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A sixfold degenerate Anderson Hamiltonian, which includes the Coulomb
repulsion between localized and band states in the mean field approximation
following Ramirez and Falicov, is treated in the limit of infinitely corre-
lated 4f states and to second order in the mixing parameter. Assuming a

line width I & 0.02eV we obtain at low temperatures and 11kbar, a valency
of 3.76 and sizeable contributions from the 4flevels to the electronic specific
heat and magnetic susceptibility of alpha Ce. Thus we show, that the highly
correlated picture necessary to the explanation of the alpha—gamma tran-
sition by Ramirez and Falicov needs not to be abandoned in order to explain

the anomalies in alpha Ce.

RECENTLY, Ramirez and Falicov (RF ! have pro-
posed a model for the alpha—gamma phase transition
in Ce which is based on the simultaneous existence of
localized ioniclike 4f states and itinerant conduction
band states. The short range part of the electron—elec-
tron interaction between localized and band states is
the driving force for the transition. Assuming a linear
variation with pressure of the 4flevel distance to the
Fermi level, the theory allows for a critical point.

Although the model allows for a description of
the main properties of the alpha—gamma transformation,
the low temperature phase does not have the actual
properties of alpha-Cerium. In particular the model
predicts the formation of tetravalent Ce ions at low
enough temperatures, whereas experimental information
indicates that there is an intermediate valency.? In
concommitance with this, it is not surprising that the
model predicts too low values for the electronic specific
heat and for the magnetic susceptibility.

* Permanent address: Direccién de Investigacion y
Desarrollo, Fuerza Aérea Argentina, Buenos Aires,
Argentina.
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Quite recently, we have been able to extend the
theory to include the effect of rare earths and Th
addition cn the alpha—gamma transformation.® A
bulk of experimental information on this effect* —6
could thus be correlated with the RF theory, providing
a strong argument in favor of this model.

As has been pointed out by RF,! a possible
way to overcome the shortcomings cited above, is to
include into the theory the effect of hybridization
between 4f and conduction band states. We show in
this work how a sixfold degenerate Anderson
Hamiltonian,” which includes in the mean field ap-
proximation, the Coulomb repulsion® between localized
and band states, when treated in the limit of infinitely
correlated f states, and to second order in the mixing
parameter, can account for the non-integer valency,
and the enhancement in the low temperature specific
heat and magnetic susceptibility of alpha-Ce. A more
complete and detailed report, including the effect of
the mixing term on the alpha—gamma phase transition
will be published elsewhere

We consider Ce metal as an aggregate of single
centers, one in each crystalline site. This approximation
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has been well justified in previous theories,'° so we
will not comment on it any further. Thus, we calculate
the properties of the one impurity problem, and ob-
tain macroscopic values multiplying by the number of
atoms in the crystal. We start from the following
model Hamiltonian,” which includes the Coulomb
repulsion term in the mean field approximation from
the outset:

H = HO +Hl
where
H, = kE € Cknga+ET Ay, t+
U
E 2 , M My’

Hy = X (Wim Cio Gt Vim Cm Goo)
= ek+uson+G'§(nm) = €, tu;0H,
T = To—prmH,+G I (myy) = To—prmH,

€y, is the energy of a conduction electron, Cy g, Geo
are the usual creation and annihilation operators for
electrons with wave vector k and spin o; U is the
interaatomic Coulomb interaction between two elec-
trons in the 4f states, G is the Coulomb interaction
parameter between localized and band electrons, Ty

is the energy of the 4f levels, n,,, = Cy, C,, is the occu-
pation number operator for the localized states with
total angular momentumJ = 5/2 and z component
m(m=—5/2,—3/2,...5/2);( )denotes a mean
value over the grand canonical ensemble; u,, ur are

the magnetic moments of conduction and localized
electrons respectively; V5, = V. {(kmiko) is the
hybridization matrix element between conduction and
localized states,!* H, is an external magnetic field;
energies are measured from the Fermi level. We have
assumed here that the J = 7/2 multiplet is widely
separated from the ground state J = 5/2. We also
neglect multiplet splittings when there are two or more
electrons on the impurity (U >> atomic exchange in-
tegrals).

Treating H, as a perturbation, the corrections to
the free energy*
F = —kgTlnTre 2)

can be obtained by means of thermodynamic pertur-
bation theory.!3
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In this paper, we are only concerned with the
lowest order correction to the free energy: F?), i.e.
second order in A, . From the well known expansion
of the partition function

Z = Tre (1 + I fd)\,fd?\z...

Ap-1

| @ x HOW X HODX ... XHOW)] ()

where
g = 1/kgT

we obtain for U —» o

FO = Y vg, P [ Rraho +(1_—nk<‘7)nm]

and H;(\) = eMoH, e Mo

kmo —Tn Tn— éka
. ) 4
with 1 ¢B%m
no = 5, Ny, =
Zf Zf
and

[exp(B &) + 1]
(%)

The terms in parentheses in equation (4) are to
be considered to zeroth order in V. Since in the RF
theory the flevel occupations n,, go to zero exponen-
tially with T, we neglect in what follows the second
term in parentheses in equation (4). To perform the
integration over k we take a constant density of
states p,1 '3 and we replace | ¥, |* by an average V2.
In this way we obtain for the second order correction
to the free energy at low temperatures

(T K T,)

Zf =1 +'§ exp(_ﬁjm), Nro =

F® = p.y? 3 p,
m

T T
—~m—“|+ﬁfn In |——2
Wo+ T + g H Wt Ton — 1 H

©

o2, In|

where
= [(7+2m)/14]1Y2 B,, = [(71—2m)[14]*?
@)
are Clebsch—Gordan coefficients and W is the distance

from the bottom of the conduction band to the Fermi
level; Wy, = 2.72¢V in the RF theory.
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If no magnetic field is present, T, = T, and the
correction to the 4flevels population is

n® = ———aFfZ) = (———2]+ 1) _L _ W — ~ (8)
a7, m To " (Wat To)
2J+1) T -
@/t = (W > Ty)
m To

where I' = p 7 V2 is the linewidth for these states. It
has been pointed out that a reasonable value for the
linewidth would be I' ~ 0.02¢V.19+14 Since T, is
almost an order of magnitude greater than I' at p &~
11kbar, the perturbation expansion for low tempera-
tures is well justified. Thus using for 7, the form
given in reference 3%

To = 0.118 +0.00366p  (eV) ©)

for p = 11kbar, we have Tp = 0.158eV so that n‘? ~
0.24 and the valency v=4 —n = 3.76.

°
a(A)[F¥-Ce
Ly

5.0

p (kbar)

FIG. 1. Lattice parameter for alpha-Ce as a function
of pressure. Full line: experimental values at room
temperature after Franceschi and Olcese. Dashed line:
second order perturbation theory results for ' >> T.

Because of the dependence of T, on pressure, the
valency v will be a function of pressure too. To corre-
late this dependence with existing experimental data,6
we assume® a linear relation between the lattice con-
stant and the flevel occupation

a=A+Bn (11)
with 4 = 4.65A and B = 0.534A. Figure 1 is a plot of
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a as a function of pressure at low temperatures. The
values of 4 and B have been chosen from the results
of a finite temperature calculation.?

We can also calculate the electronic specific heat
of the system. From equation (4), we obtain

=7T_2k2n(2)
=3 R

(12)

where 7, is the specific heat constant due to the 4f
levels and k,, the Boltzmann constant. At p = 11kbar,
from (12)

v ~ 3.58 mJ/mole °K?
and as in RF theory!

Y, ~ 3.53 mJ/mole °K?
we obtain

v =~ 7.1 mJ/mole °K?

for the alpha phase. Phillips ef al.'” have measured at
that pressure 7., , = 11.3 mJ/mole °K?. An extra-
polation to p = Okbar gives y = 10 mJ/mole °K?
which compares well with the value obtained by
Panousis and Gschneidner, Jr.1°

Finally, for the magnetic susceptibility in this
approximation we obtain

2
X(f2) _ N2F@) _ K I J—'(J-l- 1) e
2
OH® Ipao 3To (13)

where u,, is the Bohr magneton, g the Landé factor
for J = 5/2 (ur = gu, ). This expression formally re-
sembles the Curie law result, but with 7 in place of
T.Itis in fact temperature independent. At p = 11kbar
equation (13) gives

xX$ ~ 1.06 X 107 e.m.u./mole (14)
Since the magnetic susceptibility of tetravalent Ce has
been estimated? x = 1.2 X 107* e.m.u./mole, we ob-
tain for the alpha phase within the RF theory, to

second order in the s—f hybridization and for low
temperatures

x & 2.3 X 10 e.m.u./mole (15)

which must be compared with the extrapolated value
for low temperatures and p = 10kbar of about!®

Xexp ~ 5.1X 10™* e.m.u./mole.
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In conclusion, we show here by simple pertur- gives the clue to the understanding of anomalous pro-
bation theory how the hybridization between localized perties of alpha-Ce without abandoning the highly
and band states within the framework of RF theory, correlated character of the 4f states.

REFERENCES

W N =

o 00 3 N W

10.

1.
12.

13.
14.
15.

16.
17.
18.
19.

RAMIREZ R. and FALICOV LM., Phys. Rev. B3, 2425 (1971).
GSCHNEIDNER K.A. Jr. and SMOLUCHOWSKI R., J. Less Common Metals 5,374 (1963).
ALASCIO B, LOPEZ A.and OLMEDO C.F.E., Phys. Rev. B6, to be published.

GSCHNEIDNER K.A. Jr., ELLIOT R.O. and MACDONALD R.R.,J. Phys. Chem. Solids 23, 555 (1962); ibid.
23, 1191 (1962); ibid. 23, 1201 (1962).

MINER WN._, ELLIOT R.O. and CLINARD F.W_,J. Less Common Metals 11, 301 (1966).
KING E. and HARRIS L.R.,J. Less Common Metals 27, 51 (1972).

COQBLIN B. and SCHRIEFFER J.R., Phys. Rev. 185, 847 (1969).

FALICOV LM. and KIMBALL J.C., Phys. Rev. Lert. 22,997 (1969).

ALASCIO B., LOPEZ A. and OLMEDO C.F.E., to be published.

See for instance COQBLIN B. and BLANDIN B., Adv. Phys. 17,281 (1968); SCHRIEFFER J.R., C.AP.
Summer School, BANFF (1969) (unpublished lecture notes).

A clear description of this term has been given in reference 7, see equations (2¢) and (10) of that work.

The free energy per atom of the aggregate, for V}, = 0 and U — o, is easily shown to coincide with the one
used by RF.

SCALAPINO D.J., Phys. Rev. Lett. 16,937 (1966).
GSCHNEIDNER K.A. J1., Rare Earth Research III (Edited by EYRING L.) Gordon & Breach, New York (1965).

We use the parameters as obtained from the I' = 0 model described in reference 3. The changes in the parameters
due to hybridization estimated in reference 9, do not modify substantially these values.

FRANCESCHI E. and OLCESE G.L., Phys. Rev. Lett. 22,1299 (1969).
PHILLIPS N.E., HO J.C. and SMITH T.F., Phys. Lett. 27A, 49 (1968).
PANOUSIS N.T. and GSCHNEIDNER K.A. Jr., Solid State Commun. 8, 1779 (1970).

MCPHERSON., EVERETT G.E., WOHLLEBEN D. and MAPLE M.B., Phys. Rev. Lett. 26,20 (1971), cf. Fig. 2
of this work.

On a traité un Hamiltonien d’Anderson six fois dégéneré incluant la repulsion
Coulombienne entre états localisés et des bandes selon I’approximation du
champ moyen de Ramirez et Falicov, dans la limite des etats 4f infiniment
corrélations au deuxiéme ordre dans le parameétre de mélange. En supposant
une larguer I' ~ 0.02eV on obtient a temperatures basses et 11 kbar, une
valence de 3.76 et des contributions appréciables des niveaux 4f au chaleur
specifique électronique et a la susceptibilité magnétique du Ce alpha. Donc,
on amontré que 'image fortement corrélationné nécéssaire pour I’explication
de la transition alpha—gamma selon Ramirez et Falicov ne doit pas étre
abandonnée pour expliquer les anomalies dans le Ce alpha.



