VOLUME 44, NUMBER 18

PHYSICAL REVIEW LETTERS

5 MAy 1980

5f-electron Delocalization in Americium
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The pressure-volume relation for americium has been obtained without adjustable pa-
rameters from self-consistent, spin-polarized band calculations. Around 100 kbar we
find a first-order transition to a state with low volume and no spin. This is consistent
with preliminary high-pressure measurements.

PACS numbers: 71.25.Pi

Americium is the first element in the actinide
series which behaves like a rare earth: Its co-
hesive,' structural,’’ 2 magneitc,® and supercon-
ducting* properties indicate that the 5f electrons
are Jocalized and occupy a nonmagnetic (J=0) 5
configuration. The preceding element, plutonium,
has properties which can only be understood on
the basis of itinevant 5f electrons.® This change
of behavior between plutonium and americium is
usually said to originate from the 5f-orbital con-
traction through the actinide series, and it has
been expected that americium under compression
will undergo a transition to a dense phase where
the 5f electrong are itinerant.’

We recently’ calculated the equilibrium atomic
volumes and bulk moduli at zero temperature for
the metals radium through americium using the
effective one-electron theory for the ground state
developed by Hohenberg, Kohn, and Sham?®; that
is, for each metal we performed self-consistent
band-structure calculations® as a function of atom-
ic volume. The 5f electrons were treated on the
same footing as the 64, 7s, and 7p conduction
electrons and, by allowance for spin polarization,
the (first) Hund’s-rule coupling was included.
For convenience, the spin order was taken to be
ferromagnetic. The only input to these calcula-
tions was thus the atomic numbers and the fcc
crystal structure. Our results agreed well with
the experimental values (better than 5% for the
Wigner-Seitz radii and better than 20% for the
bulk moduli) and hence we could account quantita-
tively for the fundamental change in the cohesive
properties between plutonium and americium.
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In this Letter we publish for americium our
pressure-volume relation which exhibits a first-
order transition from localized to itinerant f-
electron behavior at a pressure around 100 kbar
(Fig. 1). Furthermore, we propose to identify
this behavior with the phase transition recently
observed by Akella, Schock, and Johnson'! at 110
kbar.

It is surprising that the cohesive aspect of the
delocalization transition is described quantita-
tively by spin-polarized band theory and, in the
following, we shall explain how our pressure-vol-
ume relation arises from the energy bands so
that it may be understood which of their features
are essential.
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FIG. 1. Theoretical and experimental pressure-
volume relations. The experimental curve is that of
Stephens, Stromberg, and Lilley (Ref. 1) and the
point that of Akella et al. (Ref. 10). The arrows point
to the pressure for the phase transition observed by
Akella, Schock, and Johnson (Ref. 11).
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It has been shown'?' '® that the pressure, P
=-4U/dV, may be expressed as the volume de-
rivative of the sum of the one-electron energies,
without any correction for double counting, pro-
vided that the one-electron potential in each Wig-
ner-Seitz cell is kept rigid upon the infinitesimal
change of volume. If, further, the band states
are expanded in partial-wave components in each
cell, and the atomic-sphere approximation® is
used, the pressure may be decomposed into angu-
lar momentum components.

In Fig. 2 the curve labeled “spd” is the sum of
the s, p, and d partial pressures. We have here
chosen to plot 3PV (=-dU/d Ins) vs lns, with s
being the Wigner-Seitz radius, i.e., 47s3/3 =V,
The spd pressure curve is the appropriate one
when the f electrons do not contribute to the bind-
ing, i.e., when they are completely localized.'*
When the f pressure is included, but spin polar-
ization is not allowed for, the pressure curve
labeled “Non” is obtained; this is the curve ap-
propriate for itinerant f electrons. The f pres-
sure is seen to be negative, that is attractive,
and it is approximately given by'?
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FIG. 2. Theoretical partial pressure, 3PV, and
spin-polarization, m, as functions of the Wigner-Seitz
radius, s, on logarithmic scale.

Here 6 denotes the change with a rigid atomic-
sphere potential and we have separated the vol-
ume dependence of the f-band center, C, from
those of the f-band energies, E, measured rela-
tive to the center. W is the f bandwidth, E is the
center of gravity of the occupied part of the f
band, and »n is the number of f electrons. In de-
riving the estimate (2) from (1) we have approxi-
imated E = C by — +(1 = £)W, which holds exactly
for a rectangular shape of the f-projected density
of states. Furthermore, we have used expres-
sions given in Ref. 12 ro estimate that 6C/6 Ins
~0 and 6 InW/6Ins~— (2l +1)=—="T7. The self-con-
sistent band calculations show that, through the
volume range of interest, the number » of f elec-
trons per atom remains constant and equal to 6.4.
We thus realize that the volume dependence of the
f pressure is that of the f bandwidth. From the
self-consistent calculations'® W= (95 mRy)[s/(3.6
a.u.)]"%°? and this describes the difference be-
tween the localized (spd) and itinerant (Non)
curves in Fig. 2 rather well.

In Fig. 3 we show the total and the spd-project-
ed densities of states per atom and per spin,
their difference being the f-projected density of
states. The volume dependence of the latter is
seen to be essentially that of W, such that WN,(E),
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FIG. 3. Total (full curves) and spd-projected (dot-
ted curves) densities of states per spin for two dif-
ferent Wigner-Seitz radii, s. The zero of energy is
the electrostatic potential at the Wigner-Seitz radius.
The Fermi levels corresponding to the occupancies
2n (nonpolarized) and 3(z + m) (spin polarized) are in-
dicated by Efr and t, respectively. The inset shows
the average density-of-states function, WN(m), con-
structed from the f-projected density of states as
described in the text.
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considered as a function of E/W, is approximate-
ly independent of volume.

We must now understand the factors determin-
ing the transition from the itinerant to the local-
ized pressure curve. In Fig. 2 the curve labeled
“Pol” is obtained by allowing for ferromagnetic
spin polarization in the self-consistent calcula-
tions, and the f part of the spin polarization, m
=ny-n,, is shown as a function of atomic volume
in the bottom panel. (The spd polarization is
more than one order of magnitude smaller than
the f polarization.) The difference between the
Pol curve and the spd curve is described rather
well with (2):

BPV), = =3.5[ny (1 = 2ny) +ny (L= Lny)]W
==3.5[n(l - &n) - m2]lw
~=12[1 - (tm)?]w. ®3)

The Pol curve thus follows the Non curve when-
m is small and it falls below the spd curve by ap-

proximately 2W when the polarization is complete.

Because the f band is nearly half full the spin po-

larization removes the f pressure almost entirely.

The volume dependence of m may be explained
by noting that a self-consistent, ferromagnetical-
ly spin~-polarized band calculation essentially
leads to a Stoner picture.'?*'® In Fig. 3 we have
thus indicated the spin-polarized situation merely
by placing the spin-up and spin-down Fermi lev-
els on the nonpolarized state-density curve. The
distance between the levels is mI and self-con-
sistency requires that the area between them be
m. This condition is conveniently formulated as
IN(m) =1, where N(m) is an average density-of-
states function, constructed from the f-band den-
sity of states per spin in the following way: As a
function of the polarization, m, we can find the
energy separation, A@n), between the levels cor-
responding to the occupancies $(+m), and hence
N(n)=m/A@m). The Stoner parameter obtained
from the band calculations is I =36 mRy, through
the volume range of interest. The volume depen-
dence of m is therefore determined by the equa-
tion

WN(n) =(95/36)[s/(3.6 a.u.)] =%, (4)

where, as previousiy remarked, WN is indepen-
dent of volume.

The left-hand side of (4) is shown in the inset
of Fig. 3 and, when it is turned counterclockwise
by 90°, the resemblance with the m curve in Fig.
2 becomes obvious. The central peak in N,(E)
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(see the curve for s =2.9 a.u.) gives rise to the
early onset, but slow increase, of m for small
volumes. Because of the m? dependence in (3)
this has practically no consequence for the pres-
sure curve. The two peaks at 200 and 320 mRy
cause a maximum in N(») and give rise to a dis-
continuity in the 2 curve and in the pressure
curve at s =2.98 a,u. The critical pressure for
the first-order transition is obtained by means
of the familiar Maxwell equal-area construction.

We now summarize by pointing out which fea-
tures of the band model seem essential for ex-
plaining the experiment. For our determination
of the volume and bulk modulus of normal Am it
is important that the f band is nearly half full (2
=6.4) and that the spin polarization is complete
(nI=W). Furthermore, 6.4 is sufficiently close
to 6 so that, in the high-volume, high-spin state,
the 5f electrons may be considered as being es-
sentially in the local 5f® configuration, for which
Hund’s rules give S$=3, L =3, and J=0. This
agrees with the observed lack of magnetic mo-
ments in normal Am. Our determination of the
critical pressure seems to indicate that the value
of the Stoner parameter (I =36 mRy) and the as-
sumption of ferromagnetic spin order together
with the gross features of the state density are
reasonable.

Previously we found’ that plutonium was that
element among the actinides for which the calcu-
lated (zero-temperature) and experimental (room-
temperature) equilibrium volumes differed most,
the former being 15% smaller than the latter.
This points to a failure in our description of the
itinerant f state close to the phase transition and
it is conceivable that long-range spin fluctuations
would reduce the magnitude of the f pressure
such that, for the Non curve in Fig. 2, one should,
instead of (2), effectively use (3) with a small val-
ue of m2. This, in addition to the strong tempera-
ture dependence of the atomic volume observed
in plutonium, suggests that an experiment on
americium at room temperature may give a vol-
ume change considerably smaller than the 40%
predicted in Fig. 1.

It is often believed that the delocalization tran-
sition makes the f orbital expand considerably.

In our model this is not the case; essentially,

the orbital just renormalizes to the smaller atom-
ic volume. This is in accord with most recent
Compton-scattering results'” for the, in our view
similar,'® y-a@ transition in Ce.

It would be interesting if the high-pressure ex-
periments for americium could be carried fur-
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ther. Beyond the transition one would expect to
find some of the crystal structures typical for
the lighter actinides and a suppression of the su-
perconductivity by spin fluctuations.

We wish to thank Dr. J. Akella and co-workers
for permission to quote their high-pressure re-
sults prior to publication.
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