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We have calculated the band-f hybridizations for CexLa12xM3 compounds (x  1 andx ! 0; M 
Pb, In, Sn, Pd) within the local density approximation and fed this into a noncrossing approximati
for the Anderson impurity model applied to both dilute and concentrated limits. Our calculatio
produce crystalline electric field splittings and Kondo temperatures with trends in good agreement
experiment and demonstrate the need for detailed electronic structure information on hybridizatio
describe the diverse behaviors of these Ce compounds. [S0031-9007(96)02231-4]
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A pressing theoretical issue for strongly interactin
electronic materials is to produce realistic descriptio
including crystalline environment and symmetry effect
well treated byab initio electronic structure theory, to-
gether with dynamical effects best treated by many bo
formalisms. A case in point is heavy fermion mater
als with strongly interactingf-electron states that give
rise to huge electronic mass enhancements. Some
derstanding of these systems has been reached in
derson model approaches which assume a nearly ato
limit picture for f states that hybridize with extended
conduction states through matrix elements determin
from electronic structure (local density approximation o
LDA) calculations [1–5]. In particular, Gunnarsson an
Schönhammer [1] and Monnieret al. [6] have calculated
high energy spectra for a number of cerium based m
als with a T  0 variational method, which however
ignored crystal field effects. The LDA has been use
to estimate hybridization-induced crystalline electric fie
(CEF) splittings in cerium systems [3] without including
the strong correlations. Second order perturbation the
in the direct Coulomb interaction gives good estimat
for electron mass enhancements while only partially ca
turing Kondo effect physics [5].

In this work, we present first results for a method whic
combines a nonperturbative, finite temperature diagra
matic approach for the Anderson model (the noncros
ing approximation or NCA) with input parameters from
the LDA. The NCA can properly generate hybridiza
tion induced CEF splittings while giving an excellent de
scription of the Kondo effect. We report calculations o
the CEF splittings and Kondo scalesTK in CeM3 (M 
Pb, In, Sn, Pd) compounds in which experimentalTK val-
ues vary withM by nearly 3 orders of magnitude. We
have computed energy dependent hybridization matrix
ements within the LDA in two limits.

(1) For the dilute alloy system CexLa12xM3 with x ! 0.
(2) For concentrated CeM3 compounds.
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We correctly find a stableG7 doublet CEF ground state
with small TK values for CePb3 and CeIn3 and largeTK

values with negligible CEF effects for CeSn3 and CePd3.
In our work, the CEF splittings are induced by band

f hybridization, which is anticipated to be the domina
contribution [4]. This splitting arises as follows: a CE
state in Ce-f1 configuration is shifted downward by leve
repulsion through virtualf1 ! f0 ! f1 andf1 ! f2 !

f1 charge fluctuations. In the presence of crystallin
anisotropy, different irreducible representations (irrep
of the point group in thef1 manifold receive different
shifts. Using this idea in second order perturbatio
theory, Wills and Cooper [3] estimated the contributio
of the hybridization-induced CEF splittings on top o
extrapolated point charge contributions [7]. Although th
electrostatic potential from the cubic environment ca
induce the CEF (i.e., in the point charge model), it
difficult to produce a good estimate of this contributio
in a metal due to conduction electron charge screen
[7] and metallic covalency. We shall neglect point charg
contributions in this Letter.

We describe the CexLa12xM3 systems in terms of
effective impurity Anderson models [8,9] in the dilute
(x ! 0) and concentrated (x  1) limits at a site of
cubic symmetry relevant to the Cu3Au structure. In this
Letter, we ignore intersite interaction effects such as t
antiferromagnetism found in CeIn3 [10] and CePb3 [8].
The impurity Anderson Hamiltonian of interest reads

H 
X
ks

eksc
y
kscks

1
1

p
Ns

X
ks,m

sVksmcksfy
m 1 H.c.d

1
X
m

efmfy
mfm 1 U

X
m,m0

nfmnfm0 , (1)

where m is the label of cubic irrep states,Vksm the
hopping matrix element between conduction electr
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(cks) and f orbital (fm), Ns the number of sites,efm

the f-level energy measured from the Fermi level,U the
on-site Coulomb repulsion forf electrons.

We have usedefm  22.0 eV for Hund’s ground multi-
plet (J 

5
2 ) in all the calculations, consistent with experi-

mental [11] and theoretical [12] values. The spin-orb
(SO) splittingDSO was read off from the separation be
tween J 

5
2 and J 

7
2 peaks in the Ce4f projected

density of states (DOS). We findDSO  0.35 eV for all
M, in agreement with atomic values. We set the on-si
Coulomb repulsionU ! ` in our many body approxima-
tion, though we partially correct for this as we shall de
scribe below. In the cubic point group symmetry of th
CeM3 compounds, theJ  5

2 multiplet decomposes into
a G7 magnetic doublet (j 5

2 ; G7l) and G8 quartet (j 5
2 ; G8l),

split by an energyD78. The J 
7
2 multiplet splits into

G6 andG7 doublets, and aG8 quartet. Experimentally, the
G7 doublet lies lowest forM  Pb, In (D78 . 0), while no
CEF splitting is resolved forM  Sn, Pd.

The hybridization strengths are calculated from the LD
using the linearized muffin-tin orbital (LMTO) method
in the atomic sphere approximation (ASA) including th
combined correction term [13]. We assumed the sam
Wigner-Seitz radii for Ce andM ( Pb, In, Sn) and used
experimental lattice constants. We used 165k points in the
irreducible Brillouin zone with DOS integrations carried
out by the tetrahedron method [14].

In the concentrated limit (x ! 1, i.e., CeM3), we
define the hybridizationGmed

mm0 sed, in terms of an effective
impurity Anderson model, with the hybridization derived
from the overlap betweenf orbital at the origin and the
rest of the lattice. More specifically

Gmed
mm0 sed  2Im

X
R,R0

VRmV p
R0m0G0sR, R0, e 1 ihd , (2)

where VRm is the hopping matrix element betweenmth
f orbital and ligand orbital atR and G0sR, R0, e 1 ihd
the Green’s function of ligand electron created atR and
recovered atR0, with the centralf orbital excluded. Now
the array of ligand andf orbitals (origin excluded) serves
as an effectivestatic medium coupled to thef orbital
at the origin. Our method follows Gunnarssonet al.’s
suggestion [15] to interpret thef-projected DOS as the
spectral function of an effectivenoninteractingresonant
level model. This corresponds to the first iteration of
“dynamical mean field theory” to the interacting problem
[16], which becomes exact in infinite spatial dimension
We obtain the hybridization as follows:

Gmed
mm0 sed  2

i
2

fGLDAse 1 ihd21

2 GLDAse 2 ihd21gmm0

GLDA
mm0 se 6 ihd 

Z
dz

r
LDA
mm0 szd

e 6 ih 2 z
, (3)
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where GLDA
mm0 se 6 ihd is the matrix Green’s function,

r
LDA
mm0 sed thef-projected DOS derived from the LDA.
In the impurity limit (x ! 0), we calculate the hy-

bridization betweenf andbare ligands, that is,

G
imp
mm0sed  p

X
ks

V p
ksmVksm0dse 2 eksd , (4)

which corresponds to Eq. (2) of Ref. [6]. While, in the
concentrated limit, thef electron hops into bonding state
of thef (origin excluded) ligand lattice, this impurity limit
hybridization accounts for the overlap off and ligand
states. We apply it to the impurity limit of CexLa12xM3

since the Ce-Ce hopping is negligibly small forx ! 0.
The procedure for computingVksm is to set up a Hamil-
tonian matrix of alattice resonant level model for CeM3.
We construct a Hamiltonian matrix in an orthogonal ba
sis using eigenvectors and eigenvalues of LMTO equati
in theone-centerexpression [13]. After diagonalizing the
ligand sector of the matrix and unitary transforming thef-
ligand sector with the new ligand basis, we directly read o
hybridization matrix elements,Vksm. The Brillouin zone
sum of Eq. (4) is performed with the tetrahedron metho
[14]. We used lattice constants of LaM3 compounds and
readjusted the Fermi energy such that the ligand bands
filled up with Ne 2 1 electrons, withNe the number of
valence electrons per CeM3 unit cell. The minus one ac-
counts for the removal of the single Ce4f1 electron in the
x ! 0 limit.

As seen in Fig. 1, despite the different procedures us
to calculate them, the hybridizations of thex ! 0 and

FIG. 1. Hybridizations ofCexLa12xM3 in two different lim-
its. (a)x  1 limit. Larger hybridization forG7 doublet (thick
line) near 1.0–3.0 eV pushesj

5
2 ; G7l below theG8 quartet (thin

line). (b) x ! 0 limit. Curves are almost identical to (a) ex-
cept near the Fermi energy. Note that the peaka0 is pushed
down to peaka [inset (a)] due tof-ligand coupling.
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x ! 1 limits are almost identical in the high energ
region (je 2 EF j $ 0.5 eV). In the low energy region
(insets of Fig. 1), the peaka in the impurity limit is
pushed down to peaka0 due to the presence of Ce
f orbitals in the effective medium. Since the Kond
temperatures (TK ) depend upon the hybridization weigh
below the Fermi energy (EF), this bonding effect near
EF can lead to a completely different scale ofTK as x
changes. The extra structure in thex ! 1 calculation
aboveEF (dashed line) is due to flatf bands. Although
this feature aboveEF is qualitatively different from the
x ! 0 limit, it contributes little toD78.

We solved theU ! ` Anderson model by using the
well known noncrossing approximation which gives
good quantitative description of Ce compounds except
T # Tp ø TK (whereTp is a “pathology scale” signaling
breakdown of the approximation) [2]. To the first orde
expansion in1yNg, with Ng the ground multiplet degen-
eracy, the spectral functions of thef0 and f1 states are
solved for from coupled self-consistent nonlinear integr
equations for thef0, f1 self-energies. To partially correc
for ourU ! ` approximation, we have estimated the co
tribution toD78 arising from virtualf2 occupancy between
j

5
2 ; G7l and j

5
2 ; G8l by employing second order perturba

tion theory withU  6 eV. We then added the resulting
shifts to thebaref-level positions in the NCA.D78 values
were read off from separation of the peaks ofj

5
2 ; G7l and

j
5
2 ; G8l-f1 spectral functions, which include contribution

to all orders inV 2, as per Levy and Zhang [4] and in con
trast to Wills and Cooper [3]. The Kondo temperature
TK were computed by fitting the magnetic susceptibili
curves to NCA calculations for Lorentzian DOS where th
analytic expression ofTK is well known [2].

The CeM3 compounds (M  Pb, In, Sn) have the dou-
blet (j 5

2 ; G7l) states as the lowest lying multiplet withD78

values in good agreement with the experiments [8–1
as listed in Table I. For the heavy fermion systems CeI3
and CePb3, D78 . 0 (G7 is stable) andD78 ¿ TK , both
in agreement with experiment. The CEF splitting com
from the largerG7 hybridization in the energy region from
1.0 to 3.0 eV, which results in the doublet (G7) ground state
for M  In, Pb. Naively, sinceD78 , V 2, one would ex-
pect the larger crystal field splitting for CeIn3 to correspond

TABLE I. Electonic configuration of ligand atomM (EC),
ground multipletGgrd , CEF splittingsD78, and Kondo temper-
aturesTK for CexLa12xM3 systems. PositiveD78 indicates a
stableG7 ground doublet on the Ce sites. Units in Kelvin.

M D
exp
78 yT

exp
K D

x1
78 yTx1

K D
x!0
78 yTx!0

K

Pb 67y3 50y0.053 45y8.8
In 183ys,11d 125y0.016 80y3.1
Sna 2y450 159y400 176y238
Pda 2y700 2215y3210 2314y2600

a[D78 not experimentally deducible forD78 ø TK ].
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to a much largerTK value than for CePb3 which is not
seen experimentally. This common reasoning assume
however, energy independent hybridization, clearly not th
case here as shown in Fig. 2. In detail, the hybridizatio
strength averaged over energy of CeIn3 exceeds that of
CePb3 which dictatesD78jIn . D78jPb, while the smaller
CeIn3 hybridization right belowEF (marked by an arrow
in Fig. 2) yields a smallerTK value. Apparently, detailed
hybridization calculations are critical forquantitativeun-
derstanding of real heavy fermion materials.

Despite the correct prediction of the ground CEF in
CePb3, there is a large discrepancy betweenTK for impu-
rity and concentrated limits. Because of the exponenti
sensitivity of TK to model parameters in heavy fermion
systems [17], the reliable estimation ofTK is beyond the
accuracy of our approximations. Improvement in the ac
curacy can be made by (i) calculating thef-level energy
ef as a function ofx and (ii) including the Laf orbital in
conduction states in the impurity limit calculation [18].

The intermediate valencematerials, CeSn3 and CePd3,
haveD78 ø TK due to their large hybridization, as shown
in Table I. This agrees with experiment which fails to
resolve CEF peaks. For CePd3, the LDA yields an
anomalously huge hybridization (up to 1.5 eV) betwee
Pd d orbitals and Cef orbitals below the Fermi energy
unlike other compounds which are dominated byf-s, p
overlap. As a result, the estimatedTK for CePd3 was
much larger than the experimental value [19]. Note tha
despite the common belief thatTK depends on the value

FIG. 2. Hybridizations ofCeM3sM  In, Sn, Pdd. CeSn3

and CePd3 are in mixed valence regime due to largeGsed
compared to those of CePb3 and CeIn3. Small hybridization
of CeIn3 near the Fermi energy (marked by an arrow) is
responsible for smallTK Note the huge contribution of Pdd
orbital (scaled down by factor of 10) in CePd3 to a largeTK
despite the smallGsed near Fermi surface. As in Fig. 1, the
thick (thin) line denotes the hybridization forG7 doublet (G8
quartet).
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FIG. 3. Calculated magnetic susceptibilityxsTd vs T for
CeM3 compounds. (a)M dependence ofxsT d; see text for
discussion. (b) Magnetic susceptibilities of CeSn3 for different
f-level positions,ef .

of hybridization at the Fermi energy, CePd3 shows a
counterexample whereTK can be dominated by a large
hybridization below the Fermi surface.

The magnetic susceptibilityxsTd provides a measure
of the degree of screening of the local moments by co
duction electrons, as shown in Fig. 3(a). For CeIn3 and
CePb3, xsT d deviated from Curie-Weiss behavior nea
T , D78 without sizable moment screening until the low
est accessible temperature;xsT d of CeIn3 crossed over
from j

5
2 ; G7 1 G8l to j

5
2 ; G7l magnetic moment regime

regaining inverse-T behavior at temperatures (,10
100 K) well below the CEF splitting. As opposed to
Lawrence et al. [10], this crossover behavior ofxsT d
results from partial screening of the effective magnet
moment arising from CEF splitting rather than Kond
effect.

In Fig. 3(b), susceptibility curves of CeSn3 are
plotted with a comparison to experiment [9]. Sinc
xs0d , 1yTK and TK is exponentially sensitive toef

as TK ~ expfpefyNgGs0dg, we performed calculations
for several ef ’s (22.0, 22.1, 22.2 eV). Clearly our
calculations bracket but do not fit the experimental da
The calculation underestimates the bump at 130 K, whi
becomes prominent with orbital degeneracy due
particle-hole asymmetry. Since a calculation forD78  0
fits the data well [20], we suspect the source of th
disagreement may be an overestimate of CEF splitting
our calculation, placing the effective degeneracy betwe
two (TK ø D78) and six (D78  0).
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In conclusion, we reproduced both the band an
many body features of the Ce compounds by input
LDA(LMTO-ASA) calculated hybridizations intoU ! `

NCA calculations for appropriately defined impurity An
derson models. We reproduce well experimental tren
in TK , D78, and xsT d for the CeM3 series. This work
provides a starting point for quantitative calculations o
realistic heavy fermion systems at finite temperature
Improvement may come through a proper inclusion
f2 dynamics (U fi `), a reliable theory for electrostatic
CEF contributions, and through self-consistent closure
the many body calculations.
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