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The magnetic susceptibility and susceptibility anisotropy of the quasibinary alloy systga, C&Cu, osSiy
have been studied for low concentration of Ce ions. The single-ion description is found to be valid for
=<0.09. The experimental results are discussed in terms of the degenerate Cogblin-Schrieffer model with a
crystalline electric field splitting\=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 Ki@K are explained by the exact solution of the Kondo model
for an effective doublet.
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[. INTRODUCTION weight of the CF orbitals. These values are consistent with
the high-temperature neutron scattering data on GBizu
The intermetallic compound Cea; ,Cu, oSi, has been  single crystals™*?However, the CF theory does not describe
studied for more than two decades, but its properties are stiftorrectly the response of the high-temperature local moment,
not completely understood. For a large concentration of C&nd it also fails to explain the rapid reduction of the local
ions the Compound shows heavy fermion Supercondudivitymoment at intermediate temperatures and the loss of anisot-
and small-moment antiferromagnetié.At intermediate  ropy at low temperatures. These characteristic features of the
concentrations, non-Fermi-liquid features are fofindhile =~ Magnetic response of Ce ions in metallic hosts can only be
for small x one observes anomalies due to the crystallineobtained by coupling théstates to the conduction band.
electric field (CP) splitting and the Kondo effect’ The In this paper we show that the magnetic properties of
change of the properties of the compound induced by Célilute Cgla;_,Cup 055, compounds can be explained by
doping is an important issue that remains to be clarified, botilescribing the interaction between the Ce ions and the me-
experimenta”y and theoretica”y. tallic electrons by the Coqblin-SChrieffer model Wlth the CF
Here we present magnetic susceptibility data ofsplitting. The high-temperature susceptibility obtamed_by the
Cela,_,Cu, oS, intermetallics for small concentrations of lowest-order perturbation theory agrees very well with the
Ce ions,x=<0.09, and show that the magnetic moment of Ceexperimental data, provided we renormalize the exchange
depends on temperature and is very anisotrdpithe interaction by the “poor man’s scaling:*~* For large CF
samples we consider are sufficiently dilute for the interactiorsPlitting, the scaling theory generates two relevant low-
between the Ce ions to be neglected. We find the suscep@nergy scaledy<T} instead of one without splitting. The
bility of a single Ce ion embedded in a tetragonal host bybehavior of the anisotropic susceptibility above 30 K is ac-
studying the effects of Ce concentration. The magneticounted for by choosingk=8.5 K andT{ =100 K. The two
anomalies are accompanied by transport anomalies, as indbw-energy scales, which differ by an order of magnitude,
cated by large peaks in the thermoelectric power and a logaxplain the reduction of the local moment from a high-
rithmic increase of the electric resistarfceThis behavior is  temperature sextet to a low-temperature doublet, and lead to
typical of exchange scattering on CF-split ions, and we base qualitative explanation of the transport datd.The low-
the theoretical analysis on the degenerate Cogblin-Schriefféemperature properties of the Cogblin-Schrieffer model can-
modef? in which the two lowest CF states are coupled by annot be calculated by scaling. However, far=330 K and
exchange interaction to conduction states. TE =100 K, the occupation of the excited CF states below 20
The CF parameters of dilute Ce alloys are obtained by is negligibly small. Thus, we approximate thetate by an
analyzing the high-temperature magnetization data with theffective doublet, and describe the low-temperature proper-
usual CF theory which neglects the coupling betweenfthe ties by an effective spin-1/2 Kondo model with Kondo scale
electrons and the conduction states, and considers just arx. The exact renormalization group results for the
isolated Ce ion in a tetragonal environméfdr details see susceptibility’ agree very well with the experimental data.
the Appendix. The magnetic anisotropy is explained by tak-  The paper is organized as follows. First we describe the
ing A=330 K for the CF splitting between the doublet sample preparation and provide the details of the measure-
ground state and a pseudoquartet, formed by the two closelyents. Then we analyze the susceptibility data obtained by
spaced excited doublets, and taking0.816 for the relative the Faraday magnetometer on powdered samples and the an-
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isotropy data obtained by the torque magnetometer on poly- 2.0
crystalline samples, and show that the observed anomalies

cannot be explained by the CF effects due to an isolated

state. The coupling between tliestate and the conduction

band, as described by the Cogblin-Schrieffer model with a 1.5 s,
CF splitting, is introduced next. Then, we discuss the suscep-
tibility and the magnetic anisotropy of an excited quartet
separated from the ground-state doublet by the endérgy
Finally, we compare the theoretical results with the experi-
mental data. The CF calculations for Ce ions in a tetragonal
environment are presented in the Appendix.
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II. EXPERIMENTAL DETAILS AND DATA ANALYSIS
x=0.03

A. Samples

u]
Rl
|
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The polycrystalline Cg-a; _,Cu, osSi, samples with low 0.0 N \
Ce content x=<0.09) were prepared using a two-step proce- 10 100
dure in order to enhance composition control and improve
homogeneity. In the first step, appropriate amounts of pure Temperature (K)
elements were arc melted to get master ingots with compo-
sitions x=0 andx=0.1. In the second step, part of these

master ingots were melted together in an ropriate ratio t
aster ingots were melted togethe an appropriate rafio and the squares to=0.03, respectively. The inset showéx, T) Tk

) ) - .
obtain samples with O'GQ.X 0'99' Samples.W|th larger Ce for the twox=0.07 samples, plotted VE/Ty , with two different
content were prepared in a single step directly from pure

elements. All samples were annealed for 40 h at 700 °C, the\r/1alues Ofk
for 80 h at 950 °C, followed by a slow cooling to 700°C
within 72 h. The x-ray powder diffraction patterns showedtermediate temperatures, the data represented by the open
only reflections of the ThGSi, structure. Both lattice pa- and solid symbols cannot be represented by a single function
rametersa andc, as well as the unit cell volume, decreaseof T/Ty . The Kondo temperature of various samples might
linearly with increasing Ce content, the decrease being quitéiffer because of small deviations of the actual Cu concen-
pronounced fora but rather weak forc.” This preparation tration from the nominal one and the associated chemical
procedure combines all the experience gained in our laboraressure effects.
tory within the last 20 years upon the investigation of The samples used for the torque measurements are small
CeCuySi, and related alloys. More detailed information polycrystallites of irregular shape. The uniaxial symmetry of
about the preparation process can be obtained directly froffie unit cell allows one to obtain the intrinsic anisotropy
the authorg?® even in the absence of perfect alignment of the crystallites
The temperature dependence of the susceptibjifty, T)  (for details see below
is found by measuring the fixed powders weighing about 20
mg. The data analysis shows thdix, T) is dominated by the
contribution due to Ce ions, but that the samples with the
same nominal Ce Concentratidnshow slightly different The absolute value of the average magnetic susceptibility
susceptibilities at low temperatures. This is demonstrated iry(x,T) is measured for G&a,_,Cu, oSi, samples on a
Fig. 1, wherey(x,T) is plotted as a function of temperature high-precision Faraday balance for temperatures between 2
for two pairs of typical samples. The susceptibility differenceK and 350 K, for a magnetic field up to 9 kOe and for Ce
for the two samples with the same nominal concentration concentration ranging from 1 to 9 at. %. The magnetization
=0.07 grows from about 210 ® (emu/mol) at 300 K to  of all samples, measured at 300 K, 77 K, and 2 K, is found to
about 20010~ ° (emu/mol) at 2 K, whiley(x, T) increases be a linear function of the applied field. Susceptibility is
in the same temperature interval only about 10 times. Similadefined asy(x,T)=M/H [emu/mol. The experimental re-
behavior is seen in other samples, and we take that as ewults are plotted in Fig. 2 as a function of temperature and in
dence that the susceptibility difference shown in Fig. 1 is noFig. 3 as a function of concentration. Figure 3 shows that the
due to an inhomogeneous distribution of Ce ions. The slighsusceptibility increases linearly with Ce concentration, and
variation of the functional form ofy(x,T) is most pro- we take that as evidence that the Ce-Ce interaction is small.
nounced at low temperaturésee also Fig. b and that can The data analysis shows that the high-temperature suscep-
be explained in terms of a small variation in the Kondo tem-tibility of the samples with the lowest concentration of Ce is
peratureTy . The inset in Fig. 1 shows the data for the two diamagnetic; i.e., the response of very dilute alloys is domi-
samples with nominally 7 at. % of Ce, plotted verquJy . nated by a background. Thus, the effects of alloying on the
The low-temperature data follow the same curve, providednatrix in which the Ce ions fluctuate should not &riori
we useT=7.6 K andT,=9.3 K for the data represented by neglected. We also notice that the low-temperature suscepti-
the open and solid triangles, respectivélydowever, at in-  bility has a Curie-like upturn due to some unspecified mag-

FIG. 1. x(x,T) plotted vs temperature for two pairs of
8@La1,XCLb_O5Si2 samples. The triangles correspond xe 0.07

B. Susceptibility
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FIG. 2. Susceptibility of Cda; ,Cuw, osSi, plotted vs tempera-

ture on a logarithmic scale for<0.09. FIG. 4. The susceptibility of the LaGysSi, matrix x(0,T) plot-

ted vs temperaturgircles. The solid line is the least-squares fit by

netic impurities that are immanent to the rare earths, and fo'?q'(z)' The low-temperature Curie-Weiss upturn is due to magnetic

. . . contamination. Note the difference in the vertical scales used here
very dilute alloys this upturn becomes relatively large. Be-_ Fig. 2

cause the concentration of these unspecified magnetic impu-

rities differs in each sample and because the alloyin o find xg(x,T) we notice that the susceptibility data shown
changes the background, we do not define the single-ion CI Fi é(gre’ linear in concentration for aﬁ temyeratures and
response as a difference between the susceptibility off M9 P ’

) . L _use thex=0 intercept of the straight lines to define the sta-
Cela; ,Cup gsSl, and LaCy o3ip. To minimize the system tistically averaged background susceptibility of the Ce-free

atic error due to sample preparation we define the suscepti-

bility of a Ce-free compound as a statistical average obtainelﬂr: alt:rilx, )2(0{;) .e-'lu-r?eervv?/litlr? Sﬂ?ebtlae' 2:3 ;nusgrzz ?‘i\tlv?zgserg SohnO\f[the
from Fig. 3, and find the single-ion contribution by the fol- 9. 4 109 q

lowing procedure. expression

We assume that the total susceptibility of a given sample, c
which is shown in Figs. 2 and 3, comprises two contribu- 0T)= vat imp 2
\ . : L . x(0,T)=xo+ == : 2
tions: a single-ion Ce susceptibilify,, and a concentration- T=0Oimp
dependent background xs(X, T)=x(0,T)

+X[ dxs(x)/x],o. We consider only the lowest-order con- where y, describes the constant diamagnetic contribution of
X=0-

centration effects and express the measured susceptibility §f€_Stoichiometric compound LagtSi, and the Curie-
a given sample as Weiss term describes magnetic contamination. The experi-

ment givesyo= —3.1x10"> (emu/mol), Cjn,=5.9x10"*

K (emu/mol), and®;,,= —2.8 K. To estimate the level of
X%, T)=x(0.T) +x{xion(T) +[dxs(X)/dX]x=0}- (1) contamination we assume;n,=(Niny/3ks)g2u3j(j+1),
where ug is the Bohr magnetory is the gyromagnetic fac-
tor, andkg is Boltzmann'’s constant. Taking fpithe smallest
possible valuej=1/2, we find that the upper limit for the
number of magnetic impurity atoms N;,,=0.0016N,,
whereN, is Avogadro’s number. Thus, the average concen-

1.5

=
[

= tration of the unspecified magnetic impurities is about 0.1
g at. %, which is at least one order of magnitude less than the
3 lowest Ce concentration we measure.
g Using Eqgs.(1) and(2) we find that[ x(x,T) — x(0,T) [/x
o™ 0.5 defines the same curve for all the samples. This unique curve
= defines the impurity susceptibility,,,(T) up to a constant
> shift [ dxg(X)/dx]4=o. HoOwever, the two terms in the braces

in Eq. (1) cannot be obtained by independent measurements,

X , , , , and we replacg;on(T) in Eq. (1) with a theoretical expres-

0.00 0.02 004 006 0.08 0.10 sion (for details see belowand find that the experimental

data can be fitted by takingxg/dx]x—o=10"% (emu/mol

Ce. The same value of this constant shift is obtained by
FIG. 3. Susceptibility of Cg.a; ,Cu, osSi, plotted vs concen- using for the high-temperature single-ion susceptibility in

tration for various temperatures. Eqg. (1) the expressioryi,(T)~1/T and making the least-

e
(=)

Concentration x

184438-3



I. AVIANI et al. PHYSICAL REVIEW B 64 184438

500

1 = 400
S g
= L
% 8 300

g k)
® i'::‘/ 200
(=} = I
= £ v

5 X 100}

2 ¢

OI/.||.I..|.I....I..
0 100 200 300
Temperature (K) Temperature (K)

FIG. 5. The average single-ion susceptibility of FIG. 6. The inverse of the average single-ion susceptibility
Cgla;_Cu, osSi; defined as xion(T)=[x(X,T)— x(0,T)I/x—1 shown as a function of temperature for,Ca, _,CWw, ,:Si, samples
x10~* (emu/mol C¢, plotted vs temperature for<0.09 samples. with x<0.09. Dashed line is the CF result, and the solid line is the
The solid line shows the scaling result, the dashed line shows thscaling result.

CF result, and the dash-dotted line shows the exact solution for the
spin-1/2 Kondo model in the local moment regime. The high-temperature susceptibility follows the Curie-

_ ~ Weiss law Iion(T)=(T—0)/C, where C=NuuZ4/3Kg
squares fit through the data above 250 K. The-c.o.mparlso_n 0—£0.125L§ﬁ/,u2320.8 K emu/mol Ce, which is close to
Xion(T) anddyg(x)/ox shows that the susceptibility contri- o cF result. The antiferromagnetic Weiss temperature is
bution due to Ce ions is at least one order of magnitudgy__ 100 K. The low-temperature susceptibility data can
larger than the background contribution, so that a possiblggy pe represented by a Curie-Weiss law wie
small error in[ dxg(X)/dx]y=o does not influence our con- —0.3 Kemu/mol Ce an®=—15 K. This value ofC leads

clusions in an essential way. : ... toues=1.6ug Which is close to the average value obtained
The average susceptibility of a single Ce ion in dllutefOr the lowest CF doubletsee the Appendix
Celay -, Cup 055, samples is defined by the expression The analysis of the single-impurity data in Figs. 5 and 6

shows clearly that the CF theory, which neglects the coupling
_ :X(X’T)_X(O’T) a4 of f electrons to conduction states, fails to explain the re-

Xion(T) 10 % (emu/mol Ce¢, (3) , I

sponse of the # ions to an external magnetic field. The
o . i correct description is obtained by considering not only the
which is shown in Fig. 5 as a function of temperature for,aymodynamic fluctuations but taking also into account the
various values ok. The response of Ce ions is nearly the q,anwum fluctuations, due to the Kondo effect. Before evalu-
same for all the compounds up %e=0.09, ang it begins 10 4iing these effects in more detail, we discuss the torque mea-
deviate from the-independent form for=0.1"The scatter  gyrements which provide the magnetic anisotropy of Ce ions
of the data at low temperatures is about the same as thg,q allow us to obtain the full susceptibility tensor.
scatter shown in Fig. 1 and can be eliminated by plotting
Xion ON & universal temperature scaléT(x), with Tk (X)
=8.5+1 K. However, in our dilute samples, the lack of any
systematic behavior of«(x) as a function of Ce doping The intrinsic anisotropy  of polycrystalline
does not allow us to explain the observed fluctuations inCela; ,Cu, osSi, samples with clear preferential orienta-
terms of the chemical pressure effects induced by Ce dopingion was measured on a high-precision torque magnetometer.
As discussed in the previous section, the random variation dh the experiment the sample is attached to a thin vertical
Tk(x) can be associated with the local fluctuations in Cuquartz fiber and a homogeneous magnetic fi¢lés applied
stoichiometry. in the horizontaky plane, as shown in Fig. 7. Thus, only the

The anomalous behavior of the molar susceptibility of Cez component of the torquE is measured.

in CeLa; ,Cuw, o5Si, becomes most transparent if one com-  The experimental values for the susceptibility anisotropy
paresyion(T) with the susceptibility of a crystallographically of a given sample\ y®* are obtained from the ratib,/H?,
equivalent but unhybridizedf4 state,yc(T), which is cal-  which is measured by the following procedure. For an arbi-
culated in the Appendix. In Fig. 5 we plot the susceptibilitiestrary sample orientation, the magnetic field is rotated in the
versus lod, and in Fig. 6 we use the Curie-Weiss plot andxy plane by an angle varying from 0° to 180°. Measuring
show the inverse of the susceptibilities as a functiodfTof the angular dependence of the torque curve at 300 K, 77 K,
The symbols represent the experimental data, while thand 2 K, in a magnetic field of 8 kOe, we find tHaj(«) is
dashed line, the solid line, and the dash-dotted line represeat sinusoidal function of a perioar, with zeros which are
the CF, the scaling, and Wilson’s results, respectively. independent of temperature. This shows that the magnetiza-

C. Susceptibility anisotropy
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z To analyze the torque data shown in Fig. 8 we writezhe
component ofl” as

. I',=V(MXH),, (4)

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

_ | A
0 M=M'+MA, (5)

where the isotropic componekt' is directed alondd, while
A the anisotropic oné/” is directed along the axis of the
M i crystal. Obviously, M'=x2"H and M”=(x¢— x®)H,,
C 4 I l/ ¥ where x¢ is the susceptibility along the axis, x®° is the
M susceptibility in theab plane, andH, is the component of
/o the magnetic field along the direction. Using Eq(4), we
) find that the torque on a crystallite with tleeaxis directed
H along (6,¢) and induced by the magnetic field in the
plane,H=H(cosa, sina, 0), is given by the expressidsee
also Fig. 7

X

FIG. 7. The torque on a uniaxial crystallite, oriented alongahe

direction, induced by the external magnetic fieldn the xy plane. 1

tion of the sample is proportional to the applied field. The FzzinHzAX Sir(9)si2(a—¢)], ©®)
amplitudel’{" of the sine torque curve is then measured as a , _ ,

function of temperature. Next, the sample is rotated by 9o%vhere Ay is now measured in emu/mol, i.e., stands for
around they axis, and the amplitudES’) is measured as a (y/n)AX. Thus, the temperature dependenpe pf t.he torque is
function of temperature. The experimental anisotropy of &Jiven, up to a numerical constant, by the intrinsic suscepti-
given sample is defined asy®®'= 21“9)/H2n [emu/mol, bility anlsotropyAX=)(C—)("j1 , regardless of the orientation
wheren is the number of moles and the indiexh,v denotes ~ Of the crystallite. _ _

the two orientations of the sample. The data obtained in this In @ polycrystalline sample, we are dealing with some
way are shown in Fig. 8 wherky®P{(x, T) is plotted versus volume dlstrlbytlonvi=yi(0i ,¢i) of the crystallites with
temperature forx=0.01, 0.02, 0.03, and 0.06. All of the respect to their orientations. The total torque on a sample
curves in Fig. 8 show similar temperature dependence, witvith @ given concentration of Ce ions is the sum of all the
the extremum point at 48 K. The torque signal is quite strongs€parate contributions and can be written as

due to a large anisotropy of the Ce moment and because the

measurements are performed on samples with a rather high X T a2 ; _

degree of preferential alignment of the crystallites within the Iz 2 NH A xsin2(a=eo], @

polycrystal. where we introduced the alignment factgg (0<1y,<1)

and the phase shifp,. In our experiment the magnet is
rotated to a positiore—¢,= * 7w/4 which maximizes the
torque. Thus, up to a geometrical factgr, the temperature
dependence of the torque follows from the intrinsic anisot-
ropy of the sample. The alignment factgy depends on the
distribution of the polycrystallites in the sample, and is given

by y.= \/AX2+ BXZ, where

(1 O4emu/mol)
S
[\

1

001h .

002h ] AX:V 2 V; sir? 6; cos 2p;
003h | [

0.06h

06k M 0.06 v i

expt
1
e
~
T

1

o
002v v
o
+

Ay

and

L PR T PR SR S St
0 100 200 300

1
B,=— >, V. sir? 6 sin 2¢; .
Temperature (K) Vv Z ' ' i
FIG. 8. The susceptibility anisotropy of @&, ,Cu,Si, is 10 find the single-ion anisotropy we have to estimateand
shown as a function of temperature fo=0.06 samples. The data the intrinsic anisotropy of the metallic matrix. .
corresponding to two different orientations of the sample with re- The data analysis shows that the experimental anisotropy
spect to the magnetic field are denotedrogndv, respectively. Ax®®(x,T)=y,Ax follows a similar temperature depen-
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AXEP(X,T) = VXA Xion(T) + Axa(X)], (9)

=~ where the temperature dependenceAafs is neglected. In
g the dilute limit, we approximate the van Vleck anisotropy by
= a linear expression
=
(5
A4
=) dA x(x)
= Axp(X)=Axo+Xx a—B
T _05Fc 00lv o 00lh X o
) A 002v v 002h
< ° 00v o 003h and use Eqs(8) and (9) to derive an approximate relation
x 006v + 006h
1

between the experimentally determined quantities,

PRI [ T T S PR R
-0.20 -0.15 -0.10 -0.05

expt -4 | i X
Ax oo, (10 ‘'emu/mol) IX— = —"Axo, (10)
kx(x_xl)

FIG. 9. AxZ®(x,T) of CgLa, _,Cu, oSi, samples is plotted vs
Ax®*(x,,T). The data are given for two different orientatioris (
=h,v) with respect toH. The concentration of the Ce ions in the
referent sample i;=0.01. The solid lines are the linear extrapo-
lations which define the coefficienk§ andl,.

where 3] is the alignment factor of the reference sample.
The experimental values obtained from Fig. 9 indicate
that the ratio in Eq.(10) is indeed very nearly sample
independent(see Table )| and given by yjAx,=—2.4
dence in all the samples. This is shown in Fig. 9, where* 10 > [emu/mol. Using this value, and_ Eqe8) and (9),
Ax®®(x,T) is plotted as a function oAxffxpixl,T), with  We can express the produgf A xion(T) in terms of ex-
temperature as an implicit variable. We recall that the indexPerimentally determined quantitiés,

i=v,h denotes the orientation of the sample with respect to

the applied field. The orientation of the reference sampile is AxEP(x,T)— 1! YA xo
I 1 X

and the reference Ce concentratiorxjs=0.01. The correla- YiAXion(T)= i (11
tion between the torque data is found to be strictly linear, XKy X1
Ax®P(x, T) =K AxP(x,, T)+1, (8)  ConsideringyjA xion(T) as a function of temperature one

, , obtains the same function for all the samples. The value of
where ki and I} denote the slope and the intercept of the? is obtained by fitting the universal cur¢&l) by the the-
straight lines, respectively. The numerical valuekipéndl,  oretical result for the Cogblin-Schrieffer model, with the
for each sample are given in Table I. As shown below, thesame parameters as in the previous section. This gijes
linear relation(8) proves essential for obtaining the single- = 55,
ion contribution from the experimental anisotropy data. The single-ion anisotropy xion(T), defined in the above

In analogy with the analysis of the susceptibility data wedescribed way, is plotted as a function of temperature in
assume that the susceptibility anisotropy of a given crystalgijg. 10, together with the scaling resuolid line) and
lite has a single-ion contributiond xion(T)=Xfon—Xion:  the CF anisotropydashed ling The data show clearly that
and a van Vleck contribution due to the matrixyg=xg the magnetic anisotropy of f4 ions in the tetragonal
—ng. The unspecified magnetic impurities which contami-CeLa; ,Cuw, osSi, crystals cannot be explained by the CF
nate our samples, and which are described by (Bg.are theory, which considers only the thermal fluctuations among
assumed to be isotropic, because the torque shown in Fig.\&arious CF states. The correct description is obtained by in-
has no Curie-like upturn. Thus, we write the susceptibilitycluding the quantum fluctuations and is provided here by the
anisotropy of a given sample as scaling solution of the Cogblin-Schrieffer model.

TABLE I. The parameters from Fig. 9.

Sample Slopek!, Interceptl’, [emu/mol I1/K!+x/(0.01— x)[ emu/mo] Y

0.01 h 0.566 —1.41x10°7 — 0.31
0.02 v 2.042 2.7810°5 —2.67x10°5 0.56
0.02 h 0.901 1.3410°° —-2.97x10°° 0.24
0.03 v -1.06 1.7x 1075 —2.42x10°° 0.20
0.03h -2.78 —4.45<10°° —2.40<10°° 0.52
0.06 v 1.825 3.6x10°° —2.37x10°° 0.17
0.06 h —4.170 —8.46x10°° —2.43x10°° 0.38
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FIG. 10. The single-ion susceptibility anisotropyyion(T)
defined by Eq. (11) plotted vs temperature for all the
Cela; ,Cu, osSi, samples wittk=0.06. The solid line is the scal-
ing result, and the dashed line is the CF result.

Ill. THEORETICAL ANALYSIS

The properties of Ce ions in dilute @&, ,Cu, oSiy
samples are modeled by the Coqgblin-Schrieffer Hamiltonial
with CF splitting,

HK:HCF+HO+HJ1 (12)
whereH ¢ describes théstates in the tetragonal GBee the
Appendi®, Hy describes the conduction band of widtB g
with a constant density of states andH; defines the ex-

change coupling between thef4 states and the band
electrons?

The high-temperature properties are calculated by th

poor man’s scaling®'° which provides the renormalized
coupling by reducing the conduction electron cutoff from

to D, and simultaneously rescaling the coupling constan
from Jy to J(D), so as to keep the low-energy excitations of
the total system unchanged. Assuming the isotropic ex

change, this leads 6%

o 3)-5

whereJ is the absolute value of the antiferromagnetic cou
pling constantm=2 andM =4 are the degeneracies of the
lower and upper CF states, respectivalyis the CF splitting,

1 M

pJ

kg Tk
D

kgTk+A
D+A

(13
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Where,TE is the high-temperature Kondo scale, defined by
Eq. (14), with J; and D replacingdy andD, respectively.

The low-temperature asymptale(D) is obtained by ne-
glecting in Eq.(13) the effects of the excited CF levels, i.e.,
by neglectingTk and D with respect toA. This identifies
J. (D) as the scaling trajectory of an effective doublet with
Kondo scaleTy and the effective coupling

1

Joexg — —
pr(ﬂ (

Ju
Equations(13)—(15) show that thef level behaves at high
temperatures as an effective sextet with Kondo stgland
at low temperatures as an effective doublet with Kondo reso-
nanceTy . The two Kondo scales satisfy the relation

keTie |\

D

(14)

m

keTk
D

(15

(KgTi)™ M= (kg Ti) "AM. (16)
The scaling result given by E@13) shows that we can re-
move the CF splitting from the asymptotic considerations at
high and low temperatures, provided we renormalize the ef-
r{ective coupling constant in such a way that the low-energy
properties of the effective models and the Coqgblin-Schrieffer
model are the same. Note that fhg of the effective doublet

is much higher than the Kondo scale of the Coqgblin-
Schrieffer model calculated in the limk> D, with the ini-

tial conditionJ, (D) =J,.

The anisotropic susceptibility tensor of the Coqgblin-
Schrieffer model with CF splitting is obtained by applying
the linear response theory and calculating the response func-
tions by lowest-order perturbation theory with renormalized
coupling constant$ > The effective Coqblin-Schrieffer

odel at a given temperatufieis obtained by reducing the
cutoff from Dy to D=AkgT and renormalizingly to J(T)
=J(T«/AT,A/AkgT) according to Eq(13). Here,A is a

umerical constant of the order of unity. Thus, we obtain the
susceptibility

x3(T)=xce(MI1-2pI(T)], 17

where x&g(T) is the @ component of the anisotropic CF
susceptibility calculated in the Appendix. The resull?)
shows that the exchange interaction reduces the CF suscep-
-tibility, and the poor man’s scaling gives the reduction factor
asF(T,Tx,A)=[1—-2pJ(T)]. Fitting the experimental re-
sults above 30 K with the renormalized susceptibility given

andTy is the Kondo temperature. The renormalized couplingdy Eq. (17), whereJ(T) is given by Eq.(13), we obtain an

constant)(D) defines an effective model with cutdif. The
Kondo temperature is given by E¢L3) with J and D re-
placed by the initial valueg, andD,, respectively(for de-
tails see Refs. 14 and L5The scaling law(13) applies pro-
vided the renormalized coupling is small, i.eJ<1 and
D>Tk.

The scaling trajectory described by E(L3) has two
asymptotic regimes. The high-temperature asympip(@)
is obtained by neglecting the CF splitting and is given by

implicit relation betweenTy and the cutoff constari. The
analysis of the Cga; ,Cu, osSi, data above 30 K shows
that we can writeT = aA+ B, wherea=3 K and3=—1 K.

The physically acceptable range of the cutoffs is fikgi to
4kgT, which givesTy betwea 2 K and 11 K andTl be-
tween 60 and 110 K. However, the analysis of the low-
temperature dateee belowleads to the valueg,=8.5 and
A=3. The theoretical results obtained in such a way are
shown in Figs. 5, 6, 10, 11, and 12 as a solid line.

184438-7



I. AVIANI et al. PHYSICAL REVIEW B 64 184438

600 11— ment of the CF ground state, calculated by the CF theory, is
s pn=1.62ug, which is not too different from the free spin-1/2
500 - moment+/3ug. Thus, to discuss the low-temperature data,
= . 1 for T<Tx we neglect the small anisotropy of the CF ground
g 400 & - state, approximate the CF split multiplet by an effective
L s doublet, and replace the Coqgblin-Schrieffer model by an
g 300 effective spin-1/2 Kondo model. We relate the two models
> I by setting the Kondo temperature of the spin-1/2 Kondo
< 200 4 problem toTk. In such a way the parameter space of the
g low-temperature model is completely determined. The sus-
X 100 ceptibility of the Kondo model in the local momefitM)
- regime, i.e., forTx/2<T=<15T, is given by the numerical
ol renormalization group restilt
0 100 200 300 0.66C, -
Temperature (K) Xw T4 2T,

FIG. 11. The single-ion susceptibility for finite Ce concentration 5 .
shown on a Curie-Weiss plot as a function of temperature forVN€reé Co=Na(gup)"S(S+1)/3Kg, i.e., Co=0.375 emu/

Ceb.0d-80.54Cl 0Shp. Dashed line is the CF resultg2q(T), and MOl Usingx,, andTy=8.5 K we obtain the curve shown in
solid line is the scaling result #4(T). The calculations are per- Figs. 5 and 12. In the low-temperature LM regime, which
formed forT,=8.5 K, TH=100 K, andA=330 K. sets in for dilute Cd &, _,Cu, 0sSi; alloys betwer 4 K and
30 K, we find that the calculated susceptibility is very close

The experimental data are described by the scaling theorip the experimental values. Thus, by demanding that the low-
down to 30 K. At lower temperatures there is a discrepancyand the high-temperature models have the same Kondo tem-
which is not really surprising, sinc&T) in Eq. (17) grows  perature we restricted the high-temperature cutoff constant to
rapidly forT<TE and at about 30 K the coupling given by A=3.
Eq. (13) becomes too large for the renormalized perturbation
expansion to be valid. Note that in the absence of the CF |v. DISCUSSION OF THE EXPERIMENTAL RESULTS
splitting the perturbation theory for the-fold degeneraté AND CONCLUSION
level breaks down at aroun‘ﬂzTE. The CF splitting re-

duces the degeneracy of the ground state and extends t eThe anisqtropic susceptibility Of. a single Ce ion _is found
validity of the perturbation expansion down to abdlit y systematic measurements of dilute,G8 _C osS, al-

~AT,, whereT, is the Kondo temperature of the effective loys on the Faraday balance and the torque magnetometer,
double,t andT.<TH and by carefully subtracting the background. The experimen-
Below 20& thever the coupling constants defined b tal results are explained by the Cogblin-Schrieffer model

y . ] I _ .
Egs. (13) and (15) satisfy J(T)~J,(T), such that we can with the CF doublet-quartet splitting=330 K and with the

. . exchange scattering such thigt{=8.5 K. The average value
consider thd state as an effective doublet. The average moOf the calculated susceptibility tenSO)gJ(T):[ZXj‘b(T)

K J +x5(T)1/3, is shown in Figs. 5 and 6, together with the

experimental data. The corresponding result for the suscep-
tibility anisotropyA x;(T) is compared with the torque mea-
08| Z surements in Fig. 10. Combining the Faraday balance and the
v torque data we find the single-impurity response along the
06F o principal axes, which is shown in Fig. 11 for the=0.06
Xion/x oF Z sample, together with the scaling res(dolid lines and the
04 o CF theory(dashed lings The experimental data for other
samples are about the same.
The principal-axis susceptibilities shown in Fig. 11 follow
0.2 between 100 K and 350 K an anisotropic Curie-Weiss law
27 NAy. A
09 10 100 X%n:%, (19)

Temperature (K)

FIG. 12. Temperature dependence of the reduction factor of théUch that the slope of #f,,(T) and 1kce(T) is about the
susceptibility,F (T) = xion(T)/ xcr(T), for Celay_,Cuy, o:Si, with same. Thus, the high-temperature data can be discussed in
x=0.09. The symbols are obtained from the susceptibility data, théerms of an anisotropic local moment which is close to the
dashed line is obtained from the anisotropy data, and the solid lin€F value. However, the response of thstate is reduced
is the scaling result. The dash-dotted line shows the reduction factorith respect to the CF value due to the temperature-
for the spin-1/2 Kondo model. dependent exchange coupling to the conduction band. The

184438-8
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lowest-order perturbation theory gives the reduction factor ation expansion, based on the scaling solution of the CF-split
F(T/TR)=1-2pdy(T/TR), where we assumed an isotropic model, breaks down below 30 K. However, at such low tem-

exchange coupling. The Ce impurity behaves in this highPeratures, the effect of the excited CF states is rather small,

temperature LM regime as a sextet split by the tetragonal CRNd the experimental results below 20 K can be described by
and with the relevant Kondo scaTé'<'= 100 K. an exact solution of the spin-1/2 Kondo model with Kondo

h- scaleTx=28.5 K. This low-temperature Kondo scale deter-

Below T=T}!, we observe the crossover from the hig g . X
. . mines completely the cutoff constant used in the high-
temperature LM regime to an effective tWOfOId'degenerate[emperature scaling

low-temperature LM regime. Surprisingly, the behavior of
the system at the crossover is still rather well described by
scaling, and the single-ion response can be discussed in
terms of the reduced CF susceptibility. We acknowledge the useful comments from B. Horvatic

At low temperature§ <ATy, the renormalized coupling The financial support from the Alexander von Humboldt
becomes too large for the lowest-order renormalized pertufFoundation to V.Z. is gratefully acknowledged.
bation expansion to be valid. Since we are not aware of any
accurate theoretical results for the response of Cogblin- APPENDIX
Schrieffer model with CF splitting that we can use close to T . :
T, we estimate the reduction facti(T) directly from ACe’" |r($51 in a tetragonal crystal field is described by the
the experiments, assuming that the exchange is isotropic ar%-(liamlltonla
that the susceptibility retains the factorized fo¢thY) down . Hep= Bgog+ BSOZ+ 5304, (A1)
to lowest temperatures. The Faraday balance data give
F(T)=xion(T)/ xce(T) and the torque data givé(T)  whereB" are the CF parameters ai@{" are the Stevens
=AXion(T)/Axce(T), which we plot in Fig. 12, together operators, which are related to the angular momentum
with the high-temperature scaling resulf;/xce=[1 operator J and its componentsJ,=3(J,+J_), J,
—2pJ(T)] and the Wilson’s resulE =T xw/Co. =1/21(J,—J_), andJ,, as follows:

The reduction factors obtained from the average suscepti- 09=332-J3(J+1)
bility and the anisotropy data are very similar, and the high- 2 z '
temperature data are rather well described by the poor man'sp%=23532—303(J+1)J2+25J2—6J(J+1)+332(J+1)?,
scaling. At low temperatures, where the crystal field calcula-
tions lead to an effective doublet Witjac,:zNA,ugﬂBkBT
andu.=1.621ug, the experimental reduction factor comes

very close to the universal curve obtained for the isotropic . L .
spin-1/2 Kondo mode’ For small CF this Hamiltonian is a perturbation to the

We mention, for completeness, that the magnetic anom _|onId-9egeg1erate ﬂ ]:_5/2 atomic  wave f“f_‘C“O”S
lies discussed here are accompanied by the usual Kon 55>’|i5>’|i5>’ and it is easily diagonalized. The eigenvec-
anomalies in the electric resistivity and the thermoelectric®

ACKNOWLEDGMENTS

1
02:5(31+J‘1). (A2)

rs|n) are given by

power datd.All the samples used for the susceptibility mea- 5 3
surements have a clear Kondo minimum in the bare resistiv- 1ﬂ(71)1|4—f1>: n i§> 1-7° 1§>,
ity, as well as a very large thermoelectric power with two

peaks, which is typical of CF split Kondo ioA%The low- ) o 5 3
temperature peak is at about 10 K and the high-temperature I x2)=—V1-9 i§> +7 +§>,

one at about 120 K, as expected in a system described by the

Coqgblin-Schrieffer model with the Kondo scalég=8.5 K N 1

and TH=100 K. =5 (A3)
In summary, the magnetic susceptibility of a dilute Ceand the eneray eigenvalues are

ions embedded in the tetragonal metallic host has been ob- gy elg ?

F6|i3>:

tained by careful data analysis. The samples used in our stud- \/1_—772

ies have a negligibly small Ce-Ce interaction. The changes in €= 1082+ 6082+ 12\5 B4,
the matrix induced by the doping are also found to be very

small. The behavior of the Clea; ,Cu, osSi, compounds N
with less than 9 at. % of Ce is well described by the Cogblin- €,=—2B5—180B— 12,5 _’7331

Schrieffer model of d state comprising a ground-state dou-
blet and a pseudoquartet split =330 K. The quantum 0 o
fluctuations due to the exchange coupling between fthe €3=—8B,+120B,, (A4)

state and the conduction band can be described by the pogjere the mixing parametey is defined by the equation
man’s scaling, which explains the high-temperature data and
” Ji—-72 BY+208)

the crossover from the high-temperature LM regime to a
twofold-degenerate low-temperature LM regime, which 5 — = yant (A5)
takes place at abodt=100 K. The lowest-order perturba- 1-9 K V5B
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II,IIIIIIII J=7/2
>A
r® &
I &
A J=5/2
L = &

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

the calculations.

The neutron scattering dataindicate al'; ground state
and a CF scheme shown in Fig. 13.

Sincee,~ €5, we use here an approximate doublet-quartet

scheme.
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ab Na(giug)?

9
= A 11072(1— p?)(1+e Phy+ ~e A
xer 2(1+2e—ﬁﬁ)ﬁ” (A i

_eBA
+872 | +[8(1— 7)) +5(1-27)—5—. (AB)

The anisotropyA y= x°— x2° is

Na(Qup)?(67°—1)
2(1+2e P4

XcF= [§[1on2<14n2— 17)e 4]

1-e A8
+(149%°—9)+ (13— 147,2)T] . (A9)

In both the low- and high-temperature limits the CF sus-
ceptibility in the « direction can be approximated by the

The a component of the CF susceptibility of one mole of angevin formulay&g= NAM§/3|<BT, wherepu,, is the effec-

isolated C&" ions is given by the van Vleck formufa

@ _NA(QJMB)z

XcE= Z En: ,BmZE [(m[J,In)|2e~Fen
efﬂfm_ —PBen
+ 2 (M3 mP———|. (A6
m,€n# €m €En— €m

wheren,me{+1,+2,+3}, N, is Avogadro’s numberug
the Bohr magnetory; the Landegyromagnetic factorZ the
partition function,3=1/kgT, and ¢,,€,, are given by Eq.
(A4). The matrix elementém|J,|n) of the angular momen-

tive magnetic moment. At high temperaturés- A, the ef-
fective moment is isotropic, uap=pc=93Vj(j+1)ug
=2.53%u;g.

At low temperaturesI <A, the magnetic moment is de-
termined by thel“%l) ground-state doublet moment and is
anisotropic:

3
Mc= \/§g.] 5_4772,“81

tum J in « direction are taken between the CF eigenstates

(A3).

The n summation is performed over all the energy levels,

while the m summation is performed for degenerate, (
=¢,,) and for nondegenerate: {# ¢,,) levels separately. If
the energies are measured relativestpwe obtain

2

Na(gsue)? H (3 1
Ce=—————Bi|2| s —47?| +-e P
Xcr 2(1+2efﬁA)ﬁ 2 "7 "2
2 1-e A4
+2 5—47;2) e Ah +647;2(1—7;2)T],

(A7)

tab= V159,71 — 72ug. (A10)

The curves shown in the text are calculated with param-
etersA=330 K, »=0.816, andg;=28/7. The corresponding
values for the CF parameters aB)=—1.01 meV, B]
=0.011 meV, andj=—0.50 meV.

From those parameters we find,=1.727ug and w,p
=1.566ug and the effective magnetic moment of the spheri-
cally averaged I''Y CF ground state e

=2/3(1ap)°+ 1/3(ue)°=1.621up .
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