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Pressure-induced 4f occupancy enhancement in the rare-earth metals
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Calculations of 4f excitation energies as functions of the Wigner-Seitz radius for Ce, Sm, Er, and Yb in-

dicate that the occupancy of the 4f shell increases at elevated pressures in the rare-earth metals. For each
metal investigated we find a 3+ 2+ transition in the range of a few Mbar. The Yb results also feature
a 2+ 3+ valence change in accord with recent experiments, while for Ce there is no evidence for a
trivalent (4f ) ~ tetravalent (4f ) transition at any pressure.

Under compression the electronic structure of a solid is
generally characterized by a proclivity for bands of lower an-
gular momentum l to increase in energy relative to bands of
higher I. ' This tendency in the form of 4s 3d conversion
is responsible for the 340-Mbar metal insulator transition
in nickel predicted' by McMahan and Albers. We have per-
formed calculations for Ce, Sm, Er, and Yb which show that
this general trend, extended to f levels, is operative in the
rare-earth metals. We find that transitions from the ground
metallic states to states of higher 4f occupancy first occur at
pressures in the Mbar range, some of which may be experi-
mentally accessible.

To investigate the relative stability of various 4f confi-
gurations we derive 4f excitation energies 5+ (f" f"+')
from total energy differences:

(fnfn+1) = 'E [4fn+1(5d 6$)m —1]

—E.„„[4f"(Sd,6.).]
ERHF [4fn+1(5d 6s ) m —1]

—ERH" [4f"(5d 6s)m]

Our calculational technique involves initial relativistic
Hartree-Fock (RHF) computations for atomic configura-
tions approximating those of the metal. Renormalized atom
crystal potentials are then constructed, and band calculations
for the Sd and 6s states are iterated until well-defined self-
consistency criteria are met. Each E","„"1 in Eq. (1)
represents the total RHF energy of all the electrons in a
Wigner-Seitz sphere (radius rws) of the metal having the
specified electron configuration; m is the valence. Multiplet
theory serves to place the 4f electrons into the Hund's rule
terms.

Correlation effects attending a change in 4f occupancy
can be significant, and Eq. (1) includes a term g+ whose
purpose is to approximately correct the solid-state excitation
energies for such effects. Each g+ is a free atom correlation-
energy difference derived directly from available atomic
spectral data and corresponding RHF total energies. 2 3 The
corrections help bring the normal pressure d+ values into
good agreement with x-ray photoemission and brems-
strahlung isochromat spectroscopy measurements~ of the 4f
levels (both occupied and empty) in the metals. 2' The
pressure dependence of g+ can be neglected for the follow-

ing reason. The factors by which the atomic 4f wave func-
tions are scaled to normalize them to the WS sphere deviate
from unity by at most a few percent, even at the lowest rws
values of interest. The small change in 4f charge density
argues for insensitivity of (+ to pressure.

5+(f" f"+') is calculated over a range of rws values
and can be interpreted both as the energy difference of the
4f" and 4f"+' configurations, as well as the position of the
4f"+' level relative to the Fermi energy er if the 4f" confi-
guration is considered the nominal ground state. A sign
change in 5+ signifies a 4f occupancy (or, valence) change,
and we estimate the corresponding transition pressure
by a Maxwell construction using E","&,"1 (4f"+') and
[E","„"1(4f")—g+ ] expressed as functions of atomic
volume.

Figure 1 displays results for two cerium 4f levels,
5+ (f —f') and &+ (f' f ), and we emphasize two
points. First, over the entire rws range investigated
5+(fa f') is negative, implying [cf. Eq. (1)] that the
trivalent (4f') configuration is always stable with respect to
the tetravalent (4fo) state. This result is consistent with
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FK1. 1. Calculated 4f excitation energies 5+ (fc ft) and
5+(ft~ f2) for cerium metal. The sign change of tt+(f'1 f2)
near rws= 2.4 a.u. indicates a 4f 4f transition as the pressure P
increases to approximately 6 Mbar; the percentage volume reduc-
tion is 5 V/ V- 8'/o.
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band structure work~ and with photoemission, 6 Compton
scattcllng, muon spin 1otatlon, and positron annlhllatlon
experiments which indicate little or no 4f population change
through the y o. transition. Furthermore, the relative
instability of the 4+ state indirectly supports the sugges-
tlofl of Bauchsplcss er; QI. that Qo con1plctcly tctl'avalcnt Cc
compounds exist. Second, 5+ (f' fz) changes sign for
rws- 2.4 a.u. , signaling a 4f' 4f' transition which we es-
timate to occur at a pressure P —6 Mbar. The 4f level
width, determined by imposing %S-type boundary condi-
tions on the 4f wave functions, is W(4f) —7 CV at the
transition [for comparison, 8'(4f) = 0.3 eV at the equilibri-
um radius rwos =3.81 a.u.]. This value is on the order of

(f' f') —5 (fo f') —5 eV the effective 4f-
4f Coulomb interaction energy, " so that 4f band formation
ls llkcly lnvolvcd and thc transltlon Q1ay bc Q1orc coIYlplcx
than a first-order change between integrally occupied 4f'
and 4f configurations. Regardless of the details, however,
we expect the Ce 4f occupancy to increase at elevated pres-
SUMS.

Our results for ytterbium and samarium, elements which,
as docs ccrlum, form fluctuating valcncc materials, arc
shown in Fig 2 /» (fI» fto) for Yb and 5 (f » f6)
for Sm are similar inasmuch as each curve crosses e~ twice.
In Yb [Fig. 2(a)] we find a 2+ 3+ transition near

g3+ STABLE

res= 3.9 a.u. Corresponding to P —90 kbar. Such a valence
change was predicted'2 earlier by Johansson and Rosengren,
who found I' —140 kbar, and recent measurements'3 of the
L,3 absorption edge as a function of pressure by Syassen and
co-workers have established that a transition indeed occurs,
beginning near 40 kbar. We find in addition a reentrance to
tllc dlvalcllt (4f ) state fol' fws 2.5 R.u. , whcl'c
/». +(f'» f'4) again becomes negative. At this juncture
P —3 Mbar and the 4f level width has increased to only
& 3 CV, so it is probable that the transition is between in-

tegrally occupied 4f" and 4fI4 states. For Sm [Fig. 2(b)] a
2+ ~ 3+ transltioQ, which wc cxamlncd prcvlously, fll'st
takes Place as r~s decreases from large values. This is fol-
lowed by reentry to the divalent (4f ) state near rws= 2.8
a.u. with P —1 Mbar. The fwidth at this point is —2 eV,
a value significantly smaller than U- 5 CV, suggesting that
a genuine 4f band has not yet formed.

Our Cc, Yb, and Sm calculations thus support the conten-
tloll tllat tllc 4f occupancy n 111 tllc fare-cartll Illctals llc-
comes progressively enhanced under high ( & Mbar) pres-
sures. In Ce and Sm we expect n to approach 4 and 8,
1cspcctlvcly, with sufflclcnt compression Bnd, ln gcncl al,

Z —54 for any lanthanide metal of atomic number Z.
Ff0111 tllls p01nt of vlcw EI' (Z —54= 14) IIlay pfovldc tllc
most lntrigulng manifestation of the overall tendency since
filling of the f shell offers the possibility that Er undergoes
a metal~ insulator transition. Figure 3 displays our results
for the three erbium f levels relevant to this possibility.
With increasing pressure b, +(f" f'z) /», (ftz f'3)
and 6+(fI» f'") become negative at successively smaller
fws vRlucs, RIld tllcsc slg11 cllRIlgcs corrcsPond to f ~ ff'1 fI», and f" f'4 transitions for pressures —6,—40, and —80 Mbar, respectively. We emphasize, how-
ever, the hybridization effects are not included in the calcu-
lations, 1Tlaklng lt unccl tain as n ~ 14 whcth. cl 8 gap will
separate the 4f from higher-lying bands and lead to an insu-
lating state.
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FIG. 2. (a) g+ (f13~ f1~) for ytterbium metal. The sign,

changes in the vicinity of rw, =3.9 and 2.5 a.u. correspond to
4fI4 4f'3 (P —90 kbar, 6 V/V-25o/o) and 4f13 4fto (P-3
Mbar, 6 V/ V- 14'/o) transitions, respectively. (b) 5+ (f'» f6)
for meta11ic samarium. The zero crossing near rs=4, 0 a.u. corre-
sponds to a 4f6 4f» transition estimated in Ref. 3 to occur for a
C 8/0 expansion of the equlllbrlum 1attlce, %vhlle that for rws 2.8

a.u, indicates reentry to the 4f6 state for I' —1 Mbar,
5 V/ V- 14o/o.
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FIG. 3. 4f excitation energies in erbium metal. The sign changes
in 5 (f" ftz) Il (fIz f'3) and /» (f'3 f'4) for
Pws ( Pws are, rcspccuvcly, assocIated with f ~ f (P 6 Mbar,
5 V/ V- 12'/o) f 1 f (P —40 Mbar, /». V/ V- 8'/o), and
ft» f14 (P —80 Mbar, 4 V/V-12'lo) transitions. The zero of
b, +(f" ft ) for rws —4.6 a.u. concsponds to a 2+ 3+
valence change connected with formation of the trivalent (4fll)
equilibrium metal from divalent (4f'I) Er atoms.
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The results presented here support the following general
observations on the behavior of the lanthanide elements as

res decreases from infinity. Coalescence of the free atoms
leads to overlap of the Sd and 6s wave functions and the
formation of Sd-6s conduction bands. If the atoms are di-
valent (only La, Ce, Gd, and Lu are 3+), the energy
lowering accompanying this is sufficient in most cases to
foster 4f Sd conversion and stabilization of the trivalent
configuration for some WS radius rg near the normal pres-
sure value res. For the elements whose atoms are trivalent,
however, a 4+ metallic state is not stabilized at any res.

(Our Ce calculations indicate this explicitly, and we expect
the same statement to apply to La, Gd, and Lu. ) As the
Pressure is increased further and rws is reduced below rwsf,

the 6s and then the Sd bands begin to rise in energy, favor-
ing configurations having progressively fewer 6s and Sd elec-
trons, lower valence, and enhanced 4f occupancy.
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