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Anomalous magnetic behavior in pseudobinary compounds of CeFez
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We explain the anomalous magnetic behavior in the pseudobinary compounds of cubic Laves-
phase Ce(Fe,M), (M=3d, 4d, and 5d transition-metal atoms) in terms of d fhy-bridization. Calcu-
lated cerium and iron moments in CeFe& are found to be antiparallel such that pc, /pF, = —0.37,
which is in excellent agreement with the recent experimental value of —0.3. The calculated I-

projected density of states is utilized to explain in detail the nature of the hybridization (d-d- f) re-
sponsible for various anomalies in these pseudobinary compounds.

The magnetic properties of intermetallic compounds,
in particular, are interesting, since nonmagnetic elements
when combined may form compounds which carry a
finite magnetic moment. On the other hand, an inverse
behavior may also occur in the sense that the metals that
carry magnetic moments individually may lose all their
magnetic behavior, thus forming a nonmagnetic com-
pound or even a superconducting one like CeCo2.

In recent years, the electronic structure of Ce and its
compounds' have continued to elude us. For a long
time Ce in CeFez was thought to be tetravalent with no
magnetic moment at all, but a recent L&&& x-ray photo-
emission study showed that Ce indeed carries a nonin-
tegral magnetic moment. Although a member of the
rare-earth group, it has many properties in common
with systems involving uranium, namely, the specific
heat, electrical resistivity, thermoelectric power, and Cu-
rie temperature. Again, the minimum lattice constants
are located at CeCo2 for CeMz compounds with M =Fe,
Co, Ni just as in uranium compounds but in contrast to
the trend of the corresponding systems with normal
trivalent rare-earth ions, where the minimum is located
at Ni. Very recent experimental investigations indicate
that the addition of metal additives such as aluminum
and cobalt to CeFez substituting the Fe site destabilizes
its magnetic behavior and often a total loss of magnetism
is observed. Similar magnetic behavior is also observed
in pseudobinary compounds of CeFe2 formed with addi-
tives like Ru, Os, and Ir (Refs. 2, 6, and 7) but no such in-
stability appearrs when impurities like Mn, Ni, and Rh
(Refs. 3 and 8) are added. It is therefore clear that the
magnetic behavior of these cubic Laves-phase
Ce(Fe, „M,)2 compounds (where M is usually a 3d, 4d,
or Sd transition metal dopant) is strongly dependent on
the nature of the impurity added. This instigates a de-
tailed electronic structure calculation of above mentioned
pseudobinary compounds in order to confirm the anoma-
lous magnetic behavior conclusively from a theoretical
point of view.

In this paper we present for the first time, calculations
of charge, spin, and partial densities of states for pure
CeFe2 system and a number of its pseudobinary com-
pounds formed with additives like Al, Mn, Co, Ni, Pd,

Rh, Ru, Re, Os, and Ir using a fully self-consistent
discrete variational " method within the local density
framework. %e chose a cluster of 26 atoms consisting af
two distinct pairs of iron and cereum atoms from the
CeFe2 intermetallic compound in the MgCu2 structure'
(see Fig. I). This choice of cluster accounts quantitative-
ly for the interaction between the additive when substi-
tuted at the iron site and the host atoms and at the same
time minimizes the computational cost. The charges at
various metal sites are calculated. Use of the various ma-
trix elements are made to generate the densities of states.
These densities of states are then analyzed in detail to un-
derstand the nature of hybridization that is thought to be
responsible for various anomalies in the pseudobinary
compounds of Ce(Fe& „,M )z.

In the discrete variational method, " the matrix ele-
ments of the eftective Hamiltonian for the one-electron
Schrodinger equation are computed as discrete sums,
rather than integrals, thus avoiding separate multicenter

FICx. 1. The cubic MgCu2 structure projected along a cubic
axis.
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integrals. The truly nonlocal Hartree-Fock exchange-
correlation is approximated by the Xcx potential. The
molecular-orbital eigenfunctions %' for the o;th irreduc-
ible representation of the point group can be expanded in
terms of a basis set of syrnrnetry orbitals where the basis
functions are chosen as a linear combination of atomic
orbitals —molecular orbitals centered on different cluster
atomic sites. The atomic potential binds only a limited
number of states and therefore, to generate additional
unoccupied states use of potential well with cutoff radius
is made. These spherical potential wells reduce the over-
lap between orbitals of different atomic sites without
affecting the diffuse conduction electron states
significantly. The orbitals included in the valence region
are 4f, 5s, 5p, 51, 6s, and 6p for Ce; 31, 4s, and 4p for the
3d transition metals; 4d, 5s, 5p for Ru, Rh, and Pd and
Ss, 5p, Sd, 6s, and 6p for 5d transition metal atoms, re-
spectively. The discrete cluster energy levels obtained are
then broadened with a Lorentzian of constant width to
get a continuous density of states. The details of the
method is given in the literature.

The pure CeM2 system with M being Fe, Co, and Ni
has been studied in details earlier using cluster' (DV-
LCAO) and band' (linear muffin-tin orbitals) ap-
proaches. With use of the local-density theory we find a
minimum in the lattice parameter for CeCo2 in agree-
rnent with experiments. The electronic-structure calcula-
tions for pure CeFe2 system gives an antiferromagnetic
coupling of iron and cerium sites with magnetic moments
of 1.42 and 1.99pB at the iron sites and —0.67 and—0.62pB, respectively, at the cerium atomic sites. Very
recent powder neutron diffraction' data identifies anti-
parallel coupling of cerium and iron moments such that
pc, /pz, = —0.3 in excellent agreement with our calculat-
ed value of —0.37. The average ionicities of Ce and Fe
sites are close but not exactly equal and opposite due to
the nonstoichiornetric nature of the cluster chosen. The
partial densities of states (see Ref. 13) indicate a strong
hybridization of Fe 31 and Ce 4f states close to the Fer-
mi energy which is responsible for the magnetic behavior
of pure CeFe~.

Table I shows the Mulliken charge and spin distribu-
tions for pure CeFe2 and for the different additives to

CeFe2 substituted at the Fe site. It may be noted here
that when other atomic species is introduced a local re-
laxation of the lattice around the impurity is expected
which can reduce the symmetry of the material. This
lack of symmetry makes computations difficult and ex-
pensive. Therefore in our calculations here, we have
frozen the lattice at the experimental lattice constant as is
true for most of the other state-of-the-art calculations
and any lattice relaxation around the impurity is beyond
the scope of this present work. This assumption, howev-
er, is expected not to change the general trend in our re-
sults. The bracketed numbers in Table I represent the net
magnetization on the particular atomic species added to
CeFez. When the centrally located Fe is replaced by Co
or Ni, we observe that the net magnetic moment on the
additive reduces to 0.04pB. The ionicity of neighboring
and distant Ce increases a little while the iron site does
not collect enough charge and thus becomes atomiclike.
Net magnetization on all the sites also decreases as com-
pared to the pure host material. CeCoz and CeNi2 are
known to be paramagnetic' ' in nature. The 3d states of
Co and Ni [Figs. 2(a) and 2(b)] are pulled deeper in ener-

gy as compared to Fe due to their higher attractive cen-
tral potential thereby reducing the degree of hybridiza-
tion between 31 and 4f states. This diminishes the mag-
netic moment per formula unit of the defected material
and confirms that increased concentration of Co and Ni
additives push the system toward a paramagnetic phase.

In case of Mn-doped material, the ionicities of all the
sites reduces a little as compared to the pure host but un-
like Co and Ni, the impurity now retains its magnetic
character with a magnetic moment of 1.07pB. On the
other hand, when Al is substituted at the Fe site in
CeFe2, remarkable changes are seen. The ionicities of the
next-nearest-neighbor iron atom shoots up with a consid-
erable reduction of net magnetization on all the sites.
The small moment at the Al site, arising from the extend-
ed 3p states, are now parallel to the Ce moments and this
reduces the net magnetic moment per unit formula much
faster while the iron moments continue to couple antifer-
romagnetically with that of Ce. This is in very good
agreement with experiments where the magnetic suscep-
tibility remains nearly the same for Ce(Fe, Mn, )z but

TABLE I. Mulliken charge and spin distribution for pure CeFez and for different additives to CeFe&.
The bracketed numbers indicate the total spin on the particular atomic site. M denotes the additive in-
dicated in the first column.

Fe
Co
Ni
Mn
Al
Ru
Rh
Pd
Re
Os
Ir

—0.21( 1.42)
—0.26(0.04)
—0.29(0.04)
—0.18( 1.07)
—0.14( —0.02)
—0.37(0.03 )—0.60(0.42 )—0.82(0. 17)
—0.27( —0.02)
—0.41(0.10)
—0.55(0.04)

Ce

0.16{—0.67)
0.21( —0.49)
0.26( —0.40)
0.12( —0.45)
0.20( —0. 18)
0.34( —0. 11)
0.60( —0. 19)
0.70( —0. 19)
0.32( —0. 13)
0.42( —0. 14)
0.56( —0. 15)

Fe

—0.12( 1.91)
—0.07( 1.29 )—0.03(1.33)
—0.17(1.20)
—0.49( 1.07)
—0.21(0.99)
—0.03( 1.85 )

0.05( 1.67)
—0.24( 1.09)
—0.04(0.97)

0.11{1.04)

Ce

0.26( —0.62)
0.34( —0.38)
0.40( —0.43 )

0.22( —0.43 )

0.26( —0. 19)
0.44( —0. 11 )

0.73( —0. 18)
0.83( —0. 16)
0.44( —0. 13 )

0.55( —0. 14)
0.74( —0. 11)
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FIG. 2. Partial density of states for 3d transition metals substituted at the iron site in CeFe2. (a) Co 3d, Fe 3d, and Ce 4f in

Ce(Fe„Co, )2, (b) Ni 3d, Fe 3d, and Ce 4f in Ce(Fe„Ni, , )2, and (c) Mn 3d, Fe 3d, and Ce 4f in Ce(Fe„Mn, „),.

decreases sharply for Ce(Fe Al, , )2. The partial densi-
ties of states for Ce(Fe, Mn, „)2system is shown in Fig.
2(c). The wave function at —2.2 eV is composed of 43%
Mn 3d, 6% Mn 4s, 10% Ce 6s, S% Ce Sp, 3% Ce 4f, 1%
Ce Sd, and 32% Fe 3d. The Mn 3d state hybridize
strongly with Fe 3d states and Ce 4f states in the neigh-
borhood of Fermi energy.

Among the 4d elements considered here, Ru behaves
differently as compared to Rh or Pd. The charge accu-
mulated on the Ru site is 0.37e with a net moment of
0.03pB whereas Ce gives away almost twice the charge as
compared to pure host but with a drastic fall in their mo-
ments. The moment on the iron site which picks up a
larger charge now is nearly halved. Rh and Pd added
CeFez, on the other hand, show small moment at the ad-
ditive site as the 4d states gradually get filled. But the
moment on the iron site does not change appreciably.
These results are in excellent agreement with the suscep-
tibility and resitivity measurements of Roy et al. ' where
dramatic changes are reported for Ru added to CeFez at
the iron site but not for Rh or Pd. We now plot the l-

projected densities of states in Fig. 3 to understand the
nature of hybridization in Ru-, Rh-, and Pd-doped CeFez.
The peak at —2.2 eV [Fig. 3(a)] is due to S2% Ru 4d, 2%
Ce 5p, 14% Ce 5d, 28% Fe 3d, 2% Fe 4s, and traces of
Ce 4f. For Rh, the peak at —2.6 eV [Fig. 3(b)] is com-
posed of 17% Rh 4d, 5% Ce 5d, 10% Fe 4s, 58% Fe 3d,
7% Ce Sd, and rest Ce 4f and 6p functions whereas in
Fig. 3(c) (Pd-doped material), the wave function at —3.9
eV is solely from 58% Pd 4d, 5% Pd 5p, 3%%uo Ce 5p, 4%
Ce 5d, 12% Fe 4s, 1% Fe 4p, and 14% Fe 3d and 2% Ce
4f states. The Ce 4f states which was highly localized in
the host system and for other 3d transition metal addi-
tives now takes a totally different form; a small peak just
below the Fermi energy and larger peaks well above the
Fermi energy in all the three cases. We also note that the
degree of hybridization between Fe 3d states and additive
4d states decreases dramatically in going from Ru to Pd.

But the degree of hydridization of d-d fstates i-s much
larger just below the Fermi level in case of Ru. The d
states of Pd are nearly filled as the states are pulled down
deeper inside the valence band as compared to Ru and
Rh, due to its growing Z as discussed earlier for the case
of 3d transition metal dopants, but now with pronounced
intensity. The Fe 3d states are also pulled down in ener-

gy slightly. Again, the 3d bands of the additives plotted
in Fig. 2 are much narrower than the 4d bands shown in
Fig. 3. The Fe 3d and Ce 4f states continue to hybridize
close to the Fermi energy but with much weaker intensi-
ty.

At this stage we decided to look into the effects of 5d
transition metal additives like Re, Os, and Ir substituted
at the iron site in CeFez. The self-consistent charge dis-
tributions tabulated in Table I, show that the additives
become active acceptors as in previous cases. The ioni-
cies at all the sites increase gradually except for iron as
we go from Re to Os to Ir; a situation similar to the case
of 4d transition metal additives. The net magnetization
at Re site is —0.02pB. This is due to the fact that the 5d
state of Re with occupation 5.6 electrons generates a
small moment of 0.01pB but the extended p functions
produces a larger moment ( —0.03pB) in the opposite
sense leading to a net moment of —0.02pB. The nearest
and the distant Ce sites show much smaller moments as
compared to the host. The magnetization at the iron site
is again lower than the host and is similar to the case of
Al added material. It is therefore predicted that the 5d
transition metal added CeFez would grossly show similar
magnetic behavior as in the case of Ce(Fe„Al, „)~.

To summarize, we for the first time performed theoret-
ical calculations to confirm that the pseudobinary com-
pounds of CeFez formed with 3d, 4d, and 5d transition
metal atoms substituted at the Fe site show anomalous
magnetic behavior. The electronic structure calculations
for pure CeFez show an antiferromagnetic coupling of Ce
and Fe moments with p, «/pF, = —0.37 in excellent
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FICJ. 3. Partial density of states for 4d transition metals substituted at the iron site in CeFe2. (a) Ru 4d, Fe 3d, and Ce 4f in
Ce(Fe, Ru, „)z,(b) Rh 4d, Fe 3d, and Ce 4f in Ce(Fe„Rh, „)2and (c) Pd 4d, Fe 3d, and Ce 4f in Ce(Fe„Pd, , )2.

agreement with very recent powder neutron diffraction
measurements (p,c, /p, „,= —0.3}. For Co- and Ni-doped
material the magnetization falls off gradually thereby
pushing the system slowly toward a paramagnetic phase.
However, not as much a dramatic change in magnetiza-
tion is found for Mn, Rh, or Pd added systems as is ob-
served for Al, Ru, Re, Os, and Ir additives. This is in ex-
cellent agreement with the recent magnetic susceptbility
and electrical resistivity measurements. The Ce 4f states
show very different structure for 3d and 4d transition
metal additives producing very difFerent degrees of df-

hybridization. Again in the later case, the d -d fhybridi--
zation diminishes sharply in going from Ru to Pd. We
believe that the anomalous magnetic behavior in the
above-mentioned "pseudobinary" compounds are ex-
plained in terms of d-d fhybridization —-thus resolving
the problem.
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