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de Haas —van Alyhen effect and the band structure of UGeq

A. J. Arko and D. D. Koelling
Argonne ¹tional I aboratory, Argonne, Illinois 60439

(Received 29 July 1977)

de Haas-van Alphen measurements, band-structure calculations, and a model of the Fermi surface are
presented for Uoe, . This system is representative of the L1, structured Ux, compounds (where X is a group-
III or -IV element) and is characterized as a spin-fluctuation system. Excellent agreement (considering the
complications) is obtained between data and calculations. A large narrow peak in the density of states is
found at the Fermi energy and is believed responsible for the nearly magnetic phenomena. Large mass
enhancements are indicated. By studying Uoe„we attempt to provide some insight into the systematics of
these UX, systems.

I. INTRODUCTION

The systems with the formula UX„where Xis
a group-III or -IV element, tend to crystallize in
the Ll, (or Cu, Au type) structure' shown in Fig.
1(a). Focussing on the group-IV series, one sees
that the lattice constant increases as one moves
down the series from Si to Pb (USi, : 4.035 A,
UGe, : 4.206 A, USn, : 4.626 A, and UPb, : 4. 'f92 A).
Simultaneously, the electronic specific-heat y val-
ues rise' (Si: 14.0, Ge: 20.4, and Sn: 170 all in
mJ/mole K') as does the paramagnetic suscepti-
bility' (Si: 100, Ge: 1300, Sn: 1833 all in 10 '
emu/mole). In general, it appears that the 5f or-
bitals exhibit a more localized or narrow-band-
like behavior as one proceeds down the Periodic
Table for the choice of X element: USi, is a more
or less normal metal; UGe, is characterized as
a spin-fluctuation system', USn, could be called
a superpalladium system which can probably be
induced to go antiferromagnetic with alloying;
and Upb, undergoes an antiferromagnetic transi-
tion' at 32 'K.

The lattice constants are sufficiently large that
the uranium spacings preclude a direct 5f 5for--
bital interaction. Thus, these itinerant systems
are anomalous on the Hill plots' which relate in-
teractinide spacings to localized or itinerant be-
havior. This implies that if there are occupied
5f orbitals (which we find) there must be at least
one other mechanism operative in creating itin-
erant-electron behavior. These mechanisms are,
of course, especially interesting because they are
the ones that will persist in the magnetic actinide
systems.

Our previous experience' "with URh, and UIr3
had implicated the formation of a strong d fbond, -
but the above nontransition-metal systems do not
exhibit any d character on the X sites. The natur-
al supposition to make in the case of these UX,
systems is that a p fbond is formed, e-specially
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FIG. 1.. L&2 (Cu3Au type) crystal structure (a) and
Brillouin zone (b). The Cu3Au structure can easily be
visualized as a face-centered-cubic lattice in which the
face-centered sites (I, II, and III) are occupied by Cu
and the simple cubic (i.e., corner) sites are occupied
by Au.

as three f electrons can produce the same angular
variation as three p electrons. While the forma-
tion of p-f bonds is no doubt of great significance
(most of our states at the Fermi energy are formed
in this way), one must consider the possibility that
this is not the dominant mechanism. These p-f
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bonds, after all, mill be relatively weak since they
will be m bonds in this geometry. Further, the lat-
tice constants follow reasonably well those
predicted by merely summing the atomic radii, "but
progressively falling further below the predicted val-
ues as one moves down the Periodic Table. Since
the atomic radius of the X atom is tied to the size
of the p orbital, one might naively expect a larger
f-P overlap and thus then predict a trend opposite
to that observed using the f pbon-d model.

Thus it is appropriate to also consider the only
othe' orbitals with significant occupancy near the
Fermi energy: the uranium d orbitals. If there
were to be a significant U-d, U finter-action, this
would be diminished as one proceeded from USi,
to UPb, due to the increased separation and would
thus provide a plausible explanation for the ob-
served trend. %e, however, will argue that this is
not the case.

The key lies in the fact that Si is a much smaller
ion than U while Pb is somewhat larger. (Since
one should probably be using the negative ionic
radius, the crossover should most likely occur be-
tween the Ge and the Sn compound. This will be
born our by our calculations. ) Thus, one might
expect that the interactions between the X atoms
would dramatically increase as one progresses
down the Periodic Table. One assumes that this
interaction would compete with the U-X interac-
tion. Further, as the spatial extent of the P orbi-
tals increases, the intra-atomic Coulomb interac-
tion of these orbitals ought to decrease allowing
greater charge transfer. This would result in a
reduced shielding for the 5f orbitals causing them
to be contracted and thereby more localized.

It is a]ways possible to make speculations but it
is a useless exercise unless one can utilize ex-
perimental data to distinguish between some of the
alternatives. Our "experimental data" are the
band-structure results presented in Sec. III. How-
ever, to have any confidence at all in the calcula-
tional results, they must be relatable to actual
laboratory experimental data on the systems. The
comparatively simplest and most precise such da-
ta are the de Haas-van Alphen frequencies. We
are very fortunate that UGe, single crystals can be
prepared with quality adequate to successfully per-
form the de Haas-van Alphen measurements.
These are reported in Sec. II. Finally, in Sec. IV
we discuss the significance of our results to the
UX3 class of systems.

II. EXPERIMENTAI.

A. Sample preparation

Single crystals of UGe, were prepared by preci-
pitation from a Bi flux. Briefly, this consists of

heating a mixture of Bi with =4-at. % UGe, in a
tungsten crucible to =1000 C in a pure argon atmo-
sphere. The temperature is then cooled slowly
(=3 C/h) to 400'C. The solubility of UGe, in Bi
decreases with temperature and UGe, precipitates
out. Below 400 C very little additional precipita-
tion occurs and the cooling rate is increased to
100'/h. The solid Bi is dissolved away in concen-
trated HNO, leaving behind small crystals (maxi-
mum length =4 mm) of UGe, . The shape of the
crystals is that of parallelepipeds with the edges
corresponding to (100) axes. The resistance ratios
of some representative crystal were as high as
450 indicating very little solution of Bi or other
impurities in UGe, . The measured Dingle temper-
ature was =0.4 K.

Because of the small size of the crystals and ex-
cellent crystallographic perfection, it was only
necessary to pick a sample whose size best fits our
equipment (=1 mm'} with no cutting or etching nec-
essary.

B. Measurement

The high purity of the specimens enabled us to
observe orbits with effective masses (m~) greater
than 4 in our 70-kG superconducting magnet. The
small size of the specimens resulted in field ho-
mogeneity across the specimen of =2 ppm. The
large masses also mandated that the work be done
at temperatures of =0.5 K. This mas accomplished
via 'He evaporative cooling.

Measurements were done utilizing the usual
field-modulation technique. " A rotating probe ca-
pable of two degrees of freedom" was used to
change the crystal axis relative to H. Because of
the two degrees of freedom it was possible to ori-
ent the sample in situ using the de Haas-van Al-
phen (dHvA) effect itself; thus only one mounting
of the specimen was necessary for both planes
[(100) and (110)] measured. We estimate the ac-
curacy of orientation to be within 1'. The spectral
content of the dHvA signal was analyzed by an on-
line PDP-11/20 minicomputer programmed to per-
form fast or slow Fourier transforms. " The
dHvA signal proved to be exceedingly complex (up
to 20 frequencies for some orientations) due to the
large harmonic content (up to the seventh) of the
small, low-mass frequencies, so that the computer
capability was absolutely essential in sorting out
the data.

Nearly all masses mere of necessity measured
in 'He below 1 'K. Temperature was determined
by measuring the 'He vapor pressure with a Bara-
tron electronic monometer. A 6-mm-diam static
line extended from the top of the Dewar to just
above the 'He to avoid pressure drops in a pump-
ing line. By almays taking data in decreasing tem-
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perature steps and by allowing about a minute for
thermal equilibrium, effective masses of value
m*& 3 could be measured to 2%). Above this value
the errors increased because of the small ampli-
tude of the signal and small temperature range
over which it was observed.

C. Results and Fermi-surface topology
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The dHvA spectrum for Uoe, is plotted on a log-
arithmic scale in Fig. 2 for the (100) and (110}
planes. The orbital effective masses are given in
Table I for the various orbits measured. The com-
plex nature of the dHvA spectrum is evident. It
was particularly difficult to separate the y, (ex-
cept for Z,) and p, frequencies since for many field
directions these frequencies nearly coincided with
the various harmonics of the low-mass p& fre-
quencies.

The most readily interpretable frequency branch-
es are those labeled p, and p, . Both are due to
surfaces that have the symmetry of either I" or 8
in the simple cubic Brillouin zone. From the band-
structure calculations to be discussed in Sec. III it
is evident that both frequencies are due to hole
surfaces centered at 8 and coming from bands 8
and 9 (see Fig. 4 in Sec. III). (In our initial UGe,
correspondence, "we had assumed that p, was cen-
tered at I'.) The data indicate that these surfaces

TABLE I. Orbital effective masses for several orbits
and orientations in UGe3.

Frequency branch Field direction Mass {m*lmo)

76
Pi

6,3

Y4

1'?

[111]
[100]
[100]
[100]
[100]
[100]
[100]

2.25 + 0.05
3.75+ 0.1
4.31+ 0.1
0.42-+ 0.02
1.93 + 0.02
0.80 + 0.02
1.10 + 0.02

are nearly spherical with very slight bulges in the
(111) directions. The bulges are larger in p, than
in p, . The data are incomplete for p, undoubtedly
because of the large effective mass near (110).
The signal for p, is strongest at (100)(m*=4.1)
and gradually gets weaker toward (ill) until it
disappears completely within =10' from (110). It
is seen from Table I that these two surfaces have
the heaviest orbital masses in Uoe, and probably
contribute the bulk of the f-electron density at the
Fermi surface.

Frequency branches p, (which have the lowest
orbital effective masses in the UGe, spectrum)
also lend themselves to relatively easy interpre-
tation. They are due to a set of nearly circular,
lenslike surfaces centered either at M or at X. It
was again necessary to resort to band calculations
(see discussion below) to determine their location.
Band 10 in Fig. 4 is seen to cross E~ at a number
of points in the Brillouin zone. Specifically, one
of the crossings is at.V where indeed a lenslike
electron pocket is obtained. Figure 3 shows the
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FIG. 2. Angular variation of the observed de Haas-van
Alphen frequencies in the (100) and (110) planes.

FIG. 3. Proposed topology of the electron Ferxni sur-
faces.
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Fermi-surface model which is topologically con-
sistent with the data and with band 10. The lenses
in question are situated at the points M. We will
refer to them as the p surfaces. The experimen-
tally determined lens has an average diameter of
0.244 a.u. , while the maximum thickness of the
disk along (100) is 0.094 a.u. Band calculations are
predicting a maximum diameter of =0.45 a.u. for
the lens. The problems associated with this will
be discussed below.

The y, branches are undoubtedly part of a com-
plex, multiply-connected surface. In this case
neither the symmetry nor the topology could be de-
termined unambiguously from experimental data
alone. %'ith considerable feedback between models
obtained from analysis of the data and the band cal-
culahons, we believe we have determined a model.
of the Fermi surface having the correct topology.
The surface is shown in Fig. 3 as the large open
surface ceattered at I'. We will refer to it as the
y surface. Direct comparison between data and
calculations for this surface are not yet quantita-
tive because of the extreme sensitivity of band 10
to the ex:u:t crystal potential and the fitting prob-
lems to be described below. Branches y, and y,
can be foHowed for a longer range of angles than
the rem:+ning y, branches and are thus believed
to correspond to orbits on the thick portions of the
multiply-connected surface which are centered at
A, rougly midway on the 1"-R line. The degeneracy
at [111]supports this interpretation. However, be-
cause af the multiplicity of frequencies (including
harmonics) near [111], it is not totally unam-
biguous that y, and y, are separate branches. In all
likebbood. they are, however. We believe that each
branch cuts off just beyond [111]and has a turning
point at f 111],where y, and y, are degenerate.
The cross-sectional areas of these orbits are
roughly comyarabIe to the largest area of the lens
but this is not yet obtained in band 10.

The situation at [110] is also not totally clear.
If y, has been correctly interpreted as correspond-
ing to orbits centered on the I'-8 line, then y,
should be degenerate with a second branch at [110].
We do not observe this degeneracy although the
conBBcUv1588 of yy and y, are still open to some
questions since the third harmonic of p, falls pre-
cisely in the region of interest, thus washing out
some information.

The remaimng y, branches are undoubtedly due
to hole or neck orbits on this complex y surface,
but we have not yet been able to identify them, with
the exception of y, . We feel confident that this very
large frequency {nearly equal to the cross-section-
al area of the zone face) is due to an orbit which
goes through six necks (at X) and encompasses six
zones. The area of this large orbit is rrot so sen-

sitive to small changes in the y surface, and in
this case semiquantitative agreement is obtained
with band structure. Frequency branch y, can
tentatively be identified as due to an orbit on the
inside of the y surface and passing behind three
X points.

The fact that the surfaces at A bridge across and
make contact with the X point in the Brillouin zone
was not immediately obvious either from the data
or the band structure. The problem became par-
ticularly confus. when a magnetoresistance ex-
periment" failed show evidence for open orbits
for J

~~ (100) and H
~~ (110). We had considered

the possibility that the large y, orbit is due to mag-
netic breakdown possibly involving the lenses in
some unusual and unknown fashion. (Both y and p.

are electron surfaces. ) However, an investiga-
tion revealed no deviation from the normal ampli-
tude dependence for y, . This fact leaves the six-
zone orbit {and the existence of necks at the X
point) as the only configuration which can accom-
modate and explain the large cross-sectional area
of y, . In order to explain the lack of open orbits,
then, it is necessary that the bridging of the y sur-
face occurs some distance behind the X point, as
drawn in Fig. 3. That is, the locus of points of
intersection of the y surface with a (110) plane con-
taining two X points must not be continuous be-
tween the two Brillouin-zone faces.

The small necklike surfaces centered at the X
points should support extremal orbits and hence
dHvA frequencies of the order 1 x 10' Gauss for
H

~ ~
(100). None were observed although it should

be pointed out that it is very difficult to observe
frequencies I" & 1 x 10' with the field-modulation
technique. Frequency branch y, has the correct
symmetry but it is far too large to be identified
with this orbit.

It is not clear whether the necklike portion of
the y surface which extends approximately along
the A-X line can support extremal orbits. Some
weak frequencies were observed at two angles
= 40 from [100] in the (110) plane but these data
are too sparse to make any identification.

III. THEORETICAL ELECTRONIC STRUCTURE

We have calculated the band structure of UGe3
using a variant pf the relativistic augmented plane
wave method' """applied to a crystal potential
constructed from an overlapping charge-density
model. The exchange-correlation functional of
Gunnarsson, I undqvist, and Wilkins was used. "
This yields the form

~„,= P(p) ~,(s),

where the V„is the usua1 p' ' form
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V, = (- 2/v)(3w'p)'i',

and P is a density-dependent X -like parameter

P(p) = 1+0 05.45r, ln(1+ 11 4/. r,),

r, = (3/4vp)' '

Our prime motivation for using this functional is
that it automatically provides a coefficient = 3 in
the vicinity of the uranium atom, and somewhat
larger in the vicinity of the Ge atom as required,
rather than having to use a different u for each
region of space.

Within the overlapping charge-density model,
there exist a number of parameters in the form of
the configurations assumed for the constituent
atoms. For transition and rare-earth metals, this
reduces merely to the relative populations of s and
d orbitals and is easily managed by well-known
rules-of-thumb (i.e. , as one increases the ex-
change coefficient or decreases the number of
d electrons in the atomic configuration, the d bands
will move to a lower energy a.nd broaden). How-
ever, when one is dealing with a compound, the
number of possibilities is greatly increased and can
require an inordinate number of calculations as we
have experienced for URh, .' Not being ready to
perform a full self-consistent calculation, we have
instead chosen to utilize a pseudo-self-consistency
in assigning the occupation numbers for an over-
lapping charge-density model calculation. The
scheme is an oversimplified treatment of ideas
originating with the renormalized atom" and atom-
ic sphere approximation'"" approaches. The basic
requirement of the scheme is that one can roughly
locate the position of the bands arising from a
given atomic character by an examination of the
single-site solutions. The bottom of the band is
found from the signer-Seitz requirement that the
radial function have zero derivative at the %'igner-
Seitz radius. (The choice of signer-Seitz radii
will be discussed below. ) The "center of mass"
for the band is obtained from the requirement that
the logarithmic derivative equal that of the Neu-
man function, or, roughly, —(1+1)/R. The top of
the band is obtained from the requirement that the
radial function go to zero. Given these reference
points, we can then take the step of arbitrarily
drawing a partial density of states with the addi-
tional requirement that it accommodate the proper
number of electrons. This cavalier approach is
justifiable on the basis that one should not try to
push the overlapping-charge-density (OCD) model
beyond +0.25 for the orbital occupation numbers
of the s, p, and d electrons and +0.1 for the oc-
cupation number of the f electrons, due to
the greater sensitivity of the potential to the f oc-
cupation. Any attempt to further refine the con-

R„/R,.= R"„'/RM:. (5)

The muffin-tin radii were assigned within the po-
tential generating code by the requirement that the
atomic charge within the uranium sphere and one
germanium sphere should be a maximum subject
to the condition of nonoverlapping. An alternate
procedure is to follow the prescription. of Slater"
that the ionic radius be assigned at the principal
maximum of the outer orbital and then the radii
scaled according to these ionic radii. It is a con-
sequence of either choice that the radii used will
vary from iteration to iteration.

This pseudo-self-consistent-field procedure was
begun with U f'd's' and Ge' s'P'. lt yielded in-
stead the results U"f'd' and Ge s'p'. Several
interesting features were observed along the way.
Following the above prescription, the initial neu-
tral configuration resulted &n muffin-tin radii with
the uranium much larger than the germanium. The
rms deviation from a muffin-tin potential in the
interstitial region was large (-0.25 Ry). The final
ionic configuration resulted in very nearly equal
radii and a potential with a reduced rms deviation
(- 0.15 Ry) which is nearer that of a typical fcc
metal (- 0.08 Ry). The Fermi energy found by the
model self-consistent-field (SCF) procedure
(0.10 Ry) agreed moderately well with that found
when the band structure was actually calculated
(0.164 Ry). The lattice constant used throughout
was 7.9842 a.u. Although this is the room-tem-
perature value, it is not possible to correct it to
helium temperature without thermal expansion
data. In any case, the error in lattice constant is
not one of the major sources of error in our cal-
culati ons.

figurations used in the atomic calculations beyond
this is really just a parametrization scheme as the
OCD model does not incorporate the other dis-
tortions present in the crystal. This, however, is
adequate for our purpose. Once one has created
the model density of states one can then determine
a Fermi energy and, from the integrated partial
density of states, a new set of occupation num-
bers. This can be repeated until the calculated
occupation numbers agree with those used in the
creation of the potential, a form of pseudo-self-
consistency.

A critical choice to be made is, of course, the
radii to be used in the prescription. The choice
is easy in a pure metal: one uses the %igner-
Seitz radius. The procedure we have followed is
to require

4v(R„'+3Ro',) = A=a',

and scale them according to the size of the muffin-
tin radii
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FIG. 4. Band structure calculated for UGe3. Note
that a nonsymmetry line from Xtloo] to Mt011] has been
included as well as the standard symmetry directions
shown in Fig. l.

The relativistic-augmented plane-wave (R&PW)
calculations were performed using a variaiM" of
the RAP%' method which utilized the energy deriva-
tive of the radial function (EDRF). The technique
has been discussed for the nonrelativistic case
elsewhere" and the relativistic version is a
straightforward generalization of the ngnrelativis-
tic ease where the angular momentum / is re-
placed by the relativistic x (or j). With the EDRF
providing a degree of variational freedom for the
interior of the muffin-tin spheres, one chooses
an energy e„"to set up the radial function and
EDBF and then solves a secular equation, rather
than plotting determinants. %e, in fact, performed
two calculations: one with all e„"=0.10 By (the
model SCF Fermi energy}, and one with all e„"
= 0.16 By, except the uranium p functions which
were set at —0.5 Ry. The resultant eigenvalues in
the vicinity (+0.10 Ry) of the Fermi energy dif-
fered by less than 0.003 By. The uranium P func-
tions were set to the low energy to provide a rea-
sonable representation of the 6p band. If this was
not done, a poorly converged 6p band was found at
roughly —0.04 Ry. Such "spurious" bands have
been discussed in detail by van Dyke. " Irl any
case, this spurious band had no effect in the vi-
cinity of the Fermi energy.

The band structure calculated is shown in Fig.
4. It was ca,lculated using a warped muffin-tin
approximation to the overlapping charge-density
model using the configurations U" f'd' and Ge
s'p' with the Gunnarsson-Lundqvist-%'ilkins ex-
change-correlation parameterization. The warped
muffin-tin approximation spherically averages the
potential about each site but utilizes the full model
potential in the interstitial region. This is not un-
reasonable at the uranium site which has full cubic
symmetry, so one is primarily neglecting small
d-d and f-P couplings. It is more severe at the
Ge site which has D4„site symmetry, so one is
neglecting P-P and s-d couplings as well. For Ge,
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Fig. 5. Total density of states for UGe&.

it is the p-p coupling which will concern us and we
will return to this point.

Because of the many anticrossings caused by the
overlapping and hybridization of many bands, there
is a good deal of (sharp} structure in the bands.
Thus, one sees that a Fourier-series fit is doomed
to rather large inaccuracies, Nonetheless, me
used it to determine a density of states and there-
by a Fermi energy of G. 1642 By. To provide some
cheek on this value, we then used the somewhat
old-f ashioned weighted- summation technique and
obtained a Fermi energy of 0.~.637 By. The 43
points at which we calculated the eigenvalues con-
sisted of the 35-point cubic m!4a grid plus an ad-
ditional 8 points at the centers of tetrahedron ob-
tained by dividing the —

„

th tetrahedron dimensions
in half. The 35 points were given weights to pro-
vide 95/(- of the integral and the other eight the re-
maining 5/o. The relative weights within the 35-
and 8-point sets are, of course, fixed by geomet-
rical considerations. It is this density of states
which is shown in Fig. 5.

The density of states at the Fermi energy is 33
states/(formula, -unit spin)(11. 4 m J/mo1e K'). This
result is very uncertain as one can vary the re-
sult considerably (primarily downward} by varying
the histogram width and position. The Fourier ser-
ies yielded 17.5 states (formula-unit spin) with the
immediately adjacent peak having the value ob-
served by the histogram technique. In any case,
when compared to the experimental value (20.4
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I lG. 6. Partial density of states for: (a) Ge-s; (b) Ge-p; (c) U-d; and (d) U-f character. Weighting is by the "l"
character within the muffin-tin spheres and so does not account for charge in the interstitial region. {"E"character was
obtained by summing the appropriate two j components. )

mJ/mole K'), this would imply a large enhance-
ment factor of 2 or more. One should believe
these indications of a narrow peak in the density
of states. In Fig. 4, one sees a plateaulike struc-
ture in bands 7 and 8 along the M-A line. This
persists into the zone. Comparison with the de
Haas-van Alphen data indicates that these bands
should actually be pulled down to a point where this

structure is at or just below the Fermi energy (to
make p, and p, the correct size). This would in-
sure that this density peak falls very near the
Fermi energy and that it would be quite narrow.

The so-called E-decomposed densities of states
were also calculated using the weighted summation
technique. We used only the fractional / character
(obtained by summing the results for tc= i and
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UGe

X

FIG. 7. Intersection of the calculated Fermi surface
with the planes bounding the ~th of the Brillouin zone
shown in Fig. 1.

s= —I —1) within the muffin-tin spheres, i.e. , no

correction was made for the interstitial region.
Thus, for example, the decomposed densities of
states will not sum to the density of states and cer-
tainly should not be identified with an atomic-or-
bital character. Nonetheless, these E-character
decompositions can aid in understanding how var-
ious bands are made up and are presented here as
such a qualitaNve guide. In Fig. 6, we show the
total Ge-s, Ge-p, U-d, and U-f densities. The
U-s and U-P densities have not been shown as they
are quite small, consistent with the pseudo-self-
consistent model which was used to generate the
potential. One notes immediately from Fig. 6(a)
that there are three Ge-s bands in the energy range
—0.7 to -0.3 Ry which is consistent with our using
two s electrons in the Ge configuration. The Ge-p
and U-d densities have considerable density at
about the zero energy range reminiscent of the
d-p bond observed in the actinide-hexafluoride cal-
culations" just below the f-p hybrid states. The
p-f hybrid states are observed to be just below
and at the Fermi energy. The peak in U fchar--
acter just below 0.3 Ry is seen not to have a large
Ge-P. character associated with it.

The Fermi surface resulting from this calcula-
tion is shown in Fig. 7. To avoid using the Four-
ier-series representation, this figure was created
by graphical interpolation of the HAP%' eigen-
values. That is, the bands were plotted along var-
ious lines in the Brillouin zone (beside the symme-
try lines) and the Fermi-energy crossings were

TABLE II. Wave-function principal "l" character of
the conduction bands at the high-symmetry points.

k point v(f) G (p)

8
9

10
8
9

10

8
9

10
8
9

10

104
104
245

83
152
163(5)

43
120
136
195
203
203

0.50
0.50
0.93
0.37
0.33

0.14
0.44
0.46
0.79
0.80
0.80

0.39
0.39

~Q
0.44
0.33
0.52

0.56
0.36
0.35
0.12
0.10
0.10

Energies are expressed in millirydbergs.

then plotted. These points are shown in Fig. 7 as
the black dots. The two hole surfaces at A and the
disks at M are easily seen from this figure. The
only evidence of the complex structure represented
in Fig. 3 is the speckled volume labeled y. This
surface (when completed with the other three sec-
tions obta, ined by rotation) would yield a four armed
orbit in the (110) field direction. Although the cal-
culated area is roughly 25'k too large (all calcula-
ted areas are too large), this orbit should corre-
spond to the 28-MG frequency observed (y,).

The hole orbits at R are not only too large but of
the wrong shape. They would have roughly the cor-
rect size and shape (note the plateau along M-R
line in Fig. 4) if we were to raise the Fermi ener-
gy roughly 8 mRy. This would, of course, create
serious problems for the electron surfaces as the
M-centered disks are also already too large. A
simple empirical lowering of the Fermi energy for
the electron band would be disastrous for then the
bridging at X would be lost and we have seen that
this bridging is the key to understanding the re-
maining complex piece, in particular the 200-MG
(111) orbit (y,). The overall agreement between
the calculation and the experiment would be sig-
nificantly enhanced if the bands were to be raised
a few milliRydberg at M and lowered a few milli-
Rydberg at R. To examine the significance of this,
we examine the wave-function principal l charac-
ter tabulated in Table II. [In addition to the data
shown, there is slight U s- and d-, and sizable
(0.18) Ge s-orbital character mixed into band 10
at the point X. This is probably a more plane-
wave-like band. There is also a very small U P-
and Ge s-orbital admixture into bands 9 and 10 at
M. ] Because of the higher f character at R rela-
tive to that at M, it might be possible to adjust the
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results by making the uranium potential, more at-
tractive {fewer f 's) and the germanium more re-
pulsive (more p's) so a greater attention to self-
consistency might be helpful. This is also the di-
rection that the potentials would change if P(p) were
more slowly varying. On the other hand, we have
omitted an important interaction for the Ge p states
by spherically averaging the potential within the
Ge muffin-tin spheres. One might reasonably ex-
pect this additional interaction to cause the bands
to repel each other which would also be in the de-
sired direction. In any case, it should be remem-
bered that we are discussing rather small changes,
on the scale of precision to which a band-structure
calculation is to be believed.

The A,.„„(k,n) are the wave-function expansion co-
efficients

g(k, n)=g A,„p„„,
{8)

r &RMT

so that f„(k,n) are the fraction of the wave-func-
tion density with that "l" character about a given
site. Ps a check on these definitions, note that

n(E) =g &(E —E„(k)),

IV. DISCUSSION

n(E) g .(E) =—Q f„(k,n)f„,(k, n) 5(E —E„{k)),(6)
Tfn

f„(k,n) =P P g A,"„„(kn)A,„„(kn), (7)

where v indicates both the atomic type and an "I"
value gotten by summing s = I and —(I+ 1) in f„.

The gross features of the Uoe, electronic struc-
ture show a great deal of similarity to those ob-
served for the actinide hexaflourides": there are
d-p hybrid states below a set of f-p hybrid states
in the occupied portion of the conduction bands.
Just above the Fermi energy, there is seen a set
of states made up mostly of f orbitals with some
relatively slight admixture. In the AF, (where A
is an actinide atom) calculations these could be
seen to total 14 states (only not pure f states).
This is quite remarkable as the local site environ-
ment for the U in the L1, structure is very differ-
ent from that in UF, . (The simplest cluster would
be UGe». )

From this comparison, one might believe that
the way to build the Uoe, electronic structure is to
first form the ionic solid U"Ge,' and then allow the
electrons to relax back onto the uranium. (This
would be quite consistent with the fact that the
group-V compounds do not form. ) The "crystal-
field f levels" of the uranium remain unoccupied,
but through the formation of hybrid (bonding) states,
lose some of their f-orbital character to the con-
duction bands at the Fermi energy. Thus, one ends
up with a metal which has large ionic bonding
present, which is probably what actually holds
the system together, and is consistent with the ex-
treme brittleness of the compounds.

If we now return to the questions about the char-
acter of the hybrid states, it is useful to consider
a set of mixing indicators defined as follows:

(10)

Also note that, as we have divided out the density
of states, f„„,will always be less than unity.
These quantities are shown in Fig. 8 for the three
cases of interest. One notes a strong peaking of
the Ge-P, U-f mixing about the Fermi energy. The
U-d, Ge-P mixing is not so predominant but does
peak around E=O. The U-d, U fadmixtur-e is seen
to be very minimal. From these we can see both
the d-p bonding states lying below the f-p states
and the inapplicability of a U-d-U-f bonding mod-
el.

%e are now left with the following picture for
these systems: (a) There is a large charge trans-
fer with the remaining occupied orbitals in higher
angular momentum states. This gives an ionic
bonding in a metal with the remaining metallic
electrons not able to fully screen the interactions.
(b) A valence band com-plex is formed of U-d, Ge-
P hybrid states. (c) The conduction bands are
formed of U f, Ge-P hybrid -states. (d) A first
crystal-field-like U fstate is found -roughly 1-,
eV above the Fermi energy. (The crystal-field-
like label should not be taken too seriously. ) The
systematic trend toward a more localized orbital
behavior as one goes down the Periodic Table in
the group-IV elements is therefore due to the in-
creasingly successful competition of the X-p, X-p
interactions.

As for the group-III compounds, one should note
that the atomic radii are larger than those of the
group-IV elements of the same row. This should
result in the group-III elements exhibiting magne-
tic properties somewhat sooner. This appears to
happen in that an antiferromagnetic t'ransition is
already observed in UIn, .'

The rather good agreement of the de Haas-van
Alphen data and our calculations has led us to be-
lieve that we do have a basic understanding of the
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text are shown for (a) U-f, Ge-p; !tb) U-d, Ge-p; and tc) U-d, U-f character.

electronic structure of Uoe, . This has emboldened
us to try piecing together the behavior of the en-
tire class of compounds. This may even work as
well for the Np compounds.

ACKNOWLEDGMENT

This work supported in part by the U. S. Depart-
ment of Energy.



3114 A. J. ARKO AND D. D. K OF. 1 LI WG 17

~The Actinides: E/ectronic Stmctgre and Related Pro-
perties, edited by A. J. Freeman and J. B. Darby, Jr.
(Academic, New York, 1974); see Chap. 4 on the
crystal emistry by D. J. Lam, J. B. Darby, Jr. ,
and M. v. Nevitt.

~M. H. van Maaren, H. J. van Daal, and K. H. J.
Buschow, Solid State Commun. 14, 145 (1974).

~K. H. J. Buschow and H. J. van Daal, AIP Conf. Proc.
5, 1464 {1971).

4M. B. Brodsky (private communication).
5A. Misuik, J. Mulak, A. Czopnik, and W. Trzebiatow-

ski, Bull. Acad. Pol. Sci., Ser. Sci, Chim. 20, 837
{1972).

H. H. Hill, Nucl. Met. 17, 2 (1970).
7A. J. Arko, M. B. Brodsky, G. W. Crabtree, D. Karim,

D. D. Koelling, and L. R. Windmiller, Phys. Bev.
B 12, 4102 (1975).

D. D. Koelling and A. J. Freeman, P/utonium 197$ and
ONer Actinides, edited by H. Blank (North-Holland,
Amsterdam, 1976), p. 291,

A. J. Arko, N. B.Brodsky, G. W. Crabtree, D. Karim,
L. R. Windmiller, and J. B. Ketterson, in Bef. 8,
p. 325.

DD. D. Koelling, Proceedings of the Second International
Conference on the Electronic Strgctlre of the Actin-
ides, edited by J. Mulak, W. Suski, and R. Troc
{Ossolineum, Wroclaw, Poland, 1977), p. 295.

~A. J. Arko, in Bef. 10, p. 309.
J. C. Slater, Qeantgn~ Theory of Mo/ecules and

Solids, Vol. II (McGraw-Hill, New York, 1965) (see
Table 3.1).

~ B. W. Stark and L. B. Windmiller, Cryogenics 8, 272
(1968).

'4G. F. Brennert, W. A. Heed, and E. Fawcett, Bev.
Sci. Instrum. 36, 1267 (1965).

'~L. B.Windmiller, J. B. Ketterson, and J, C. Shaw,
Report No. ANL-7907 (National Technical Informa-
tion Service, U. S. Department of Commerce, Wash-
ing&on, D.C., 1972).

~GA. J. Arko and D. D. Koelling, AIP Conf. Proc. 34,
227 (1976).

'YJ. A. Gerber, D. J. Sellmeyer and A. J. Arko, J.
Low Temp. Phys. 29, 345 (1977).

SD. D. Koelling and G. O. Arbman, J. Phys. F 5, 2041
(1975).

~~O. K. Andersen, Phys. Bev. B 12, 3060 (1975).
O. Gunnarsson, B. I. Lundqvist, and J. W. Wilkins,
Phys. Bev. B 10, 1319 {1974);and O. Gunnarsson and
B. Lundqvist, ibid. 13, 4274 &1976),
'L. Hodges, B. E. Watson, and H. Ehrenreich, phys.
Bev. B 5, 3953 (1972).

~~O. K. Andersen, Solid State Commun. 13, 133 (1973).
~3J. C. Slater, in Bef. 12, Chap. 4, and Quarterly Pro-

gress Report of the Solid State and Molecular Theory
Group, MIT, Vol. 54, p. 4 {1964) {unpublished).

4J. P. van Dyke {unpublished).
~~D. D. Koelling, D. E. Ellis, and B. J. Bartlett, J.

Chem. Phys. 65, 3331 (1976).








