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Electronic structure, cohesive, and magnetic properties of the actinide-iridium Laves phases
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The electronic structure of the isostructural AIr2 systems (A =Th, Pa, U, Np, Pu, and Am) has
been obtained by means of the scalar relativistic and fully relativistic linear muftin-tin orbital tech-
niques. Ground-state properties such as lattice constants and onset of magnetic order have been
calculated and compared with measured data. The hybridization between the actinide Sf and the
ligand Sd states and the direct Sf wave-function overlap are found to be of comparable importance
for the bandwidth of the itinerant Sf states. The anomalous paramagnetism of PuIr2 can be ex-
plained only by a fully relativistic treatment.

I. INTRODUCTION

The A Ir2 (A =Th, Pa, U, Np, Pu, Am, and Cm) series
of intermetallic compounds exhibits many interesting
physical properties. It is found that ThIrz becomes
superconducting below 6.5 K.' UIrz is a nearly
temperature-independent paramagnet, with a small max-
imum in the magnetic susceptibility at 60 K. The
coefticient of the linear contribution to the specific heat y
is high (62 mJ/mol K ) (Ref. 3) and the resistivity shows
a T dependence at low temperatures. These two facts
have been taken to be an indication of spin-fluctuation
effects in UIrz. NpIrz is the first compound in the AIrz
series to order magnetically. Mossbauer experiments in-
dicate that it is an antiferromagnet with an ordering tem-
perature of 5.8 K (Ref. 4) or 7.5 K (Ref. 5) and the mea-
sured hyperfine field corresponds to a magnetic moment
of 0.6p~. ' A maximum in the susceptibility was found
at 7.5 K, but the specific heat showed a maximum at a
somewhat lower temperature, indicating that the Neel
temperature is 6.6 K. The small moment together with a
1ow magnetic entropy of 0.388 ln2 suggest that NpIrz is
an itinerant antiferromagnet. ' The measured coefficient
of the linear contribution to the specific heat y is very
high in the antiferromagnetic phase (400 mJ/mol K ) and
an extrapolation for the paramagnetic phase gives a y'

value of 234 mJ/mol K . The next compound PuIrz is a
temperature-independent paramagnet ' and the resistivi-
ty shows a temperature dependence of the form
p =po+BT . The T dependence was argued to be
characteristic of s finterband scattering. F-inally, to the
authors knowledge, only the lattice constants are known
for AmIrz and CmIrz.

Since the AIrz systems are isostructural and crystallize

in the relatively simple, cubic Laves phase (C15), they are
attractive for theoretical studies. Here as in many other
intermetallic compounds involving 5f states, there is
strong evidence that the 5f electrons play a crucial role
both for the chemical bonding and the magnetic proper-
ties. ' The paramagnetic behavior of PuIrz appears par-
ticularly anomalous since the preceding system NpIrz is
an antiferromagnet and UIrz shows spin-Auctuation
eff'ects. Conventional ideas about Sf band narrowing as
one proceeds along the actinide series would suggest even
more pronounced magnetism for PuIrz than for NpIrz.

In the present work we report on ab initio energy-band
calculations for the AIrz series. We have performed both
paramagnetic and spin-polarized equation of state calcu-
lations in order to elucidate the nature of the chemical
bonding and the magnetism in the AIrz systems. Special
attention was paid to the anomalous nonmagnetic state of
PuIrz. To understand its properties we have performed
fully relativistic calculations and have found it illustrative
to compare these calculations with similar calculations
for UIr2 and NpIr2. The role of the Sf bonding in these
systems has also been studied in more detail using a
simplified model of the densities of states and this model
can also serve as a basis for the understanding of the role
of hybridization of the actinide Sf states with the Ir Sd
states in these systems.

The problem of localized versus itinerant 5f electrons
in actinide metals and compounds is an old and fascinat-
ing one, and we will here consider this problem for the
AIrz systems drawing special attention to the bonding
nature of itinerant 5f electrons. In the formation of Sf
bonds in actinide compounds hybridization has been
shown to be of crucial importance" ' as has the
influence of the direct overlap between the 5f wave func-
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tions. ' The latter efFect forms the basis for the interpre-
tation of the so-called Hill plots. ' For all AIrz systems
up to AmIrz the 3-A spacing is lower than, or at the bor-
der of, the Hill limit for Sf localization indicating that
the 5f electrons are itinerant for all the Air& compounds
with the exception of Amlr~ and Cmlrz (and the com-
pounds beyond these two), in which they are localized.

In the computation of the electronic structure of the
A Irz compounds, scalar and fully relativistic linear
muon-tin orbital energy-band calculations in the
atomic-sphere approximation with the combined correc-
tion terms' were performed. The frozen core approxi-
mation was used and the valence charge density was
iterated until it was self-consistent with a maximum error
in the valence charge density being of the order of one
part into 10 at each point of the radial mesh
(hp(10 p, p denotes density). The local spin-density
approximation, with the von Barth-Hedin exchange and
correlation potential' was adopted. The energy bands
were first calculated at 20 k points in the irreducible
wedge of the Brillouin zone (BZ) and then for the final
convergence at 89 k points. The energy bands and the
ground-state properties (pressure, occupation number,
and magnetic moment) were almost the same for these
two calculations. Lattice parameters were obtained from
the zero-temperature equation of state calculation.

In Sec. II we present our results of the cohesive proper-
ties and in Sec. III we report on spin-polarized calcula-
tions. Section IV contains results of relativistic calcula-
tions and in Sec. V we present a model calculation for
UIrz. Conclusions are given in Sec. VI.

sured volume is lower than predicted by Vegard's law.
This rejects the large-energy gain due to the formation of
the compound. This compound bonding contracts the
lattice and the effect is largest for the formation of com-
pounds between late and early transition metals, where
the bonding orbitals can be filled and the antibonding or-
bitals left empty. For ThIrz this volume contraction is
9.9 A and for AmIrz and CmIrz it is about 8.0 A . The
number of d electrons for Ir is 7.4 and Th, being tetra-
valent, has 1.9 d electrons whereas Am and Cm have 1.2
d electrons each. Hence, upon formation of the com-
pound, ThIr& can with 2X7.4+1.9=16.7 d electrons
nearly fill its bonding d band (which has the capacity to
contain 20 electrons) and in Amlri and Cmirz, with 16.0
d electrons, the bonding d band is also nearly full. The
volume contraction effect should, however, be a little less
here, as compared to ThIrz, and this is indeed so.

(b) In sharp contrast to this, for the systems with a
strong indication of having bonding Sf electrons, the ex-
perimental volumes exceed Vegard's law volumes. We
explain this apparent paradox by the difference between
the Sf bonding in the pure actinide metal and the corre-
sponding 5f bonding in the intermetallic compound. The
electronic pressure the 5f electrons contribute, can, in
the simplest approximation, be divided into two com-
ponents. ~ ' ' ' One is called the band center term and
is in the actinide metals and in the AIrz systems repul-
sive. The other term which is called the bandwidth term
is negative (bonding) and dominates in these systems. It
can, in its simplest form, be written

II. COHESIVE PROPERTIES (3pV) = n(14 —n —
)f f f 28

8 ln8'
0 1nS

According to Vegard's law the volume of the unit cell
of the compound is obtained by an appropriate sum of
the metal atom volumes. ' We have plotted these expect-
ed compound volumes together with the measured ones
in Fig. 1. Although Vegard's law is often obeyed, here
the disagreement is apparent. The reason for this is two-
fold.

(a) It is for the compounds where we expect no or little
5f bonding, i.e., Thlrz, Amlrz, and Cmlrz, that the mea-

where 8'is the bandwidth, S is the Wigner-Seitz radius,
and nf is the partial 5f occupation number. As has been
noted elsewhere the number of 5f electrons is about the
same in the metal as in an intermetallic compound (Table
I), and an estimate of —51nW/51nS is 2l+1=7 for f
states. ' Therefore the 5f pressure will change, when go-
ing from a metal to a compound, only if the bandwidth S'
changes. For example, we calculate the Sf bandwidth in
UIr& to be 0.2 Ry whereas it is 0.3 Ry in uranium metal.
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FICx. 1. Experimental volumes and volumes calculated from
Vegard's law for the AIrz systems.
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FIG. 2. Experimental and theoretical (scalar relativistic,
spin-polarized scalar relativistic, and fully relativistic) volumes
for the AIr~ systems.
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TABLE I. Self-consistently calculated actinide Sf occupation numbers, n~, magnetic moments, m„,;
multiband Stoner products, ID; relativistic Stoner product, ID(relativistic); and band masses, p&, for the
AIr2 systems. Also given are the band center term, (pV)z, and the bandwidth term, (pV)~, from Eq.
(2).

ny
(3pV)c (Ry)
(3pV) ~ (Ry)
ID
ID(relativistic)
~tot (Pa)
Py

ThIrz

0.8
0.21

—1.06
0.15

8.71

PaIrz

1.7
0.10

—1.08
0.22

13.68

2.9
0.07

—1.15
0.89

17.03

NpIr2

4.0
0.06

—1.10
2.80

2.70
19.95

PuIr2

5.2
0.05

—0.96
1.97
0.6
4.50

23.08

AmIrz

6.3
0.04

—0.87
3.06

5.80
26.16

-0.2-
K

para
para eq(2)
ferro

Thus, there is a significant reduction of the Sf bonding in
the compound as compared to the actinide metal, which
is due to this band narrowing effect. This volume expan-
sion due to the relative loss of 5f bonding is greater than
the volume contraction due to 6d-5d. bonding in the com-
pound. Therefore for systems with itinerant Sf electrons
both in the metal and in the intermetallic compound,
Vegard's law underestimates the volumes.

Of course, for a quantitative theoretical description of
the lattice constants, we require ab initio equation of
state calculations and the result of our calculations are
shown in Fig. 2 together with the experimental data.
Here we have plotted the volumes obtained from a
paramagnetic calculation together with the volumes from
a spin-polarized and a fully relativistic (but nonpolarized)
calculation. The general agreement between experiments
and the calculated paramagnetic volumes is good up to
PuIr2 where there is a clear difference between the mea-
sured and calculated volume. In the next compound,
AmIrz, the disagreement is even larger. Neglecting for
the moment these two discrepancies we notice that the
experimental parabolic trend in volume for the early
A Irz systems is well reproduced.

To understand this trend, and especially the role the 5f
electrons play, we have plotted the self-consistently ob-
tained 5f partial pressure for the Air& systems from a
paramagnetic calculation in Fig. 3. These pressures were
all taken from a fixed volume (chosen to be 106 A ) in the
calculations, to consistently observe the trends in the 5f

bonding. As can be seen from Fig. 3 the paramagnetic Sf
pressure indeed shows a parabolic behavior with a max-
imum contribution for UIr2. This is the result of essen-
tially three effects, namely, (a) the filling of the 5f band,
(b) the variation of the 5f bandwidth, and (c) the hybridi-
zation with the ligand states. The first effect causes the
product nI(14 n&)—, in Eq. (1), to have its maximum for
nI=7 and it is the reason for the parabolic trend in the
volumes of the transition metals ' and. the actinide met-
als. However, for a fixed volume of the A Ir2 series, in-
complete screening of the extra added 5f electron, when
the atomic number of the actinide is increased (in going,
for example, from UIr2 to NpIr2), contracts the 5f wave
function and the 5f band becomes more narrow (in Table
I this is rejected in the increasing value of the band mass
pI). Therefore the maximum in bonding 5f pressure is
moved from n&=7 (Cm) to somewhere between uranium
and neptunium. This is in fact similar to the trend the 5f
pressures show in the A metals calculated for a fixed
common volume. This second efFect is, however, often
completely compensated by the band broadening due to
the contraction of the lattice when we occupy bonding
orbitals. The third effect originates from the hybridiza-
tion between actinide 5f and ligand d (or p) states and it
has earlier been explained to account for the minimum of
the lattice constant at UN in the AN series. '

Sometimes it can be useful to calculate the equation of
state by means of a more transparent but less accurate ex-
pression than Pettifor's full pressure formula. This is
the first-order pressure expression ' ' * and we will use
it here to ease the interpretation of the different contribu-
tions to the chemical bonding. Using this expression the
partial pressure divides into a band center term and a
bandwidth term and it can be written

-0.6-
T—BCi

(3pV), = , n+n, (E, —C, )
r) in&,

-1.0-

Th Pa Np Pu Am

FIG. 3. Actinide Sf partial pressure (scalar relativistic, spin-
polarized scalar relativistic, and fully relativistic) for the AIr2

0
systems at the constant volume 106 A .

Here E, is the center of gravity of the occupied part of
the 1 band and C, is the center of this band. The Sf par-
tial pressure from Eq. (2) has been calculated and is plot-
ted in Fig. 3. In Eq. (2) the first term (called the band
center term) is found to be 0.2 Ry for ThIr2 and to de-
crease continuously to a value of 0.04 Ry in AmIr2 (Table
I). Hence we find that it is the second term (called the
bandwidth term) that dominates in these systems and



ERIKSSON, JOHANSSON, BROOKS, AND SKRIVER

that it causes the 5f partial pressure and consequently
the volumes to have a parabolic trend (Table I). Also the
agreement using Eq. (2) as compared to the full pressure
formula ss good.

In order to get a general picture of the band structure
for a whole series of compounds it can be illustrative to
estimate the bandwidth and band positions using the bot-
tom, center, and top band parameters. ' ' These have
been plotted in Fig. 4 and give a rough picture of the en-
ergy band structure (at the constant volume 106 A ).
According to this model the electronic structure of ThIrz
consists of a broad d band cut by the Fermi energy (EF)
at the upper part of this band. Above E~ there is a fairly
broad 5f band (bandwidth 0.35 Ry), but this band is
unoccupied and thorium behaves as a normal tetravalent
element like Ti, Zr, or Hf. In the other compounds of the
AIrz series both the d-band width and the position are
more or less invariant. The major changes occur in the
5f band which becomes more narrow and whose energy
is lowered relative to E~. Hence PaIrz is the first com-
pound with 5f bands below E~ (this is found in the ac-
tinide metals as well and also in compounds' ' ) and the
5f bandwidth is 0.2 Ry. For the systems UIr2 up to
AmIr2 the 5f band is pinned to Ez lowering its energy
just enough to add approximately one electron per A
atom with increasing atomic number. Here the effect of
incomplete screening can also be seen since the band-
width gradually becom. es narrower and in AmIrz its
width is reduced to 0.1 Ry.

We conclude this section by remarking that the above
presented simplified model of the density of states (DOS)
is close to those shown in Fig. 5. These latter DOS's are
computed from the eigen values in the BZ self-
consistently and consequently contain the detailed band-
structure information, especially hybridization effects.
These hybridization effects are the reason for the long tail
of the 5f DOS which extends quite far into the 5d band,
and it is these tails of the DOS that causes the 5f count
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FICi. 4. Schematic picture of the electronic structure of the

AIr2 systems (for details see text). Solid rectangles are the Ir d
states, open rectangles are the A f states, and dashed rectangles
are the 2 5f5&2 and the 3 5f7/p states.

FIG. 5. Calculated densities of states (DOS) for the AIr2 sys-
tems. In each panel the upper curve is the total DOS and the
lower is the A 5f partial DOS.
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to be about 0.8 in ThIr2 instead of zero as in the schemat-
ic model above. Otherwise the width of the Sd and 5f
bands, as well as their positions, are more or. less the
same as in Fig. 4.

III. SPIN-POLARIZED CALCULATIONS

The Stoner product ID(E~) for all compounds [calcu-
lated as explained in detail in Ref. 26; J is the Stoner ex-
change parameter and D (Ez) is the total DOS at the Fer-
mi energy] was calculated for the paramagnetic state.
From Table I we notice that for ThIr2 and PaIr2 the
Stoner product is low (as is normal for Th and Pa and
their compounds' ) but for UIrz the Stoner product is
0.89 at the experimental volume. This high value is in
full agreement with the suggestion of spin Auctuations
being present in this system.

However, for NpIr2 the Stoner product is larger than
one and for a ferromagnetic spin ordering the self-
consistently calculated spin moment in NpIrz is 2.7pz
per formula unit. This large moment gives rise to large
magnetovolume effects and brings the theoretical lattice
constant into rather good agreement with experiment.
The absolute value of the magnetic moment is, however,
in bad agreement with the experimental value. The
reason for this is most likely the large orbital contribu-
tions to the total magnetic moment one encounters when
dealing with 5f band magnetism. ' In the light actinides
the orbital moment is coupled antiparallel to the spin mo-
ment and therefore it reduces the magnitude of the total
moment. Still the large intrinsic spin magnetism reduces
the Sf pressure and in 'order to quantify this reduction we
have used Eq. (2) but allowed. for spin polarization. The
bandwidth term then becomes

(3@V)fi' =(3@V)j~ [1 mf /[14nf(1 nf /14)] j

where mf is the spin polarization of the 5f electrons.
Thus a 5f spin moment will reduce the Sf contribution to
the bonding as compared to the paramagnetic state. For
Nplrz this reduces the 5f contribution to the chemical
bonding by about 40% and the theoretical lattice con-
stant from this calculation is actually somewhat larger
than the experimental one (Fig. 2). In Pulrz a substantial
5f spin moment also developed when we allowed for spin
polarization (Table I). Finally in AmIr2 the 5f spin mo-
ment almost saturates, filling the spin-up band and
strongly reducing the Sf bonding pressure. This causes a
dramatic change in the chemical bonding of the 5f elec-
trons. It has previously been suggested that a completely
spin-polarized situation for a half-filled band system can
account for the localization of the 5f electrons
and we make the same interpretation here. Therefore the
good agreement between the ealeulated spin-polarized
and the experimental volume in Fig. 2 is consistent with a
localized 5f configuration in AmIr2.

In Fig. 3 we have plotted the partial 5f pressure from
the spin-polarized calculations of NpIr2, PuIr2, and
AmIrz both as obtained from the full pressure formula
and from Eq. (3). Here the large efFect the magnetic mo-
ment has on the bonding pressure in Eq. (3) becomes
clear and when, for a half-filled band, the spin polariza-
tion is complete, Eq. (3) gives a zero contribution. The

reason we get a nonzero although small pressure from
Eq. (3) for Amlri can be traced back to the 0.2 5f elec-
trons being present in the spin-down band. For the spin-
polarized calculations, as well as the paramagnetic calcu-
lations, the simple model in Eqs. (2) and (3) gives a good
understanding of the chemical bonding. We conclude
this section by noting that the spin-polarized calculations
account very well for the volumes of NpIr~ and AmIr2
but that the moment of the Np site in NpIr2 is overes-
timated, although this is most likely mainly due to our
neglection of the spin-orbit coupling. The nonmagnetic
state of PuIr2 could, however, not be explained in the cal-
culations and this problem will be addressed below.

IV. RELATIVISTIC KFFKCTS

Although the calculations described above contain the
important relativistic mass velocity term and the Darwin
shift, they do not include the spin-orbit term which is less
important for other than magnetic properties. This can
however, as we have shown elsewhere, sometimes be too
crude an approximation. ' ' ' Therefore we shall now
describe the results of fully relativistic calculations for
UIr2, NpIr2, and PuIrz. By "fully relativistic" we mean
that we solve the Dirac equation and the relativistic
band-structure problem self-consistently. The
difference between these calculations and the scalar-
relativistic calculations is essentially the inclusion of the
spin-orbit coupling although that is not explicit in the
formalism. The equilibrium volumes obtained from these
calculations are plotted in Fig. 2, whereas the partial 5f
pressures divided into the Sf5&2 and 5f7&2 parts are plot-
ted in Fig. 3. It is clear from Fig. 2 that the change in
volume due to spin-orbit coupling is small for UIr2 and
NpIrz. In PuIr2, however, the effect is already quite sub-
stantial and the calculated volume is actually brought
into good agreement with experiment. The reason for
this is that in PuIr2 the Sf~&2 and the Sf7&2 bands are
split apart by spin-orbit coupling so much that the 5f5&2
occupation number by far exceeds that of the 5f7&2 band.
Consequently the Sf5&2 band is almost filled whereas the
5f7/z band is almost empty, strongly reducing the partial
5f electronic pressure. In order to demonstrate the spin-
orbit effect more clearly we have in Fig. 4 plotted the es-
timated bandwidths and band positions from the bottom,
center, and top band parameters obtained from the folly
relativistic calculations. A convenient measure of the im-
portance of spin-orbit coupling is the ratio
R 2 7lj & }/2 /12j ]+ ] /2 We show the values of this28, 9

ratio ' for the pure elements U, Np, and Pu together
with our present values for UIr2, NpIr2, and PuIr2 in Fig.
6. Here it can be seen that the effect of spin-orbit cou-
pling is much larger in the AIr2 compounds than for the
pure actinide metals, which is due to narrower 5f bands
in the compounds. It can also be seen that for the PuIr2
system this ratio becomes very large, demonstrating
strong effects of spin-orbit coupling for this compound.

We now turn to the interesting nonmagnetic state of
PuIr2 which we could not account for by using the scalar
relativistic calculations. In this case the computed Stoner
product was 1,9 and consequently the system will become
spin polarized. In the same manner as described else-
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CU 3
II

II
N 2
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where ' we obtained the value of the relativistic Stoner
product from the fully relativistic calculation. This value
is 0.6, which is a dramatic reduction as compared to nor-
mal multiband Stoner theory. Hence the strong spin-
orbit coupling in PuIr2 suppresses magnetism and ex-

FIG. 6. Calculated ratio between the A 5f, /2 and the A

5f7/2 occupation numbers for the AIr2 systems and the A met-
als (Ref. 28).

plains the observed temperature-independent paramagne-
tism. This effect was earlier argued to account for the
nonmagnetic state of 5-Pu (Ref. 32) and also here it ac-
counts for the nonmagnetic state of PuIr2. In earlier cal-
culations of this type ' we have found that it is for sys-
tems where the spin-orbit coupling creates a dramatic
reduction of the DOS at the Fermi level that a large
reduction of the Stoner product takes place. In the most
extreme cases, the spin-orbit splitting of the 5f band can
even give rise to an energy gap and be accompanied by
semiconducting properties, whereas a scalar relativistic
treatment would predict spin ordering. Examining the
DOS at the Fermi level for the AIr2 systems we find that
it is only for PuIr2 that a substantial reduction takes
place and therefore we have only performed the cumber-
some calculation of the relativistic Stoner product for
this compound. Finally, in Fig. 7, we have plotted the
DOS from our fully relativistic calculation for UIr2,
NpIr2, and PuIr2. Here as well as in Fig. 4 and Fig. 6 the
effect of the spin-orbit coupling is clear and the 5f5/2 and
the 5f7/2 states are rather well separated. The spin-orbit
splitting in UIr2 is 0.9 eV, in NpIr2 it is 1.0 eV, and final-

ly it is 1.2 eV in PuIr2. This is comparable to the actinide
5f bandwidths in these systems. Apart from these spin-
orbit splittings the sim. ilarity with the scalar-relativistic
calculations is striking (Fig. 5).

PU I I 2

V. MODEL CALCULATION FOR THE AIr2 SYSTEMS

We will now describe a more detailed semianalytic in-
vestigation of the different contributions to the band
structure in the present compounds. Such an exercise is
especially interesting in these systems since the direct
overlap between the 5f wave functions is quite large and
at the same time hybridization effects are substantial.

The bandwidth can, neglecting hybridization, be writ-
s22, 11,12,9

Nplr2 W =[(12/N )S" ]' b,

Here 6 I is

6«= I/[p«s, (sls, ) '+']

(4)

(5)

Energy (eV)

FIG. 7. Calculated total, A 5f, /2 and A 5f7/2 DOS for the
AIr2 systems. The 5f, /z and 5f7/2 bands are hatched by
differently tilted lines, with the 5f7/7 band being highest in ener-

v.

and N, t=(21+1)n„where n, is the number of type t
atoms per primitive cell and 1 is the angular momentum.
Furthermore S,'I is the second moment of the canonical
tl band, s, is the atomic radius of atom t, and s is a
characteristic radius for the lattice. ""' Using
these expressions and evaluating moments for the cubic
Laves phase, an estimate of the canonical bandwidths of,
for example, the UIr2 compound yields a 0.5 Ry broad Ir
d band and a U f band of width 0.1 Ry. This Ir d band-
width is in excellent agreement with the ones calculated
including hybridization (Fig. 5). For the U 5f states,
however, only 50% of the total bandwidth can be ac-
counted for, when hybridization is neglected. Hence hy-
bridization with the Ir d states is of equal importance for
the width of the 5f states as the direct overlap between
the 5f wave functions. A good measure of the hybridiza-
tion is the number of tl electrons that reside in what
unhybridized is a pure t'l' band, i.e., N,'t . This can be
calculated using
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TABLE II. Second moments of the structure constants for
the Laves phase structure. Also given is the Ir d band mass and
the number of actinide Sf electrons residing in the iridium Sd
band, calculated from Eq. (6).

S"'
Ir d

2

SUf
SU f

glr d

~Th f
Ir d

NPa j'
~U f
~Np f

Ir d

~PU f
Ir d

1180

80

264

4.6

0.74

1.2

1.2

N, t =2S,t b, ,tb;t (C,t —C, t. )
t'1' t'1'2 —2. (6)

~Etl =
N Stt "~tl~t t ( +tl —Ct I )

tl
(7)

Inserting appropriate numbers, for instance, for UIr2 we
find that the iridium Sd band is pushed down by 6 mRy
and the uranium 5f band is pushed up by 8 mRy.

Here C,I and C, I are the center of bands for the th and
t'l' band, respectively. Armed with Eq. (6) we can now
easily calculate the strength of the hybridization, i.e., the
number of actinide 5f electrons that are hybridized into
an originally pure iridium 5d band, for the different com-
pounds in the AIr2 systems. These values are given in
Table II, and we notice that the 0.8 Sf electrons found in
ThIr2 are entirely located in what was originally a pure Ir
5d band. When the actinide atomic number increases the
difference between C& and Cd decreases and consequently

N„d is expected to increase. However 5& is decreasing
along the series and this decreases X,", d~. Since these two
effects to a large extent cancel this value is almost con-
stant from UIr2 to PuIr2 (Table II). Also hybridization
pushes the two pure tl and t'I' bands apart by an amount

VX. CONCLUSION

By using ab initio energy band calculations we have
obtained a detailed picture of the electronic structure,
magnetic properties, and equilibrium volumes for the
AIr2 systems. Good agreement was found both for the
occurrence of magnetism and the equilibrium volumes.
In accordance with experiment we find that NpIr2 is the
only compound that orders magnetically. The
paramagnetism of PuIr2 can only be understood from a
fully relativistic treatment. Special attention to hybridi-
zation effects have also been given and it is shown that
the 5f bandwidth originates almost equally from the Sf
wave function overlap as from hybridization between the
5f and the ligand Sd states.

Also the problem of localization has been addressed by
means of spin-polarized calculations, where an almost
completely spin-polarized and close to half-filled band sit-
uation was found in AmIr2. We ascribe this to a local-
ized Sf ground state in AmIr2 and this compound is
consequently the first localized AIr2 system. It is in-
teresting to note that the calculations reproduce the ex-
perimentally observed volume jurnp between PuIr2 and
AmIr2. This is also the case for the pure actinides with a
dramatic volume change between Pu and Am. ' This
success of the local-density approximation (LDA) seems
to be in contrast to the rather poor results for conven-
tional mixed valence systems like SmS. The main
difference is that for the present actinide systems the
change is from a bonding to a nonbonding situation for
the Sf electrons, while the mixed valence in SmS involves
two different nonbonding configurations 4f and 4f .
The difIiculty to simultaneously deal with two localized
configurations is probably the reason why LDA calcula-
tions so far have met with rather limited success for con-
ventional mixed valence systems.
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