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Noncrossing approximation solution of the anisotropic Anderson impurity model
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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
CeAl3. The system is well described by the single-impurity Anderson model at temperatures above 1 K, with
the crystal field scheme determined by Goremychkinet al. from inelastic neutron scattering experiments. The
excellent agreement may be due to the small variation of thef occupation number with temperature in
heavy-fermion systems. However, the single-impurity model fails to describe the peak in the ratioC(T)/T
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.

DOI: 10.1103/PhysRevB.67.045102 PACS number~s!: 71.27.1a
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I. INTRODUCTION

The single-impurity Anderson model1 was developed to
describe the properties of transition-metal or rare-earth
purities in a simple metallic host. The model describes b
the mechanism whereby local magnetic moments are for
above a characteristic temperatureTk and how these mag
netic moments are suppressed and a nonmagnetic~Kondo!
singlet state is produced at temperatures lower thanTk . At
the lowest temperatures, the solution of the impurity mo
exhibits a nonmagnetic Fermi-liquid behavior.2 However, de-
spite the single-ion character of the physics of the model,
model has also been applied to the description of the phy
of concentrated heavy-fermion compounds containing l
thanide and actinide materials that share qualitatively sim
properties. The initial reasoning behind the adoption of t
description of the concentrated compounds was found in
lution experiments, similar to those first performed by L
et al.3 on CePb3, where it was observed that the experime
tally measured properties scale directly with the concen
tion of Ce ions. However, similar dilution experiments o
CeAl3 show deviations from the single-impurity Ferm
liquid behavior on increasing the concentration of either
La or Y atoms substituting for Ce.4 In particular, the low-T
behavior of the electronic specific heat,C(T), shows a sharp
peak at a temperature that does not scale with the Ko
temperature as the Ce concentration is varied. This ano
lous peak inC(T) also exists in the ordered compound, b
is very sample dependent.5 It has been suggested that th
peak might be due to the RKKY-like interactions that lead
anomalous or frustrated inhomogeneous magnetic orde
in the stoichiometric compound.6,7 Alternatively, the devia-
tion from the single-impurity Kondo model may be due to
insufficient number of conduction electrons required to p
duce a nonmagnetic state for each Ce ion. The theore
argument about the inapplicability of the single-impur
model to a concentrated compound, due to Nozieres,8 is
based on the observation that only conduction electr
0163-1829/2003/67~4!/045102~9!/$20.00 67 0451
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within kBTk of the Fermi energym~0!50 can be involved in
the production of a nonmagnetic~Kondo! singlet. Since each
magnetic impurity requires at least one conduction elect
to screen its moment, the total number of conduction el
trons available for screening the moments is estimated f
the conduction band density of states near the Fermi ene
Ncrc(0), as kBTkNcrc(0). The exhaustion argument con
cludes that, when this number is be much less than the n
ber of conduction electrons needed to screen the momen
eachf ion in a concentrated compound, the standard Kon
mechanism is unable to screen the local moments. A th
possibility, motivated by the observation that the static s
ceptibility is extremely anisotropic,9 is that the discrepancie
with the predictions of the single-impurity Anderson mod
may be partly due to the noncubic crystalline symmet
which in the limit of almost integer occupation of thef levels
results in a Kondo model with an anisotropic Coqbli
Schrieffer interaction.10 That is, at temperatures above th
crystal field splitting the local moment undergoes spin flu
tuations between the fullJ5 5

2 spin-orbit multiplet which are
partially frozen out at temperatures below the crystal fi
splitting, leading to an anomaly in the specific heat.

Recent low-temperature specific heat measurements4 on
substitutionally doped Ce0.8La0.2Al3 also show a pronounce
maximum inC(T) nearT52.3 K. It has been suggested11,12

that these peaks may be described by the anisotropic s
1/2 Kondo model. However, such peaks only occur
extremely large values of the Ising exchangeJz , i.e.,
Jzrc(m).1. Furthermore, Pietriet al.13 have performed nu-
merical renormalization group calculations on the ani
tropic Kondo model and have found that the calculated fi
dependence ofC(T)/T is in disagreement with the exper
mentally determined behavior.

In this paper, we examine the properties of the sing
impurity Anderson model as calculated using the noncro
ing approximation~NCA!,14–16 in the presence of crystalline
anisotropy, for nonscaling behavior. We shall use this to
amine the effects of both the anisotropy and crystal fi
©2003 The American Physical Society02-1
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splittings on the properties of pure CeAl3. In particular, we
shall examine the specific heat, susceptibility, and inela
neutron scattering spectra.

II. CRYSTALLINE SYMMETRY AND IMPURITY MODEL

We shall consider the Anderson impurity in the presen
of a hexagonal crystalline field. The crystalline electric fie
raises the symmetry of the sixfold-degenerate low-lyinf
electronJ5 5

2 multiplet into three groups of crystalline fiel
levels.17 With the ideal hexagonalc/a ratio, the crystal field
splits the sixfold-degenerate ground-state multiplet into
three crystal field doubletsuG7&5u6 1

2 &, uG8&5u6 5
2 &, and

uG9&5u6 3
2 & with energies 2DE, DE, and 23DE, respec-

tively. Analyses of inelastic neutron scattering expe
ments18,11 suggest that the crystal field splitting parameter
given by DE'1.5 meV. On using the Coqblin-Schrieffe
formalism,10 one expects that the Kondo exchange inter
tion should also be anisotropic and produce an anisotro
Kondo effect.

The model Hamiltonian is given by the sum of three ter
as follows:

Ĥ5Ĥ f1Ĥc1Ĥ f c . ~1!

The first termĤ f represents the energy of the electrons in
localized f orbits of the Ce ion. The second termĤc repre-
sents the energy of~noninteracting! electrons in the
conduction-band states. The third termĤ f c represents the
hybridization or coupling between the conduction band a
localized f states. The energyĤ f is given as a sum of the
binding energyEf(a), which is spin-orbit and crystal field
split, and a screened Coulomb interaction of strengthU act-
ing between pairs of electrons. The operatorĤ f can be writ-
ten as

Ĥ f5(
a

Ef~a! f a
† f a1(

a,b

U

2
f a

† f b
† f b f a , ~2!

in which f a
† and f a , respectively, create and annihilate

electron in the one electronf orbital labeled by the combine
crystal field and spin-orbit quantum numbera. In the follow-
ing, we shall assume thatU is the largest energy in the prob
lem and take the limitU→`, thereby projecting out states i
which thef orbital is occupied by two or more electrons. Th
conduction-band HamiltonianĤc is expressed as the sum
the energies of the electrons in the Bloch states,

Ĥc5(
kI ,a

«~kI ,a!ckI ,a
† ckI ,a , ~3!

where«(kI ,a) is the Bloch energy of an electron with Bloc
wave vectorkI in the subband labeled bya. The creation and
annihilation operators for an electron in the Bloch st
(kI ,a), respectively, are denoted byckI ,a

† and ckI ,a . The hy-

bridization termĤ f c is written as
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Ĥ f c5
1

AN
(
kI ,a

@Va~kI ! f kI ,a
† ckI ,a1Va* ~kI !ckI ,a

† f kI ,a#, ~4!

in which the first term represents a process whereby a c
duction electron tunnels into thef orbital through the cen-
trifugal barrier and the Hermitian conjugate represents
time-reversed process. The combined spin-orbit and cry
field index is conserved in the tunneling process, correspo
ing to conservation of combined spin and orbital angu
momenta.

III. NCA CALCULATION

We solve theU→` limit of the Anderson impurity
Hamiltonian within the NCA, using a Gaussian model for t
bare~nonhybridized! conduction-band density of states. Th
density of states per site,ra(«), for theath conduction sub-
band are assumed to all be degenerate and are given by

rc,a~«!5
1

N (
kI

d„«2«~kI ,a!…5
1

WAp
expF2S «

WD 2G ,
~5!

which has a half-width ofW. From off-resonance valence
band photoemission and bremsstahlung isochromat spec
copy ~BIS! experiments, one can estimate that t
conduction-band density of states of Ce has a half-width
W53 eV. From photoemission experiments, one estima
that the position of the baref level is located about22 eV
below the Fermi energy. Accordingly, we setEf(G9)
522 eV and that the crystal field excited states have en
gies ofEf(G8)521.994 eV andEf(G7)521.9925 eV. The
eightfold-degenerate,Ns-o58, J5 7

2 excited spin-orbit split
f-level energy is located above the ground-statef-level en-
ergy by the free-atom spin-orbit splitting~0.27 eV!, so we set
Ef(s-o)521.63 eV. The hybridization matrix elementV is
assumed to be independent of (kI ,a) and the magnitude wa
adjusted to yield the best fit with the inelastic neutron sc
tering data on CeAl3 taken atT540 K.

In the limit of infinite U, the f states of multiple occu-
pancy are projected out in the initial, final, and all interm
diate states. Thus, the states can be characterized as h
either an unoccupied or a singly occupiedf shell. The NCA
equations are obtained from perturbation theory in the
bridization matrix element by selectively summing a sub
of diagrams which yield an exact expression for the se
energy to order 1/Nf , whereNf is the degeneracy of thef
level.14–16The subset of diagrams are those which neglect
vertex corrections. The NCA equations are expressed as
coupled nonlinear integral equations for the unoccupied
occupiedf level self-energies19 which are, respectively, de
noted byS0(v) andSa(v). The integral equations have th
form

Sa~v1 id!5
1

N (
kI

uVa~kI !u2@12 f „«~kI ,a!…#

v2«~kI ,a!1 id2S0@v2«~kI ,a!1 id#
~6!

and
2-2
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S0~v1 id!
1

N

5(
kI ,a

uVa~kI !u2f „«~kI ,a!…

v1«~kI ,a!1 id2Ef~a!2Sa@v1«~kI ,a!1 id#
,

~7!

where f (x) is the Fermi-Dirac distribution function and th
sum overa runs over all the individualf states. These equa
tions are solved numerically. The behavior of the real a
imaginary parts of the emptyf-state self-energyS0(v) are
shown in Fig. 1~a!, for T510 K. The imaginary part of the
self-energy falls to almost zero nearvEf(G7) due to the
cutoff originating in the Fermi function. The real part of th
self-energy shows evidence of the Kondo resonance nea
same energy. The logarithmic divergence in the real p
expected from perturbation theory in powers ofV, is sup-
pressed partially by the thermal broadening due to the Fe
function and also partially by the smearing due to the fin
imaginary part of the occupied-state self-energy. As a re
of thermal smearing, structures associated with the cry
field split Kondo resonances are not resolved atT510 K,
but can be clearly observed atT50.5 K. However, at 10 K,
the real and imaginary parts of the empty-state self-ene
do show structure originating from the spin-orbit sp
excited-state Kondo resonance at an energy of roughly 0
eV above the ground-state resonance. The real and imag
parts of the occupiedf-state self-energiesSa(v) are shown
in Fig. 1~b!. For energies far removed from those associa
with the Kondo resonance, the occupied-state self-energy
factor of 14 smaller than the unoccupied-state self-ene
Furthermore,Sa(v) does not show features as sharp
those in the unoccupied-state self-energy.

To improve the numerical accuracy, a similar pair of li
earized equations are also solved~up to a multiplicative con-
stant! self-consistently for the Boltzmann weighted imag
nary part of the self-energies,

ha~v1 id!5
1

p

exp@2bv#

Zf
Im@Sa~v1 id!# ~8!

and

h0~v1 id!5
1

p

exp@2bv#

Zf
Im@S0~v1 id!#, ~9!

in which the previously found self-energies form part of t
input.

The partition function for the f electrons,Zf , is calculated
in a processes which commences with the construction of
occupied- and unoccupied-state densitiesra(v) and r0(v)
defined by

ra~v!52
1

p

3
Im@Sa~v1 id!#

$v2Ef~a!2Re@Sa~v!#%21$Im@Sa~v1 id!#%2
,

~10!
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r0~v!52
1

p

Im@S0~v1 id!#

$v2Re@S0~v!#%21$Im@S0~v1 id!#%2
.

~11!

The occupied- and unoccupied-state densities of states
shown in Fig. 2~a! over a wide energy scale. The unoccupi

FIG. 1. The energy dependence of the real and imaginary p
of the unoccupied-state self-energyS0(v) is shown in~a! by the
thin and thick solid lines. The energy of the Kondo bound state
given by the intersection of the dotted line,v, passing through the
origin with the real part of the unoccupied-state self-energy. AT
510 K, the system supports a bound state corresponding to
ground-stateJ5

5
2 spin-orbit splitf level and also a second Kond

bound state corresponding to theJ5
7
2 spin-orbit excitedf state. The

real and imaginary parts of the lowest-energy occupied-state
energySa(v) are shown in~b!, as thin and thick solid lines. The
occupied-state self-energy has a magnitude which is a factor oNf

smaller than the unoccupied self-energy.
2-3
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FIG. 2. The lowest-energy occupied- and unoccupied-state densities of statesra(v) andr0(v) are shown in~a! by thin and thick solid
lines. The densities of states are in units of eV21 (mol Ce)21, and the energyv is in units of eV. The unoccupied-state density of sta
exhibits three peaks, two of which correspond to the Kondo bound states of theJ5

5
2 andJ5

7
2 spin-orbit multiplets. The occupied-stat

density of states only shows a single peak close to the energy of the lowest-energy Kondo bound state. The low-energy structure
in more detail in~b!. The lowest-energy peak in the unoccupied density of states lies at an energy approximatelykB TK below the peak in
the occupied density of states. The structure in the spectral densityr0(v) is barely discernable in~b! and, therefore, is shown in~c! with a
scale that has been magnified by a factor of 100.
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density of states shows three peaks associated with the
tions of the equation

v2Re@S0~v!#50. ~12!

The two low-energy peaks in the unoccupied density
states are associated withJ5 5

2 and J5 7
2 spin-orbit split

Kondo peaks. The occupied density of states also show
sharp peak close toEf . Near the thermally smeared thres
old for the imaginary part of the unoccupied self-energy,
04510
lu-

f

a

e

rapid variation in the real part of the self-energy produce
dramatic narrowing of the low-energy peaks. The struct
near the thermally smeared threshold is shown in Fig. 2~b!.
The peak in the unoccupied density of states lies at an en
kBTk* below the peak in the occupied density of states. T
process of evaluatingZf is continued by the construction o
the Boltzmann weighted densities, defined by

Pa~v!5
exp@2bv#

Zf
ra~v! ~13!
2-4
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and

P0~v!5
exp@2bv#

Zf
r0~v!. ~14!

As seen in Fig. 3, at low temperatures, due to the Boltzm
factor, the thermally weighted densities contain a signific
amount of their spectral weight at energies far below
low-energy peaks inra(v). In order to avoid amplification
of the numerical errors inra(v) in the region where it is
small, the weighted densities of statesPa(v) are calculated
directly from the Boltzmann weighted imaginary parts of t
self-energiesha(v). The value of thef-electron partition
functionZf is then calculated by imposing the normalizati
condition

15E
2`

`

dvP0~v!1(
a

E
2`

`

dvPa~v!. ~15!

The specific heat due to the impurity is calculated from
impurity partition functionZf in the usual way. The specifi
heat contributionC(T) due to each Ce impurity is given b

C~T!52TS ]2F f~T!

]T2 D
m50

, ~16!

since we have assumed a symmetric conduction-band de
of states. The temperature-dependentf-electron occupation
number is then calculated from

nf~T!5(
a

E
2`

`

dvPa~v!. ~17!

FIG. 3. The thermally weighted occupied-state density of sta
Pa(v) is shown by a thick solid line, while the unweighte
occupied-state density of statesra(v) is shown by a thin solid line
for T510 K. The units are the same as those in Fig. 2. The ther
weighting factor shifts the spectral weight to lower energies.
04510
n
t

e

e

ity

The imaginary part of the dynamic susceptibilityxg,d(v) is
calculated from the expression

~gmB!22@11N~v!#Im@xg,d~v!#

5p (
(a,m),(a8,m8)

^a,muJgua8,m8&^a8,m8uJdua,m&

3E
2`

`

d«Pa~«!ra8~«1v!, ~18!

in which N(v) is the Bose-Einstein distribution function. I
the above expression, we have ignored the effect of exc
tions from the ground state to the excited spin-orbit level
we have only considered excitations between states with
sameJ values. However, these excitations can be incor
rated by introducing the dipole matrix elements calculated
Balcar and Lovesey.20 The peaks found from the spin-orb
excitations are at higher energies than the energy regio
interest here, have small intensities, and are quite broad.
static susceptibility is calculated directly from the occupie
state spectral densitiesra(e) andPa(e) in a manner physi-
cally equivalent to imposing the Kramers-Kronig relation16,19

xg,g~T!5
2

pE0

`

dvS Im@xg,g~v!#

v D . ~19!

The effect of neglecting the spin-orbit excitations is found
be about only 1% of the total susceptibility. On complete
neglecting the effects of states other than those in theJ5 5

2

spin-orbit multiplet, we find that our results satisfy the su
rule

~gmB!22E
2`

` dv

p
@11N~v!#(

g
Im@xg,g~v!#

5J~J11!nf~T!. ~20!

However, due to the relatively small value of the spin-or
splitting in Ce compared to V, and the effects of finiteU, it is
not expected that this sum rule should hold for the exp
mental data.

IV. DISCUSSION

The dynamic susceptibility of the single-impurity Ande
son model, as calculated by the NCA, was fitted to inela
neutron scattering experiments on CeAl3 at 40 K and the
measured static susceptibility at one~high-! temperature
value. The best fit parameter for the hybridization seems
beV50.45 eV, which yields an almost integer value for t
low-temperaturef occupation, nf(T55 K)50.9611. The
calculated spectra for spin fluctuations parallel and perp
dicular to the hexagonalc axis are shown in Fig. 4. The sum
should be compared with the experimentally measu
spectrum.18,11We note that there is fair agreement; howev
the experimentally determined high-energy tail of the sp
trum is larger than the calculated tail. In Fig. 4~a!, the spectra
are shown for the temperatureT520 K, while in Fig. 4~b!,
the spectra are shown forT540 K. The widthG(T) of the
quasielastic component@or more precisely the peak positio

s

al
2-5
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PETER S. RISEBOROUGH PHYSICAL REVIEW B67, 045102 ~2003!
of Im xz,z(v)] is comparable to that measured by Mura
et al.21 and shows a characteristic

G~T!5G~0!1BAT ~21!

FIG. 4. The thermally weighted dynamic susceptibility in un
of eV21 (mol Ce)21, corresponding to the inelastic neutron sc
tering and quasielastic neutron scattering spectra, respective
shown by the dashed and thin solid lines. The sum is shown by
thick solid lines. The spectra are shown forT520 K in ~a! and in
~b! for T540 K.
04510
i

temperature dependence, as seen in Fig. 5. The energy o
inelastic peak in Imxx,x(v) softens asT is increased. This
softening occurs over the same temperature range over w
nf(T) changes. Since the hybridization increases the cry
field parameters of CeAl3 over the values found in simila
rare-earth compounds,18,22 this softening may be attributabl
to the reduction of the effective hybridizationV2@1
2nf(T)# with increasing temperature. In contrast to the te
perature dependence of the quasielastic peak, the half wi
at half maximum of the inelastic component are relative
temperature independent. The half widths of the inela
peak are almost equal, indicating the almost symmetric
ture of the peak due to the crystal field excitations. The c
culated components of the static susceptibility are shown
Fig. 6. The calculated susceptibility tensor shows sligh
less anisotropy than the measured quantities.9 This discrep-
ancy might be due to anisotropy in the hybridization mat
elements or perhaps deviation from the perfect hexago
c/a ratio. The temperature dependence of the ratio of
calculated electronic specific heat,C(T), is shown in Fig. 7.
At zero field, the specific heat shows a shoulder neaT
56 K which is due to the Kondo doublet, and a Schott
peak nearT528 K, which is due to the crystal field excita
tions. It is notable that while theory only shows a monoton

is
e

FIG. 5. The temperature dependence of the energy of the qu
elastic peakG(T) in Im xz,z(v) is shown by the diamonds. Thi
follows an approximate square-root temperature dependence
seen in CeAl3 by Murani et al. ~Ref. 21! and later found in the
single-impurity Anderson model calculations of Bickerset al. ~Ref.
16!. The energy of the inelastic peak is marked by the solid squa
and softens with increasing temperature. This softening is a resu
the reduction of the effective hybridization caused by the chang
nf(T) with temperature which reduces the large hybridization
duced renormalization of the crystal field energies. The low-ene
side half width at half maximum of the inelastic peak is shown
the crosses while the high-energy-side half width at half maxim
is shown by the triangles.
2-6
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increase in theC(T)/T ratio, the measured specific heat ra
shows a maximum of about 1.63 J/mol K2, at about T
510.5 K, and is followed by a saturation atT50 to a value
of 1.5 J / mol K2.

The reasonable agreement of both the temperature de
dence of thermodynamic quantities and the energy dep
dence of spectra measured in heavy-fermion systems
the predictions of the single-impurity model is in contra

FIG. 6. The temperature dependence of the diagonal com
nents of the static susceptibility,xg,g(T). The susceptibility is in
units of emu per gauss per mole Ce. Thexz,z component is marked
by solid triangles, whereas thexx,x andxy,y components are degen
erate and are marked by solid squares.

FIG. 7. The temperature dependence of the calculated electr
specific heat,C(T), is shown forHz50 andHz510 T. The calcu-
lation shows a Schottky peak atT528 K and a low-temperature
shoulder due to Kondo scattering. The calculation does not re
duce the experimentally determined peak in the specific heat
found at temperatures nearT;1 K.
04510
en-
n-
ith
t

with the marked discrepancy found in the case of Yb mixe
valent compounds.23 In highly mixed-valent systems it is
found that the temperature variation of thermodynamic fu
tions is much slower than the predictions of the sing
impurity model. A similar change in the temperature var
tion between the single-impurity model and the Anders
lattice has been found in Monte Carlo calculations.24 The
protracted screening found in the lattice systems is parti
due to the necessity of calculating the chemical poten
m(T) self-consistently. The reasonable agreement of the t
perature dependence of experimental measurements
heavy-fermion systems with the single-impurity model ma
in part, be due to the very limited change of thef occupation
from the low-temperature value to the high-temperat
value of unity. This implies that for a concentrated com
pound, the chemical potential should decrease by an en
of the order of (W/Nc)@12nf(0)# for a temperature chang
of the order of severalTk . In this expression,Nc is the total
degeneracy of the conduction bands in the vicinity of t
Fermi energy, and not just the number involved in screen
the high-temperature magnetic moments. The decrease in
ground-state energy on increasing temperature, due to
shift in the chemical potential, may partially offset the i
crease in the energy caused by the unbinding of the Ko
singlet state. This competition may result in the slower te
perature dependence of thermodynamic quantities in a c
centrated compound than in a dilute alloy, where the shif
the chemical potential can be neglected. For the concentr
compound CeAl3, the shift of chemical potential is estimate
to be of the order of 25 meV, whereas the binding ene
kBTk for forming the Kondo singlet is estimated to be of th
order of 6@12nf(0)#V2rc(0);8.8 meV.

Using the parameters obtained in the fit, the tempera
dependence of the components of the susceptibility and
cific heat are in overall reasonable agreement with the sin
impurity calculations for temperatures above a few degr
kelvin. In particular, the results show that the model exhib
two different many-body temperature scales; one scale is
sociated with the Kondo temperatureTk of the full sixfold-
degeneratef level. It is this scale that characterizes the sp
flip scattering in the high-temperature regime where
excited crystal field levels are thermally populated. For te
peratures below the crystal field splitting, where spin-fl
scattering between the excited crystal field levels is froz
out, the relevant many-body temperature scale is the Ko
temperatureTk* of with the doubly degenerate crystal fie
ground state. The existence of these two temperature sc
was first identified by Cornut and Coqblin25 in their expla-
nation of two different temperature regimes of the logari
mic dependences of the resistivity on temperature for dil
Ce impurities. The value ofTk is estimated by resumming
low-order perturbation series as

kBTk;W@V2rc
2~0!#1/6S W

DEs-o
D 8/6

expF Ef

6V2rc~0!G ,
~22!

which yieldsTk;60 K, which should be compared with th
temperatures of 70 and 87 K which correspond to the cry
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field excitation energies. The high-temperature Kondo sc
appears as a Curie-Weiss-like term in the asymptotic form
the susceptibility,

x~T!5x0~T!S 12
2

N ln~T/Tk!
1••• D , ~23!

wherex0(T) is the susceptibility of an isolatedf ion. In the
crystal field analysis of the high-temperature susceptibilit18

the Kondo temperature term is partially incorporated a
mean-field enhancement factor. The lower-temperature s
Tk* is estimated to be

kBTk* ;W@V2rc
2~0!#1/2S W2

20DE2D S W

DEs-o
D 4

expF Ef

2V2rc~0!G .
~24!

The above estimate for the low-temperature Kondo temp
ture Tk* is not expected to be accurate as the parameter
the low-temperature model are expected to be highly ren
malized by the hybridization with the higher-energy levels
more accurate value of the low-temperature scaleTk* is given
by definingkBTk* as the extrapolatedT→0 limit of the en-
ergy of the peak of either the Kondo feature in the jo
f-derived photoemission and inverse photoemission spec
or the quasielastic peak in Imxz,z(v). Thus, a more accurat
estimate of the low-temperature energy scale is given
Tk* ;5.2 K. This second Kondo temperatureTk* is expected
to show up as the energy scale for the low-temperature Fe
liquid.2 However, as shown by Kuramoto and Mu¨ller-
Hartmann,15 the NCA solution exhibits spurious behavior fo
temperatures

kBT,S kBTk*

N* 11D S pkBTk*

V2rc~0!
D (N* 11)/(N* 21)

, ~25!

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

Despite the overall reasonable agreement, we find tha
peak in the low-temperature specific heat near 1 K in the
stoichiometric compound,5 or near 3 K~Ref. 4! in the diluted
compound, is not well described by the single-impur
model. Although we do find a low-temperature shoulder
the Schottky peak inC(T), the magnitude is considerabl
smaller than the experimentally determined peak, and
t-

X
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04510
le
f
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a-
of
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mi

-
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e

temperature of the maximum is an order of magnitude hig
than the experimental determined temperature. The field
pendence of the calculated low-temperature feature inC(T)
shows, as expected, that application of a magnetic field s
presses the Kondo effect and, therefore, reduces the co
cient g of the linear-T term in the low-temperature specifi
heat. Furthermore, the Zeeman splitting broadens the sh
der and moves it towards higher temperatures. Althou
these results are qualitatively similar to those found by Pi
et al.using the anisotropic Kondo model,13 in our results, the
magnitude of the peak is significantly weaker and are alm
masked by the Schottky anomaly due to the crystal fi
splitting. This is partially due to the difference in the mod
and also as our parameters correspond to a much we
value of the exchange interaction. Therefore, we conclu
like previous authors,4,13 that the existence of a large peak
this very low temperature is a manifestation of the onset
spatial coherence between thef ions. The present calcula
tions contain no indication of whether this is a coheren
effect associated with a paramagnetic ground state
whether the anomaly is due to weak, sample-depend
magnetic ordering found in some experiments. However,
interesting to note that this peak appears at a temperatu
roughlyTk* /N* whereN* is the low-temperature degenerac
2. This agrees with the conjecture23 that coherence effects ar
manifested below the coherence temperatureTk /N.

In conclusion, we have shown that the properties
CeAl3, such as the inelastic neutron scattering spectra,
temperature dependence of the anisotropic static suscep
ity, and specific heat aboveT51 K, can be described rea
sonably well by the single-impurity Anderson model wi
spin-orbit coupling and the hexagonal crystal field sche
proposed by Goremychkinet al.18 The fits to the high-
temperature behavior indicate that any anisotropy in the
bridization is small. However, the calculations do not rep
duce the small peak found in theC(T)/T ratio at very low
temperatures. This is presumably either due to coherenc
fects of the lattice or anomalous spin-glass-like order
which has been proposed to occur in La-diluted CeAl3.4
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