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Fully relativistic linear muffin-tin orbital electronic band-structure results are presented for UPt3
in the experimentally observed hexagonal SnNi3 crystal structure. The basic electronic structure is a
narrow spin-orbit-split U 5f band at the Fermi energy just above a filled Pt 5d band. Hybridization
between the two bands removes states from the top of the Pt 5d band and places them in the energy
region of the U 5f band. Besides a discussion of hybridization, the total aud projected density of
states, snd bonding, comparison calculations with a different exchange-correlation potential and
where three U 5f states have been forced into the core (to simulate localized states) are also present-
ed. In the latter case U 5f hybridization changes the Pt d-band bonding and causes the pressure to
increase more than would be expected by a loss of f-electron bonding only. Thus itinerant U f char-
acter has important observable effects on the transition-metal d band. To better understand the ef-
fects of hybridization, of the transition-metal d band, and of the local crystalline symmetry, band-
structure calculations of UIr3, UPt3, and UAu3 in the cubic AuCu3 structure are shown and dis-
cussed, as well as calculations for pure fcc U and Pt metal. Compared with UIr3, UPt3 has a much
weaker U f and transition-metal d hybridization and in this respect more closely resembles the filled
d-band case of UAu3.

I. INTRODUCTION

The heavy-fermion material UPt3 has many unusual
and interesting physical properties that are almost surely
dominated by its electronic structure. This is most obvi-
ous in its specific heat, '2 which has an enhanced linear
electronic specific-heat coefficient y of 452 mJ(mole
U) 'K z that is 2 orders of magnitude larger than typi-
cal metals and about a factor of 20 larger than most
band-structure predictions. 3 Strong electron-electron
correlations also manifest in a T3lnT term in the low-
temperature specific heat, ' which is believed to be due to
spin fluctuations. This latter interpretation has recently
been supported by neutron scattering. ' " At low tem-
peratures UPt3 is a superconductor, with a T, of 0.54 K.
Because of the apparent simultaneous presence of both
spin fluctuations and superconductivity (as well as for
other reasons), the idea that UPt3 may be a p-wave or
triplet superconductor analogous to they-wave superfluid
phases of the liquid 3He has been raised. ' 'z

At the present time, the low-temperature ground state
of UPt3 setms unique. Although it shares some similari-
ties with other heavy-fermion systems such as a Curie-
Weiss-like magnetic susceptibility" ' at high tempera-
tures, it is quite different from the other two known
heavy-fermion superconductors, UBei3 and CeCll2Sl2.
For example, the specific heat of UPt3, besides having a y
about half as big as that of the other two, ' ' has the ad-
ditional T 1nT term. Its electrical resistivity decreases
monotonically as the temperature is lowered like a normal
metal, whereas the other two systems' ' o (which are more

similar to each other) show a far more complex tempera-
ture dependence. With a hexagonal structure (UBei3 is
cubic) it exhibits strong anisotropies in its magnetic sus-
ceptibility, ' superconducting upper critical field, z' and ul-
trasonic attenuation.

To place UPt3 in perspective, one should note the wide
variation in the physical properties of the heavy-fermion
materials. 'z ' " While by definition all these materials
have huge specific-heat enhancements, some are supercon-
ducting, some are magnetic, and some, at least to the
lowest temperatures so far investigated, are neither. At
present no one knows how to predict which materials will
fall in each subcategory. Since all are presumably dom-
inated by the electronic structure that is responsible for
the specific-heat enhancements, it is useful to examine the
different factors that may influence the electronic struc-
ture in hopes of finding some systematic features that
would help explain their differences. One possible start-
ing point is crystal structure and one may immediately
focus on three different aspects of the crystalline order in
these materials: (i) the nearest f-atom to f-atom separa-
tion, (ii) the types of atoms surrounding each f-atom site,
and (iii) the symmetry of the crystal around the f-atom
sites.

Mcisner et al. have attempted to empirically correlate
the f-atom spacing with the specific heat. From the Hill
plots normal itinerant f-band behavior is expected for
small f-atom separation ( & 3.4 A for U), where the f or-
bitals have a significant direct overlap. At larger spacings
one would intuitively expect the bands to narrow and for
electron-electron correlations to cause the f orbitals to lo-
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calize into magnetic states (for partially filled shells). The
heavy-fermion materials, of course, are precisely those
materials that have large f-atom separations and should
have become magnetic but do not. Meisner er al. z have
plotted the electronic specific-heat coefficient y versus f-
atom spacing for many heavy-fermion systems and show
that those materials with the largest y for a given f-atom
spacing falls on a smooth curve (actually two different
curves, one for uranium compounds and one for cerium
compounds). While there are many systems that lie below
these curves {i.e., that have smaller y's at a fixed spacing),
the most interesting heavy-fed~don systems (e.g., super-
conductors and magnets) tend to fall on the highest y
curve. Put another way, those materials with the highest
y's for any given spacing are those materials for which
the effects of'the narrow f bands are the strongest and
hence are the most different from ordinary metals. This
correlation, while it provides an empirical guide for exper-
imentalists to suggest which heavy-fennion materials
shauld be most carefully and exhaustively studied, pro-
vides no understanding of why different materials, which
may have nearly the same f-atom spacing, should have
such different y's or physical properties.

Since the f states at these large separations cannot form
bands through direct overlap 27 the hybridization of the f
states with neighboring atoms must be extremely impor-
tant for deter~ning the different y's and behavior at any
given f-atom separation. As we have remarked in earlier
work, 2s s for the heavy-fr~ion superconductors the dom-
inant hybridization seetns to be with broad s-p bands ori-
ginating on neighboring atomic sites. Clearly much fur-
ther work needs to be done to identify the specific nature
of the interaction with the neighboring atoms that cause
so much diverse behavior in these systems.

Besides f-atam separation and the type of atoms near-
by, the local symmetry surrounding the f atoms could
also be significant for heavy-fermion behavior. One may
speculate, e.g., that the hybridization could be drastically
altered (all other things being kept the same) if the local
symmetry is changed. By comparing calculations between
the experimentally observed hexagonal SnNiq crystal
structure and an hypothetical cubic AuCuq structure,
which only differ in the way the planes af atoms stack (in
analagy with the difference between an hcp and an fcc lat-
tice), we can test for hybridization changes between hex-
agonal and cubic symmetry far UPt3, at least at the ane-
electron level. Comparison with an fcc lattice for a pure
element is also of interest because an fcc crystal structure
results if all atoms in a AuCuq structure are identical.

As we have already mentioned, because the low-
temperature exotic behavior of heavy-ferinion materials in
general and UPtq in particular exist in the presence of
strong electronic enhancements, the e1ectronic structure
must play a dominant role. We therefore expect the
strongly renormalized ground state to have important
many-body electron-electron correlations that are not in-
cluded in usual density-functional electronic-band-
structure calculations. For this reason, while a band-
structure approach cannot be expected to explain in detail
the law-temperature properties of UPti, e.g., specific heat,
magnetic susceptibility, electrical resistivity, and other

such properties, nonetheless, it is the only a priori theory
of electronic structure currently available and provides a
useful framework from which to start. Besides providing
useful information on approximate band placements,
bandwidths, hybridization, and spin-orbit and crystal-field
splittings, as well as an accurate picture of the one-
electron electronic structure, the symmetry of the underly-
ing crystal lattice is built in from the very beginning, un-
like most phenomenological many-body theories. More-
over, at elevated temperatures (»30 K, for example),
where thermal fluctuations may destroy the effects of the
many-body correlations, a one-electron approach may
better describe experiment. Finally, we note that the band
structure provides a useful reference from which to esti-
mate the strength of the many-body enhancements (A, in
the specific heat, for example) and is appropriate for the
non-f bands.

Our main focus in this paper will therefore be to under-
stand the one-electron model of UPtq in as great detail as
possible. In Sec. II we will discuss the technical aspects of
our calculations and describe the crystal structure of
UPtq. In Sec. 111 we will discuss the basic ane-electron
electronic structure, i.e., the general placement of the en-

ergy bands, the total and projected density of states of
UPtq, comparisons and differences with pure fcc U and Pt
at the same average density, hybridization, and the effects
of the spin-orbit interaction. In Sec. IV we discuss other
aspects of the electronic structure such as comparison cal-
culations where three U f electrons are put in the core,
placement of the Fermi energy, differences due to the lo-
cal exchange-correlation potential used, and effects of the
structural geometry. In Sec. V we discuss bonding prop-
erties of UPtq, and in Sec. VI compare UPtq with Ulri
and UAu& calculations. A general summary and discus-
sion will be presented in Sec. VII.

u. METHOD

The electronic band-structure results presented in this
paper were obtained by the Dirac fully relativistic linear
muffin-tin orbitals {LMTO) method, ' mostly in the
atomic-sphere approximation (ASA). The observed SnNii
crystal structure of UPtq is sufficiently close packed for
the ASA to be an excellent approximation and the effects
of the combined correction term are almost negligible.
The Barth-Hedin exchange-correlation potential was
used. For calculations in the AuCuq crystal structure, the
band structure was first converged for 35 k points in the
irreducible wedge and the mesh was then increased to 80
k points. The SnNiq crystal structure calculations were
first converged for 40 k points in the irreducible wedge
and then increased to 84 k points.

Because the U 5f bands near the Fermi energy E~ show
so much structure, it is important to use a large number
of k points in the irreducible wedge to deter~inc detailed
features of the density of states (DOS) in that energy re-
gime. Hence, althaugh the lower number of k points for
each crystal structure seemed to be sufficient for generat-
ing the self-consistent potential, one final iteration was
done with 126 k points for the SnNii structure for a more
accurate density of states. The tetrahedron method
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was used to evaluate the density of states. For the con-
duction band, the DOS was calculated at 1 mRy
( =0.0136 eV) intervals. All the DOS plots shown in this
paper draw straight-line segments between each calculated
value.

Another technical problem that UPt3 shares with most
actinide, rare-earth, and other large-Z systems is that
some of the core states just below the conduction band
often sufficiently overlap to have a significant bandwidth.
For UPt3 about 4.2% of each atomic U 6p orbital extends
beyond the uranium atamic-sphere radius (3.0488 bohrs)
and the U 6p, ~i and 6p, ~z bandwidths are 3 and 40 mRy,
respectively. The final UPt3 calculations were therefore
done using two panel. — one panel (or separate I.MTO cal-
culation) to determine the U 6p states (treated as energy
bands) and a second panel for the conduction bands. The
remaining core charge was frozen and taken from isolated
atom calculations. For the lower panel s-p-d angular
momentum components were included in the basis and in
the upper panel s p 1 f-co-m-ponents. In each case the
uranium and platinum atoms had the same number of
angular-momentum components Because of the small
bandwidths, we evaluated the DOS for the lower panel at
0.5 mRy intervals. Since the I,MTO technique depends
on a parametrization of the logarithmic derivatives that is
only accurate around fixed linearization energies for e ch
angular-momentum component (ar ir cotnponent for the
fully relativistic calculations), it is important to do
separate calculations for each set of bands. Attempts ta
include both the U 6p states and the conduction bands in
one giant panel such as that reported in Ref. 8 might be
expected to give poor results because such a large energy
range is involved. Nonetheless, a test that we performed
shows that this approach gives reasonably accurate results
for UPti, since the occupied part of the conduction band
has almost no uranium p character.

For calculations in which the U 6p states are treated as
core states, consideration must be given to those parts of
the atomic wave functions that extend beyond the
atomic-sphere radius. In all calculations reported in this
paper, we have followed the stand~~1 practice of leaving
alone those parts of the core wave functions that are in-
side the atomic sphere and redistributing any core charge
that falls outside as a constant charge density inside the
atomic sphere. This was also done for calculations where
we forced the U 5f states to be corelike {with about 4.4%
of each U 5f orbital extending beyond the uranium
atomic-sphere radius). All core orbitals were taken to be
those of the isolated atom.

The band structure, of course, also depends on the crys-
tal structure. For UPt3 the experimentally observed crys-
tal structure is in the SnNi3 (DO 19) structure (sometimes
also referred to as a MgCdi structure). In crude terins
this is the hexagonal modification of the cubic AuCu3
structure; the major difference between the two structures
is a slightly different stacking of the planes in much the
same way that the hcp and fcc structures differ. In the
SnNi3 crystal structure for UPt3, there are two equivalent
U sites and six equivalent Pt sites in the unit cell. As
shown in Fig. 1, each U atom has three Pt atoms sitting in
a triangular configuration in planes —,c above and below

UPtg UNlT CFEAR

FIG. 1. Sketch of the atomic positions for Upt3 in the SnNi3
crystal structure. The vectors a and b are the lattice vectors in
the x-y plane of the real space unit cell for a hexagonal lattice.
The open circles are in a plane z =c/4 and the shaded circles at
z ={—)c. We have added a dashed line which breaks up the
unit ceH into taro pieces to assist in visualizing the unit cell.

it. In the same plane as the U atom there are three Pt
atoms in the other half of the cell. The nearest Pt atoms
in this plane are almost at the same distance as those in
the planes above and below. As is usual far hexagonal
stackings, each platinum atom is directly above and below
platinum atoms in adjaaxit planes of platinum atoms. In
terms of the hexagonal basis vectors for the unit cell a, b,
and c, the uranium atoms are located at ( —,', —,', —,

'
) and

{—,, —,', —,
'

), and the platinum at (x,2x, —,
'

), (2x,x, —,
'

),

ter x requires x-ray intensity calculations for it to be
determined by x-ray diffractian measurements and as far
as we know has never been determined for UPti In th.e
absence of this information we have used the ideal value
of the parameter x =—', . With this value for x, the intera-
tomic distances betwoin the uranium and platinum atoms
are reported in Ref. 45. For our calculations we have
used the slightly different lattice constants:
a =b =5.76390 A, c =4.90270 A, and hence c/a
=0.8506. If c/a were set equal to 0.8165, then the six Pt
nearest neighbors on the same plane and the six Pt nearest
neighbors on the planes above and below each uranium
atoms would be equidistant.

III. BASIC ELECTRONIC STRUCTURE

First, in Fig. 2 we show the rough placement of the
uranium and platinum bands in Upt3 as determined by
the energy range of a negative logarithmic derivative in
the self-consistent fully relativistic UPt3 potential for eacll
atom. The bottom and top of the appropriate bands then
correspond to the energies where the logarithmic deriva-
tives D,(E) are zero and infinite, respectively. The a label
is the standard fully relativistic notation for I and j. For
j=1+—,', ~ is —I —1 and for j= I ——,', a is equal to I.
For a pure element mth one atom per unit cell this calcu-
lation is identical to using the %'igner-Seitz rules. VVhile
this procedure should be modified for compounds (see,
e.g., the discussion in Ref. 48), it nonetheless often works
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well. To place these results in context, we have also per-
formed similar calculations for pure uranium and plati-
num separately (each in an fcc crystal structure with an
atomic-sphere radius the I~e as the average atomic-
sphere radius of UPt3, 3.0488 bohrs) which are shown in
Fig. 3. A comparison of Figs. 2 and 3 shows that the
urcLnium and platinum band placements in UPt3 are not
that different from the pure metals. Since the band place-
ments only depend on the potential at e ~h atomic site,
this implies that the potentials in UPt3 must be similar to
those of the pure metals and that differences in the band
structure are mainly due to hybridization effects.

To see this in more detail it is useful to compare these
band placetnents with density-of-states calculations of

UPt., BANDWII37HS

FIG. 2. Signer-Seitz band placements for UPt3. The left-
hand side connLins the U band placements and the right-hand
side contains the Pt band placements. The line labeled Eq is the
Fermi energy of the fully hybridized band-structure calculation.
The I+ and I —notation for I =s,p, d, and f refers to the two
spin-orbit-split components for positive and negative ~, which

corresponds to j=I+ ~. The band widths have been cutoff

above 2.7 Ry.

I

-4
E(v)

FIG. 4. Scalar-relativistic total DOS for UPt3 in SnNi3 crys-
tal structure. The energies have been shifted so that the Fermi
energy is at zero energy.

UPt3. In Fig. 4 we show the total DOS for self-consistent
semirelativistic (i.e., all relativistic effects except spin-
orbit) calculations of UPt3 and in Fig. 5 the total DOS for
self-consistent fully relativistic (i.e., solutions to the Dirac
equation, which include spin-orbit effects). The similari-
ties between Figs. 4 and 5 show that the general place-
ment of the bands is not affected by spin-orbit coupling.
However, the details of the electronic structure within
each band are profoundly influenced by the spin-orbit
coupling. This is shown in Figs. 6 and 7, which contain,
respectively, the j=—', and —,

' U 5f-projected density of
states (PDOS) around the uranium sites and the j= —,

'
and

—, Pt 5d PDOS around the Pt sites. The U 5f bands are
clearly split into two spin-orbit subbands since the U Sf
spin-orbit splitting is larger than the 5f bandwidth. This
same trend is also seen from a direct examination of the
bands along various symmetry directions, which are given
for the fully relativistic calculations in Fig. 8. From the
total DOS plots the spin-orbit splitting seems to have little
effect on the Pt 5d bands. This is because the bandwidth

1.5
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FIG. 3. Vhgner-Seitz band placements for pure fcc U and Pt.
The notation is ihe same as in Fig. 2. Because the U and Pt cal-
culations are separate, both Fermi energies are indicated. The
bands have been cut off above 2.7 Ry.

E: (eV)

FIG. 5. Fully relativistic (including spin orbit) total DOS for
UPt3 in Snwi3 crystal structure. The energies have been shifted
so that the Fermi energy is at zero energy.
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FIG. 6. The 2 (solid line) and z (dashed line) j components

of the U 5f PDOS in UPt3 in the SnNi3 crystal structure. The
energies have been shifted so that the Fermi energy is at zero en-

ergy.

is much larger than the spin-orbit splitting and hybridiza-
tion between the two spin-orbit components tends to ob-
scure the splitting. Nonetheless, the projected DOS plots
of the two components of the Pt 5d bands in Fig. 7 clearly
show the importance of spin-orbit effects on these bands.
All other uranium and platinum bands are too broad to
show strong spin-orbit effects in the projected DOS.

As might be expected, the pure platinum results for the
Wigner-Seitz band placements are similar to those in
UPt3. The only qualitative difference is that E~ is com-
pletely above the d bands in UPt3. On this scale a substi-
tution of 25% U for Pt atoms seems to only slightly per-
turb the basic platinum band structure, which has
moderately narrow 5d bands embedded in broad platinum
6s and 6p bands and a broad unoccupied Sf band that is
well above the Fermi energy. Looking at finer details in
the platinum projected DOS (most of which is not
presented here for space considerations), we find that the

K M I" H L

FIG. 8. UPt3 symmetry bands with Barth-Hedin exchange-
correlation potential. The horizontal line running from left to
right across the figure is the Fermi energy.

p &/3, d 3/2, and d 3/3 bands seem to be the most different
between the two cases. In pure platinum the p~/3 band
seems to hybridize most strongly with the platinum d3/3
and f states, while in UPt3 the platinum pI/3 DOS s&Msns

similar to the total Pt d-band DOS and shows strong hy-
bridization with the U f bands as well as the U d-band
component that is above the U f bands. It is probable
that the platinum pt/3 DOS in the Pt d-band region con-
tains a considerable amount of hybridization with the U
d-band component below EF and that this is why its
structure more closely resembles the total DOS rather
than just the platinum d3/3 component as it does in the
pure metal.

Another difference in the Pt d bands is the additional
structure above the main part of the bands (roughly, the
energy range ——,

' to + —,
'

eV in Fig. 7} which is absent in
the pure metal. This additional Pt d structure obscures
the hybridization gap that would be expected to be seen in
the Pt d states from hybridization with the uranium d
states. As we have shown in an earlier publication, this
extra structure is induced by hybridization with the U Sf
bands. Additional evidence for this is provided by Fig. 9,

(U
C3)
F)

~ ~

Pt 5 d&~2 and d5~2

C)
C4

~$

F) Q

UPt,

5f—core

—8 —7 —6 —5 —4 —3 —2 —1 0 1 2 3 4

FIG. 7. The z (solid line) and z (dashed line) j components

of the Pt Sd PDOS in UPt3 in the SnNi3 crystal structure. The
energies have been shifted so that the Fermi energy is at zero en-

ergy.

I I

-S -8 —6 -4 —2 0 2

E (eV)

FIG. 9. Total DOS for UPt3 in SnNi3 structure with the U 5f
electrons in the core. The energies have been shifted so that the
Fermi energy is at zero energy.
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which shows the total DOS for calculations where the U f
electrons have been forced into the core. Above the Pt d
bands there is little structure because the U f bands are
missing and induce no d character in this region. There
are only braid structureless bands until the U d bands
turn on at higher energies.

The more interesting comparison is between the urani-
um band positions in the pure element and in UPtz. Be-
sides some small changes in the narrow U 5f band, the
relative uranium band placements are almost identical.
From these calculations one would also expect the overall
uranium bands to be similar. In fact, quite the opposite is
true. In Fig. 10 we show the fully relativistic total DOS
for pure fcc U and Pt. The pure U DOS is clearly dif-
ferent from the U component of UPti (cf. Fig. 5}. This is
not unexpected since in UPti the uranium atoms have
large separations between each other (5.1 A) compared to
their separations in the pure element (3.12 A in the a-U
structure and 3.08 A in an fcc structure at the same densi-
ty}. Thus, in pure fcc U, the large uranium wave-function
overlap causes all of the U states to strongly hybridize
with each other. The strongest hybridization occurs be-
tween U d and f states, which are difficult to disentangle
from each other. The fs/2 and f7/2 states are also strong-
ly hybridized with each other.

fcc uranium

In UPt3, on the other hand, there is almost no direct
overlap of the uranium d and f orbitals and the uranium
projected DOS and structure is determined by the hybridi-
zation with the platinum states and hence is quite dif-
ferent from pure uranium. For example, the U d-band
hybridization with the platinum d bands results in a
moderate U d-band DOS in the region of the Pt d bands
{from about 0 to 6 eV below E~), but pushes the remain-

ing U d character higher in energy. Hence a small U d
hybridization gap occurs just above the Pt d bands in the
region where the U f bands are located. In general there
is almost no hybridization between the different uranium
bands in the absence of platinum hybridization. For ex-
ample, in UPt& the uranium f5/i and f7/Q components are
almost completely decoupled from each other, since the
platinum hybridization provides no coupling. In an ear-
lier paper, s we have shown by explicit calculation that
the U 5f hybridization with the platinum 6p orbitals is
the primary factor controlling the formation of the U 5f
bands. Similar calculations show that Pt 5d hybridization
affects the U 6d bands most strongly.

Since the electronic structure at the Fermi energy E~
plays such a large role in determining many of the physi-
cal properties of metals, it is useful to examine the DOS
at EF. Table I gives the partial DOS contributions (at
E~ } from the uranium and platinum sites as well as their
percentage contribution to the total DOS per unit cell.
For each angular-momentum projection we have added
the two spin-orbit-split components. For example, the d-
projected DOS contains both d3/2 and ds/z components
and the f-projected DOS both fs/i and f7/2 components.
As expected, most ( —', }of the total DOS per unit cell is U
5f in character. The next largest projected DOS is of pla-
tinum 5d character (19%). Since the U 5f states must hy-
bridize with the platinum states to form the itinerant

fcc pkNnum

E (eV)

TABLE I. The projected U and Pt density of states at the
Fermi energy for UPt3 in the observed hexagonal SnNi3 crystal
structure, normalized per unit cell. The I-projected quantities
are sums over the relevant j-projected quantities of the fully rel-

ativistic calculations, i.e., j= lt —,. For example, f quantities
are really sums over fq/2 and f7/2 quantities. There are two
equivalent U sites and six equivalent Pt sites for this crystal
structure and the densities of states in this table can be divided

by these quantities to obtain results normalized per atom.

DOS at EF
(states eV 'cell ')

0.04
0.11
O.SO

11.40

% of total
(per ceO)

0%
1%
3%

66%

—4 -2
E (eV)

FIG. 10. (a) Pure fcc U total DOS. The energies have been
shifted so that the Fermi energy is at zero energy. Cb) Pure fcc
Pt total XMS. The energies have been shifted so that the Fermi
energy is at zero energy.

Pt s
Pt p
Pt d
pt f
Total U
Total Pt

O.SO

1.02
3.34
0.34

12.0S
5.20

3%
6%

19%%uo

2%

'70%
30%
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states that always result from band calculations and since
platinum makes up so much of the unit cell, it is not
surprising to find a platinum component. The large value
for this component (30%) results because the normaliza-
tion is per unit cell, which contains six Pt atoms and only
two U atoms. The total DOS contribution per atom is
35% per U atom and 5% per Pt atom and each U atom
gives a contribution to the total DOS at E~ which is 7
times greater than each Pt atom. The total DOS at E~
for the fully relativistic calculations gives 17.25
states/eV cell. This corresponds to a bare linear specific-
heat coefficient yo ——20.3 mJ(mole U) 'K . Since the
experimental y is 452 mJ(mol U} ' K 2, the specific-heat
enhancement is A, =y/yo ——22.3. Such a huge enhance-
ment factor implies strong electron-electron renormaliza-
tion of the low-temperature electronic structure.

IU. OTHER ASPECTS OF THE ELECTRONIC
STRUCTURE

Because of the large separation between the uranium
atoms in UPti the U f states can only become itinerant
through hybridization with neighboring atomic orbitals.
One simple calculation that can be done to shed some
light on this area is to compare calculations where the U f
states are placed in the atomic core (which we will refer to
as "f-core" calculations) with calculations where the f
states are treated as bandlike (which we will refer to as
"f-band" calculations). In Fig. 9 we show the DOS for
UPti in the SnNi& structure for self-consistent calcula-
tions where we have forced three U f states into the core
and included only up to d orbital angular-momentum
components in the conduction-band states. Comparing
with Figs. 5 and 9, we see that most of the structure (be-
sides the f bands) is similar. This suggests that the U f-
core charge contributions to the charge density must be
reasonably close to the self-consistent f-band density.

If we carefully examine the projected DOS (not shown
here), we find little difference between the two sets of
data. The biggest effects due to hybridization with U 5f
bands are on the U pi~2-, Pt pi&2-, Pt p3/z and Pt d5/i-
projected DOS, where additional structure is seen refiect-
ing the position and structure of the U 5f bands, while the
projected DOS at other energies is almost identical with
the case where the U Sf states are put in the core. These
results are consistent with some earlier work, where we
have shown that platinum p hybridization most directly
affects the U 5f band while U 5f and Pt Sd hybridization
induces additional Pt d structure above the main part of
the Pt 5d band.

The most striking difference between Figs. 5 and 9 is
the placement of the Fermi energy. In Fig. 5 the Fermi
energy is located in the U 5f bands, which are above the
main part of the Pt 5d band. In Fig. 9, the 5f-core case,
the Fermi energy seems to sit at lower energies and cut
across the top of the Pt d band, reminiscent of the case
for pure fcc Pt metal (cf., Fig. 10). This seems to suggest
that more charge transfer from the U to the Pt states
occurs when the U 5f states are put into the bands and
hence fills up the Pt 5d band. This point of view, howev-
er, is incorrect.

To examine this question more carefully it is useful to
attempt to quantify our analysis. In Table II we show the
I-projected occupation numbers per atom for different
kinds of comparison calculations, including that for UPti
in the SnNii structure with and without the Sf electrons
in the core, for UPtz in the AuCui structure, and for pure
fcc U and Pt (at the same atomic-sphere radius of 3.0488
bohrs that was used in the UPti calculations). To get the
I-projected quantities we summed over the appropriate
spin-orbit split states (e.g., the f5~2 and f7/i j components
for f-projected quantities}. Table II shows that the U d
and f occupations are reduced from their pure element
counterpart, while the AuCuz and SnNi& structure values
are all similar. In contrast the I-projected platinum occu-
pation numbers are about the same, whether for the pure
metal or for UPt3 and in either structure (AuCu3 or
SnNi&).

It should be noted that these entries are ambiguous in
the sense that they depend on the atomic-sphere radii
chosen for each atom (how we divide up the space be-
tween the uranium and platinum atoms). If, for example,
we had expanded the uranium radii and contracted the
platinum radii (while keeping the total volume per cell
fixed), we would have found different values for the en-
tries in the tables. Instead of using the ratio of the radii
as an additional variational parameter to lower the total
energy of the system, we have decided to use the same

Structure

U s
U p
U d
U f
Total

SnNi3
Sf band

0.36
0.38
1.57
2.69
4.99

SnNi3

5f core

0.36
0.38
1.45

2.19

AuCu3

Sf band

0.36
0.36
1.44
2.74
4.90

Pure fcc
U and Pt

0.49
0.18
2.31
3.02
6.00

Pt s
Pt p
Pt d
pi f
Total

0.92
0.89
8.37
0.16

10.34

0.86
0.79
8.62

10.27

0.89
0.89
8.42
0.16

10.36

0.77
0.79
8.30
0.15

10.0

U 6p band
U
Pt

5.61
0.13

5.58
0.14

5.59
0.14

TABLE II. Total and partial occupations per atom for fully
relativistic UPt3 calculations. The headings SnNi3 and AuCu3
refer to the crystal structure of the calculations. However, the
last column (labeled pure fcc U and Pt) give the results for the
pure metals at the same average atomic-sphere radius per atom
{3.0488 bohrs} as UPt, . Calculations where the U Sf states were
treated as bands are labeled 5f band and where they are treated
as core states as Sf core. The lowest rows contain the occupa-
tions of the U 6p band, divided into the U and Pt contributions.
All occupation numbers are normalized per atom and must be
multiplied by the number of each type of atom for occupations
per unit cell. For example, to get the expected six electrons per
U atom for the U 6p band, the Pt contribution must be multi-
plied by 3 and added to the U contribution, since there are three
Pt atoms for each U atom.
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atomic radii (3.0488 bohrs) for all atoms in all structures.
Besides making intercomparisons between different struc-
tures easier, this prescription also has the virtue of minim-
izing the fraction of cell volume in which two or more
atomic spheres overlap.

If we compare the 1 occupation numbers in Table II for
the Sf-core and 5f-band cases, we find only a small differ-
ence in the charge transfer (an additional 0.2 electron per
U atom or 0.07 electron per Pt atom for the 5f-band
case). Moreover, the Pt d occupation is also similar (in-
creasing by only 0.25 ai electrons per Pt atom when the U
5f's are placed in the core). Most surprising of all is that
the platinum d occupation is actus&ly smaller when the
Fermi level is above the filled d band (U Sf's as bands)
than when the Fermi level is in the top of the d bands (U
5f's as core states).

This paradox arises because of the ambiguity in deter-
mining the exact bottoms and tops of any pure 1 band for
hybridized electronic systems, since hybridization allows
mixing of different dependent states. This is clearly
shown in Figs. 6 and 7, where hybridization removes some
of the intensity from the main part of the U 5f and Pt 5d
biuids and shifts part of the projected DOS to other ener-

gies. If we arbitrarily define the top of the Pt d band to
be just above the main part of the d band, then the filled
5d band in pure fcc Pt metal [Fig. 10(b)] contains 8.9 Pt d
electrons per Pt atom. For UPtq with the U Sf electrons
in the core (Fig. 9), there are 8.8 Pt d electrons per Pt
atom, and for UPtq with the U Sf's as bimds there are 8.2
Pt d electrons per Pt atom in the filled Pt 5d band. These
numbers then suggest the following interpretation: In
UPt3 the Pt 5d band would normally be similar to the
pure fcc metal band (at the sandie average atomic-sphere
radius). However, hybridization with the U Sf bands in-
duce additional structure in the Pt d states that in turn
are taken from the top of the platinum d bands, which is
why the Fermi energy seeins to be above the main part of
the Pt d band for the Sf-band case. The d electron states
that have been removed show up as the induced d states
in the projected Pt d DOS that is above the apparent top
of the Sd band. Because EF is near the bottom of the U
5f bands, some of these induced Pt d states are unoccu-
pied, causing the Pt d electron occupation to drop slight-
ly.

Besides hybridization effects with the U f states, the lo-
cal symmetry around each f atom could also be important
for understanding differences in heavy-fermion behavior.
To test for these kinds of sensitivities, we have done com-
parison calculations for UPtq in the AuCuq structure, and
in Fig. 11 show the resulting total DOS. Comparing Figs.
5 and 11, it is clear that the gross features of the band
structures are similar. Because of the symmetry con-
straints on the bands due to the underlying crystal struc-
ture, however, fine details in the total DOS can be signifi-
cantly altered, especially near E~. These fine details,
which mould not matter much in an ordinary metal, can
be strongly amplified for heavy-fermion materials because
the f-atom bands are so flat. Hence, even tiny shifts in
these bands greatly affect the DOS near E~. In Fig. 12
we see that for UPti in the SnNiq structure, EF is located
near a relative minimum in the f-band DOS, whereas in

UPt~

(in AuCu& structure)

-10 -8 -6 -4 -2 0 2 4
E (ev)

FIG. 11. Total DOS for Upt3 in the AuCu3 structure. The
energies have been shifted so that the Fermi energy is at zero en-
ergy.

UPt~

-1 0 0.5 1 15 2

E (ev)

FIG. 12. Blow up of the total DOS near EF for the Snwi3
crystal structure. The energies have been shifted so that the
Fermi energy is at zero energy.

—0.5

the AuCuq structure it is found to be near a maximum.
This may possibly tend to favor the SnNi3 structure over
the AuCu3 structure.

The most obvious difference to the eye between the
DOS of UPtq in the two structures (Figs. 5 and 11) is a
gap in the DOS of about —,

'
eV, which opens up between

the top of the main part of the Pt 5d band and the bottom
of the U 5f band for the AuCu3 structure. In the SnNiq
structure these two bands are almost touching. From
Table II this seeins to have almost no effect on either the
1-projected occupation numbers or, as we shall see later,
the partial pressiues. Because the Pt 5d band is slightly
further away from the U Sfband, however, the amount of
U Sf character in the long low energy tail below the top
of the Pt d band (cf. Fig. 6) due to hybridization is slight-
ly reduced (from 1.5 U Sf electrons per U atom to 1.1
electrons per U atom). The number of Pt d electrons in
the main part of the Pt 5d band for the AuCu3 structure
(8.33 d electrons per Pt atom) is similar to that in the
SnNi& structure. A summary is as follows: except for
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changes in the DOS (especially at EF ), whether the under-
lying symmetry is hexagonal (Sni& structure) or cubic
(AuCui structure) seems to play little role in most of the
one-electron properties of UPt&.

Because of the sensitivities in the f-band DOS at EF,
we have tested how the bmd structure changes when a
different exchange correlation potential is used. For this
comparison we have used the exchange-only Xa (a= —', )
local exchange potential. When compared to the results
for the Barth-Hedin exchange-correlation potential that is
used for all of the other calculations in this paper, we find
almost no differences in the total DOS or the projected
DOS, even near Ez. The /-projected occupation numbers
per atom for the U s, p, d, f conduction bands are 0.37,
0.39, 1.68, 2.58 and for the Pt s,p, dJ' conduction bands
are 0.93, 0.95, 8.28, 0.17, respectively. These are similar
to the l-projected occupation numbers that were obtained
from the Barth-Hedin potential, which are listed in Table
II.

V. BONDING PROPERTIES

One simple property of any material is its bonding
properties, which can be studied by examining the equili-
brium lattice spacing and bulk modulus. Band-structure
models offer a clear prediction of bonding properties, '

and have been successfully applied to f-electron systems5'
and even more successfully to transition metals, although
it is worth noting that the local-density exchange-
correlation potentials have at times seemed to overesti-
mate the strength of the fbonding.

In contrast, another popular approach for describing

heavy-fermion systems is the concentrated Kondo lat-
tice. ' ' '5 s In this approach the f electrons sit on lo-
calized sites at an energy ef below the Fermi energy Ez.
Through hybridization with the normal conduction-band
states, a Kondo resonance at EF may develop and play an
important role in the low-temperature properties of such a
system. As far as we know, there is no theory to predict
bonding properties of the Kondo lattice model.

Without resorting to complicated theoretical models,
we can easily gain some simple understanding of the
bonding properties in UPt& by comparing atomic volumes.
In the absence of any strong chemical interaction between
the uranium and platinum atoms, according to Vegard's
law one would naively expect the equilibrium volume per
unit cell of UPt3 ( VUp, , ) to be the sum of the equilibrium

atomic volumes of the pure uranium and platinum metals,
i.e., VUpt, ——2( VU+ 3 Vpt ). The factor of 2 occurs because
there are two formula units of UPti per unit cell. Thus,
with VU ——140 bohrsi and Vp, ——102 bohrsi, Vegard's law
would predict the volume to be 892 bohrs . This should
be compared with the experimental volume of 950 bohrs'.
For eight Pt atoms the volume would be 816 bohrsi.
Thus UPts has a 6.5% larger volume per cell than we
would expect simply from adding the larger uranium
atoms.

One possible explanation for the larger volume is that
the f-electron bonding of the U atoms is lost when diluted
by the platinum matrix. Alternatively, one could argue
that the uranium atoms reduce the d-band bonding of the
platinum atoms. We can examine these questions both by
directly comparing the UPti angular decomposed partial
pressures with those of the pure elements as well as by

TABLE III. Partial pressure contributions to the bonding of UPt3 in kbars. Most of the labels follow
the same conventions as Table II. The fully relativistic results are labeled by fully rel and the semirela-
tivistic results (i.e., no spin-orbit coupling) by semirel. The I-projected pressures are sums over the
relevant j-projected pressures for the fully relativistic results as in Table I. The contribution from the
broadened U 6p core states (treated as a band) are also presented as well as the Madelung contribution
to the pressure.

Structure

U s
U p
U d
U f
Total

SnNi3
fully rel

Sf band

58.1

164.1

—134.8
—160.9
—73.5

SnNi3
fully rel

Sf core

60.9
166.0

—125.7

101.2

AuCu3
fully rel

5f band

60.1

156.5
—134.7
—140.8
—58.9

SnNi3
semirel

Sf band

58.2
169.8

—133.0
—168.0
—73.0

Pt s
Pt p
Pt d
pt f
Total

82.9
67.0

—79.0
—67.8

3.1

71.7
56.7
80.4

208.8

74.1

75.1

—63.8
—65.9

19.5

89.8
69.4

—60.6
—68.4

30.2

U 6p band

Madelung

—98.2

—77.3

—102.2

—59.3

—103.5

—86.3

—245.9 148.5 —105.1
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comparisons with model calculations where three U f
electrons per U atom are forced into the core and not al-
lowed to bond. In Table III the corresponding partial
pressures are shown. It is seen that for these quantities
the changes due to different kinds of hybridization show

up quite strongly. By way of comparison, pure fcc Pt at
this same average atomic volume has large negative pres-
sures for all I components (total pressure =—451 kbars),
since it would like to contract to its equilibrium volume
(corresponding to S=2.897 bohrs). Pure fcc U at the
same UPti average atomic-sphere radius of 3.0488 bohrs
has a positive pressure of 184.9 kbars, since it would like
to expand to its equilibrium volume (S=3.221 bohrs).

From Table III, one sees that both uranium and plati-
num d and f conduction bands are bonding (have negative
partial pressures), while both U and Pt s and p conduction
bands are repulsive or antibonding (have positive partial
pressures) F.or the calculations in the SnNi3 structure
(the experimentally observed structure), we find the total
calculated pressures to be about —250 kbars at the experi-
mental equilibrium lattice constant, about equally divided
between the U conduction band, the U 6p band, and the
Madelung contributions. The Pt conduction-band partial
pressure is nearly zero for the sphere radii we have
chosen. If we compare the first and fourth columns of
Table III, we find that the semirelativistic calculations are
remarkably similar to the fully relativistic calculations for
almost every partial pressure (the totals are somewhat dif-
ferent since the semirelativistic results did not treat the U
6p states as bands and hence are missing this contribution
to the pressure). Thus spin-orbit effects seetn to play a
minor role in the bonding. Also, if we compare columns
one and three of Table III, we find that crystal structure
seems to only slightly change the bonding properties, since
the calculatians for both the hexagonal SnNis structure
and the cubic AuCu3 structure are so similar in all
categories. The exchange-only potential did give different
results for the partial pressures. The U s,p, d,f
conduction-band partial pressures ~ere 66.5, 176.8,
—122.6, —161.2 kbars for a total U conduction-band
pressure of —40.5 kbars. The Pt conduction band s,p, d,f
partial pressures were 109.2, 118.7, —39.9, —61.8 kbars
for a total Pt conduction-band pressure of 126.2 kbars.
The total U 6p band and Madelung contributions were
—91.2 and —75.8 kbars. The total pressure for the
exchange-only calculations were —81.3 kbars, which is
much closer ta experiment than the —24S.9 kbars of the
Barth-Hedin calculations.

Besides this sensitivity to the exchange-correlation po-
tential, the major differences in Table III occur between
the first two columns, which compare calculations where
the U Sf states are treated as band states or as core states.
The first difference between these two sets of calculations
is the absence af f partial pressures in the f-core results,
since core states do not contribute to the pressure. The
combined U and Pt f partial pressures in column one of
Table III are —228.7 kbars. If we neglect these contribu-
tions, we still find the f-band results to have a total pres-
sure of 165.7 kbars lower than the f-core results, primari-
ly due to changes in the Pt d conduction-band partial
pressures. The f-core results have a repulsive Pt d contri-

Here Q is the volume per cell, n is the number of elec-
trons per cell for each component, C is the energy of the
center of the band, S is the atomic-sphere radius, (E) is
the center af gravity of the occupied part of the band, and
W is the approximate width of the band. This formula is
usiia&ly derived in the nonrelativistic (or semirelativistic)
limit, where each I-band partial pressure is separately cal-
culated fram the above expression (more detailed formulas
in terms of the Andersen potential parameters are given in
Refs. 50, 30, and 58). A slightly different "tail pressure"
P, formula is actually mare accurate for s pbands-, while
occupied d fband-s are usually better treated by P, . The
fully relativistic expression turns out to be identical to
the normal farmula if small corrections are neglected and
if, instead of sums over the different I bands, one sums
over the different x (or j=1+—,

'
) components for each

type of atom in the compound. The n, C, (E), and W
are therefore the relevant quantities for each different ~
and atom type.

The intuitive physical understanding of the central
pressure formula is very simple. The first term is the
change in partial pressure due to a change in the center-
af-band energy with a change in valume, while the second
term is due to changes in the bandwidth under compres-
sion or expansion. They can be derived by writing the
one-electron band energy E in the canonical form

(2)

Here (E —C)/8', which plays the same role as the factor
((E)—C)/8' in Eq. (1), is a band-filling factor. If the
center of gravity of the occupied part of the band equals
the center of the band, then the band is usually completely
filled and hence is neither bonding nor antibonding and
gives no pressure contribution. If this factor is negative,
the band is only partially filled and bonding. Any in-
crease in the bandwidth then makes this cantribution
more pronounced.

In Table IV we list the important factars of Eq. (1) for
the Pt d bands in UPti both for the Sf-band calculations
as well as the Sf-core calculations. The quantities P, , and

are given by

n
c( 3O

5C
5 lnS

(3)

(4)

If we add the Pt d3/i and ds~i contributions, we find that

bution of 80.4 kbars, while the f-band results have a
bonding or attractive Pt d contribution of —79.0 kbars.

To understand why this change occurs, it is useful to
examine the following approximate partial pressure for-
mula, ' ~ for the "central pressures" P, for each band:

3P,Q=n — +((E}—C)
C 51n8'
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Sf band
Pt d 3/2 Pt, d 5/g

Sf core
Pt d 3/g Pt d $/2

—5C/51'
«&-C
—5 ln 8'/5 lnS
P, ,
P,
P,

21.35
0.07

—11.6
4.52

79.1

—57.9

21.2

28.88
0.12

—41.4
4.25

179.6
—262.0
—82.4

21.84
0.09

—2.9
4.40

98.1
—14.4

29.65
0.14

—29.7
4.13

211.9
—187.7

24.2

TASLE IV. Pt d approximate partial pressures. The quanti-

ties in this table are the important pieces in evaluating the cen-

tral pressure approximation for Eqs. (1}—(4). P, and P, are

defined in Eqs. (3) and (4). P, is the total of the two. In this

table me give the separate spin-orbit split d components. The
total of the t~o can be compared with the more exact results in

Table III. The labels 5fband and Sf core are the same notation
as used in the previous tables. Pressures are in units of kbars, n

in electrons per unit cell, —5C/5laS in atomic-Rydberg units,
and (E)—Gin mRy (10 mRy =0.14 eV).

dramatic effect on the Pt d partial pressures.
If we compare the partial pressures of Table III with

calculations for pure fcc U and Pt at the same average
atomic-sphere radius as UPt3, as we have discussed ear-
lier, the uranium is compressed and gives positive pres-
sures while the platinum is expanded and gives negative
pressures. Because the uranium electronic structure in
UPt3 is largely determined by hybridization with the sur-
rounding platinum atoms, the pure fcc U partial pressures
are different from that in UPt&. Because the uranium
concentration ( —,

'
) is also so large, the platinum partial

pressures are also very different. Thus, in regard to our
earlier discussion af the larger than expected volume of
UPts, it is clear that this can neither be ascribed to the
breaking up af the f-electron bonding of the U atoms nor
that of the Pt d-band bonding. The uranium and plati-
num atoms interact too strongly for either description to
have much relevance. This strong interaction also ex-
plains why the simple Vegard's-law geometrical scaling of
atomic sizes also fails to reproduce the observed equilibri-
um volume of UPti.

their sum is —61.2 and 107.9 kbars far the Sf-band and
5f-core cases in Table IV. If we compare this to the cor-
responding quantities in Table III, —79.0 and 80.4 kbars
we see that the approximate formula for P, is too high by
about 20 kbars for both cases and hence is in reasonable
agreement. For either table, the 5f-core Pt d pressure is
about 160 kbars higher than the corresponding 5f-band
pressure.

Given this degree of reliability for the approximate
pressure formula for P„we can attempt to examine the
individual factors in Table IV to find the differences
caused by the differing treatment af the U Sf electrons.
From Table IV we find that the occupation numbers and
—5 ln 8'/5 inS (the change in the bandwidth under
compression) are about the same between the two sets of
calculations. About —,

' of the increased Pt d pressure that
occurs when the U 5f states are changed from band to
core states is due to P, , which reflects the difference in

C)&

how the d-band center changes with compression. The
other —', of the increase, or the largest part of the increase,
is due to P, and largely reflects changes in (E)—C (the

band-filling factar). From a general examination of the
Pt d-projected DOS of the two calculations (cf. Figs. 5
and 9), it appears as if the main part of the Pt d bands are
about 50 mRy (0.7 eV) lower for the 5f-band case (relative
to the Fermi energy Ez). For both j components the
center of the band C (not separately shown in Table IV) is
about 40 mRy lower for the 5f-band case, while the center
of gravity (E) is about 50 mRy lower. Hence in both
cases (E) —C is about 10 mRy lower in energy when the
U Sf electrons are treated as bands. Since the Pt d bands
are almost completely filled,

~
(E)—C

~

is small ((40
mRy) and hence this small change in (E)—C has a rela-
tively large effect. This is the reason why the U f with Pt
d hybridization, which pushes the main part of the Pt d
band to slightly lower energies relative to EF while pul-
ling off some states from the top of the band, has such a

VI. COMPARISON OP UPt3 KITH UIr3 AND UAu3

We can gain further insight into the Pt d and U f in-
teraction by comparing UPti with Ulrs and UAu&, i.e.,
compounds where we have replaced Pt by its neighboring
elements (Z+1). We have done these additional calcula-
tions in the AuCui structure at the same average atomic-
sphere radius as for the UPtq calculations. The UIr3 com-
pound actually forms in this structure, but at an equilibri-
um volume 8% smaller than our calculations. The struc-
ture of UAui is not known experimentally, but is probably
not the AuCu3 structure. By examining UIr3 and UAu3
we are subtracting or adding electrans and hence tuning
across the top of the transition-metal Sd band.

While our main emphasis in this section is on the
transition-metal d interactions with the U f states, one
should not forget that the transition-metal p states also
play an active role. This is most easily seen by perfarm-
ing the same kind of LMTO calculations that selectively
turned on and off different kinds of hybridization as was
done far UPts in Ref. 28. From these types of calcula-
tions we have found that hybridization with the
transition-metal P states plays the dominant role in the
formation of the U f band for UPt3 and UAu3. For Ulrs
the situation is more complex, since the hybridization
with the Ir d states is almost as effective as that of the Ir
P states in the formation of the U f band. As was found
in Ref. 28 the effects of hybridization are often unsymme-
trical. While for UPt& and UAui the transition-metal d
and U f hybridization has only minor effects on the U f
states, this same hybridization has a much stronger effect
on the transition-metal d states by inducing new structure
above the main part of the d bands that would otherwise
be absent For UIr3 on the other hand, since the Ir d and
U f bands overlap and interact so strongly, the effects of
hybridization are more equal on both types of states.

The total DOS of the fully relativistic, self-consistent
calculations for Ulri and UAui are shown in Figs. 13(a)
and 13(b). These should be compared with the results for
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UPt3 in the AuCu3 structure, Fig. 11. For UIr3 the U 5f
bands are located in the top of the Ir 5d bands and the
two bands strongly interact. The UPt3 situation is a
borderline case, where the interactions are sti11 strong, but
where the U 5f interaction just barely manages to pull off
some of the d states from the top of the Sd band. For
UAu3 the d-f interaction has been greatly decreased and
the U 5f bands are well above the main part of the Au d
band.

The transition-metal d-projected DOS as well as their
effect on the Nq 7 soft x-ray emission spectra of Ir, Pt, and
Au were given in an earlier publication. These results
confirm the discussion presented in the above paragraph.
We can complement them with the U f-projected DOS
for UIr3, UPt3, and UAu3 in the AuCu3 structure, which
are presented in Figs. 14(a), 14(b), and 14(c). As might be
expected, the greatest transition-metal d with U f interac-
tions occur between the nearest subcomponent bands, i.e.,
the transition-metal 5d5&2 and U 5f~&2 bands. For Ulrq
the U 5f5~2 projected DOS shows a pronounced tail below
the main part of the U 5f band [i.e., for energies less than
0 in Fig. 14(a)], which is a direct confirmation of the
strong d-f hybridization. In UPt3 this tail, while still visi-
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FIG. 13. (a) Total DOS for UIr3 in AuCu3 structure
(S,„=3.0488 bohrs). The energies have been shifted so that the
Fermi energy is at zero energy. (b) Total DOS for UAu3 in
AuCu3 structure (S,„=3.0488 bohrs). The energies have been
shifted so that the Fermi energy is at zero energy.

FICi. 14. (a} The z (solid line) and 2 (dashed line) j com-

ponents of the U 5f PDOS for Ulr3 in the AuCu3 structure.
The energies have been shifted so that the Fermi energy is at
zero energy. (b) The z (solid line) and 2 (dashed line) j com-

ponents of the U 5f PDOS for UPt3 in the AuCu3 structure.
The energies hae been shifted so that the Fermi energy is at zero
n rgy- ( ) The 2 (solid line) and 2 (dashed hne) j components

of the U 5f PDOS for UAu3 in the AuCu3 structure. The ener-

gies have been shifted so that the Fermi energy is at zero energy.
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ble, is small. In UAui the tail is slightly smaller than for
UPt3, and pushed even further below the U Sf band.
Hence UPt3 seems qualitatively closer to UAu3 than to
UIr3, with a larger separation in energy between the
transition-metal d band and the U 5f band for UAu& than
for UPt3. These effects are also seen in the transition-
metal 1-projected DOS. In the region of energy of the
U 5f bands, there is distinct structure in the transition-
metal 1-projected DOS that mirrors the U 5f bands. This
induced transition-metal d structure is in the top of the
main part of the d band and very pronounced in UIr3. In
UPt& it is just barely above the main part of the Pt d
band, but while weaker than for UIr3 is still reasonably
strong. In UAu3 this structure is small and far above the
main part of the 1band.

These effects also show up in the placement of the Fer-
mi energy EF, which is always in the U f5~2 band. In
UIr3 the Fermi energy EF is much closer to the bottom of
the f band than for the other two compounds, which are
more similar to each other in this respect. This is only
slightly due to fewer U 5f electrons (2.48, 2.74, and 2.65
electrons per U atom for UIr3, UPt3, and UAu3). It is
mainly due to the long tail in the U f-projected DOS that
contains most of the U 5f electrons (about 2.25 electrons)
in UIr3, whereas most of the occupied U 5f states in UPti
and UAu3 are in the main part of the U 5f bands.

VII. SUMMARY AND DISCUSSION

We have presented detailed results on the one-electron
properties of UPt3 as well as comparisons to other
relevant calculations. We have shown that the basic elec-
tronic band structure of UPti is composed of a narrow
spin-orbit split U 5f band at EF, which is just above a
filled Pt 5d band. Some states have been removed from
the top of this band by Pt d and U f hybridization to
form a reasonably large induced Pt d DOS in the region
of the U 5f bands (which are at EF) and just above the
main part of the Pt 5d bands. The broad U 6d states,
which normally hybridize strongly with the U Sf states in
pure uranium, have some DOS weight in the energy re-
gion of the Pt 5d bands, but are otherwise pushed to
higher energies by the Pt d hybridization and hence begin
to turn on strongly at energies just above the U 5f bands.
In the background of the DOS are broad U 7s and Pt 6s-
6p bands. Hybridization with the Pt p states is the pri-
mary factor controlling the width of the U 5f bands. The
U 7p and Pt 5f bands are well above EF and are largely
irrelevant to the basic electronic structure.

Comparison calculations where we have forced three U
5f electrons into the core and calculated the remaining
band structure with an s-p-d basis have confirmed that
the dramatic change in the top of the Pt 5d band is
caused by U f and Pt 1 hybridization. The presence or
absence of itinerant U f electrons therefore has an impor-
tant impact on the electronic structure. Any experiment
that can probe the Pt d structure could provide some use-
ful experimental insight. It would also be of interest to
know whether Kondo-lattice-type theories could also so
radically change the Pt d electronic structure.

%e have also attempted to analyze the electronic struc-

ture of UPt3 from equilibrium bonding or partial pressure
calculations. The respective projected electronic structure
is very different than pure fcc uranium and platinum and
a Vegard-law analysis confirms that U and Pt interact
strongly in UPt3. Like most density-functional calcula-
tions, we find too much bonding, with a total pressure of
—246 kbars at the equilibriuin lattice constant for calcu-
lations with the Barth-Hedin exchange-correlation poten-
tial. The exchange-only calculations, however, give a
much better pressure ( —81.3 kbars). A partial pressure
decomposition shows the U and Pt d-f states to be bond-
ing while the U and Pt s-p states are repulsive or anti-
bonding. Forcing three U Sf bandlike states into the U
atomic core increases the pressure by 394 kbars. This
large increase refiects not only the loss of f bonding, but
also the change in the Pt d partial pressure from bonding
to antibonding due to the modifications in the Pt d band
electronic structure when the U f hybridization is not
present. In general, the full band-structure calculation of
the pressure at the experimental equilibrium volume is too
strongly bonding. However, if we note the uncertainty
due to exchange-correlation potential effects and that
most density-functional calculations of bonding tend to
overbond, especially for more localized states such as the
U 6p-core band and the U 5f band, and refiect on the
enormous increase in pressure that occurs if we force the
U f electrons into the core, our overall conclusion tends to
suggest that itinerant U Sf states are necessary to obtain
the correct equilibrium lattice constant.

We have also performed comparison calculations of
neighboring Ulri and UAu3 at the same average atomic
volume and in the AuCuq crystal structure in order to
change the placement of the U 5f bands from being in the
top of the main part of the transition-metal d band to be-

ing well above it. We find that this greatly affects the hy-
bridization between the U f and transition-metal d states.
In Ulr& this hybridization is strong and causes the total
DOS at EF to be greatly reduced and the f-band DOS to
have a large tail, which is well below the main part of the
U Sf band and contains most of the occupied U f elec-
trons. In contrast, this hybridization for UPtq and UAu3
is much weaker, with most of the occupied U 5f bands
above the main part of the transition-metal d band. The
electronic structure of both materials is similar and
through hybridization both induce transition-metal d con-
tributions in the region of the U 5f bands. However, be-
cause the U 5f bands are closer in energy to the d bands
in UPti, the induced transition-metal d structure is corre-
spoildillgly larger fol UPty thali foi' UAui.

Because of the strong enhancements that are seen exper-
imentally, in the specific heat for example, UPti scxKlls to
be a clear-cut example of a system whose low-temperature
properties demand the inclusion of strong many-body
correlations in the electronic structure to achieve a proper
understanding. Nonetheless, because of the complexities
and differences seen in all heavy-fermion materials, a real-
istic treatment of hybridization and other aspects of the
electronic structure that are not usually included in
many-body models but are treated by one-electron band-
structure calculations are also probably essential to make
sense of the physical properties of this unusual material.
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In this paper we have tried to present as clear a picture as
we could of the hybridization and one-electron properties
of UPt3. Our results are probably most applicable to the
non-f-band electrons in the system. Despite this, the
model f-core band-structure comparison calculations
seem to strongly suggest that whatever strongly interact-
ing form the U 5f states condense into they must have
some itinerant character to provide the proper bonding.
Moreover, whether or not the f electrons are local or

itinerant has strong implications for the structure of the
Pt 1bands, which one should be able to probe experimen-
tally. In conclusion, we believe that a full understanding
of the low-temperature properties will probably only be
accomplished after a suitable theory is developed that can
simultaneously handle the f-band many-body correlations
together with the important hybridizations to the more
normal electronic structure.
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