VOLUME 78, NUMBER 5 PHYSICAL REVIEW LETTERS 3 EBRUARY 1997

Ab Initio Calculation of Crystalline Electric Fields and Kondo Temperatures
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We have calculated the barfdhybridizations for Cel.a,—,M; compoundsX = 1 andx — 0; M =
Ph In, Sn Pd) within the local density approximation and fed this into a noncrossing approximation
for the Anderson impurity model applied to both dilute and concentrated limits. Our calculations
produce crystalline electric field splittings and Kondo temperatures with trends in good agreement with
experiment and demonstrate the need for detailed electronic structure information on hybridization to
describe the diverse behaviors of these Ce compounds. [S0031-9007(96)02231-4]

PACS numbers: 75.30.Mb, 71.27.+a, 75.10.Dg

A pressing theoretical issue for strongly interacting We correctly find a stabl&; doublet CEF ground state
electronic materials is to produce realistic descriptionsvith small Tx values for CePpand Celp and largeTk
including crystalline environment and symmetry effects,values with negligible CEF effects for CeSand CePdl
well treated byab initio electronic structure theory, to-  In our work, the CEF splittings are induced by band-
gether with dynamical effects best treated by many body hybridization, which is anticipated to be the dominant
formalisms. A case in point is heavy fermion materi- contribution [4]. This splitting arises as follows: a CEF
als with strongly interactingf-electron states that give state in Cef! configuration is shifted downward by level
rise to huge electronic mass enhancements. Some urepulsion through virtuaf! — % — flandf! — f?> —
derstanding of these systems has been reached in A charge fluctuations. In the presence of crystalline
derson model approaches which assume a nearly atoménisotropy, different irreducible representations (irreps)
limit picture for f states that hybridize with extended of the point group in thef! manifold receive different
conduction states through matrix elements determinegdhifts. Using this idea in second order perturbation
from electronic structure (local density approximation ortheory, Wills and Cooper [3] estimated the contribution
LDA) calculations [1-5]. In particular, Gunnarsson andof the hybridization-induced CEF splittings on top of
Schénhammer [1] and Monniet al. [6] have calculated extrapolated point charge contributions [7]. Although the
high energy spectra for a number of cerium based metlectrostatic potential from the cubic environment can
als with a T = 0 variational method, which however induce the CEF (i.e., in the point charge model), it is
ignored crystal field effects. The LDA has been usedlifficult to produce a good estimate of this contribution
to estimate hybridization-induced crystalline electric fieldin a metal due to conduction electron charge screening
(CEF) splittings in cerium systems [3] without including [7] and metallic covalency. We shall neglect point charge
the strong correlations. Second order perturbation theorgontributions in this Letter.
in the direct Coulomb interaction gives good estimates We describe the Géa,—,M; systems in terms of
for electron mass enhancements while only partially capeffective impurity Anderson models [8,9] in the dilute
turing Kondo effect physics [5]. (x — 0) and concentratedx(= 1) limits at a site of

In this work, we present first results for a method whichcubic symmetry relevant to the ¢Au structure. In this
combines a nonperturbative, finite temperature diagramketter, we ignore intersite interaction effects such as the
matic approach for the Anderson model (the noncrossantiferromagnetism found in Celrf10] and CePb [8].
ing approximation or NCA) with input parameters from The impurity Anderson Hamiltonian of interest reads
the LDA. The NCA can properly generate hybridiza-

tion induced CEF splittings while giving an excellent de- H = Z fkaclacka

scription of the Kondo effect. We report calculations of ko |

the CEF splittings and Kondo scal@g in CeM; (M = 1

Ph In, Sn Pd) compounds in which experiment} val- * Ny k;m(vk”mck”fm +HC)

ues vary withM by nearly 3 orders of magnitude. We

have computed energy dependent hybridization matrix el- + Z ffmf,;];fm +U Z NfmPfm! s 1)
ements within the LDA in two limits. m m<m!

(1) For the dilute alloy system Gka; — M3 with x — 0. where m is the label of cubic irrep state¥x,. the
(2) For concentrated @& compounds. hopping matrix element between conduction electron
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(cko) and f orbital (f,,), N, the number of sitese;,, ~ where G, (e = in) is the matrix Green’s function,

the f-level energy measured from the Fermi levlthe  pLP*(e€) the f-projected DOS derived from the LDA.

on-site Coulomb repulsion fof electrons. In the impurity limit (x — 0), we calculate the hy-
We have used;,, = —2.0 eV for Hund’s ground multi-  bridization betweerf andbare ligands, that is,

plet (J = %) in all the calculations, consistent with experi- _

mental [11] and theoretical [12] values. The spin-orbit T (€) = 7 D Vi Vom0 — €xo),  (4)

(SO) splitting Aso was read off from the separation be- ko

tween/ = 7 andJ = ; peaks in the Cetf projected \hich corresponds to Eq. (2) of Ref. [6]. While, in the
density of states (DOS). We finllso = 0.35 eV forall  concentrated limit, th¢ electron hops into bonding states
M, in agreement with atomic values. We set the on-sitgf the £ (origin excluded) ligand lattice, this impurity limit
Coulomb repulsiorV — = in our many body approxima- nypridization accounts for the overlap g¢f and ligand
tion, though we partially correct for this as we shall de-gtates. We apply it to the impurity limit of Geay_,M;
scribe below. In the CUb|05 point group symmetry of thegince the Ce-Ce hopping is negligibly small fer— 0.
CeM; compounds, thg = 5 multiplet decomposes into  The procedure for computingy . is to set up a Hamil-
a I'; magnetic doubletlé; I'7)) and I's quartet (%; I's)), tonian matrix of alattice resonant level model for @é;.
split by an energyA,s. TheJ = % multiplet splits into  We construct a Hamiltonian matrix in an orthogonal ba-
I's andT'; doublets, and & quartet. Experimentally, the sis using eigenvectors and eigenvalues of LMTO equation
I'; doublet lies lowest foM = Ph In (A73 > 0), while no  in theone-centeexpression [13]. After diagonalizing the
CEF splitting is resolved fod = Sn Pd. ligand sector of the matrix and unitary transforming fhe

The hybridization strengths are calculated from the LDAligand sector with the new ligand basis, we directly read off
using the linearized muffin-tin orbital (LMTO) method hybridization matrix elements/x,,,. The Brillouin zone
in the atomic sphere approximation (ASA) including thesum of Eq. (4) is performed with the tetrahedron method
combined correction term [13]. We assumed the samfl4]. We used lattice constants of M3 compounds and
Wigner-Seitz radii for Ce an#/ (= Ph In, Sn) and used readjusted the Fermi energy such that the ligand bands are
experimental lattice constants. We used k@®intsinthe filled up with N, — 1 electrons, withN, the number of
irreducible Brillouin zone with DOS integrations carried valence electrons per @& unit cell. The minus one ac-
out by the tetrahedron method [14]. counts for the removal of the single @¢' electron in the

In the concentrated limitx(— 1, i.e., Cé43), we x — O limit.
define the hybridization'™(¢), in terms of an effective ~ As seen in Fig. 1, despite the different procedures used
impurity Anderson model, with the hybridization derived to calculate them, the hybridizations of the— 0 and
from the overlap betweeyi orbital at the origin and the
rest of the lattice. More specifically o8
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where Vy,, is the hopping matrix element betweerth 0% 025 o000 o025  oso
f orbital and ligand orbital aR and G'(R,R’, € + in) |
the Green’s function of ligand electron createdRatand o1 |
recovered aR’, with the centralf orbital excluded. Now (a)
the array of ligand and orbitals (origin excluded) serves 0o
as an effectivestatic medium coupled to theg orbital
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at the origin. Our method follows Gunnarsseh al’s s/or
suggestion [15] to interpret thg-projected DOS as the 3 -4
spectral function of an effectivaoninteractingresonant =
level model. This corresponds to the first iteration of a £
“dynamical mean field theory” to the interacting problem €
[16], which becomes exact in infinite spatial dimensions.
We obtain the hybridization as follows: ,
4 8

Ihsi(e) = = ZIGPA(e + im) ™!
FIG. 1. Hybridizations ofCe,La;_,Mj3 in two different lim-

_ GLDA(G _ in)—l] ) its. (a)x = 1 limit. Larger hybridization forl’; doublet (thick
o line) near 1.0-3.0 eV pushd&%; I';) below thel's quartet (thin
LDA( ) line). (b)x — 0 limit. Curves are almost identical to (a) ex-
GLDA(e + jq) = f _Pmm 2] (3)  cept near the Fermi energy. Note that the peaks pushed
mm e tin —z down to peaka [inset (a)] due td-ligand coupling.
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x — 1 limits are almost identical in the high energy to a much largefTx value than for CePpwhich is not
region (e — Er| = 0.5 eV). In the low energy region seen experimentally. This common reasoning assumes,

(insets of Fig. 1), the peak in the impurity limit is

however, energy independent hybridization, clearly not the

pushed down to peak’ due to the presence of Ce case here as shown in Fig. 2. In detail, the hybridization
f orbitals in the effective medium. Since the Kondo strength averaged over energy of Cebxceeds that of
temperaturesI(x) depend upon the hybridization weight CePl which dictatesAg|r, > Avg|py, While the smaller

below the Fermi energyEr), this bonding effect near

Er can lead to a completely different scale Bf as x

changes. The extra structure in the— 1 calculation
aboveEr (dashed line) is due to flgt bands. Although
this feature abovd:y is qualitatively different from the

Celny hybridization right belowEr (marked by an arrow
in Fig. 2) yields a smalleTk value. Apparently, detailed
hybridization calculations are critical fauantitativeun-
derstanding of real heavy fermion materials.

Despite the correct prediction of the ground CEF in

x — 0 limit, it contributes little toA 7. CePh, there is a large discrepancy betwegnfor impu-
We solved theU — « Anderson model by using the rity and concentrated limits. Because of the exponential
well known noncrossing approximation which gives asensitivity of Tx to model parameters in heavy fermion
good quantitative description of Ce compounds except fosystems [17], the reliable estimation Bf is beyond the
T =T, < Tk (whereT, is a “pathology scale” signaling accuracy of our approximations. Improvement in the ac-
breakdown of the approximation) [2]. To the first order curacy can be made by (i) calculating tfidevel energy
expansion inl/N,, with N, the ground multiplet degen- ¢, as a function ofc and (ii) including the Laf orbital in
eracy, the spectral functions of th@ and f! states are conduction states in the impurity limit calculation [18].
solved for from coupled self-consistent nonlinear integral The intermediate valencenaterials, CeSnand CePg
equations for the, f! self-energies. To partially correct haveA,s < Tk due to their large hybridization, as shown
for our U — < approximation, we have estimated the con-in Table |. This agrees with experiment which fails to
tribution to A5 arising from virtualf> occupancy between resolve CEF peaks. For CeRdthe LDA vyields an
|§;1“7> and |%;1“8> by employing second order perturba- anomalously huge hybridization (up to 1.5 eV) between
tion theory withU = 6 eV. We then added the resulting Pd d orbitals and Cef orbitals below the Fermi energy
shifts to thebare f-level positions in the NCAAg values  unlike other compounds which are dominated fy, p
were read off from separation of the peaks $fI';) and ~ Overlap. As a result, the estimatgty for CePd was
|%; T's)-f! spectral functions, which include contributions much larger than the experlmental value [19]. Note that
to all orders inv2, as per Levy and Zhang [4] and in con- despite the common belief th&@k depends on the value

trast to Wills and Cooper [3]. The Kondo temperatures

Tx were computed by fitting the magnetic susceptibility 0.3
curves to NCA calculations for Lorentzian DOS where the 2 : Celns
analytic expression dfk is well known [2]. 02 | l'
The Cé1; compounds ¥ = PhIn, Sn) have the dou- )
5 . . . B 01 |
blet (5; I'7)) states as the lowest lying multiplet witkyg E
values in good agreement with the experiments [8—10], 0.0 }
as listed in Table I. For the heavy fermion systems ¢eln 3 | CeSns
and CePp, Ass > 0 (I'; is stable) andA;3 > Tk, both = 02
in agreement with experiment. The CEF splitting comes %‘i or b |
from the larged’; hybridization in the energy region from E |
1.0to0 3.0 eV, which results in the doublét] ground state 0.0 %
for M = In,Pb. Naively, since\;3 ~ V2, one would ex- 2 x0.1 | CePds
pect the larger crystal field splitting for Celto correspond o2 |
¥ o |
TABLE I. Electonic configuration of ligand atonv (EC), = N\M
ground multipletl’,,;, CEF splittingsA;s, and Kondo temper- % o 20 0 oo " 2o 50

aturesTy for Ce,La;_ M3 systems. Positivé\;g indicates a
stableIl’; ground doublet on the Ce sites. Units in Kelvin.

FIG. 2. Hybridizations ofCeM;(M = In, Sn, Pd). CeSn

M ASRYITE® AT AT and CePd are in mixed valence regime due to lard#e)
compared to those of CeRPland Celn. Small hybridization
Pb 67/3 50/0.053 45/8.8 of Celny near the Fermi energy (marked by an arrow) is
In 183/(<11) 125/0.016 80/3.1 responsible for small’x Note the huge contribution of Pd
Sn? — /450 159/400 176/238 orbital (scaled down by factor of 10) in CePtb a largeTx
Pd? —/700 -215/3210 —314/2600 despite the small'(e) near Fermi surface. As in Fig. 1, the

thick (thin) line denotes the hybridization fdr; doublet (g

2[A45 not experimentally deducible fak;s < Tk]. quartet).
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10 ¢ —g g g ; In conclusion, we reproduced both the band and
) °33AAA many body features of the Ce compounds by input of
é TP00d  Curie—Weiss LDA(LMTO-ASA) calculated hybridizations int@/ —
5 10 3\6\9 (~ pet?/3T) 1 NCA calculations for appropriately defined impurity An-
£ N, derson models. We reproduce well experimental trends
c oy RO O\Z»\ in T, Asg, and y(T) for the Cé; series. This work
g 10° a CePbs °°B°‘Q 3 provides a starting point for quantitative calculations of
0 c . . - realistic heavy fermion systems at finite temperatures.
10 100 1000 10000 Improvement may come through a proper inclusion of
o ' ' . Expeﬁn;\ent f? dynamics U # «), a reliable theory for electrostatic
g o Theory(er=—2.0eV) | | CEF contributions, and through self-consistent closure of
S N }2::333::2;;:% the many body calculations.
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FIG. 3. Calculated magnetic susceptibility(T) vs T for 9520319. Supercomputer time was provided by the Ohio
CeM; compounds. (aM dependence ok (T); see text for Supercomputer Center.

discussion. (b) Magnetic susceptibilities of Cg$or different
f-level positions e;.

[1] O. Gunnarsson and K. Schénhammer, Phys. Re28B

of hybridization at the Fermi energy, Cefdhows a 4315 (1983).

counterexample wher&x can be dominated by a large [2] N-E. Bickersetal., Phys. Rev. B36, 2036 (1987).

hybridization Fl;elow theKFermi surface y 9 [3] \(].M. ;N|Ils and B.R. Cooper, Phys. Rev. B6, 3809
) S . 1987).

The magnetic suscep_tlblllt)(/(T) provides a measure [4] P.M. Levy and S. Zhang, Phys. Rev. Lefg, 78 (1989).

of the degree of screening of the local moments by con-(5] . steiner,et al., Phys. Rev. Lett72, 2923 (1994).

duction electrons, as shown in Fig. 3(a). For Geémd  [6] R. Monnier,et al., Phys. Rev. Lett56, 2744 (1986).

CePl, x(T) deviated from Curie-Weiss behavior near [7] R.J. Birgeneaugt al., Phys. Rev. B3, 5345 (1973).
T ~ A7g without sizable moment screening until the low- [8] C.L. Lin et al., Phys. Rev. Lett58, 1232 (1987), and

est accessible temperaturg(T’) of Celny crossed over references therein.
from |%’l—‘7 + F8> to |%’l—‘7> magnenc moment reglme [9] D.E. MaCLaUghhn, J. Magn Magn Mated7&48, 121
regaining invers& behavior at temperatures~(0- (1985), and references therein.

100 K) well below the CEF splitting. As opposed to 10 gislgllg.oliawrence and S.M. Shapiro, Phys. Rev2B 4379

Lawrenceet al. [10], this crossover behavior of(T) 1141 5\ Allenet al., Phys. Rev. Lett46, 1100 (1981).

results from partial screening of the effective magneti 12] J.F. Herbst and J. W. Wilkins, Handb. Phys. Chem. Rare

moment arising from CEF splitting rather than Kondo Earths10, 321 (1987); we chose the2.0 eV value based

effect. upon the interconfiguration energy difference curves at the
In Fig. 3(b), susceptibility curves of CeS$Snare Wigner-Seitz cell radius of elemental Ce.

plotted with a comparison to experiment [9]. Since[13] O.K. Andersen, Phys. Rev. B2, 3060 (1975).

x(0) ~ 1/Tx and Tx is exponentially sensitive ta, [14] O. Jepsen and O.K. Andersen, Solid State Comn@,n.

as Tx « exgwes/N,I'(0)], we performed calculations 1763 (1971).

for severales’s (—2.0, —2.1, —2.2 eV). Clearly our [15] O. Gunnarssoet al., Phys. Rev. B39, 1708 (1989).

calculations bracket but do not fit the experimental data[18] A- Georgesgt al., Rev. Mod. Phys68, 13 (1996). .

The calculation underestimates the bump at 130 K, whicht”] A(115% Tcreasgt 'g trlme hgrbn]ccnz?:tmgbstrength results in 2

X . . orders of magnitude largéf, for CePh.
becpmes prominent with _orbltal degerjeracy due t({18] The inclusion of Laf orbitals will push the peak:’
particle-hole asymmetry. Since a calculationfgg = 0

. toward peaka’. This effect can be calculated by a
fits the data well [20], we suspect the source of the  gypercell calculation.

disagreement may be an overestimate of CEF splitting ifio] The overestimated'(e) values for CePdmay arise from
our calculation, placing the effective degeneracy between  the LDA underestimation of thé(Pd)-band width.
two (Tx < Azg) and six A7z = 0). [20] E. Kim and D. L. Cox, Phys. Rev. Letf5, 2015 (1995).

942



