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The ground-state properties of Ce metal are investigated using total-energy full-potential linear-
ized augmented plane wave and linearized muffin-tin orbital band-structure methods within the lo-

cal spin-density functional approximation. The energetics involved in the o-y phase transition are
determined and discussed. For both paramagnetic and ferromagnetic cases, the electronic struc-
tures, density of states, charge densities, and total energies are presented as a function of the lattice
parameter in order to assess the nature of the transformation with pressure, associated with a Mott-
type transition in the 4f electrons. Stoner factor and electron-phonon coupling parameters are
evaluated in order to discuss the magnetic and superconducting properties of Ce metal under pres-
sure.

I. INTRODUCTION

Ce metal has unique properties compared with neigh-
boring elements in the rare-earth series It is .generally be-
lieved that f elo:trons in most of the rare-earth metals are
located far inside the s and d conduction-band orbitals to
behave as localized core electrons. However, f electrons
in Ce are much more extended and thus f-d hybridization
and even f-f direct interactions between nearest neighbors
are not small. As a result, Ce shows intermediate
behavior and exhibits both localized and delocalized
(itinerant) properties which leads to many intriguing man-
ifestations expected of Fermi-liquid, mixed-valence, and
Kondo systems, etc. Thus, Ce shows either a magnetic or
a superconducting phase depending upon temperature and
pressure. ' fcc a-Ce, which is the most stable phase at
normal pressure, behaves as an enhanced Pauli paramag-
netic metal, and becomes a superconductor below 50 mK
at a pressure of 40 kbar. With increasing temperature, u-
Ce transforms at ambient pressure to double hcp P-Ce at
T=95 K and to fcc y-Ce at T=263 K. Both of these
phases show magnetic behavior in that their susceptibili-
ties follow a Curie-Weiss law, which is taken to indicate
that the f electrons in P-Ce and y-Ce are localized to
form magnetic moments. At higher pressure, tz-Ce
transforms to orthorhombic ct'-Ce which is a supercon-
ductor with T, =1.9 K.

The most fascinating property of Ce metal is the oc-
currence of the y-a isostructural (fcc-to-fcc) transition,
which ends in a critical point near 550 K and 18 kbar in
analogy to the well-known liquid-gas phase transition. A
large volume (a 17% decrease) and loss of magnetic mo-
ment follow in going from y- to ct-Ce. The y-a transition
was originally suggested to be a valence transition in
which a magnetic localized 4f electron is partially pro-
moted into the conduction band to form an intermediate
valence phase in a-Ce (promotional model). Various re-

cent experiments, however, indicate that there is no appre-
ciable change in the number of 4f electrons at the y-a
transition, whereas the promotional model requires a
change of about 50go. On the other hand, Gustafson
et al. proposed delocalization of the 4f electrons into a
band state. Johansson extended this idea to point out, on
the basis of empirical data, the possibility of a Mott-like
transition in which the y phase is the low density insula-
tor side of a Mott transition and that under pressure a
localization-delocalization transition of the 4f electron
occurs with a concomitant loss of magnetic moment.
These arguments appear to be consistent with most of the
experimental measurements and, in fact, several band-
structure calculations show that the 4f band in tz-Ce is
over 1 eV wide and that the number of f electrons
changes only slightly from y to ct in support of
Johansson's Mott transition model.

Recent valence-band photoemission (PE) experiments, '

w'hich exhibit a double-peak structure associated with the
4f electrons, with a peak near EF and another about 2 eV
below EF, have given rise to interesting controversies
about their origin. There appears to be only a small
difference (in shape and peak position) between the spec-
tra of y-Ce and ct-Ce. In contrast, the total density of
states from band-structure calculations shows only one
peak of f character near EF and another of s-d character
1.3 eV below EF for both materials.

Many theoretical models were proposed to interpret this
anomalous two-peak structure in relation to the y-a tran-
sition. Allen and Martin" and Lavagna et al. ' used the
concept of a Kondo lattice model' to successfully ac-
count for the thermodynamics of the y-a transition and
interpreted the peak near Ez as a Kondo resonance peak.
Gunnarsson and Schonhammer' reproduced the two-
peak structure of Ce with the Anderson model by consid-
ering available final states. FuJimori' also discussed the
PE spectra with the similar concept of hybridization using
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a cluster approach. Hufner and Steiner' considered the
different channels for the screening of the 4f excitations
to suggest the final-state effects of PE. Liu and Ho' took
into account the final-state concept in emphasizing the
large Coulomb correlation interaction between 4f hole and
the conduction electrons. All of these models assume the
constancy of the number of the f electrons during the y-a
transition.

Since high-energy experiments such as PE observe
excited-state properties, an energy-band calculation which
is essentially a ground-state description may not be ap-
propriate to analyze experiment. The validity of the band
description for the strongly correlated f-band materials is
still questionable. The eigenvalues in the local-density ap-
proximation (LDA), ' which are obtained in band-
structure calculations, lack physical meaning especially
for very localized narrow-band electrons. Thus, total en-

ergy calculations for the initial and final state are neces-
sary to determine the energy of the excitation. We discuss
these excited-state properties elsewhere' using the total-
energy band-structure method and thus in this paper we
restrict ourselves to the ground-state properties of Ce met-
al.

An LDA band-structure calculation is expected to yield
a good description of the ground-state properties of rather
extended 4f-band Ce iiietal, provided it is carried ollt to
self-consistency. Kmetko and Hill performed the first
self-consistent augmented-plane-wave (APW) band-
structure calculation for y- and a'-Ce and pointed out the
increase in hybridization of the 4f states with the conduc-
tion band with reduction of the atomic volume. Glotzel
reported the cohesive and magnetic properties of fcc Ce
obtained with the self-consistent relativistic linear
muffin-tin orbital (LMTO) method ' and found spin po-
larization to occur near the lattice constant of y-Ce,
which is related to the localization of the f electrons.
Pickett et a/. performed self-consistent relativistic linear-
ized APW band-structure ' calculations for both the a
and y phases of Ce metal which included the nonspherical
potential as well as spin-orbit coupling by perturbation
theory and discussed the electronic and magnetic proper-
ties of Ce metal. Podloucky and Glotzel studied the
ground-state cohesive properties and calculated Compton
profiles of y- and a-Ce using the LMTO method to con-
firm the evidence against the promotional model.

It has been reported that a-Ce undergoes a phase tran-
sition at 40 kbar and room temperature and that the su-

perconducting T, jumps by a factor of 40 up to 1.9 K.
With greater pressure, T, decreases. The high-pressure
phase a'-Ce has an orthorhombic a-U structure, which is
ascribed to the existence of itinerant f-bonding effects.
Wittig speculated from this that a'-Ce is a 4f-band met-
al, in which delocalized f-band electrons hybridized with
the conduction band are responsible for the high T, of
o'-Ce. However, the effects of f electrons on the super-
conducting properties still appear to be in dispute.

In this paper, we report total-energy band-structure cal-
culations undertaken to investigate the ground state prop-
erties of Ce by employing both the full-potential linear-
ized APW (FLAPW) (Ref. 25) and the LMTO band-
structure methods within the local-spin-density functional

approximation. The total energies of the paramagnetic
and spin-polarized phases of Ce are used to discuss the en-
ergetics involved in the y-o. transition. In Sec. II, we
describe briefly the methods used. In Secs. III and IV, the
results of paramagnetic and spin-polarized band calcula-
tions are presented. The superconducting properties are
discussed in Sec. V. The f-electron localization in the y-a
transition is discussed in Sec. VI and a discussion follows
in Sec. VII.

II. DETAILS OF THE CALCULATION

The energy band structure of paramagnetic Ce metal
was calculated self-consistently for a wide range of lattice
constants using the full-potential linearized augmented-
plane-wave (FLAPW) method within the local-density ap-
proximation. The core electrons were treated fully rela-
tivistically in the atomic central field approximation,
while the valence electrons were obtained from the semi-
relativistic equations neglecting spin-orbit coupling.
The periodic potential and charge density in the intersti-
tial were expanded with 537 plane waves and in up to
/=8 Kubic harmonics inside the muffi-tin spheres. The
eigenvalues were calculated at 80 k points in the « th ir-
reducible part of the Brillouin zone in each iteration and
for the exchange-correlation potential we use the prescrip-
tion of von Barth and Hedin with the parameters of
Hedin and Lundqvist and random-phase-approximation
(RPA) scaling. For the Coulomb potential, the pseudo-
charge method was adopted and the total energy was cal-
culated with converged charge density and potential fol-
lowing the formulation of the local-density functional ap-
proximation.

The main features of the resulting band structures, den-
sities of states, and Fermi surface are very close to those
obtained previously by Pickett et a/. The one difference
in our calculation from that of Pickett et a/. is the way
the 5p core elix:trons are treated. We find that the 5p
electrons, which are located approximately 1 Ry below the
conduction band, have a nonnegligible density outside the
muffin-tin sphere, especially at smaller volumes (that is,
at higher pressures). The interstitial 5/i contribution
amounts to almost 0.3 electrons in the case of a-Ce
(rws=3. 54 a.u. ; rws is the Wigner-Seitz radius) and this
has a strong effect on the total energy. Hence we treat the
5p electrons in the same way as the valence electrons; we
find a resulting bandwidth of almost 200 mRy for a-Ce.
The effect of neglecting spin-orbit coupling of the 5/i
band is small on the total energy because this band is
completely filled and the 5p-band contribution to the
binding energy is much more important.

We use the LMTO band method for the description of
the magnetic properties of Ce. In the LMTO band
method, the Hamiltonian and overlap integrals of the
muffin-tin orbitals are evaluated over the atomic Wigner-
Seitz spheres, which are supposed to fill the unit-cell
space. Thus, interstitial part of the unit cell is neglected.
We consider the muffi-tin orbital basis functions up to
l =3 in the band-structure calculation and extend those up
to /=4 for an investigation of the superconductivity. The
LMTO method is known to be suitable for close-packed
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structures such as fcc Ce and in fact we find that the re-
sults obtained with the LMTO method are very close to
those of the FLAPW as is discussed in the next section.

III. PARAMAGNETIC CALCULATIONS
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FIQ. ]. FLAP%' total-energy results as a function of
%'igner-Seitz radius.

The total-energy and band-structure results using the
FLAP% method are given in Fig. 1 and Table I, respec-
tively. The angular momentum decomposed densities of
states and occupied charges inside the muffin tin and in-
terstitial are provided in Table I as a function of Wigner-
Seitz radius; the 4f bandwidths are also given for compar-
ison. As is seen in Fig. 1, there is no evidence of any
first-order structural transition in the total-energy curve
and hence the y-a phase transition apparently has a dif-
ferent origin. We notice, however, that with increasing
pressure the number of 4f electrons increases and the 4f
band broadens. The number of 4f electrons increases be-
cause the relative positions of s and p bands move up and
these electrons are converted to d or f bands. The change
in the number of 4f electrons, however, is only very small
in going from y-Ce to a-Ce. The band-broadening effect
is clearly seen in the 4f bandwidth W(4f), which is chosen
as an eigenvalue difference of I 2 and I'2s at k=0. The
values of W(4f) are 0.78 eV for y-Ce (rws ——3.81 a.u. ) and
1.23 eV for a-Ce (rws ——3.54 a.u.). Due to this band
broademng, the total density of states at the Fermi level
N(EF) decreases from 57.0 states/Ry for y-Ce to 37.6
states/Ry for a-Ce. The Fermi level is located near the
bottom of a large f peak in all cases.

Our resulting cohesive energy (4.9 eV) is close to the ex-
perimental value (4.32 eV). The difference is attributed to
errors made in the LDA treatment of the atom. For the
energy of the atom, we use —17 716.8397 Ry, which per-
tains to the LDA atomic ground-state configuration of
4f' 5d ' 6s2. The equilibrium value of the Wigner-Seitz
radius, rws ——3.35 a.u. , however, is almost 5% smaller
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than the experimental value of a-Ce and the bulk modulus
(8=0.56 Mbar) is larger by a factor of 3. The reduction
in the equilibrium lattice constant is related to the overes-
timated contribution of the 4f-bonding effect in the
local-density approximation which is common in the
LDA description of localized bands. For example, our
calculations on Eu and Yb metals, in which the 4f elec-
trons are very localized, show that their r~s's are almost
12% and 7% smaller, respectively, and that the 8's are al-
most 50% larger than the experimental values if we treat
the 4f electrons as ordinary valence bands. In contrast to
Eu and Yb, the 4f electrons in Ce are considered to be
closer to the delocalized limit; nevertheless, even here the
LDA description is not adequate in reproducing the
correct behavior of the lattice constant.

In order to investigate this effect in more detail, we
consider the following three cases for Ce by employing the
LMTO method: (i) The 4f electrons are treated as ordi-
nary valence band electrons; (ii) we treat one occupied 4f
electron as belonging to the core, but still include the
f-like radial functions in the description of the valence
band; and (iii) we treat the one 4f electron as core and
suppress f hybridization in the valence band completely.

We find that the overall results of the LMTO band-
structure calculations are the same as those obtained ~ith
the FLAPW method; the shapes of their total energy
curves are very similar, aside from a 0.3-eV upward shift
in the absolute energy for the LMTO case. The equilibri-
um Wigner-Seitz radius obtained with the LMTO is 3.37
a.u. compared with 3.35 a.u. in FI.AP% and the bulk
modulus is 0.57 Mbar (LMTO) compared with 0.56 Mbar
(FLAPW).

The resulting total-energy results for the three cases are
displayed in Fig. 2 with the corresponding values of rws
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FIG. 2. LMTO total-energy results for the three cases, (1)
itinerant, (2) partially localized (see text), and (3) localized f
electrons.

TABLE II. Calculated LMTO equilibrium %igner-Seitz
atomic radius r~s, bulk modulus 8, and total energy E„„for
the three cases discussed in the text.

p% s (a.u. )

3.34
3.61
3.82

0.69
0.52
0.56

E„, (Ry)

—17 717.172
—17 717.090
—17717.015

and 8, provided in Table II. In case (ii), we still find
0.4—0.7 f valence electrons in addition to the one 4f core
electron consistent with the result of case (i) in which we
obtain 1.4-1.7 f valence electrons. The total density of
states in cases (ii) and (iii) are greatly reduced due to the
loss of one f valence electron. The equilibrium Wigner-
Seitz radii are 3.35, 3.60, and 3.80 a.u. , respectively, for
the three cases. It is interesting to note that rws of ease
(tti) is close to that of experiment for y-Ce and that rws
of case (ii) is close to that of experiment for a-Ce (and is
attributed to the bonding contribution of the f electrons).
By treating the 4f electrons as core in case (ii) and (iii), we
possibly mimic the localized properties of the f electrons;
i.e., we neglect the hybridization between f and conduc-
tion electrons as well as the direct f-f hopping interaction
between nearest neighbors. In fact, in a separate study,
we found that we well reproduce (within errors of less
than 2%) the experimental lattice constants of the heavy
rare-earth metals, if the f electrons are considered to be
completely localized. Hence the agreement of the calcu-
lated equilibrium lattice constant in ease (iii) and experi-
ment for y-Ce implies that the f electrons in y-Ce do not
contribute much to the cohesive properties, that is, they
are in the localized limit. In comparison, the experimen-
tal equilibrium lattice constant of a-Ce is located between
the results of case (i) and case (ii) [but closer to that of
case (ii)], which apparently originates from the existence
of partial bonding effects due to f electrons in a-Ce; f
electrons are more or less delocalized at this atomic
volume. These results suggest that two competing effects
(f bonding and f localization) determine the stable phase
under given external conditions so as to give rise to the
y-a transition. The localized nature of the f electrons can
be also simulated by the inclusion of spin polarization —as
will be discussed in the next section.

IV. SPIN-POLARIZED CALCULATIONS

We have performed local-spin-density calculations with
the I.MTO method in order to investigate the magnetic
behavior of Ce metal at large volumes. From the self-
consistent paramagnetic charge density, we first obtain
the intra-atomic exchange correlation integral presented in
Table III. The total density of states at EF and angular
momentum decomposed occupied charges are also given
for comparison with the FLAPW results. The value of
I„, is almost constant, 0.42 eV (30 mRy), over the whole
range of lattice constant, which indicates that I„, is essen-
tially a pressure-independent parameter. From the prod-
uct N(EF)I„„we can derive the Stoner enhancement fac-
tor S=[1 N(EF)I„,/2] ', the—calculations predict the
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TABLE HI. Calculated LMTO charges (by I values) Q~, the total density of states at EF, N(EF) (in
states/Ryatom), intra-atomic exchange correlation integral I„„Stoner enhancement factor S, and the
total energy E,~—all versus %igner-Seitz radius r~s.

Q, Qp Qd QI N(EF) I„, (Ry) N(Er )I„,/2

3.1
3.2
3.3
3.4
3.54
3.68
3.74
3.81

0.29
0.34
0.39
0.44
0.50
0.55
0.57
0.59

5.76 2.30
5.82 2.27
5.86 2.24
5.90 2.20
5.94 2.14
5.97 2.08
5.98 2.05
5.99 2.03

1.65 29.55
1.57 31.44
1.51 37.18
1.46 39.25
1.42 53.19
1.40 59.64
1.40 65.67
1.39 66.24

0.032
0.031
0.030
0.031
0.031
0.031
0.030
0.030

0.47
0.49
0.56
0.60
0.82
0.91
0.99
1.01

1.9
2.0
2.3
2.5
5.6

11.1
100.0

—10.0

—17717.1542
—17717.1671
—17717.1727
—17717.1685
—17717.1609
—17 717.1462
—17717.1367
—17717.1259
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occurrence of a ferromagnetic instability for values of rws
larger than 3.74 a.u. This means that y-Ce (rws ——3.81) 1s

located just in the ferromagnetically ordered region,
which is consistent with the result of Glotzel. The Ston-
er enhancement factor of a-Ce is still large (S=5.6) and
so it behaves as a strongly exchange-enhanced paramag-

netic metal. [Recall that this is a similar to the case of Pd
(S=6.8). J

The total energies and magnetic moments obtained in
the spin-polarized calculations are given in Table IV and
Fig. 3. In agreement with the estimate of the Stoner in-
stability, the total-energy difference between paramagnetic
and ferromagnetic structures plotted in Fig. 4 shows that
magnetic instability does occur for rws-3. 7 a.u. The
total-energy difference between the two states is, however,
very small; about 1 mRy for y-Ce (rws —3.81). As is
clear from Fig. 3(b), the spin-only magnetic moments (4f
and total) increase as one expands the volume; 4f mo-
ments are fully polarized for the atomic radius larger than
4.5 a.u. Furthermore, the band splitting in the spin-
polarized calculation also supplies a value of I„,from the
relation hE=E, E, =rnI„„—where rn is the spin mag-
netic moment. With m =0.9 and &E=0.03 Ry at k=0 in
the case of y-Ce, we obtain I„,=33 mRy, which is con-
sistent with the result of the paramagnetic Stoner calcula-
tion (I„,=30 mRy).

We have performed total-energy calculations at selected
values of the lattice constant assuming the first kind of
antiferromagnetic ordering in the fcc structure. The
difference in total energy obtained for the antiferromag-
netic state from that for the paramagnetic and ferromag-
netic states is shown in Fig. 4. The ferromagnetic phase is
seen to be more stable than the antiferromagnetic phase.
Note that the energy differences between the different
magnetic phases are very small, especially near the ob-
served lattice constant of y-Ce. At this lattice constant,
the antiferromagnetic phase is more stable than the

= PARA

~ FERRO

o ANTIFERRO

0~i I I

4.0 4.2

rats {o.u. ) I t I 1 I 1 t 1 I

5.6 3.8 4.0 4.2 4.4
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FIG. 3. (a) Paramagnetic and spin-polarized LMTO total-
energy results as a function of Wigner-Seitz radius. (b) The 4f
and total spin magnetic moments as a function of %igner-Seitz
radius.

FIG. 4. LMTO total-energy differences between the fer-
romagnetic and antiferromagnetic phases anth respect to that of
paramagnetic phase as a function of signer-Seitz radius.
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TABLE IV. Spin-polarized LMTO results for the total energy, the 4f and total spin magnetic mo-

ment (in Bohr magnetons), and the spin-up and spin-down density of states in EF (in states/Ry spin)—
all as functions of %igner-Seitz radius r~s.

r~s (a.u. )

3.74
3.81
3.9
4.0
4.1

4.25

—17717.1369
—17 717.1269
—17717.1132
—17717.1009
—17717.0835
—17 717.0643

rn(4f) (pz)

0.31
0.80
0.90
1.03
1.13
1.21

m"' (p )

0.34
0.90
1.02
1.16
1.30
1.40

40.4
50.1

69.3
64.3
88.9
80.7

24.4
17.4
14.7
13.3
12.6
10.0

paramagnetic phase by 0.6 mRy (=80 K) but lies above
the ferromagnetic phase by 0.4 mRy. These results are
consistent with observations for the magnetic behavior of
y-Ce, which has a disordered magnetic structure at room
temperature. Apparently then, no long-range magnetic
order exists due to the competition of the three phases at
room temperature; however, local moments are formed so
that the susceptibility follows a Curie-Weiss law. These
predictions for y-Ce are consistent with the general view
that y-Ce is located in the low-density (localized f) side of
Ce metal.

V. SUPERCONDUCTING PROPERTIES

~&og 1.04(1+A, )

A, —p, '(1+0.62K. )
(3)

Here, p* is the Coulomb pseudopotential parameter and
CO~os=0. 87(CO )

We have investigated the superconducting properties of
a- and y-Ce using the self-consistent results obtained
from our FLAPW calculations. The resulting values and
parameters used in the calculation are given in Table V.

We now consider the superconducting properties of Ce
metal as a function of volume within the framework of
the rigid muffin-tin approximationi' (RMTA) and
McMillan's strong-coupling theory. The electron-
phonon coupling constant iL is decomposed as

N(EF ) (I') rM(~'} =qrM(~'),
2

(1)

where N(EF) is the total density of states, (I } is the
average electron-ion matrix element, M is the ionic mass,
and (ni ) is the average phonon frequency, squared. The
electron stiffness parameter rl in the RMTA is given by

4' g (I+ 1)sin'(5i —5i+, )
m N(EF)

NI(EF) Ni+i(EF)
(1) (1) (2)

NI (EF) Ni~)(EF)

Here, NI(EF) and Ni (EF) are the partial density of
states of solid and single scatterer, respectively, and 5i is
the phase shift for the Ith partial wave scattering from the
spherical muffin-tin potential. We use the Allen-Dynes
formula to evaluate the transition temperature T,;

r

TABLE V. Comparison of FLAP% calculated quantities
(defined in the text) which appear in the calculation of the
electron-phonon coupling parameter A, and the superconducting
transition temperature T„for a- and y-Ce using either a core or
a band description for the Sp electrons. Here 8, is the high-
temperature Debye temperature. %'e use the approximation
(co )' =0.690",.

Sp core
a-Ce y-Ce

Sp band
a-Ce y-Ce

N(EF) (Ry ')

P
0, (K)
( 2) 1l2

co)~ (K)
M(A@2) (eV/A )

g (eV/A )

T, (K)

32.70
0.13

173
119
104

3.550
1.15
0.32
0.024

63.34
0.13

117
81
70

1.645
0.77
0.47
0.351

37.58
0.13

173
119
104

3.S50
1.06
0.30
0.007

57.00
0.13

117
81
70

1.64S
0.62
0.37
0.073

The results for the cases where the 5p electrons are treated
(i) as band states or (ii) as core states are presented for
comparison. When the 5p electrons are considered as
valence and thus their hybridization is fully included,
some p character at the Fermi level is lost. Hence the cor-
responding values of rt (2),F and 2)~) are reduced, as are A,

and T„compared with the case where the 5p electrons
are treated as core. As expected, the value of rl increases
in going from y-Ce to u-Ce, whereas A, is larger for y-Ce
than for a-Ce due to the higher Debye temperature in
a-Ce. Our estimated values of T, in a-Ce are in reason-
able agreement with experiment, T, g 0.01 K. The super-
conducting transition temperature for y-Ce has no physi-
cal meaning because the superconducting phase is
suppressed by the magnetic phase, as discussed in the
preceding section.

In order to examine the effect of pressure on the super-
conducting properties in more detail, we apply the RMTA
for a wide range of Ce lattice constants using the self-
consistent LMTO results. The muffin-tin potential in
RMTA is replaced by an atomic sphere potential in this
case and the 5p electrons are treated as valence band elec-
trons. In the fmal self-consistent iteration with converged
charge densities, the g states (1=4) are included in the
basis set of muffin-tin orbitals. The results obtained using
the LMTO atomic sphere potentials are very close to
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t I I I I I I I TABLE VI. Partial density of states X~ and total density of
states N(Er) (in states/Ryatom), partial occupini charge Q~,
electron stiffness parameter n~~+&, g (eV/A ), electron-phonon
couphng parameter k, average phonou frequency (co )', and
transition temperature T, of a-Ce by treating one f electron as a
core state. The same quantities for La are also provided for
comparison.
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I
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FIG. 5. Electron stiffness parameter q of the total and of
each angular momentum channel as a function of Wigner-Seitz
radius using LMTO atomic sphere potentials.

N,
Np

Nf
Ng
N(Ep)
QSp

gpjI

gdf

Ifa
'9

(~2) 1/2

T, {K)

Ce (r~s ——3.54}

0.49
5.94
2.10
0.44
0.03
1.04
0.82

13.43
7.53
0.24

23.06
0.14
0.84
1.53
0.13
2.64

119
0.74
3.26

La (r~s ——3.54)

0.45
5.92
2.20
0.39
0.03
1.09
0.83

12.64
4.75
0.26

19.56
0.20
1.03
1.57
0.11
2.91

86
1.58
8.13

those obtained from the FLAPW results. For example,

g =0.67 (y-Ce) and g =1.02 (a-Ce) in this (LMTO) case,
compared with 0.62 and 1.06 in FLAPW. The results
plotted in Fig. 5 show ri increasing with pressure; ri+ and

g~ increase with pressure, while g~f is almost constant
but somewhat decreasing. In fact, the steep increase of g
orginates from the dominant behavior of gfs, which im-
plies that including g character (I =4) is very significant
in the investigation of the high-pressure superconducting
properties of f-band metals, although the density and oc-
cupation of g states are very small, e.g., 0.26
states/Ryatom and only 0.03 electrons in the case of
a-Ce. The occupation of g states increases slightly with
increasing pressure and equals 0.06 at res ——3.1. Note
that rl is only 0.6 for a-Ce without considering the g
states. The large qf is attributed to the very small single
scatterer density of states, Nz (EF), which determines the
factor vs(Ns(Er)/Ng (EF)) in Eq. (2). At rws ——3.2, vg
amounts to 4.69 compared with v, =3.82, v~ =0.45,
vd ——0.68, and vf ——1.S4.

If we compare the calculated T, (=0.02 K) with exper-
iment for the lattice constant of a'-Ce, we find that it is
smaller by two orders of magnitude than the experimental
T, =1.9 K. As to the origin of this large discrepancy, it
is not clear whether it is due to the underestimation of the
electron stiffness parameter ri in RMTA or due to the use
of the a-Ce Debye temperature (eD ——179 K) which
neglects phonon softening. Phonon softening, which is
likely to accompany the structural transition to the o,"-Ce
phase, may affect the superconducting properties of
a'-Ce. The use of a constant Coulomb parameter p'

(=0.13), also influences the transition-temperature results.
The parameter p' is expected to decrease slightly with
pressure. In fact, if we use the empirical formula of
Bennemann and Garland, 3

p,
' is in the range of 0.22 (at

rws ——3.81) and 0.18 (at rws ——3.1); these values are larger
than the value we used (0.13) and thus, if used, will result
in suppressed T, values.

If one f electron in Ce is treated as a core state (as dis-
cussed in Sec. II), the corresponding electronic structure
will be similar to that of La, even though screening of the
extra nuclear charge by f-core electrons is not complete.
As is shown in Table VI for rws ——3.54 a.u., there are only
0.05 more f-like conduction electrons occupied in Ce than
in La and the resulting rl's are very close, 2.6 for Ce and
2.9 for La, which are larger by a factor of 2 than those ob-
tained previously. In this case, q~ and q~f become dom-
inant, whereas vjfs is substantially reduced for both ma-
terials. However, La has a much larger A, and T, owing
to the much smaller Debye temperature. This comparison
suggests that the electronic stiffness parameter g in Ce
can be large as in La in which case Ce becomes a possible
candidate to be a 4f band superconductor —provided the f
electrons are partially delocalized as above. The calculat-
ed T, of u-Ce turns out to be much higher in this case,
T, =3.3 K. Note however, that when we treat the f elec-
trons of Ce as ordinary itinerant valence electrons, rl is
then much smaller than that of La.

VI. COULOMB CORRELATION
AND LOCALIZATION OF f ELECTRONS

In contrast to the promotional model, we found that the
f bands are broadened with pressure and that the number
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forms in a degenerate band. Qualitatively, Harrison's lo-
calization condition can be written as

&gs (o.u. j

25 mRy

FIG. 6. I.MTO total-energy differences of the trivalent {III)
and tetravalent (IV) phases of Ce relative to that of the divalent
(II) phase as a function of Wigner-Seitz radius. The 4f elec-
trons are treated as core states.

of f electrons is constant. This result supports the locali-
zation and delocalization transition of the 4f electrons. In
agreement with Johansson's arguments based on empiri-
cal data, our calculations with the number of 4f electrons
kept fixed in the core yield total-energy differences be-
tween trivalent and tetravalent configurations, which are
overly large for a-Ce metal to be a promotional-type
mixed-valent material. We plot the total energies of three
valence configurations, i.e., divalent, trivalent, and tetra-
valent, as a function of Wigner-Seitz radius in Fig. 6 by
treating the f electrons as core states. The trivalent con-
figuration is lower in energy by about 2.4 eV than the
tetravalent or divalent configurations over the range of
lattice constants considered and the divalent configuration
is more stable than the tetravalent at the lattice constant
of a-Ce (rws =3.54 a.u.). The energy differences between
the trivalent and tetravalent configurations amount to 3.2
eV for y-Ce and 2.8 eV for a-Ce, which corresponds to
the localized 4f excitation energies in the photoemission
experiment. ' From these total energies, we can obtain
the intra-atomic Coulomb correlation interaction pararne-
ter U from the relation

U=Eff (5d, 6s, 6p) ]+E[f (Sd,6s, 6p) ]

2E[f'(Sd, 6s, 6p—) ] .

The resulting values of U are found to vary weakly be-
tween 5.0 and 5.6 eV over the volume range considered
and to decrease with pressure.

Compared with the bandwidth of 0.78 eV for y-Ce and
1.23 eV for a-Ce, the value of the Coulomb correlation U
is much too large for the 4f band to delocalize, in the or-
dinary sense of the Hubbard model. Recently f-shell lo-
calization was discussed by Harrison. He proposed a
condition for the localization off electrons, which is simi-
lar to the form obtained when an Anderson local moment

I 1 I f I j I I l

t)" 0" 0'"0" o " 0""0"0 0.. .0.. . . .0"-+-+-~—+—+—i-,i-+- =,6— (I'a)0

Lg
41'

~r
0.2—

a-C. e P-Ce

i I I I I I ~ ~ t

3.2 3.4 3.6 38 4.0 4.2
"ws (o U )

FICr. 7. Radial expectation values (r ) of the wave functions
of each orbital on the Fermi surface. Even value is normalized
to the respective %igner-Seitz atomic radius.

2U 1

W(4f) (21+1)

where nf is the number of occupied f electrons (nf = 1 for
Ce) and J is the total angular momentum of the f shell.
When spin-orbit coupling is included, the ground state of
Ce has J= —', , which has a sixfold degeneracy. If we ap-

ply this relation [Eq. (4)] with values of the bandwidth
( W) and Coulomb correlation U considered above
(%=1.23 eV and U=5.4 eV for a-Ce and 8'=0.78 eV
and U=5.5 eV for y-Ce), we obtain p=0.7 for a-Ce and
p= 1.1 for y-Ce. Hence this result indicates that y-Ce is
just inside the localized limit of f electrons, while a-Ce is
in the region of delocalization. This result is consistent
with the occurrence of f-band magnetism which was con-
sidered in Sec, IV.

In order to investigate the degree off localization more
quantitatively, we consider the spatial extent of the f orbi-
tal within the %igner-Seitz atomic cell. By calculating
the radial expectation value (r ) of wave functions on the
Fermi surface, we obtain the average distance of the
valence electrons from the nucleus. The (r)'s of 6s, 5p,
5d, and 4f orbitals normalized by the Wigner-Seitz radius
are displayed in Fig. 7 as a function of Wigner-Seitz ra-
dius. It is seen that (rf) is much smaller than those of
the other orbitals and thus shows clear evidence for the lo-
calized nature of the f electrons. The spatial extent of the
6s and 5d (conduction-band) orbitals is almost constant
over the whole range of volumes shown, while that of the
5p and 4f orbitals increases monotonically with decreas-
ing lattice constant. As discussed in Sec. II, the 5p elec-
trons become greatly extended with pressure. However,
( rf ) does not indicate any appreciable change between a-
and y-Ce (0.35 for y-Ce and 0.37 for a-Ce). Note that if
the f eltx:trons in y-Ce are treated as core states, (rf ) is
reduced to 0.31. The dramatic change in the tail region of
the 4f orbitals between a- and y-Ce is seen when one cal-
culates (r") values with higher n values. s
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VII. DISCUSSION

Our calculation of the paramagnetic total energy does
not show any dramatic features associated with the y-a
transition in Ce metal. One might expect that a spin-
polarized calculation will reduce the f-bonding effect, as
in the case of Am, leading to some structure in the total
energy curve. In fact, we found a magnetic instability
close to the lattice constant of y-Ce. The total-energy
difference between the paramagnetic and ferromagnetic
phases is overly small, however, to show clear evidence of
a first-order phase transition; only a small change of cur-
vature can be seen in Fig. 3. The transition pressure
which can be obtained using a Maxwell construction in
the total energy versus volume plot amounts to —120
kbar, which is of the same order of magnitude as Glotzel
obtained from his pressure calculation. Compared with
the experimental transition pressure (I'= —10 kbar) at
zero temperature, which is the extrapolated value from
the y-tz phase line, our estimated transition pressure is
larger by one order of magnitude. This large discrepancy
implies that a spin-polarized calculation foi" Ce does not
adequately describe the locahzation of the 4f electrons,
unlike the case of Am which has about six 5f electrons in
an almost half-filled band. Our calculation for bcc Eu,
which has almost seven fully polarized 4f electrons,
shows a similar behavior; a spin-polarized calculation sub-
stantially improves the error in the lattice constant, but is
still 5% off from experiment. When we consider the 4f

electrons in Eu as core states, we find the equilibrium
Wigner-Seitz radius to be 4.33 a.u. , which is close to the
experimental value (rws —4.29). This example indicates
that the 4f electrons in the heavy rare-earth metals are
very localized, so that the bonding effect of the 4f elec-
trons can be neglected. In Ce, however, the degree of hy-
bridization of the 4f electrons is smaller than that predict-
ed by LDA, but is not negligible {in fact, Ce metal under
high pressure acts much like a 4f-band metal), which
makes a localization description difficult.

The actual volume collapse during the y-ct transition
indicates that the electron-phonon interaction is an impor-
tant factor. Hence, it is expected that some anomaly will
be seen in the phonon spectra which is associated with a
possible softening in the transition arising from the elec-
tronic contribution, as is discussed for La by Pickett
et al. s To our knowledge, no phonon spectra of a-Ce are
available to date due to the difficulties of sample prepara-
tion. Once available, the comparison of phonon spectra in
the various phases of Ce metal will yield crucial insights
into the nature of the phase transition as well as supercon-
ducting properties.
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