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Hybridization-induced magnetism in correlated cerium systems

Nicholas Kioussis and J. Thevenot
Department of Physics and Astronomy, California State University, Northridge, California 91330-8268

Bernard R. Cooper and Q. G. Sheng
Department of Physics, West Virginia University, Morgantown, West Virginia 26506

There is a great change in the nature of the magnetic ordering on going from @ébeal moment
antiferromagnetic system, to CeRla heavy fermion itinerant antiferromagnetic system, both of
which have CygAu crystal structure. We have applied initio electronic structure calculations,
based on the linear-muffin-tin-orbital method, and a phenomenological theory of orbitally driven
magnetic ordering, to study the effects of the bdnkybridization-induced interactions and the
bandf exchange-induced interactions, pertinent to the magnetic behavior of these systems. The
position of the Ce 4 energy level relative to the Fermi energy and the intra-atomic Coulomb
interaction are obtained from a sequence of three total-energy supercell calculations with two, one
and zerof electrons in the Cefdcore. The calculations elucidate the origins in the electronic
structure of the variation of thd-state resonance width characterizing the strength of the
hybridization and the density of states at the Fermi energy characterizing the number and character
of band states available for hybridization. We present results for the hybridization potential and the
hybridization-induced exchange interactions on going from £®liCePh, where the only obvious
change is the addition of an aniop electron. ©1996 American Institute of Physics.
[S0021-897€06)26608-7

I. INTRODUCTION a first-principles evaluation of the parameters entering the
. . henomenological theory. The interconfigurational correla-
The CeX compounds with XIn, Sn, and Pb provide b g ory onflg

. — . tion effects, which are important for this class of systems and
the opportunity to study the competition between different

g . which are treated explicitly in our theory, are not preserved
ground states in cerium systeth¥hese compounds are all . plcitly Y P

cubic with the CyAu structure. Celgis a local moment n be}nd theory' and can.not be captured by the exchange cor-
. . . . relation potential used in band theory.
antiferromagnetic system{LMAF) with a Neel temperature . L .

The self-consistent one-electron potential is obtained
of about 10 K and a weak low-temperature moment ofQ.4 from a waroed-muffin-tin LMTO calculation without re-
that shows strong Kondo resistivityThe cerium moments tW thp t u Ih cu ﬁIB' withou
are aligned antiferromagnetically in adjacé¢htl) ferromag- course 1o tne atomic sphere approximauon.e., using a

netic planes. When a small amount of tin is substituted fononzero tail parameter in the interstitial, which is treated as a
indium, the magnetic ground state is no longer stable, anMariational parameter. Two energy windows are employed to

the system no longer ordetsThis indicates that the under- allow coverage of vario_us sub_bands: the semicore ceripm 5
lying energy parameters in Cellie near the values at which States are calculated with a tail parameter abe@® Ry, and
a magnetic-nonmagnetic instability of thé électron occurs. the cerium valence & 6p, and i states and anion (Rb)
CeSn is a mixed valentMV) systert which does not order ©S(6S) and 5(6p) states with a tail parameter, which is the
magnetically. Finally, CePbhas been shovrto be an itin-  2verage energy over occupied states in the interstitial. The
erant antiferromagnet with an extremely small moment and &l potential in the interstitial is used and the only shape
Néel temperature of 1.2 K. Moreover, several Cgploper- ~ aPproximation to thg pptentlal is a spherlc_:al averaging in
ties show heavy fermion-like behavibr. nonoverlapping muffin-tin spheres. The ceriurh electrons

The purpose of the work reported here was to investigat@'e treated as localized rather than itinerant states and thus
the origins in the electronic structure, of the variation of thethey are included self-consistently as core states at each it-
f-state resonance width characterizing the strength of the hygration, not being allowed to hybridize with band states. The
bridization, the density of states at the Fermi energy, charadelative magnitude of the muffin-tin radii are chosen so that
terizing the number and character of band states available férearest-neighbor muffin-tin spheres touch at the minimum in
hybridization, the hybridization potential, and the the charge density between nearest neighbors. While the ba-
hybridization-induced and exchange-induced interactions ofis functions for the band states are scalar relativistipin-
going from Celg to CePl, where the only obvious change Orbit coupling is included self-consistently. The electronic
is the addition of an aniop electron. We have employed a structure provides the band states and energies, and a self-
unified theory that we have recently developett, which  consistent hybridization potential, thereby allowing determi-
involves a synthesis ofi) a phenomenological theory of nation of the band-hybridization potential matrix elements,
moderately delocalized-electron systems which includes Vi, and the band- coulomb exchange matrix elements
explicit correlation effects and treats both the bdriuybrid-  J,(k,k’). The 4f-state energy relative to the Fermi energy
ization and the band-Coulomb exchange on an equal foot- E;—Eg, and the intra-atomic correlation energly are de-
ing, and(ii) ab initio electronic structure calculations, basedtermined from differences of total energy calculations for
on the linear-muffin-tin-orbitalLMTO) method!? allowing  different f configurations as impurities in a supercell
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TABLE I. Summary of LMTO results for the Fermi energy , the Ce 45,
resonance energy, the total density of stiNéE;) at E., the Ced-derived
and anion(In or Ph p-derived partial density of states Bt , the Ce 45,
resonance widtH’, and the hybridization potential(«g), for Celry and
CePh, respectively. Also listed are the results of the supercell LMTO cal-
culations for the position of thé state relative to thé&, and the intra-
atomic Coulomb interactioty.

Celny CePhy
Lattice constanta.u) 8.859 9.210
Ce muffin-tin radiuga.u) 2.975 3.100
Anion muffin-tin radius(a.u) 3.132 3.256
Er (Ry) 0.487 0.453
Ce 4f resonance energyRy) 0.503 0.442
N(Eg) (Ry b 27.3 415
NSYEg) (Ry™) 55 75
o0 Na"YEg) (Ry ) 12.3 23.3
M r X M R X r R I (mRy) 6.30 5.13
v(kg) (MRYy) —2.55 -2.21
FIG. 1. The band structure of Cglncalculated with the cerium f4states Ei—Er (&) —3.2 —3.0

treated as core states, along symmetry lines in the Brillouin zone. The band (€V) 6.2 6.3
energies are with respect to the Fermi energy.

(f°,f1,2) where all cerium sites but one have the nominalted curve bands, respectively. The Fermi enefgy, and the
configurationf!. Having determined the phenomenological DOS at the Fermi energM(Eg), in Celry are 0.487 Ry and
model Hamiltonian parameters on an absolute basis, one c&7.3 states/Ry, respectively, compared to the corresponding
evaluaté* the hybridization-induced and RKKYbut with  values of 0.453 Ry and 41.5 states/Ry in CgRbn going to

the orbital part includedtwo-ion exchange interactions per- CePl there is an opening of a gap in the DOS between
tinent to the unusual magnetic ordering in this class of sys—0.025 and 0.18 Ry, and there is an incre@sea factor of

tems. 2) in the anionp-projected density of states at the Fermi
energy.
Il. RESULTS AND DISCUSSION For the purpose of analyzing hybridization effects within

_ _ the context of our procedure for calculating Anderson model
The band structure of CeJritypical of this class of sys- Hamiltonian parameters, baridaybridization in these com-
temS, calculated with the Cef4states treated as core States,pounds may be approximate|y characterized by two quanti_
is plotted along symmetry lines in Fig. 1, with the bandties arising from our band structure calculatiohstate reso-
energies measured with respect to the Fermi energy. We treghnce widths, characterizing the strength of hybridization,

the effects of band-hybridization within the context of the and the density of states at the Fermi energy, characterizing
Anderson model Hamiltonian, where the hybridization ma-the number and character of bands available for

trix elementV,,, in the model Hamiltonian is taken to be the
matrix element of the muffin-tin Hamiltonian between band
states of norf- character and the wave function representing
the Ce 4, state, s, which is obtainedself-consistently
from the resonance in the potential within the Ce muffin Ce.59
tin.%” The bands dominating the hybridization-induced prop-
erties are those lying near the Fermi energy, which are s}
largely derived from aniomp-derived and ceriund-derived
bands. Within the context of the model Hamiltonian, anion
derived p-states hybridize more strongly with the C&4
resonance states, because the Ce-anion separation is smalle
than the Ce—Ce separation. The bandd avhich are 85
mRy below the Fermi energy are indiumbands, whereas
those which are 144 mRy above the Fermi energy arel Ce
bands. The addition of an anigm electron on going from
Celng to CePR causes the aniop-derived bands df to shift ,
at 189 mRy below the Fermi energy, thus suppressing the
p-f hybridization. This is consistent with the decrease of the
f-state resonance width listed in Table |, characterizing the

strength of hybridization. The partial density of staP©9
FIG. 2. Calculated partial density of states of Getorresponding to the

correspondlng to the ba}nd structure in Fig. 1 IS. shown !n I:Igband structure of Fig. 1. Plotted are the density of states for ttb@=ived
2. Plotted are the partial DOS for the @ederived (solid (solid curve, the Ins-derived(dashed curve andp-derived(dotted curve

curve, the Ins-derived(dashed curye and p-derived(dot-  bands, respectively.
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hybridization®” Calculated results of the cerium and anion havior. Work currently in progress is aimed at the evaluation

muffin-tin radius, the Fermi energy, the ceriurh lesonant  of the Coulomb exchange-induced interactigpsoportional

energy, the total and partial ceriud: and anionp-derived  to J?).1%! Having determined the two-ion exchange interac-

density of states dEg, the f-state resonance width, and  tions, the equilibrium magnetic behavidre., the ordered

the hybridization potentiab(«g), are listed in Table I, for moment and the ordered temperajuoé a given magnetic

Celny and CeP), respectively. The density of statesigt,  structure will be determined by treating the exchange Hamil-

N(Eg), are largely derived from aniop states and cerium tonian[Eq. (3) in Ref. 7] within mean-field theory.

5d states. It is important to note that the valued’dbr both

Celn, and CePbare comparable to that calculafddr CeTe  ACKNOWLEDGMENTS

(I'=5.7 mRy), which was found to be at thigorderline be- - ) _ )

tween magnetic and nonmagnetic behavior in contrast to the _The research at California State University Northridge

almost fully magnetically ordered CeSh. While the total den{CSUN was supported through the NSF under Grant No.

sity of states available for hybridization increases on goindgMR'89'18887 and the Office of Research and Sponsored

from Celny to CePR, the resonance width decreases becausET0Jects at CSUN. The research at West Virginia University

of the larger Ce-anion separation in CgPb was supported through the NSF under Grant No. DMR-91-
The energy necessary to place the fCelectron in a 20333,

band state at the Fermi enerds;—E;, and the energy re-

quired to change from aftt configuration to arf? configu- 1S. Rahman, J. Timlin, J. E. Crow, T. Mihalisin, and P. Schlottmann, J.

ration, E¢+U —Eg, have been evaluated for both systems. zﬁpﬂwigifzn%?gﬁ‘('\;92?@"0 Phys. Rew2 43791980

Tlhe Valuzes OFg— I_Ef andU are then (7)bta|_ned from thi,‘:?’ SA. Maury, R. Freitag, J. E. Crom;, T. Mihalisin, and A. |. Abou-Aly, Phys.

f*, andf” f-state eigenvalues by the uga linear transition Lett. A 92, 441 (1982.

theory. We find thatEr—E; andU are 3.2 and 6.2 eV in  “C.L.Lin, J. Teter, J. E. Crow, T. Mihalisin, J. Brooks, A. |. Abou-Aly, and

Ce|n3, and 3.0 and 6.3 eV in Ceg’brespectively. We have G.R. Stewqrp, Phys. Rev. LeBi4, 2541(1985; C. Vettier, P. Mortin, and

also C.alcmateq the>66 hybridization'inquced exchange in- 53’;. I:?ucqou:;i:brl,dﬁ?gielri?a?];l,gg.o\-(ang, P. Thayamballi, and A. Banerjea, in

teraction matrix,E,=E(m,m’,R,),” pertinent to the mag-  Handbook on the Physics and Chemistry of the Actinidéited by A. J.

netic behavior of this class of systems. We find that the Freeman and G. H. LandéNorth Holland, Amsterdam, 1985Chap. 6,

dominant matrix elements involve tme=m’ = +1/2 states, ~PP: 435-500.
J. M. Wills and B. R. Cooper, Phys. Rev. 3, 3809(1987.

which correspond to the piling up of charge along the inte-7y “yioussis, B. R. Cooper, and J. M. Wills, Phys. Rev.48, 10003
rionic axis.E;, which in the phenomenological treatmétis, (199)).
chosen to match the ektemperature, is about the same in °N. Kioussis, H-(J- Y;’ B. R. Cooper, Q. G. Sheng, and J. M. Wills, J. Appl.

. ; Phys.73, 5424(1993.
(?em*” (2.9 K) and in CePb (3.0 K) More mpo_rtantly, we 9B. R. Cooper, Q. G. Sheng, S. P. Lim, C. Sanchez-Castro, N. Kioussis, and
find that E,(E3) are ferromagnetlc and large in both com- ;"\ wills, J. Magn. Magn. Mated.08 10 (1992.
pounds, 3.1 K2.9 K) in Celn; and 2.7 K(2.8 K) in CePh. Q. G. Sheng and B. R. Cooper, Phys. Rev5® 965 (1994); J. Appl.
As for the case of other cerium systei@®eSh,CeTg Cou-  Phys.69, 5472(1991. _ _
lomb exchange rather than hybridization was follrtd be ?'A%blsr"fhr;%?%' 568(:3(()](.’8;;)’ and S. P. Lim, Phys. R6y.9215(1994;
the larger contributor to the highly anisotropic effective two- 125k andersen, Phys. Rev. B2, 3060(1975.

ion interaction which determines the magnetic ordering beD. D. Koelling and B. N. Harmon, J. Phys. I, 3107(1977.
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