-temperature LM regime, whi
sets in for dilute CexLa12xCu2.05Si2 alloys between 4 K and
30 K, we find that the calculated susceptibility is very clo
to the experimental values. Thus, by demanding that the l
and the high-temperature models have the same Kondo
perature we restricted the high-temperature cutoff constan
A53.

IV. DISCUSSION OF THE EXPERIMENTAL RESULTS
AND CONCLUSION

The anisotropic susceptibility of a single Ce ion is fou
by systematic measurements of dilute CexLa12xCu2.05Si2 al-
loys on the Faraday balance and the torque magnetom
and by carefully subtracting the background. The experim
tal results are explained by the Coqblin-Schrieffer mo
with the CF doublet-quartet splittingD5330 K and with the
exchange scattering such thatTK58.5 K. The average value
of the calculated susceptibility tensor,xJ(T)5@2xJ

ab(T)
1xJ

c(T)#/3, is shown in Figs. 5 and 6, together with th
experimental data. The corresponding result for the susc
tibility anisotropyDxJ(T) is compared with the torque mea
surements in Fig. 10. Combining the Faraday balance and
torque data we find the single-impurity response along
principal axes, which is shown in Fig. 11 for thex50.06
sample, together with the scaling result~solid lines! and the
CF theory ~dashed lines!. The experimental data for othe
samples are about the same.

The principal-axis susceptibilities shown in Fig. 11 follo
between 100 K and 350 K an anisotropic Curie-Weiss la

x ion
a 5

Ca

T2Qa
, ~19!

such that the slope of 1/x ion
a (T) and 1/xCF

a (T) is about the
same. Thus, the high-temperature data can be discusse
terms of an anisotropic local moment which is close to
CF value. However, the response of thef state is reduced
with respect to the CF value due to the temperatu
dependent exchange coupling to the conduction band.

r

e

e
e
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lowest-order perturbation theory gives the reduction facto
F(T/TK

H)5122rJH(T/TK
H), where we assumed an isotrop

exchange coupling. The Ce impurity behaves in this hi
temperature LM regime as a sextet split by the tetragonal
and with the relevant Kondo scaleTK

H5100 K.
Below T.TK

H , we observe the crossover from the hig
temperature LM regime to an effective twofold-degener
low-temperature LM regime. Surprisingly, the behavior
the system at the crossover is still rather well described
scaling, and the single-ion response can be discusse
terms of the reduced CF susceptibility.

At low temperaturesT<ATK , the renormalized coupling
becomes too large for the lowest-order renormalized per
bation expansion to be valid. Since we are not aware of
accurate theoretical results for the response of Coqb
Schrieffer model with CF splitting that we can use close
TK , we estimate the reduction factorF(T) directly from
the experiments, assuming that the exchange is isotropic
that the susceptibility retains the factorized form~17! down
to lowest temperatures. The Faraday balance data
F(T)5x ion(T)/xCF(T) and the torque data giveF(T)
5Dx ion(T)/DxCF(T), which we plot in Fig. 12, togethe
with the high-temperature scaling resultxJ /xCF5@1
22rJ(T)# and the Wilson’s resultFW5TxW /C0.

The reduction factors obtained from the average susce
bility and the anisotropy data are very similar, and the hig
temperature data are rather well described by the poor m
scaling. At low temperatures, where the crystal field calcu
tions lead to an effective doublet withxCF.NAmeff

2 /3kBT
andmeff.1.621mB , the experimental reduction factor com
very close to the universal curve obtained for the isotro
spin-1/2 Kondo model.17

We mention, for completeness, that the magnetic ano
lies discussed here are accompanied by the usual Ko
anomalies in the electric resistivity and the thermoelec
power data.7 All the samples used for the susceptibility me
surements have a clear Kondo minimum in the bare resis
ity, as well as a very large thermoelectric power with tw
peaks, which is typical of CF split Kondo ions.26 The low-
temperature peak is at about 10 K and the high-tempera
one at about 120 K, as expected in a system described b
Coqblin-Schrieffer model with the Kondo scalesTK.8.5 K
andTK

H.100 K.
In summary, the magnetic susceptibility of a dilute C

ions embedded in the tetragonal metallic host has been
tained by careful data analysis. The samples used in our s
ies have a negligibly small Ce-Ce interaction. The change
the matrix induced by the doping are also found to be v
small. The behavior of the CexLa12xCu2.05Si2 compounds
with less than 9 at. % of Ce is well described by the Coqb
Schrieffer model of af state comprising a ground-state do
blet and a pseudoquartet split byD.330 K. The quantum
fluctuations due to the exchange coupling between thf
state and the conduction band can be described by the
man’s scaling, which explains the high-temperature data
the crossover from the high-temperature LM regime to
twofold-degenerate low-temperature LM regime, whi
takes place at aboutTK

H.100 K. The lowest-order perturba
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tion expansion, based on the scaling solution of the CF-s
model, breaks down below 30 K. However, at such low te
peratures, the effect of the excited CF states is rather sm
and the experimental results below 20 K can be described
an exact solution of the spin-1/2 Kondo model with Kon
scaleTK58.5 K. This low-temperature Kondo scale dete
mines completely the cutoff constant used in the hig
temperature scaling.
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APPENDIX

A Ce31 ion in a tetragonal crystal field is described by t
Hamiltonian27

HCF5B2
0O2

01B4
0O4

01B4
4O4

4 , ~A1!

where Bl
m are the CF parameters andOl

m are the Stevens
operators, which are related to the angular moment
operator J and its componentsJx5 1

2 (J11J2), Jy
51/2i (J12J2), andJz , as follows:

O2
053Jz

22J~J1I !,

O4
0535Jz

2230J~J1I !Jz
2125Jz

226J~J1I !13J2~J1I !2,

O4
45

1

2
~J1

4 1J2
4 !. ~A2!

For small CF this Hamiltonian is a perturbation to th
sixfold-degenerate 4f 1, j 55/2 atomic wave functions
u61

2&,u6
3
2&,u6

5
2&, and it is easily diagonalized. The eigenve

tors un& are given by

G7
(1):u61&5hU65

2L 1A12h2U73

2L ,

G7
(2):u62&52A12h2U65

2L 1hU73

2L ,

G6 :u63&5U61

2L , ~A3!

and the energy eigenvaluesen are

e1510B2
0160B4

0112A5
A12h2

h
B4

4 ,

e2522B2
02180B4

0212A5
A12h2

h
B4

4 ,

e3528B2
01120B4

0 , ~A4!

where the mixing parameterh is defined by the equation

h

A12h2
2

A12h2

h
5

B2
0120B4

0

A5B4
4

. ~A5!
8-9
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The neutron scattering data12 indicate aG7 ground state
and a CF scheme shown in Fig. 13.

Sincee2'e3, we use here an approximate doublet-qua
scheme.

Thea component of the CF susceptibility of one mole
isolated Ce31 ions is given by the van Vleck formula28

xCF
a 5

NA~gJmB!2

Z (
n

Fb (
m,en5em

u^muJaun&u2e2ben

1 (
m,enÞem

u^muJaun&u2
e2bem2e2ben

en2em
G , ~A6!

where n,mP$61,62,63%, NA is Avogadro’s number,mB
the Bohr magneton,gJ the Lande´ gyromagnetic factor,Z the
partition function,b51/kBT, and en ,em are given by Eq.
~A4!. The matrix elementŝmuJaun& of the angular momen
tum J in a direction are taken between the CF eigensta
~A3!.

The n summation is performed over all the energy leve
while the m summation is performed for degenerate (en
5em) and for nondegenerate (enÞem) levels separately. If
the energies are measured relative toe1, we obtain

xCF
c 5

NA~gJmB!2

2~112e2bD!
bH F2S 3

2
24h2D 2

1
1

2
e2bD

12S 5

2
24h2D 2

e2bDG164h2~12h2!
12e2bD

D J ,

~A7!

FIG. 13. The CF level for the doublet-quartet scheme used
the calculations.
W

W.

.
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,

xCF
ab 5

NA~gJmB!2

2~112e2bD!
bH F10h2~12h2!~11e2bD!1

9

2
e2bD

18h2G1@8~12h2!15~122h2!2#
12e2bD

D J . ~A8!

The anisotropyDx5xc2xab is

DxCF5
NA~gJmB!2~6h221!

2~112e2bD!
H b

2
@10h2~14h2217!e2bD#

1~14h229!1~13214h2!
12e2bD

D J . ~A9!

In both the low- and high-temperature limits the CF su
ceptibility in the a direction can be approximated by th
Langevin formulaxCF

a 5NAma
2/3kBT, wherema is the effec-

tive magnetic moment. At high temperaturesT@D, the ef-
fective moment is isotropic,mab5mc5gJAj ( j 11)mB

52.535mB .
At low temperaturesT!D, the magnetic moment is de

termined by theG7
(1) ground-state doublet moment and

anisotropic:

mc5A3gJU32 24h2UmB ,

mab5A15gJhA12h2mB . ~A10!

The curves shown in the text are calculated with para
etersD5330 K, h50.816, andgJ58/7. The corresponding
values for the CF parameters areB2

0521.01 meV, B4
0

50.011 meV, andB4
4520.50 meV.

From those parameters we findmc51.727mB and mab

51.566mB and the effective magnetic moment of the sphe
cally averaged G7

(1) CF ground state m̄e f f

5A2/3(mab)
211/3(mc)

251.621mB .

in
J.

d

B

1F. Steglich, J. Aarts, C. D. Bredl, W. Lieke, D. Meschede,
Franz, and H. Scha¨fer, Phys. Rev. Lett.43, 1892~1979!.

2G. Bruls, B. Wolf, D. Finsterbusch, P. Thalmeier, I. Kouroudis,
Sun, W. Assmus, B. Lu¨thi, M. Lang, K. Gloos, F. Steglich, and
R. Modler, Phys. Rev. Lett.72, 1754~1994!.

3F. Steglich, P. Gegenwart, A. Link, R. Helfrich, G. Sparn, M
Lang, C. Geibel, and W. Assmus, Physica B237-238, 192
~1997!.
. 4B. Andraka, Phys. Rev. B75, 3589 ~1994!; B. Buschinger, C.
Geibel, and F. Steglich, Phys. Rev. Lett.79, 2592~1997!.
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Physica B259-261, 686 ~1999!.
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