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The a-y phase transition in Ce metal is explained by 4f-5d hybridization effects. The a phase is
identified with a state consisting of hybridized 4/° and 4f"' configurations where, although the 41
component is dominant, the local magnetic moment is quenched via strong 4/-5d hybridization of
the order of ~1 eV. Increased 4/-5d hybridization with decreasing volume stabilizes the a phase
relative to the y phase for small volumes. The pressure-volume and pressure-temperature diagrams
have been calculated with use of this model, and the phase diagram of Ce has been well reproduced.
The core-level photoemission, valence-band photoemission, and bremsstrahlung isochromat spectra
of a- and y-Ce have been calculated based on the same model, and good agreement with experiment

has been obtained.

1. INTRODUCTION

There has been much controversy concerning the mech-
anism of the a-y phase transition in Ce metal."?> On go-
ing from the ¥ to a phase under pressure or on cooling,
the lattice volume collapses by ~ 15% without changes in
the crystal structure, and the local magnetic moment of
the Ce3*(4f") ion disappears. The earlier Ce*t—Ce*t
promotional models® have now been excluded on the basis
of recent photoemission*> and Compton scattering® ex-
periments, band-structure calculations,” and theoretical
thermodynamical arguments.® These have shown that the
number of 4f electrons changes only slightly across the
transition. Recently the 4f-derived contributions to the
valence-band photoémission have been reported to show
double-peak structures.*>° These results have stimulated
theoretical interests with relation to anomalous properties
of Ce and its compounds.!®~!* The spectra suggest that
interaction between 4f and valence electrons is important
and that the 4f electrons are more hybridized in the o
phase.” Core-level x-ray photoemission (XPS) and brems-
strahlung isochromat spectroscopy (BIS) have shown that
the 4f—valence-band hybridization is much greater
(0.5—1 eV) than the traditionally accepted values (<0.1
eV) and increases in going from y- to a-Ce.!> Successful
models for the a-y transition must then be consistent with
these recent results. On the other hand, it has been argued
that the traditional small hybridization seems more ap-
propriate to describe the low-energy properties such as
magnetic susceptibilities, specific heats, and electrical
resistivities.!®

In the present paper, we present a simple model for the
a-y phase transition which is consistent. with the above
spectroscopic results. The a phase is identified with a
state having strong 4f-5d hydbridization, where the loss
of the 4f' local magnetic moment and the volume col-
lapse result from participation of 4f orbitals in bond for-
mation with neighboring (and, to a lesser extent, distant-
neighbor) 5d orbitals.!” The bonding energy increases
with decreasing volume because of the increasing 4f-5d
orbital overlap and stabilizes the a phase, whereas the y
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phase is stabilized by the intra-atomic correlation energy
of the rare-earth ion (only spin-orbit energy in the case of
Ce’*) in the large-volume region. The 4f-5d hybridiza-
tion strength necessary to reproduce the phase diagram
will also be shown to explain the valence-band photoemis-
sion, core-level photoemission, and BIS spectra. We have
given qualitative discussions of the a-y transition based
on a cluster model in a previous paper,'® and the present
paper gives its quantitative explanation and various elec-
tron spectra of a- and y-Ce by using a more general but
still simple model. Although we have not attempted cal-
culations on the low-energy properties, the present model
is proposed to show effectively small 4 f—conduction-band
hybridization in the low-excitation-energy region and to
be consistent with the observed low-energy behaviors as
well as those of mixed-valence Ce compounds.

II. a-y PHASE TRANSITION

First, we discuss the stability of the local 4f' moment
(y-Ce) against 4f-5d hybridization by considering 4f
photoemission process within a model where a single 4/
ion interacts with 5d—conduction-band electrons. If the
4f electron is emitted by photoemission, the remaining
system relaxes to screen the 4f hole in various ways: The
4f° hole may be either screened by 5d electrons on the
hole site or screened by 4f electrons themselves. The
latter process occurs via a 5d—conduction-band—4f-level
charge transfer, and the resulting 4154 —! configuration,
where 54 ~! denotes a hole in the 5d conduction band,
would be with the highest probability a totally symmetric
(singlet) state having no local magnetic moment, since the
singlet 4154 ~! state would have the largest overlap with
the (singlet) 4f°-hole state because of the same local sym-
metry, thus the large 4f-5d transfer integrals and the
highest 5d->4f (monopole) transition probability. The
5d—conduction-band hole in the 4/!5d ! configuration
does not have amplitude at the 4f site, as the 4f and 5d
atomic orbitals on the same site have different symmetry.
Therefore hybridization between the 4f- and 5d-band
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states occurs via neighboring 4f-5d atomic-orbital com-
ponents. Here we note that only the occupied part of the
5d band contributes to the 5d—4f charge transfer and
that the 4f-5d hybridization strength is not constant
within the occupied conduction band but is strongly ener-
gy dependent.!® Thus the 5d hole is created mostly within
an energy range of the width of 1 eV (around an energy
position €54) in spite of the large (~ 10 eV) total width of
the Ce 5d band. A full relaxation, namely relaxation to
the local-moment ground state.4f! with J==3, may have
a small transition probability as compared to the singlet
4f'sd —! state. This argument implies that the lower-
binding-energy component of the double 4f peaks does
not have to be exactly located at (within thermal energies
of) the Fermi level Er but generally below it in magnetic
Ce systems such as y-Ce, and in fact this peak has been
observed 0.2 eV below Er by the high-resolution photo-
emission study of y-Ce.® The two 4f-derived peaks are
thus attributed to two final-state configurations, 4/° and
4f'5d~!, which are hybridized with each other.?’ If the
4f-5d hybridization increases, the lower-binding-energy
4f peak would become closer to Er due to repulsion of
the two hybridized final states and would finally be above
Er. Then the local-moment ground state becomes unsta-
ble, and a new phase having the nonmagnetic 45°-
4f'5d —! hybridized ground state is stabilized. The 4f°-
4£'5d —! hybridized state is expected to be predominantly
4f1-like, because the 4/° configuration is 1—2 eV above
the 4! configuration.»?! We identify this phase as a-Ce.

The 4f-5d hybridization increases rapidly as the lattice
volume decreases. Consequently the hybridized nonmag-
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FIG. 1. Energies of the local-moment 4f! state and the 4/°-

4f15d ! hybridized nonmagnetic state for Ce (vo=34.5 A,
Vo=0.48 eV, €s54=—0.056 eV) as a function of lattice volume.
Energies of the unhybridized 4f'5d ! configuration are shown
by a dashed line. The free Ce atom is taken as the energy zero.
The lattice volumes of y-Ce (P=0, T=300 K) and a-Ce
(P=17.2 kbar, T=300 K) are indicated. Weak hybridization be-
tween 4f and conduction electrons close to Er would further
perturb the energy diagram as shown by the dashed lines.

netic state is stabilized relative to the local-moment state
for smaller volumes as shown in Fig. 1, and the first-order
a-y transition takes place as a function of pressure. At
high temperatures the ¥ phase is further stabilized by the
J=7% entropy term (7S = —kzT1n6) (where kp is the
Boltzmann constant), but for even higher temperatures
the potential barrier between the two phases is overcome
by thermal excitations and the phase boundary terminates
at a critical point, giving rise to a pressure-temperature
phase diagram as shown in Fig. 2(b).

The volume (v) dependence of the energy of the 41!
configuration is assumed to have the form

E; =A[(vy/v)*—2(vy/v)"], (1)

where we set 4=4.25 eV and A=0.8435 in order to repro-
duce the cohesive energy of y-Ce (Ref. 22) and the aver-
age bulk modulus of La and Pr (Ref. 23). As for the 4f°
configuration energy,

Eo=E;+1.242.0(1.12013-3.3), )

where v is the A® and energies are in eV, according to
4f'>4f0 excitation energies given by a renormalized-
atom calculation.?! The local-moment state is stabilized

relative to Eq. (1) by the spin-orbit interaction
(245=0.14 €V):
E7’=E1—2§4f > (3)

while the largely 4f!-like nonmagnetic state is stabilized
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FIG. 2. (a) Pressure-volume diagrams as a function of tem-
perature calculated using the parameter values given in text or
in the caption of Fig. 1. First-order transitions are indicated by
dashed lines. (b) Pressure-volume phase diagram of Ce obtained
in the present work compared with experiments (Ref. 2).
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relative to Eq. (1) through mixing with the 4/° configura-
tion:

E,={Eq+E | —esq—[(Eg—E; +€s53)*+4V?*1'%} /2,
4)

where —es; is a 5d-hole energy relative to E; (not E,)
and V is the effective matrix element between the 4/° and
4f'5d—! configurations. V is an appropriate sum'®'* of
transfer integrals between one-electron atomic 4f and
bandlike 5d orbitals. As contributions from overlap be-
tween neighboring 4f and 5d atomic orbitals are the most
important for ¥, we assume ¥V to vary as a function of
volume v as

V="Vyvy/v)?, (5)

utilizing a relation for muffing-tin orbitals.?* The singlet
41154 —! state is assumed to have the form

|4f15d =1 )y= 3 aifld; | 4r°) (6)
iJj

analogous to the variational form of the mixed-valence
ground state,'®'®?° where the coefficients aj give the
proper symmetry.

Pressure-volume and pressure-temperature diagrams
shown in Fig, 2 were calculated by adjusting parameters
as vg=234.5 A3, Vy=0.48 eV, and €5, =—0.056 eV. We
thus obtained a pressure induced volume collapse of 15%
at P=7.6 kbar for T=300 K, a temperature-dependent
one at T~ 160 K for P =0, and the first-order transition
terminates at a critical point P=23.2 kbar and 7'=540.0
K, in reasonable agreement with experiment? (15%
volume collapse at P =8 kbar for room temperature, at
T ~150 K for P =0, and a critical point at P=20 kbar
and T=600 K). Furthermore, the calculated results show
that a lattice stiffening occurs in going from the y to a
phase as has been observed experimentally.?® It is also
noted that the enthalpy difference between the o and y
phases (~ 1 kcal/mole) (Ref. 27) was correctly predicted.

III. PHOTOEMISSION AND BIS SPECTRA

Based on the present model, gross features (i.e., posi-
tions and intensities of principal spectral features, all mul-
tiple effects being neglected) in core-level photoemission,
4f-derived photoemission, and BIS spectra have been cal-
culated. Here again we have considered the narrow (~1
eV) occupied part of the 5d band, because the unoccupied
part does not contribute significantly to any observed
spectra (only a weak BIS peak close to Er in y-Ce may be
due to the 4f2—4f15d! final-state transition). As the 42
configuration appears in the final states of core-level
photoemission and BIS, the model is extended to include
the 412 configuration. Then the ground state of y-Ce is a
mixture of the 4f! and 4/?5d —! configurations:

W, =b, |4f') +b, |4f*5d "), @)

although the mixing of the 4f? configuration in the
ground state is small because of the large Coulomb energy
between two 4f electrons on the same site (U~5 eV) as
compared to the 4f-5d hybridization (V' <1 eV). The

ATSUSHI FUJIMORI AND J. H. WEAVER 32

ground state can be obtained by solving a secular equation
for the Hamiltonian:
0 14 ]

14 €4f—€5d+U ®8)

" This ground state is further lowered by 245 due to spin-

orbit interaction. Note that the energy of the 4! configu-
ration (without the spin-orbit interaction) as a function of
lattice volume is given by Eq. (1) but is taken to be the en-
ergy zero in Eq. (8) and in the following calculations, so
that —eyr=Ey—E;. As for the a-Ce ground state,

W, =co|4f°) +cy |4f15d ") +c, | 4f%4d ~2) 9)

and the Hamiltonian is

—€u4r V 0
vV —€sq | 4 . (10)
0 V €4f—‘265d+U

Final states for 4f photoemission in y-Ce are given by
the same form as that for the a-Ce ground state [Eq. (9)]:

Vp=epo|4f°) +epy |4f15d 1) (11)

and the same Hamiltonian (10), since final states giving
intense 4f-derived lines are expected to be singlet. As for
a-Ce, final states of 4f photoemission,

Wp=fro|4f°5d ") +gri|4f'5d %), (12)

are obtained from

— €45 —€s5q V 0
| 4 -—265d V . (13)
0 V €4f~—365d+U

The 4f photoemission intensities are given as

Ip=|bjape|?, (14)

Ip=|cigro+cagri|?, (15)

for y- and a-Ce, respectively.

The energy of the BIS final state of y-Ce is simply
given by €;4+U in the present approximation which
neglects 4f—5d charge transfer resulting in antiscreen-
ing, which may be responsible for a weak BIS feature just
above Ep observed in y-Ce.?®!* Then BIS final states for
a-Ce,

Wp=hp |4f") +hpy | 425d 1), (16)

are described by the same Hamiltonian as that for the y-
Ce ground state, Eq. (8). The BIS intensities are given by

Ip=|b{|?, (17)
Ip=|cohpi+cihpy | %, (18)

for y- and a-Ce, respectively.

In calculating the 3d core-level photoemission spectra,
another parameter, U,, which represents the attractive
Coulomb energy between the 3d core hole and the 4f elec-
tron, is introduced. Then the Hamiltonian for core-hole
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final states in y-Ce,

Wp=kpy |4f") +kpy | 4f?5d 1), (19)
where the primes represent the 3d core hole, is given by
0 vV

V €4f——€5d+U——-UC ’ (20)

and the intensities by
Ip=|bkp+bykpy|?. 1)
As for core-hole final states of a-Ce,

Wp="Ppo | 4f°) +pp1 | 4F15d 1) +pray | 4%5d 72)"

(22)
the Hamiltonian is
U, —euir 4 0
V —€sq V N (23)
0 |4 €4f—2€5d+U_Uc
and the intensities
Ir=|copro+cipri+capra|? . (24)

In Eqgs. (20) and (23), the energy zero is taken to be the
3d°4f! core-hole state. P’s are generally different for dif-
ferent spectroscopies and may differ by at most a few
10%. This is because of the fact that one of the 4f orbi-
tals is occupied in the 4/'5d ~! configuration and thus the
4f'5d ' —>4£?5d ~* charge transfer is less effective than
the 4f°—4f'5d~! charge transfer.'*'” However, we
have assumed the same V in order to obtain a global fit to

Intensity (arbitrary units)

'
Energy
Loss

1 1 1 1 1
920 910 900 890 880 870
Energy below Ep (eV)

FIG. 3. Calculated 3d core-level XPS spectra for a- and y-
Ce (vertical bars) compared with experiment (Ref. 15). The en-
ergy zero in Egs. (20) and (21) is set to be 883.8 and 901.9 eV for
the 3ds,, and 3d;,, spin-orbit components, respectively.

hy=60eV

T
PES

———=hy= |
hy =30eV 4f 4f2

Intensity (arb. units)

4 2 (0] (0] -2 -4 -6
Energy below Ef (eV)

FIG. 4. Calculated 4f-derived photoemission and BIS spectra
for a- and y-Ce compared with experiment (Refs. 9 and 15).
Estimated non-4f-related emission (Aiv=30 eV) (Ref. 5) and
backgrounds for BIS are also indicated. Multiplet structures in
the BIS spectra have been neglected in the calculation.
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various spectroscopic results rather than to attempt the
best fit for each spectrum.

Calculated spectra are shown in Figs. 3 and 4 and are
compared with experiment.>®!> Values for the parame-
ters are listed in Table I, where corresponding parameters
used to calculate the pressure-volume diagrams are also
listed. For V and €,s, agreement with those obtained in
the fit to the phase diagram is satisfactory considering
that the spectroscopic and phase-diagram data were fitted
independently and that the 4/ configuration is included
only in the spectral fit. On the other hand, €55 is sys-
tematically lower for the spectroscopies than for the phase
diagram. This discrepancy is attributed to different
meanings of €s; in the two cases: In the spectroscopies
€54 represents the peak position in the 4f-5d hybridization
strength, while in the - thermal-quilibrium case it
represents the highest €5, level hybridizing strongly with
4f in order to give the lowest 4f'5d ~! energy. Common
values for U and U, for a- and y-Ce have been used
(Table I) since these quantities are of single-atomic nature
and would not differ much between a- and y-Ce.

One can conclude from Figs. 3 and 4 that the calculated
spectra reproduce the experimental ones quite well. In go-

TABLE 1. Parameters used to calculate the photoemission
and BIS spectra of a- and y-Ce (in eV). Corresponding parame-
ters used in the calculation of the pressure-volume and
pressure-temperature diagrams (at P=7.6 kbar and T'=300 K)
are given in parentheses. ’

€4 €sq 4 U U,

y-Ce —1.55. —0.30 0.55 5.30 9.15
(—1.44) (—0.06) (0.48)

a-Ce —1.50 —0.10 0.70 530  9.15
(—1.23) (—0.06) ©0.71)
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ing from - to a-Ce, 4f° final-state features in the 3d
core levels appear at the higher-binding-energy side of the
4f! and 4f? peaks due the 4/° initial-state component in
the a-Ce ground state (Fig. 3). Increased 4f7 satellite in-
tensity in a-Ce is obviously due to increased hybridization
V. As for the BIS spectra (Fig. 4), a peak appearing just
above Ep for a-Ce is due to the 4f°—4f! transition
originating from the 4£° initial-state component, and thus
is not present in ¥-Ce. A slight increase in the energy of
the 4/ BIS peak from y-Ce to a-Ce is a consequence of
energy lowering of the ground state due to hybridization
in a-Ce. Among the Ce compounds it seems that the en-
ergy of the 412 BIS peak is systematically higher in non-
magnetic Ce compounds than in magnetic ones.?

The relative intensity change of the 4f-derived double
peaks across the y-—a phase transition in the valence-
band photoemission spectra (Fig. 4) results not only from
increased hybridization but also from different symmetry
characters of the ground states in the two phases. The 4f
peak close to Er in y-Ce arises solely from final-state ef-
fects, namely the 4/°—4f!5d ~! final-state transition fol-
lowing the direct 4f!—4f° photoemission, whereas in the
a phase initial- and final-state effects cannot be clearly
separated. Hence, the low-binding-energy 4f peak has a
4f° final-state component due to the final-state 4£°5d —'-
4f15d —? mixing which is similar to the initial-state 4/°-
4f'5d ! mixing and can result from a direct 4f'—4;°
photoemission process. The 4f-derived photoemission of
a-Ce is well described by the model of Gunnarsson and
Schénhammer (GS),'° where they assumed a nonmagnetic
ground state of the type of Eq. (4), and the shallower 4/
peak has been predicted at Er in agreement with experi-
ment.’ On the other hand, in the y phase, as discussed in
Sec. II, the shallower 4f peak is not necessarily located
very close to Ef, and the 4f intensity at Eg, which can be
referred to as a Kondo peak and is responsible for low-
energy phenomena, may be too weak to be observed by
photoemission. In fact, the recent high-resolution photo-
emission study of y-Ce (Ref. 9) has shown a 4f peak 0.2
eV below Ep (Ref. 30). In this respect we refer to a calcu-
lation of 4f-derived photoemission spectra in trivalent Ce
pnictides by Sakai et al.,*! which gives an intense 4f peak
well below Er and a weak real Kondo peak at Ep.

The 4f occupancy was obtained to be 0.90 and 1.03 for
a- and y-Ce, respectively, which is consistent with Comp-
ton scattering® and band-structure calculations’” which
showed little 4f occupancy difference between the two
phases.

IV. DISCUSSION

Valence-fluctuation phenomena have been considered to
arise from two nearly degenerate 4f ionic configurations
which interact weakly with conduction electrons near Ep,
namely near degeneracy of the 4f™(5d6s)™ and
4f"+1(5d 6s)™ ~! configurations where 5d6s denotes con-
duction electrons. This picture has been confirmed by
photoemission studies for Sm, Tm, and Eu compounds.
On the other hand, it has been found to be inappropriate
for Ce systems because of the large 4f—valence-band hy-
bridization of the order of 1 eV, and electron-
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spectroscopic results had to be interpreted using models
assuming large 4f—valence-band hybridization (e.g., im-
purity Anderson model,'® Ce-ligand cluster model'%!%).
However, the low-energy properties (e.g., static magnetic
susceptibilities at finite temperatures,”?3* infrared ab-
sorption®) have been interpreted based on the small
4f—valence-band hybridization, and it has been inferred
that the hybridization strength may differ in high-energy
and low-energy experiments, 631,35

In a previous paper,>® we have proposed that for CeN
valence fluctuation is occurring between the strongly hy-
bridized nonmagnetic 4f%4f'L~1 state, where L !
represents a ligand (N 2p) hole, and the local-moment 4!
state through weak 4f-5d hybridization, reconciling the
strong 4f—valence-band hybridization observed spectro-
scopically and the weak hybridization reflected on low-
energy properties. That is, the 4/°-4f'L —! state plays an
effective role of the Ce*+(4f°% configuration as in the
traditional valence-fluctuation picture. The present non-
magnetic 4/°-415d ! state corresponds to the 4£°5d ~!-
4f'L—! state in CeN. The low-energy properties of
mixed-valence Ce systems may result from the closeness
of such a nonmagnetic state and the local-moment state.
In Secs. II and III the two states have been viewed as
well-defined eigenstates of the system, but they may fur-
ther mix via weaker 4f—conduction-band hybridization
which has not been considered in the present model as il-
lustrated in Fig. 1 by dashed lines.’” The distinction be-
tween the strong and weak hybridization as done here
would be appropriate only if the hybridization for states
near E is weak as compared to states several tenths of eV
below Ep, or deeper, and cannot be assumed a priori for
all Ce systems. The 4f—valence-band hybridization as a
function of the valence-level energy based on realistic elec-
tronic structure as has been done for Ce pnictides®! would
be necessary to see the appropriateness of the distinction
between strong and weak hybridization. On the other
hand, it has recently been shown that a characteristic tem-
perature’ proportional to the Kondo temperature scales
anomalous magnetic, thermal, and electrical properties of
mixed-valence compounds as well as trivalent com-
pounds.’®  Therefore - the particular form of the
4 f—valence-band hybridization term such as the peak at
€s; assumed for Ce metal might not generally be neces-
sary for existence of the two different energy scales in
mixed-valence Ce compounds. Possibly the weak hybridi-
zation would correspond to residual hybridization after
having projected out the strong hybridization by arbitrari-
ly assuming the local-moment state (without any
4f—valence-band interaction) and the nonmagnetic state
[consisting of the 4f'5d ! configuration of the form of
Eq. (6) and the 4/° configuration].

In the case of Ce metal, the local moment of the y
phase has been suggested not far from an instability while
it seems to be well quenched in the a phase from the local
magnetic susceptibility measured by the perturbed
angular-correlation method.* Further, the valence of y-
Ce has been determined to be slightly larger than 3 by
various methods."”? This fact may be understood in terms
of Fig. 1, where the local-moment state in the ¥ phase is
not stable enough with respect to thermal energies or the
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FIG. 5. (a) Pressure-volume diagrams as a function of tem-
perature calculated using V,=0.46 ¢V and €5, = —0.056 eV cor-
responding to a Ce compound with a stable valence at atmo-
spheric pressure but which undergoes a volume collapse at high
pressures, and (b) those calculated using ¥V,=0.46 eV and
€54=0.03 eV, which correspond to a mixed-valence Ce com-
pound showing anomalous thermal expansion.

weak 4f—conduction-band hybridization, while ‘the non-
magnetic state in a-Ce is quite stable with respect to
them.

The double minimum character of the ground-state en-
ergy as a function of volume (Fig. 1) which gives rise to
the a-y transition under moderate temperatures and pres-
sures has resulted from a rather detailed balance of intra-
atomic (i.e., 4f'—4f° excitation energies, spin-orbit in-

teraction) and interatomic (i.e., 4f—valence-band hybridi-

zation, extra-atomic relaxation) interactions. The relative
stability of the magnetic and nonmagnetic states is greatly
affected by small changes in the relevant parameters (V,
€s4, €45), and therefore the phase diagram is sensitively
dependent on them. In order to see effects of varying pa-
rameters, we calculated pressure-volume diagrams for us-
ing a smaller ¥, and obtained a volume collapse at higher
pressures for a trivalent Ce compound [Fig. 5(a)]. By us-
ing a higher value for €54, the system was calculated to be
a-like at ambient conditions and to show anomalous
thermal “expansion as has been observed for various
mixed-valence compounds [Fig. 5(b)]."*°
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Finally we would like to comment on the relation be-
tween the present model and another successful model,
the Kondo—volume-collapse model,*! according to which
rapid increase of the Kondo temperature with decreasing
volume leads to a large Kondo-singlet energy (~0.1 eV) in
the volume-collapsed a phase. This would correspond to
our case where the 4f electron and 5d hole form a singlet
state due to the increased 4f-5d hybridization in the a
phase. However, the low-temperature properties are dif-
ferent for the two models probably because of neglecting
low-energy excitations in the vicinity of Er in the present
approach: In the Kondo model the a-y transition ter-
minates at another critical point at low temperature and
negative pressure, which has been observed in an alloy
system La,Ceyo_,Thy.**  This two-critical-point
behavior comes from a general property of Fermi liquids
which has not been incorporated in the present model.

V. CONCLUSION

We have assumed that the hybridization between atom-
iclike 4f states and 5d-band states is a driving force for
the a-y phase transition in Ce metal. Based on this as-
sumption, pressure-volume and pressure-temperature dia-
grams have been calculated to be in good agreement with
experiment. Satellite structures in the core-level and 4f-
level photoemission spectra and the BIS spectra of a- and
y-Ce have also been calculated using parameters which
are consistent with the phase diagram. The a phase is
identified with a state derived from strong hybridization
between 4f° and 4f'5d ' configurations, and therefore
has no local magnetic moment despite the 4/ occupancy
close to 1. The assumed 4f-5d hybridization is V' ~0.5
eV for y-Ce and V' ~0.7 eV for a-Ce, consistent with the
4f-band width due to 4f-5d hybridization in the local-
density energy bands of Ce.” While the large 4/-5d hy-
bridization considered in the present work determines the
gross features of the electron spectra and the a-y transi-
tion energetics, we have to invoke weaker 4f-5d hybridi-
zation, which couples with low-energy excitations in the
vicinity of Ey in order to explain the slightly unstable 4
local moment of y-Ce and the line shapes of the spectra.
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