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The thermodynamic and magnetic properties of a single impurity Anderson model that describes Ce in an
environment with hexagonal symmetry is treated within the noncrossing approximation. It is found that the
properties of the system at temperatures larger than the crystal field splitting are described by a Kondo
temperature of the sixfold-degenerate spin-orbit multiplet and at low temperatures by a highly renormalized
Kondo temperature of the crystal field ground state. The inelastic neutron scattering spectra exhibits a quasi-
elastic and inelastic component. The results are compared with the concentrated heavy-fermion compound
CeAl;. The system is well described by the single-impurity Anderson model at temperatures above 1 K, with
the crystal field scheme determined by Goremycletial. from inelastic neutron scattering experiments. The
excellent agreement may be due to the small variation offtlbecupation number with temperature in
heavy-fermion systems. However, the single-impurity model fails to describe the peak in th€(@jior
found in earlier experiments. Therefore, it is concluded that this peak is either due to the coherence of the
lattice or due to magnetic interactions that may be responsible for spin-glass-like ordering.
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[. INTRODUCTION within kgT, of the Fermi energyw(0)=0 can be involved in
the production of a nonmagnetiKondo) singlet. Since each
The single-impurity Anderson modelas developed to magnetic impurity requires at least one conduction electron
describe the properties of transition-metal or rare-earth imto screen its moment, the total number of conduction elec-
purities in a simple metallic host. The model describes bottirons available for screening the moments is estimated from
the mechanism whereby local magnetic moments are formeithe conduction band density of states near the Fermi energy,
above a characteristic temperatufg and how these mag- N.p.(0), askgTN.p:(0). The exhaustion argument con-
netic moments are suppressed and a nonmag(tndo cludes that, when this number is be much less than the num-
singlet state is produced at temperatures lower fhanAt ber of conduction electrons needed to screen the moment of
the lowest temperatures, the solution of the impurity modekachf ion in a concentrated compound, the standard Kondo
exhibits a nonmagnetic Fermi-liquid behavfdidowever, de- mechanism is unable to screen the local moments. A third
spite the single-ion character of the physics of the model, theossibility, motivated by the observation that the static sus-
model has also been applied to the description of the physiaseptibility is extremely anisotropitjs that the discrepancies
of concentrated heavy-fermion compounds containing lanwith the predictions of the single-impurity Anderson model
thanide and actinide materials that share qualitatively similamay be partly due to the noncubic crystalline symmetry,
properties. The initial reasoning behind the adoption of thisnvhich in the limit of almost integer occupation of theevels
description of the concentrated compounds was found in diresults in a Kondo model with an anisotropic Cogblin-
lution experiments, similar to those first performed by Lin Schrieffer interactiod® That is, at temperatures above the
et al® on CePh, where it was observed that the experimen-crystal field splitting the local moment undergoes spin fluc-
tally measured properties scale directly with the concentratuations between the full=32 spin-orbit multiplet which are
tion of Ce ions. However, similar dilution experiments on partially frozen out at temperatures below the crystal field
CeAl; show deviations from the single-impurity Fermi- splitting, leading to an anomaly in the specific heat.
liquid behavior on increasing the concentration of either the Recent low-temperature specific heat measurerhants
La or Y atoms substituting for ClIn particular, the lowF  substitutionally doped GglLag »Al; also show a pronounced
behavior of the electronic specific he@{T), shows a sharp maximum inC(T) nearT=2.3 K. It has been suggestéd?
peak at a temperature that does not scale with the Kondthat these peaks may be described by the anisotropic spin-
temperature as the Ce concentration is varied. This anomd/2 Kondo model. However, such peaks only occur for
lous peak InC(T) also exists in the ordered compound, butextremely large values of the Ising exchande, i.e.,
is very sample dependehtit has been suggested that the J,p.(u)>1. Furthermore, Pieteet al'® have performed nu-
peak might be due to the RKKY-like interactions that lead tomerical renormalization group calculations on the aniso-
anomalous or frustrated inhomogeneous magnetic orderingopic Kondo model and have found that the calculated field
in the stoichiometric compourftf. Alternatively, the devia- dependence o€(T)/T is in disagreement with the experi-
tion from the single-impurity Kondo model may be due to anmentally determined behavior.
insufficient number of conduction electrons required to pro- In this paper, we examine the properties of the single-
duce a nonmagnetic state for each Ce ion. The theoreticénpurity Anderson model as calculated using the noncross-
argument about the inapplicability of the single-impurity ing approximationNCA),**~8in the presence of crystalline
model to a concentrated compound, due to Nozikriss, anisotropy, for nonscaling behavior. We shall use this to ex-
based on the observation that only conduction electronamine the effects of both the anisotropy and crystal field

0163-1829/2003/64)/0451029)/$20.00 67 045102-1 ©2003 The American Physical Society



PETER S. RISEBOROUGH PHYSICAL REVIEW B7, 045102 (2003

splittings on the properties of pure CgAlin particular, we
shall examine the specific heat, susceptibility, and inelastic =\/—— X [Va(OFff aChat VEKICE (fial, (@)
neutron scattering spectra.

in which the first term represents a process whereby a con-

Il. CRYSTALLINE SYMMETRY AND IMPURITY MODEL duction electron tunnels into thleorbital through the cen-
trifugal barrier and the Hermitian conjugate represents the
We shall consider the Anderson impurity in the presencgjme-reversed process. The combined spin-orbit and crystal
of a hexagonal CrySta”lne field. The CrySta”lne electric f|6|df|e|d index is conserved in the tunne“ng process, Correspond_

raises the symmetry of the sixfold-degenerate low-lyfng ing to conservation of combined spin and orbital angular
electronJ= 3 multiplet into three groups of crystalline field momenta.

levels’ With the ideal hexagonal/a ratio, the crystal field
splits the sixfold-degenerate ground-state multiplet into the
three crystal field doubletd’;)=|=3), |I'g)=|=3), and
IToy=|=%) with energies AE, AE, and —3AE, respec- We solve theU—c« limit of the Anderson impurity
tively. Analyses of inelastic neutron scattering experi-Hamiltonian within the NCA, using a Gaussian model for the
ments®!! suggest that the crystal field splitting parameter isbare(nonhybridized conduction-band density of states. The
given by AE~1.5 meV. On using the Cogblin-Schrieffer density of states per sitp,(e), for the ath conduction sub-
formalism2® one expects that the Kondo exchange interachand are assumed to all be degenerate and are given by
tion should also be anisotropic and produce an anisotropic

Ill. NCA CALCULATION

Kondo effect. 1 g\?
The model Hamiltonian is given by the sum of three terms ~ Pc,a(€)= 2 de—e(k,a))= Win exp —|wl |
as follows: iy
5
H=H+H +H,. (1)  Which has a half-width ofV. From off-resonance valence-

band photoemission and bremsstahlung isochromat spectros-
copy (BIS) experiments, one can estimate that the
€conduction-band density of states of Ce has a half-width of
localizedf orbits of the Ce ion. The second teiity repre- =3 eV. From photoemission experiments, one estimates
sents the energy of(noninteracting electrons in the 4t the position of the barklevel is located about2 eV
conduction-band states. The third tei, represents the bpelow the Fermi energy. Accordingly, we sdi;(I'g)
hybridization or coupling between the conduction band and= —2 eV and that the crystal field excited states have ener-
localizedf states. The energhl; is given as a sum of the gies ofE;(I'g)=—1.994 eV andE(I';) = —1.9925 eV. The
binding energyE(«), which is spin-orbit and crystal field eightfold-degenerate\g ,=8, J=% excited spin-orbit split
split, and a screened Coulomb interaction of strengthct-  f-level energy is located above the ground-stakevel en-
ing between pairs of electrons. The operdtgrcan be writ- ~ €rgy by the free-atom spin-orbit splitting.27 eV), so we set
ten as Et(s-0)=—1.63 eV. The hybridization matrix elemevitis
assumed to be independent & ) and the magnitude was
adjusted to yield the best fit with the inelastic neutron scat-
Ai=> Ei(a)flf +E —f L (2)  tering data on CeAltaken atT=40 K.
a In the limit of infinite U, the f states of multiple occu-
_ _ . pancy are projected out in the initial, final, and all interme-
in which f, andf,, respectively, create and annihilate an giate states. Thus, the states can be characterized as having
electron in the one electrdrorbital labeled by the combined ejther an unoccupied or a singly occupieshell. The NCA
crystal field and spin-orbit quantum numberin the follow-  equations are obtained from perturbation theory in the hy-
ing, we shall assume thatis the largest energy in the prob- pridization matrix element by selectively summing a subset
lem and take the limiU —, thereby projecting out states in of diagrams which yield an exact expression for the self-
which thef orbital is occupied by two or more electrons. The energy to order N, whereN; is the degeneracy of the
conduction-band Hamiltoniaﬁc is expressed as the sum of level!*~1®The subset of diagrams are those which neglect all
the energies of the electrons in the Bloch states, vertex corrections. The NCA equations are expressed as the
coupled nonlinear integral equations for the unoccupied and
occupiedf level self-energié$ which are, respectively, de-

The first termH; represents the energy of the electrons in the

He=2 e(k,a)Ccf (Cha (3)  noted by3(w) andS (w). The integral equations have the
Koo form
wheree(k, a) is the Bloch energy of an electron with Bloch 1 IV, (K2 1—f(e(k a))]
wave vectoik in the subband labeled hy. The creation and Ea(w+l5)— > K S K 5
annihilation operators for an electron in the Bloch state k o—e(ka)+io—2o—e(ka)+id]
(k,a), respectively, are denoted mi,a andcy,. The hy- ©)
bridization termH . is written as and
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1
20(&)+|5)N
Y IV (K)[*f (e (k,@))
fe wteka)+id—Eia)-3 Joteka)+id]’
(7

wheref(x) is the Fermi-Dirac distribution function and the

T=10K /

sum overa runs over all the individual states. These equa-
tions are solved numerically. The behavior of the real and
imaginary parts of the emptisstate self-energy.o(w) are
shown in Fig. 1a), for T=10 K. The imaginary part of the
self-energy falls to almost zero nearE;(I";) due to the 2L
cutoff originating in the Fermi function. The real part of the
self-energy shows evidence of the Kondo resonance near th

Zo(w) (eV)

a1t

same energy. The logarithmic divergence in the real part, -3
expected from perturbation theory in powers\gfis sup- -3
pressed partially by the thermal broadening due to the Ferm

function and also partially by the smearing due to the finite (@)

imaginary part of the occupied-state self-energy. As a resuli 015

of thermal smearing, structures associated with the crysta
field split Kondo resonances are not resolvedlat10 K,
but can be clearly observed & 0.5 K. However, at 10 K, 01 |
the real and imaginary parts of the empty-state self-energy
do show structure originating from the spin-orbit split
excited-state Kondo resonance at an energy of roughly 0.2°~~ 0.05
eV above the ground-state resonance. The real and imagina>

. ; )
parts of the occupieétstate self-energies ,(w) are shown

T=10K

in Fig. 1(b). For energies far removed from those associated —~
with the Kondo resonance, the occupied-state self-energy is

0
3 L “
factor of 14 smaller than the unoccupied-state self-energyiN _g.05

Furthermore,?, ,(w) does not show features as sharp as
those in the unoccupied-state self-energy.

To improve the numerical accuracy, a similar pair of lin- -0.1
earized equations are also solveg to a multiplicative con-
stan} self-consistently for the Boltzmann weighted imagi- . . . '
nary part of the self-energies, Deld
-3 2 -1 0 1 2 3
1 exd — Bw]
na<w+i6>=;qz—ﬁlm[za<w+ia>] ® o ®(eV)
f
and FIG. 1. The energy dependence of the real and imaginary parts

of the unoccupied-state self-energy(w) is shown in(a) by the

1 exd — Bw]

no(w+i5)=; Z, ImX(w+id)], 9

thin and thick solid lines. The energy of the Kondo bound states is
given by the intersection of the dotted line, passing through the

) ] ) ] origin with the real part of the unoccupied-state self-energyT At
in which the previously found self-energies form part of the— 10 K, the system supports a bound state corresponding to the

input.
The partition function for the f electrong;, is calculated

ground-state]z% spin-orbit splitf level and also a second Kondo
bound state corresponding to the % spin-orbit excited state. The

in a processes which commences with the construction of theal and imaginary parts of the lowest-energy occupied-state self-

occupied- and unoccupied-state densipeéw) and po(w)
defined by

energy ,(w) are shown inb), as thin and thick solid lines. The
occupied-state self-energy has a magnitude which is a factig of

smaller than the unoccupied self-energy.

1
pa(w): - ;

Pl o RS (@) 12 (M So(w 1)1}

« Im 2 (w+id)]
{o—Ef(a)—RES (o) [}2+{IM[2 (w0 +i8)]}?’

IM[Zo(w+i6)]

11)

(10

The occupied- and unoccupied-state densities of states are
shown in Fig. 2a) over a wide energy scale. The unoccupied
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FIG. 2. The lowest-energy occupied- and unoccupied-state densities of stétgsand po(w) are shown in@) by thin and thick solid
lines. The densities of states are in units of é(mol Ce) !, and the energw is in units of eV. The unoccupied-state density of states
exhibits three peaks, two of which correspond to the Kondo bound states df:téeand :% spin-orbit multiplets. The occupied-state
density of states only shows a single peak close to the energy of the lowest-energy Kondo bound state. The low-energy structure is shown
in more detail in(b). The lowest-energy peak in the unoccupied density of states lies at an energy approxigaiglyelow the peak in
the occupied density of states. The structure in the spectral dgnéib) is barely discernable itb) and, therefore, is shown i) with a
scale that has been magnified by a factor of 100.

density of states shows three peaks associated with the soltapid variation in the real part of the self-energy produces a

tions of the equation dramatic narrowing of the low-energy peaks. The structure
near the thermally smeared threshold is shown in Fig).2
o—Rg2(w)]=0. (120  The peak in the unoccupied density of states lies at an energy

kgTx below the peak in the occupied density of states. The
The two low-energy peaks in the unoccupied density ofprocess of evaluating; is continued by the construction of
states are associated with=3 and J=7 spin-orbit split  the Boltzmann weighted densities, defined by
Kondo peaks. The occupied density of states also shows a
sharp peak close tB;. Near the thermally smeared thresh- nl :M 13
L oS / o(®) pol®) (13
old for the imaginary part of the unoccupied self-energy, the Zs
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[
(=3
=]

500 The imaginary part of the dynamic susceptibiljty °(w) is
calculated from the expression
w | TTUOK (9e) L1+ N(@) IIM x"*()]
- =7 2 A{ap|da ' Na w3, m)
—‘b 300 (a,u),(a/,u')
-5} o
b Xf dell (g)p, (e +w), (18
\% —
Q.

in which N(w) is the Bose-Einstein distribution function. In

the above expression, we have ignored the effect of excita-
tions from the ground state to the excited spin-orbit level as
we have only considered excitations between states with the
sameJ values. However, these excitations can be incorpo-
rated by introducing the dipole matrix elements calculated by

100

0 L 1 ' 1 1 !

2.048 2.047 2.046 2.045 2.044 Balgar.and Loveseﬁ_? The peak; found from the spin—orbit
excitations are at higher energies than the energy region of
ow(eV) interest here, have small intensities, and are quite broad. The

static susceptibility is calculated directly from the occupied-
FIG. 3. The thermally weighted occupied-state density of statestate spectral densitigs,(e) andII (€) in a manner physi-

IT(w) is shown by a thick solid line, while the unweighted cally equivalent to imposing the Kramers-Kronig relafidt?
occupied-state density of states(w) is shown by a thin solid line

for T=10 K. The units are the same as those in Fig. 2. The thermal o 2 J’Wd Im x”(w)] 19
weighting factor shifts the spectral weight to lower energies. x"(T)= 7)o w © . (19
and The effect of neglecting the spin-orbit excitations is found to
be about only 1% of the total susceptibility. On completely
exd — Bw] neglecting the effects of states other than those inJthé
o(w)=—=——po(w). (14 spin-orbit multiplet, we find that our results satisfy the sum
f rule
As seen in Fig. 3, at low temperatures, due to the Boltzmann q
factor, the ther_mally Welghteq densities contain a significant (g/-LB)_Zj 14+ N(0)]> Im[x” ()]
amount of their spectral weight at energies far below the —oo T y

low-energy peaks ip,(w). In order to avoid amplification

of the numerical errors ip,(w) in the region where it is =JI+D)ng(T). (20)
small, the weighted densities of staldg(w) are calculated However, due to the relatively small value of the spin-orbit
directly from the Boltzmann weighted imaginary parts of thesplitting in Ce compared to V, and the effects of firiteit is

self-energiesy,(w). The value of thef-electron partition  not expected that this sum rule should hold for the experi-
functionZ; is then calculated by imposing the normalization mental data.

condition
IV. DISCUSSION

1= f_mdwno(sz f_wdwﬂa(w)- (15) The dynamic susceptibility of the single-impurity Ander-
¢ son model, as calculated by the NCA, was fitted to inelastic
The specific heat due to the impurity is calculated from theh€utron scattering experiments on Ceait 40 K and the
impurity partition functionZ; in the usual way. The specific Measured static susceptibility at oribigh-) temperature

heat contributiorC(T) due to each Ce impurity is given by value. The best fit parameter for the hybridization seems to
beV=0.45 eV, which yields an almost integer value for the

FF(T) low-temperaturef occupation, ny(T=5 K)=0.9611. The
C(T)= _T(?) , (16) calculated spectra for spin_ fluctuations para_lllel and perpen-
u=0 dicular to the hexagonal axis are shown in Fig. 4. The sum

. . . should be compared with the experimentally measured
since we have assumed a symmetric conduction-band de”3'§¥>ectrurrﬁ8'11We note that there is fair agreement; however
of states. The temperature-dependéetectron occupation  yhe eyperimentally determined high-energy tail of the spec-
number is then calculated from trum is larger than the calculated tail. In Figay the spectra

. are shown for the temperatuiie= 20 K, while in Fig. 4b),
nf(T)=E j doll (o). (17) the spectra are shown fdr=40 K. The widthT'(T) of th_e_
a J-o quasielastic componehor more precisely the peak position
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FIG. 5. The temperature dependence of the energy of the quasi-
elastic peak’(T) in Im y**(w) is shown by the diamonds. This
follows an approximate square-root temperature dependence first
seen in CeAJ by Murani et al. (Ref. 21) and later found in the
single-impurity Anderson model calculations of Bickeitsal. (Ref.

16). The energy of the inelastic peak is marked by the solid squares
and softens with increasing temperature. This softening is a result of
the reduction of the effective hybridization caused by the change of
n{(T) with temperature which reduces the large hybridization in-
duced renormalization of the crystal field energies. The low-energy-
side half width at half maximum of the inelastic peak is shown by
the crosses while the high-energy-side half width at half maximum
is shown by the triangles.

temperature dependence, as seen in Fig. 5. The energy of the
inelastic peak in Im**(w) softens asT is increased. This
softening occurs over the same temperature range over which
n¢(T) changes. Since the hybridization increases the crystal
field parameters of CeAlover the values found in similar
rare-earth compound&??this softening may be attributable

to the reduction of the effective hybridizatiov?[1
—n¢(T)] with increasing temperature. In contrast to the tem-
perature dependence of the quasielastic peak, the half widths
at half maximum of the inelastic component are relatively
temperature independent. The half widths of the inelastic
peak are almost equal, indicating the almost symmetric na-
ture of the peak due to the crystal field excitations. The cal-
culated components of the static susceptibility are shown in

FIG. 4. The thermally weighted dynamic susceptibility in units Fig. 6. The calculated susceptibility tensor shows slightly
of eV™* (mol Ce) *, corresponding to the inelastic neutron scat- |ess anisotropy than the measured quanthti®his discrep-
tering and quasielastic neutron scattering spectra, respectively, gncy might be due to anisotropy in the hybridization matrix
shown by the dashed and thin solid lines. The sum is shown by thgjements or perhaps deviation from the perfect hexagonal

thick solid lines. The spectra are shown for20 K in (a) and in

(b) for T=40 K.

c/a ratio. The temperature dependence of the ratio of the
calculated electronic specific he&(T), is shown in Fig. 7.

of Im y**(w)] is comparable to that measured by Murani At zero field, the specific heat shows a shoulder near

et al?* and shows a characteristic

[(T)=T(0)+B\T (21)

=6 K which is due to the Kondo doublet, and a Schottky
peak neaiT =28 K, which is due to the crystal field excita-
tions. It is notable that while theory only shows a monotonic
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0.05 with the marked discrepancy found in the case of Yb mixed-
\ " valent compound® In highly mixed-valent systems it is
x (M found that the temperature variation of thermodynamic func-
tions is much slower than the predictions of the single-
impurity model. A similar change in the temperature varia-
tion between the single-impurity model and the Anderson
lattice has been found in Monte Carlo calculatiéhghe
protracted screening found in the lattice systems is partially
0.02 | XX(T) due to the necessity of calculating the chemical potential
X )
~—_ n(T) self-consistently. The reasonable agreement of the tem-
""“\‘\\‘\ perature dependence of experimental measurements on
0.01 - heavy-fermion systems with the single-impurity model may,
in part, be due to the very limited change of theccupation
from the low-temperature value to the high-temperature
value of unity. This implies that for a concentrated com-
pound, the chemical potential should decrease by an energy
TI[K] of the order of (W/N.)[1—n;(0)] for a temperature change
) of the order of severdl, . In this expressionl\, is the total
F'G'fB'h The t.emperat“r%.l‘?'egin‘ie”‘fh of the d""?g_‘l)_“a'_ COMPegeneracy of the conduction bands in the vicinity of the
Eﬁir':;socf)e:nﬁ S;?t'cazgzce;t'n;(;tlz Ce( %Hé C‘Z riuz‘;g:t' i's'%;kg'd Fermi energy, and not just the number involved in screening
! emu per g P .o P the high-temperature magnetic moments. The decrease in the
by solid triangles, whereas th&"* and x¥*¥ components are degen- : .
: ground-state energy on increasing temperature, due to the
erate and are marked by solid squares. o . . . .
shift in the chemical potential, may partially offset the in-
crease in the energy caused by the unbinding of the Kondo
singlet state. This competition may result in the slower tem-
~10.5 K, and is followed by a saturation &0 to a value perature dependence of thermo_dynamlc quantities in a con-
2 centrated compound than in a dilute alloy, where the shift of
of 1.5 J/mol K. _ _
eW—e chemical potential can be neglected. For the concentrated

The reasonable agreement of both the temperature dep fompound CeAy, the shift of chemical potential is estimated
dence of thermodynamic quantities and the energy deper}- be of the order of 25 meV, whereas the binding energy

dence of spectra measured in heavy-fermion systems wit T, for forming the Kondo singlet is estimated to be of the
the predictions of the single-impurity model is in contrast™B k
P gie-mpurty order of §1—n;(0)]V2p.(0)~8.8 meV.

6 Using the parameters obtained in the fit, the temperature
dependence of the components of the susceptibility and spe-
cific heat are in overall reasonable agreement with the single-
impurity calculations for temperatures above a few degrees
kelvin. In particular, the results show that the model exhibits
two different many-body temperature scales; one scale is as-
sociated with the Kondo temperatufg of the full sixfold-
degeneraté level. It is this scale that characterizes the spin-
flip scattering in the high-temperature regime where the
excited crystal field levels are thermally populated. For tem-
peratures below the crystal field splitting, where spin-flip
scattering between the excited crystal field levels is frozen
out, the relevant many-body temperature scale is the Kondo
temperatureT; of with the doubly degenerate crystal field
ground state. The existence of these two temperature scales
was first identified by Cornut and Cogbdtin their expla-
nation of two different temperature regimes of the logarith-

0.04 -

x"(T) [ emu G mole Ce™ |

0 L n L
0 10 20 30 40 50 60

increase in th&(T)/T ratio, the measured specific heat ratio
shows a maximum of about 1.63 J/mdlKat aboutT

C(T) [J/K/mole Ce |

0 . . . . . . mic dependences of the resistivity on temperature for dilute
0 10 20 30 40 50 60 "0 ICe imgurities. Tge_value of is estimated by resumming
ow-order perturbation series as
T[K] P
8/6
FIG. 7. The temperature dependence of the calculated electronic KaT ~W[V2 2(0)]1/6 ex E¢
specific heatC(T), is shown forH,=0 andH,=10 T. The calcu- Bk Pe AEg, 6V2p:(0)]’

lation shows a Schottky peak @t=28 K and a low-temperature

shoulder due to Kondo scattering. The calculation does not repro-

duce the experimentally determined peak in the specific heat ratisshich yieldsT,~ 60 K, which should be compared with the
found at temperatures ne@ar-1 K. temperatures of 70 and 87 K which correspond to the crystal
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field excitation energies. The high-temperature Kondo scaléemperature of the maximum is an order of magnitude higher
appears as a Curie-Weiss-like term in the asymptotic form ofhan the experimental determined temperature. The field de-
the susceptibility, pendence of the calculated low-temperature featur@(in)
shows, as expected, that application of a magnetic field sup-
presses the Kondo effect and, therefore, reduces the coeffi-
' (23 cient y of the linearT term in the low-temperature specific
heat. Furthermore, the Zeeman splitting broadens the shoul-
where x°(T) is the susceptibility of an isolatefdion. Inthe  der and moves it towards higher temperatures. Although
crystal field analysis of the high-temperature susceptibitity, these results are qualitatively similar to those found by Pietri
the Kondo temperature term is partially incorporated as @t al.using the anisotropic Kondo mod€lin our results, the
mean-field enhancement factor. The lower-temperature scaldagnitude of the peak is significantly weaker and are almost

T—OT(l 2
X(T)=x"(T) _WT/TK)JF'“

¥ is estimated to be masked by the Schottky anomaly due to the crystal field
) . splitting. This is partially due to the difference in the model
KeTE ~W[V2p2(0)]4/2 W W ex Es and also as our parameters c_orrespond to a much weaker
BTk Pe 20AE?/| AEg, 2V?p.(0)|"  value of the exchange interaction. Therefore, we conclude,
(24)  like previous author&®that the existence of a large peak at

The above estimate for the low-temperature Kondo temperaI—hIS very low temperature is a man|festat|0n of the onset of
atial coherence between théons. The present calcula-

ture Ty is not expected fo be accurate as the parameters ions contain no indication of whether this is a coherence
the low-temperature model are expected to be highly renor- . . )
: S . : effect associated with a paramagnetic ground state or

malized by the hybridization with the higher-energy levels. A .

more accurate value of the low-temperature s@glés given whether the anomaly 'S due to weak, sample-dependent,
by definingkaT* h lated imit of th magnetic ordering found in some experiments. However, it is
y definingkg Ty as the extrapolated—0 limit of the en-  jnaresting to note that this peak appears at a temperature of
ergy of the peak of either the Kondo feature in the joint

. o . Al roughly Ty /N* whereN* is the low-temperature degeneracy
i-derived photoemission and inverse photoemission Spectru) ;g agrees with the conjectéfehat coherence effects are
or the quasielastic peak in Igf*(w). Thus, a more accurate

. e manifested below the coherence temperaiyraN.
estimate of the low-temperature energy scale is given by In conclusion, we have shown that the properties of

* ~ I i . . .
Ti~5.2 K. This second Kondo temperaturg is expected CeAl;, such as the inelastic neutron scattering spectra, the
to show up as the energy scale for the low-temperature Fermmnerature dependence of the anisotropic static susceptibil-

. . 2 .
liquid.” However, as shown by Kuramoto and M- " 5nq specific heat above=1 K, can be described rea-
Hartmannt® the NCA solution exhibits spurious behavior for sonably well by the single-impurity Anderson model with

temperatures spin-orbit coupling and the hexagonal crystal field scheme
T T | (N L/ 1) proposed by Goremychkiet al'® The fits to the high-

KT < Bk ek ) (25) temperature behavior indicate that any anisotropy in the hy-

B N*+1/\V?p.(0) ’ bridization is small. However, the calculations do not repro-

duce the small peak found in tH&(T)/T ratio at very low
temperatures. This is presumably either due to coherence ef-
hfgcts of the lattice or anomalous spin-glass-like ordering
which has been proposed to occur in La-diluted GeAl

which prevents the Fermi-liquid relations from being com-
pletely fulfilled.

Despite the overall reasonable agreement, we find that t
peak in the low-temperature specific heat m¢aK in the
stoichiometric compountipr near 3 K(Ref. 4 in the diluted
compound, is not well described by the single-impurity
model. Although we do find a low-temperature shoulder to This work was supported by the U.S. Department of En-
the Schottky peak irC(T), the magnitude is considerably ergy, Office of Basic Energy Science, Materials Science pro-
smaller than the experimentally determined peak, and thgram.
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