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We present electronic-structure calculations for the isostructural (AuCus-structure) series of in-
termetallic compounds ARh; (4 =Ac, Th, Pa, U, Np, Pu, Am, and Cm). The calculations were
performed using both the scalar relativistic and the fully relativistic linear muffin-tin orbital
(LMTO) method. Calculated cohesive and magnetic properties are compared with available experi-
mental data. The onset of magnetism is discussed by means of a relativistic Stoner theory. The
influence of the ligand states on the uranium 5f electrons is studied for the UM; (M =Mo, Tc, Ru,
Rh, Pd, and Ag) series of compounds. The localization of the 5f electrons in UPd; as opposed to
the itinerant 5f behavior for the earlier compounds (UMos, UTc; , URu3, and URh;) is explained in
terms of the variation of the hybridization between 5f and ligand 4d states through the series.

I. INTRODUCTION

In the last few years a lot of attention has been paid to
the basic electronic structure of actinide ( 4 ) materials.
One important problem in these investigations! has con-
cerned the nature of the 5f electrons, namely whether
they are localized like the 4f electrons generally are in
corresponding lanthanide systems, or if they are itinerant
and actively contribute to the chemical bonding? like the
d electrons® in the 3d, 4d, and 5d transition metals. For
the actinide metals there are now strong experimental
and theoretical evidences available for a sharp change of
the 5f behavior between Pu and Am, namely that the 5f
electrons are itinerant for the early actinides and local-
ized, rare-earth-like for the heavier elements.* This gives,
for example, rise to a dramatic increase of the equilibri-
um atomic volume when proceeding from Pu to Am, the

difference being about 8 A which is an increase of 40%.
Thus the question about localized versus itinerant 5f be-
havior is far from being just an academic question but has
most important consequences for bulk properties of the
material. The atomic volumes of the actinide metals in-
cluding the dramatic rise between Pu and Am have been
well explained by theory.*

For actinide compounds the situation concerning the
nature of the 5f electrons is presently less clear. Further-
more it might be that the difference between local and
itinerant 5f behavior is not as distinct in compounds as it
appears to be for the pure elements. The existence and
properties of the heavy-fermion superconductors seem to
indicate that the delocalization under certain cir-
cumstances might appear to be gradual rather than
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sharp.’ Therefore in the study of the electronic structure
of actinide systems it is important to clarify for which
type of materials a conventional band-structure approach
is applicable for the 5f electrons, i.e., when they are fully
itinerant. When the band approach fails it is also useful
to investigate to what extent and in which respect it fails.

Among actinide intermetallic compounds the 4Rh;
systems form an attractive class of materials to study
since they are isostructural (AuCu; cubic structure). Of
special interest is the fact that as a function of the ac-
tinide atomic number there is a quite dramatic increase of
the molar volume between PuRh; and AmRh,. This in-
crease is in fact similar to the one for the pure elements,
and it becomes tempting to associate this with an effect of
5f localization. Apparently this localization of the 5f
electrons as a function of increasing atomic number
should mainly originate from the contraction of the 5f
orbitals and the increasing number of 5f electrons. How-
ever, the immediate atomic neighborhood to the actinide
atoms in the crystal is also of great importance for the 5f
behavior.®

For a study of the effect of a ligand on the nature
of the 5f electrons experimental evidence suggests that
an investigation of the UM;(4d) intermetallic sys-
tems as a function of the 4d transition element
(M = ,,Mo,4;Tc, . . ., 4,7Ag) should be most revealing. As
a complementary study of the 5f behavior as a function
of the actinide element A4 for a given ligand ( ARh;), we
therefore investigate the property of the 5f electrons for
a fixed actinide element but as a function of the ligand M
[UM,(4d)]. For this latter series of compounds there are
experimental data available which suggest an itinerant 5f
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behavior in URh; (Ref. 7) and a localized one in UPd;.®
This means that for this class of uranium systems a 5f lo-
calization takes place as a function of the ligand atomic
number. It is however somewhat unfortunate that the
URh; and UPd; systems have different crystal structures.
Thus URh; has the AuCu; cubic structure while UPd,
has the hexagonal TiNij structure. Still it seems unlikely
that this difference in structure should be the decisive fac-
tor for the difference in the 5f behavior, but that the
main effect should originate from the change of the
ligand. If the difference in structure should turn out to
depend on the nature of the 5f electrons, then it is still
likely that this crystallographic change should only be a
second-order effect. The fact that ZrRh; and ZrPd; show
the same crystal-structure change’ as URh; and UPd,
provides strong evidence that the 5f electrons are at most
of secondary importance for the structure.

In the present work we will present electronic structure
calculations for the two mentioned classes of materials.
It is a great advantage to be able to study a whole class of
systems since thereby the gradual changes from one sys-
tem to another can be followed and possible systematic
errors in the theoretical treatment will tend to cancel.
This also helps in the identification of the important fac-
tors which are decisive for the behavior of the physical
properties. In Sec. II we present paramagnetic and spin-
polarized scalar relativistic calculations for the 4Rh;
systems and discuss the volume change upon the forma-
tion of the compounds. A simplified model for the elec-
tronic structure of the 4 Rh; compounds is introduced in
Sec. ITII. Fully relativistic calculations are presented in
Sec. IV and a relativistic version of the Stoner criterion
for ferromagnetism is outlined in Sec. V. Calculations for
the UM; (M=,Mo,Tc,. .., 7Ag) systems are dis-
cussed in Sec. VI. Section VII contains some concluding
remarks.

II. RESULTS

The calculations were done using the linear muffin-tin
orbital (LMTO) method with the inclusion of the so-
called combined correction terms.!° In the calculation of
the self-consistent valence charge density the irreducible
wedge of the Brillouin zone was sampled at 35, 56, and
finally 120 k points. Furthermore the frozen-core ap-
proximation was used together with the von Barth-Hedin
parameterization!! of the exchange and correlation po-
tential. Finally the density of states (DOS) was calculated
by using the analytical tetrahedron method.'?

The experimental and calculated equilibrium formula
unit volumes for the 4 Rh; systems are plotted in Fig. 1.
The theoretical data were obtained from three different
types of approaches: a scalar relativistic, a spin-polarized

scalar relativistic, and a fully relativistic calculation, °

where only the first two will be discussed in this section.
We notice that for the scalar relativistic calculation the
trend of the lattice constants is similar to that of the pure
actinide elements and that for the earlier compounds in
the series theory reproduces the experimental data well.
This suggests that the band picture of the 5f states pro-
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FIG. 1. Experimental as well as calculated formula unit
volumes for the ARh; systems. The calculated volumes have
been obtained from several different types of calculations. The
volumes from the paramagnetic scalar relativistic calculations
are drawn as a solid line for Ac-U and a dashed line for Np-Am,
whereas the volumes from the scalar relativistic spin-polarized
calculations are marked with a solid line for Np-Cm. The
volumes from a fully relativistic calculation are marked with
crosses that are connected with a dashed line.

vides an adequate description of their electronic struc-
ture.

For the heavier compounds shown in Fig. 1 it is known
from experiments that between PuRh; and AmRh; there
is a jump in the lattice constants that corresponds to a
change of the formula unit volume of 4.4 A3, This is
considerably smaller than the atomic volume change be-
tween the Pu and Am metals, where it is about 8 A3. As
already mentioned, the change of volume between Pu and
Am has been shown to originate from the lack of 5f
bonding in Am as opposed to Pu where the 5f electrons
contribute to the metallic cohesion.>* Similarly, the
abrupt change of the lattice constant between PuRh; and
AmRh; also seems to indicate that the 5f electrons are
localized in AmRh;. Furthermore the good agreement
above between the experimental and theoretical (with the
5f electrons treated as itinerant) lattice constants for the
early ARh; compounds strongly suggests that the 5f
electrons are delocalized and take part in the bonding.
However, if the 5f electrons are considered as localized
in AmRh;, then the comparatively small jump in the lat-
tice constant between PuRh; and AmRh; seems anoma-
lous. One purpose of the present work is to explain the
cause of this anomaly.

First, however, we shall need to study in more detail
the physical factors that give rise to the parabolic trend
in the lattice constants for the early 4Rh; systems. Just
as for the actinide metals our present calculations show
that for the early 4ARh; systems the 5f electrons are
delocalized and strongly contribute to the chemical bond-
ing. These delocalized 5f states are progressively filled as
we proceed from one compound to another through the
series. This is illustrated in Fig. 2, where we have plotted
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FIG. 2. Calculated partial occupation numbers for the 4Rh;
systems.

the partial occupation numbers of the various orbitals,
and we notice that the number of 5f electrons increases
by approximately one, when the nuclear charge increases
by one. The other partial occupation numbers remain
more or less constant through the series. This indicates
that the major changes of the different contributions to
the chemical bonding are to be found from the 5f elec-
trons. )

It has been shown that the partial electronic pressure
p; from the /th orbital can be approximated by the fol-

lowing transparent expression:!% 13
3p1 V=n1( '_aCl /a lnS )
+n/(E,—C;)X3InW,;/3InS) . (1)

Here E, is the center of gravity of the occupied part, C, is
the center, W, the bandwidth, and n,; is the occupation
number of the /th orbital. The quantities ¥ and S are the
volume and radius of the Wigner-Seitz cell, respectively.
The derivatives dC, /3 InS and dInW /3 InS can be calcu-
lated from the radial wave equation. Equation (1) shows
that the electronic pressure can be divided into two
terms, the first is called the band-center term and the
second is called the bandwidth term. These two approxi-
mate contributions to the 5f pressure in the 4 Rh; series
have been plotted in Fig. 3(a), together with their sum.
Also the total 5f pressure obtained from the full band
calculations is shown. Figures 3(b) and 3(c) illustrate the
partial pressures, obtained from the full calculations, for
all the partial waves. We notice here that, at the experi-
mental volume, the 5f partial pressure is bonding (nega-
tive) and has a parabolic behavior through the series.
The other partial pressures for the actinide-atom remain
more or less constant, with the actinide d electrons hav-
ing a negative contribution and the actinide sp electrons
having a positive contribution to the pressure. The par-
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tial pressure is also positive for the Rh sp electrons,
whereas the Rh d partial pressure is negative and almost
constant through the series. The results from Eq. (1)
show that the 5f band-center term is quite small, posi-
tive, and practically constant for the different compounds
and that the 5f bandwidth term is large and negative,
and shows a parabolic type of behavior [Fig. 3(a)]. This is
due to the fact that the bandwidth term in Eq. (1) de-
pends on the product of the 5f occupation number
(which increases approximately linearly with atomic
number) and the (E;,—C,) term (which decreases almost
linearly with atomic number). Since dInW,/dInS is
practically constant the net result is then a parabolic
trend of the 5f partial pressure as a function of the atom-
ic number and this affects the equilibrium volumes corre-
spondingly.

We will now discuss the reasons for the relatively small
change in the molar volume between PuRh; and AmRh;.
In Fig. 4 we plot the difference between the experimental
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FIG. 3. (a) Electronic 5f partial pressure calculated from
Pettifor’s pressure formula and from the first-order pressure re-
lation [Eq. (1)]. The first-order pressure has been divided into
its two components, the bandwidth and band-center term. (b)
Partial electronic pressure for the actinide-s, p, d, and f states
in the 4ARh; systems. (c) Partial electronic pressure for the Rh
s, p, d, and f states in the ARh; systems.
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FIG. 4. Deviation from Vegard’s law for the 4Rh; systems,
i.e., the difference between the volume of the specific compound
V. and the volume estimated from Vegard’s law V.

formula unit volumes and the volumes obtained from
Vegard’s law'* (where the volume is derived from the
sum of the atomic volumes of the individual elements
with appropriate weight factors),

AV = Vcompound - VVegard . 2)

It is clear from Fig. 4 that AV is negative for the com-
pounds where we expect the 5f contribution to the chem-
ical bonding to be negligible both in the pure metal state
and in the compound (Th, Am, and Cm). A negative AV
is usually associated with the compound formation itself,
namely that the bonding in the compound is larger than
in the individual elements that form the compound,
hence the contraction. For the systems with delocalized,
bonding 5f electrons, however, the data shows that AV is
positive. In order to relate the compounds with non-
bonding 5f electrons to similar systems, we show in Fig.
5 the experimental and calculated volumes for a number
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FIG. 5. Experimental and theoretical formula unit volumes
for the MRh; and MPd; systems (M =,,;Sc, 3,Y, 5,Lu, oTh,
and 5;La). Also given are the volumes obtained from Vegard’s
law for these systems.
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of AuCu; compounds involving early and late d transi-
tion elements. In this figure we have also plotted the
volumes Vegard’s law would predict for these com-
pounds. In all cases the simple Vegard’s law overesti-
mates the volume, whereas our theoretical calculations in
general agree quite well with experiment. The reason for
the large contractions in these compounds is to be found
in the unusually strong stability of intermetallic com-
pounds between an early and a late d transition ele-
ment.!>16

The mentioned stability for compounds between early
and late d transition elements can be understood in rather
simple terms. To illustrate the prominent features of the
electronic structure change upon compound formation
we simplify by considering only the d density of states
(DOS), which in fact gives the dominant contribution to
the bonding. It is important to notice that for an early
transition element the d level is considerably higher in en-
ergy than for a late transition element. In Fig. 6(a) we
show a schematized form of the DOS for the two separat-
ed metals. For the early transition metal we have a low
filling of the d DOS and for the late transition metal an
almost filled d DOS. When the elements are brought to-
gether to form a compound, the d orbitals of the two ele-
ments start to hybridize with each other. Then the total
DOS of the combined system takes the simplified form il-
lustrated in Fig. 6(b), which could be classified as com-
posed of a bonding and antibonding part. Compared to
the two separated metals in Fig. 6(a), considerable energy
has been gained in the formation of the intermetallic sys-
tem. The bonding part of the DOS to the right in Fig.
6(b) is composed of a strong hybrid between the d levels
of the early and late transition element. Hence the filling
of the bonding band takes place with no or little charge
transfer.

The gain in bonding energy upon formation of the
compound is also associated with contracted volumes.
Thus the large energy gain in the formation of an in-
termetallic compound between late and early transition
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FIG. 6. (a) Schematic density of states for two separated ear-
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forming a compound. The occupied states are denoted with
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FIG. 7. Paramagnetic scalar relativistic density of states for
the ARh; systems at the experimental volume for each com-
pound. The Fermi level is at zero energy.

metals explains why Vegard’s law overestimates the equi-
librium volume. The same picture will also be valid for
compounds between f transition elements and late d
transition elements, when the f electrons are nonbonding
both in the elemental metal and in the corresponding
compounds. However for URh;, NpRh;, and PuRh; the
situation is different as revealed by the volume expansion
upon formation of the compound. A similar situation is
also met with for the 4Ir, compounds (4 =4,U, ¢3;Np,
o4Pu). This has recently been shown to be caused by a
decrease of 5f bonding, due to band narrowing, in the in-
termetallic A4Ir,-systems relative to the pure metals.!” In
the present case of the 4ARh;, systems we find that the 5f
band widths are reduced to about 0.7 of the bandwidths
in the pure metals. This reduction is similar to that for
the AIr, compounds and causes a reduction of the 5f
bonding.

Hence there are two competing effects, namely gain of

ERIKSSON, JOHANSSON, BROOKS, AND SKRIVER 40

d bonding and loss of f bonding in the formation of the
compound relative to its constituents. To a large extent
they seem to cancel each other out in PaRh; (which has
only one 5f electron), since here Vegard’s law apparently
is obeyed (Fig. 4). For the following compounds URh;,
NpRh; and PuRh; the loss of f bonding is more prom-
inent and gives rise to a positive deviation from Vegard’s
law. This will also be reflected in the heats of formation
of these compounds which will be correspondingly re-
duced relative to compounds involving non-f transition
metals. For the localized f system AmRh;, there is no
loss of f bonding in the formation of the compound.
Therefore the loss of f bonding for PuRh, relative to Pu
metal will give rise to a smaller volume difference be-
tween PuRh; and AmRh; than between Pu and Am.
This shows that a possible explanation of the volume
change between PuRh; and AmRh; could be associated
with f localization in AmRh; and that due to the above-
mentioned effects the volume difference will be smaller
for the compounds than for the pure metals. Another
possible explanation of the change in volumes between
PuRh; and AmRh; is that the 5f electrons are localized
in PuRh, with a tetravalent 5f* configuration, while Am
has a trivalent 5% configuration in AmRh;. This local-
ized picture for PuRh; is given some support from the
fact that the magnetic entropy in PuRh; is of the order
R In2.'8

III. ELECTRONIC STRUCTURE

The calculated paramagnetic scalar relativistic electron
density of states for the A Rh; systems is shown in Fig. 7.
Here we notice that the bonding and antibonding d states
are well separated in energy, just as illustrated schemati-
cally in Fig. 6. For URh; NpRh;, PuRh;, and AmRh;
the actinide 5f resonance essentially lies at the upper part
of the bonding band and hybridizes strongly with it. This
hybridization is crucial for the formation of the 5f bands
in these systems and one way to illustrate this is to calcu-
late the bandwidth when hybridization is omitted. An es-
timate of the unhybridized band width (of the #/ band,

TABLE 1. Second moments for the different #/,¢']’ blocks in the structure constants for the AuCu;
lattice. Also given are the parameters A, [Eq. (5)], W3 [Eq. (4)] and the difference between the center
of bands for the actinide 5f, actinide 6d, and Rh 4d orbitals. The number of 5f states that according to
Eq. (5) hybridizes into the Rh 4d band is also given (N&/,), as well as the corresponding occupation
number [N#/; (occ)l. |S4f1>=2.1, |SRh12=446.7, |S#/,1>°=286.5, |S {1 4|*=3.5.

AcRh, ThRh, PaRh, = URh, NpRh, PuRh; AmRh,; CmRh;,
Agpq (mRy) 18.8 18.7 18.1 18.2 17.6 17.6 18.1 18.2
A4, (mRy) 203 199 144 123 113 116 132 141
A, ; (mRy) 149.6 63.2 19.7 132 10.5 8.5 5.1 4.1
W4 (Ry) 0.35 0.35 0.34 0.34 0.33 0.33 0.34 0.34
w9, (Ry) 0.588 0576  0.417 0356 0328 0336 0383  0.408
W9, (Ry) 0271  0.120 0039 0025 0019 0015 0009  0.008
C44-Crua (Ry) 0.502 0448 0428 0482 0519  0.531 0425  0.402
C4;-Crna (RY) 1251 0746 0301  0.190 0.164  0.146  0.111  0.110
N&L 1.0 12 22 3.8 3.9 4.0 43 3.7
N (occ.) 0.8 1.0 1.7 33 3.4 35 3.8 32
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where ¢ is the atom-type and / is the orbital character) has
been shown to be!’

12 172
wo= F,,_‘S‘t” 2l A, A3)
where A, is given by
Ag=1/[u SHS/S )] . 4)

The quantity |S#|? is the second moment of the canonical
tl band and is thus a property only depending on the
crystal structure, S, is the atomic radius of the ¢ atom,
N, equals n,(2]+1), where n, is the number of ¢-type
atoms per primitive cell. Furthermore S is the charac-
teristic radius of the lattice (which is a linear dimension
of the lattice,? in the present work chosen as the average
radius per formula unit) and u, [=(1/53¢4%S,), where
¢(S,) is the value of the wave function at the Wigner-
Seitz radius] is the band mass. In Table I we show the
values of [S4"|%, A, and W, for the actinide f, actinide
d, and Rh d states, for all the 4Rh; systems. Here it is
obvious that the unhybridized 5f-band width [given by
Eq. (3)] is much smaller than for the fully hybridized
band widths in all these systems (Fig. 7). This shows that
the hybridization between the actinide 5f states and the
ligand states is of overriding importance in these systems.
In order to determine which ligand partial wave function
that is dominant for this hybridization we calculate the
number of actinide 5f electrons that lies in what unhybri-
dized was pure ligand s, p, and d states. This can be done
using the expression,’

1\'7:1,1':2|Sttl'1’|2AtlAt'l’(CtI“Ct’l’)_2 . 5
Here |S/"|? is the second moment of the block in the
structure constants that connect the ¢/ and ¢'l’ bands and
C,; is the center of the #/ band. It turns out using Eq. (5)
that it is the actinide 5f and ligand 4d hybridization that
is by far dominating. The actual values of the number of
actinide 5f states that enters into what unhybridized was
a 4d band are given in Table I, together with the values of
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FIG. 8. Schematic picture of the electronic structure for the
ARh, systems as a function of the formula unit volume V (for
details see text). The actinide 5f states are in the hatched re-
gion. The top and the bottom of the Rh d states are indicated
by thin lines. B is the bottom of each band and T is the top.
The Fermi level is marked with Ef.
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C,;—C, . Here we also give the number of occupied ac-
tinide 5f electrons residing in the bonding band.

Another way to get an estimate of the band states in
metals and compounds is to determine when the radial
wave function for a given angular momentum is either
zero (which corresponds to the top of the band) or when
its derivative is zero (which corresponds to the bottom of
the band). This is the Wigner-Seitz rule for band forma-
tion.! In Fig. 8 we illustrate, using this rule, the position
of the actinide 5f states and the Rh 4d states together
with the Fermi level E as a function of volume. Here
we notice that in ThRh; the 5f states lies above E, and
are essentially unoccupied and quite broad. In PaRh; the
bottom of the 5f band lies just below E and in this com-
pound the 5f states start to become populated. For the
systems URh;, NpRh;, PuRh;, and AmRh;, we observe
that the 5f band becomes increasingly narrow and that
E lies within this band. Here we also notice the progres-
sive filling of the 5f band as we move across the series of
compounds. On the other hand the Rh 4d states seem to
be rather invariant for the present series of compounds.

IV. RELATIVISTIC EFFECTS

In Fig. 9 we show the paramagnetic DOS for
URh;, NpRh;, PuRh;, and AmRh; as obtained from the
fully relativistic calculations?® (at a constant volume of 65
A 3). These DOS look very much like the scalar relativis-
tic ones in Fig. 7 for all partial waves except the actinide
f states. This is due to the fact that it is only for the f
states that the spin-orbit splitting is large enough to cause
any appreciable effect. The 5f states are seen to be split
into a 5f5,, and a 5f,,, band, which especially for the
heavier compounds become almost entirely separated
form each other. The value of the spin-orbit splitting is
given in Table II for the studied systems and is found to

AmRh3
1 1
PuRh,
0
o | NpRh;
]
(2]
o
o 1 1 - Locoot
URh;
1 1 - Lot L
-6 -4 -2 0 2 4

ENERGY (eV)

FIG. 9. Fully relativistic density of states for the 4Rh; sys-
tems (A =U, Np, Pu, and Am). The 5f;,, partial density of
states is hatched from right to left and the 5f,,, partial density
of states from left to right. The Fermi level-is at zero energy.
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TABLE II. Total density of states (DOS) at the Fermi level
from the paramagnetic scalar relativistic calculation is listed as
D(para). Multiband Stoner product from the same calculation
is denoted ID(para). n, is the total number of 5/ electrons ob-
tained from the scalar relativistic calculation whereas the j :%
and j=% decomposed occupation numbers from the fully rela-
tivistic calculation are given as ns 751 and n; 120 respectively.
The partial DOS at the Fermi level for the j=3 and j= I bands
from the fully relativistic calculation are labeled Ds,, and D5 ,,
respectively. Also given is the total Rh d DOS at the Fermi lev-
el from this calculation Dy, . Calculated exchange integrals
for the Rh 4d and actinide 5f states are denoted Jgp4 and J 4 4,
respectively, and the relativistic Stoner product is given as
ID(rel). (The densities of states are given in units of
states/Ry formula-unit.)

URh; NpRh; PuRh; AmRh;
D(para) 70 107 260.6 568
ID(para) 0.4 0.9 3.5 7.7
A, (V) 1.3 1.4 1.5 1.6
nss 2.63 3.77 4.93 6.05
(VIR 1.69 2.81 3.98 5.00
nsfs 0.94 0.96 0.95 1.05
D5, 5 71 108 62
D,, 1 3 7 9
Dgrua 41 46 59 53
Jrna (RY) 0.036 0.036 0.036 0.036
Jar Ry) 0.039 0.041 0.039 0.040
ID(rel) 0.4 0.7 1.1 0.7

be of similar magnitude to the calculated scalar relativis-
tic 5f-band width. The spin-orbit splitting was calculat-
ed as the difference in energy between the 5f5,, and
5f;,, bands when they have the same logarithmic deriva-
tive. In this case we evaluated the spin-orbit splitting at
the center of the bands, i.e., when the logarithmic deriva-
tive is —/—1. The reason why the spin-orbit splitting is
comparatively large as compared to the pure metals is a
combined effect between the spin-orbit splitting parame-
ter (which is an atomic property) and the crystal field.
For URh; the DOS is very similar to that reported earlier
by Oguchi et al.!

Even though the electronic structure is changed quite
dramatically by the spin-orbit interaction, integrated
properties, such as occupation numbers and partial pres-
sures, do not change very much. In Table II we show the
total 5f occupation numbers together with the decom-
posed 5f5,, and 5f;,, occupations as obtained from the
fully relativistic calculation. Here we notice that al-
though the total number of 5f electrons is hardly
changed as compared to the scalar relativistic calculation
the population of the individual 5f5,, and 5f,,, bands
deviates considerably from the statistical ratio of 6:8.
This is of course an effect of the spin-orbit interaction
since this pushes the 5f5,, band down in energy relative
to the 5f,,, band. Actually, as can be seen from Table
11, the progressive filling of the 5f states through the
series takes place in the 5f5,, band. In Fig. 1 the results
of the fully relativistic calculations for the equilibrium
volumes of URh;, NpRh;, PuRh;, and AmRh; are also
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shown. Here we see that for URh; the change in volume
relative to the scalar relativistic result is small, for
NpRh; and PuRh,; it is somewhat larger, and finally it is
quite large for AmRh;. This brings the theoretical data
into quite good agreement with experiment except for
AmRh;. However for AmRh; we have found that a
spin-polarized scalar relativistic calculation gives an al-
most saturated spin-up band, and this reduces the 5/ con-
tribution to the chemical bonding to nearly zero. The so
calculated equilibrium volume is in rather good agree-
ment with the experimental value (Fig. 1). From this we
make the same interpretation as has been previously done
for the description of the localization of Am metal, name-
ly that a complete spin polarization mimics the localiza-
tion and nonbonding properties of the 5f states in Am.*
Thus the almost fully saturated 5f spin polarization for
AmRh; is the theoretical evidence for a 5f ¢ localization
in this compound. Similar conclusions can be drawn for
CmRh;, where again a saturated 5f spin polarization
gives an equilibrium volume which agrees fairly well with
experiment (Fig. 1).

V. RELATIVISTIC STONER THEORY

Turning back to the scalar relativistic calculations we
observe from Fig. 7 that the value of the DOS at E is
low for AcRh;, ThRh;, PaRh;, and URh;. On the other
hand, for PuRh; and AmRhy; it is quite large and the sca-
lar relativistic calculations actually give a Stoner prod-
uct?? that is larger than one for both these systems (Table
II). It has been shown, however, that in some cases the
spin-orbit interaction can affect the Stoner product quite
dramatically. For instance this was found to be the case
for 8-Pu (Ref. 23) and some Pu compounds.?* In order to
express this quantitatively we have calculated the relativ-
istic Stoner product in two ways. According to Ref. 25
the calculation of the relativistic Stoner product can be
performed by including a small uniform fictitious field H
(only acting on the electron spin) to the paramagnetic
self-consistent relativistic band calculation. Then a single
iteration is done to obtain the induced magnetic moment
m,; on the t/th orbital (z =atom type, / =orbital). From
this we define a partial susceptibility % =m, /H and a
uniform susceptibility

X°=3x0 - 6)

t,1

The relativistic Stoner criterion for ferromagnetism can
now be formulated as

I°>1, (7
where I is a generalized Stoner parameter
|
=37, |~ 8)
t,1 . X

and J,; is the exchange integral for the #/ state.

We also calculated the Stoner product in an approxi-
mate, but analytical, way as suggested in Ref. 26. Here
the relativistic Stoner criterion for the onset of fer-
romagnetism is obtained from the paramagnetic relativis-
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tic band-structure calculation and can be written
D=1, )
where D} is

DY=3n3'D,+n Dy . (10)
t !

Here n, is the number of atoms of type ¢ in the Wigner-
Seitz cell and n 4 is the number of actinide atoms in this
cell. The prime in Eq. (10) indicates that the 5f states are
excluded in the summation and D, is the t/ partial DOS
for all states except the 5/°s. Furthermore Dy is

Dz=3 zopj,,,,j[(c";’"f)2—(cf_”"f>2]2, o an
mj<

where D; ,, is the (j,m;)-decomposed DOS for the A5f

states. C%,"7 and C”" are the Clebsch-Gordan
coefficients and I is a generalized Stoner exchange param-
eter:

I=3n; >

t 1

2
J,l+nA

2
Jap. 12

D,

R
T T
Dy

R

Here J,; is the exchange integral for the actinide f
states. The basic assumption that leads to these equa-
tions is that the splitting between the j=23 and j=1
states is large, so that interband terms are negligible com-
pared to the diagonal ones. This is reasonable since the
spin-orbit coupling is strong for the 5f states in actinide
systems. Thus the matrix elements that connect the 3
and I states can be neglected. In Table II we give the
calculated values for the relativistic Stoner product [Egs.
(9)-(12)] for the ARh; systems. For URh; we also per-
formed a calculation using Egs. (6)-(8) in order to test the
assumptions that lead to the simpler expression in Egs.
(9)—(12). The Stoner products from the two different cal-
culations were found to be almost the same and we con-
clude that the neglection of the interband matrix ele-
ments, keeping only the diagonal ones, is justified. For
the heavier compounds in the series this mixing will be
even less important. From Table II we find that both
URh; and NpRh; should be paramagnetic. Only for
PuRh; do we calculate that the relativistic Stoner prod-
uct is larger than one. Therefore we conclude that
PuRh; should order magnetically which is in accordance
with experiment.

VI. THE LOCALIZATION IN UPd,

In order to study the influence that ligand states can
have on the electronic structure of actinide systems we
have performed energy-band calculations for the
UM; (M= ,Mo,5Tc, . .., 47Ag) series. These calcula-
tions were all done at a fixed volume corresponding to a
lattice constant a =4.0 A. Additional calculations where
the volume was varied were performed for URu;, URh;,
and UPd;. These three compounds have all been studied
experimentally, while the others probably do not form.
The calculated equilibrium volume of the URu;, URh;,
and UPd; compounds is shown in Fig.. 10 together with
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FIG. 10. Experimental and theoretical equilibrium volumes
for UM, systems (M =Ru, Rh, and Pd). All calculations were
performed for the AuCu; structure.

the experimental data. Here we notice the good agree-
ment between theory and experiment for URu; and
URh;. However, for UPd; the theoretical volume is
much too low in comparison to experiment. Neglecting
this discrepancy for the moment we notice that the
volumes of the UM ; systems follow the upward part of a
parabolic trend. The reason for this is the filling of the
4d states when we add electrons in going from one com-
pound to the next in the series. In order to illustrate this
parabolic behavior more clearly we have in Fig. 11 plot-
ted the calculated electronic pressure'® at a constant

" UM3 (AuCuj structure)
1000}
S : spin polarized /
§ 500 Y
a /
L P
0 S
| unpolarized
i 1 1 1 1 1 1
Mo Tc Ru Rh Pd A
(M)

FIG. 11. Calculated pressures for the UMo; UTc,, ..., UAg;
intermetallic systems for a lattice constant a =4.0 A. Also the
pressures for the spin-polarized states of UPd; and UAg; are
shown.
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FIG. 12. Calculated partial pressures for the UMo;, UTc;, . .

volume (64.0 A 3) for the UM 3 systems. Here we see that
the minimum in the pressure is located at URu; and
therefore this system is calculated to have the smallest
equilibrium volume. Among the experimentally known
compounds this is also the case (Fig. 10).

In Fig. 12 we show the calculated partial pressures at a
constant volume for the UM; systems and we have also
included the 5f and 4d pressure obtained from the
simplified expression in Eq. (1). We notice that the para-
bolic trend of the volumes is mainly due to changes in the
4d partial pressure. We also find that Eq. (1) is rather ac-
curate and compares quite well with the results from the

full pressure formula.!* In Fig. 13 we have separated the
contributions to the pressure in Eq. (1) into two parts; the
band-center term and the bandwidth term for the 5f and
4d partial pressures. For the 5f partial pressure it is the
bandwidth term that dominates whereas for the 4d pres-

-1 —— dcenter term
7| --= d bandwidth term
— d total

——- { center term
--—- f bandwidth term

1 — ftotal

Partial pressure 3pV (Ry)

M=Mo Tc Ru Rh Pd Ag

FIG. 13. Band-center and bandwidth terms of the first-order
partial pressures of the U 5f and M
4d (M =,Mo, 4Tc, ..., 47Ag) partial waves.

., UAg; intermetallic systems for a lattice constant a =4.0 A. Also
the approximate first-order pressures [Eq. (1)] for the U 5f and M 4d (M = ;,Mo, 4Tc, ...

, 47Ag) are given.

sure the bandwidth and band-center terms are of almost
equal importance but of opposite signs. The net pressure
for both the 4d and 5f partial waves is however negative
(bonding).

The calculated electron density of states for the UM,
systems is shown in Fig. 14. Here we notice that the
main features of the DOS are composed of bonding and
antibonding d states, as described above, and of 5f states
lying at the upper part of the bonding band or between
the bonding and antibonding bands. For the earlier sys-
tems, up to and including URh;, there is strong hybridi-

DOS (arbitrary units)

Energy (eV)

FIG. 14. Density of states for the UMo,;, UTc,, ..., UAg;
systems calculated for a lattice constant a =4.0 A. The low line
or dots for each system show the 5f partial density of states.
The Fermi level is at zero energy.
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FIG. 15. The paramagnetic and ferromagnetic equation of
state for UPd, for the AuCu, structure. Also given is the total
magnetic moment/formula-unit for the ferromagnetic calcula-
tion. The experimental volume is marked with a vertical arrow.

zation between the 5f and 4d states and therefore the 5f
bandwidth is quite large. However in UPd; the 5f band
lies in the gap between the bonding and antibonding d
states and accordingly the f-d hybridization is reduced
substantially. This causes the bandwidth to become nar-
rower in UPd; than in the earlier UM; systems, leading
to a high Stoner product in UPd;. This suggests that
UPd; orders magnetically and when allowance for spin
polarization is made in the calculations, the ferromagnet-
ic state is indeed found to be stable. In the spin-polarized
calculation the spin-down band is almost entirely deplet-
ed, leaving practically all the 5f electrons in the spin up
band. We argue that this gives theoretical support to the
experimental findings that the 5f electrons are localized
in UPd;. Even though the 5f spin polarization is almost
complete there is still in the calculations a substantial
contribution of the 5f electrons to the bonding. There-
fore, although the ferromagnetic solution gives a larger
equilibrium volume than the paramagnetic state, the cal-
culated volume is still far lower than the experimental
value (Fig. 10). However, when the 5f pressure is re-
moved artificially, the corresponding volume is in rather
good agreement with experimental data.?’” This supports
the view that the 5f electrons are localized in UPd;.

In Fig. 15 we show the calculated scalar relativistic
paramagnetic as well as ferromagnetic equation of state
for UPd;. Due to the reduced 5f bonding in the fer-
romagnetic state its equation-of-state curve lies at higher
pressures than the corresponding paramagnetic curve
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(magnetovolume effect). It is found that the ferromagnet-
ic state is stable even at highly compressed volumes. The
5f spin-down band remains almost empty also at the very
lowest volumes shown in Fig. 15. With the interpretation
that a completely spin polarized state for the present sys-
tem corresponds to a 5f localization, we conclude that
the localized 5f configuration in UPd; is indeed very
stable.

VII. CONCLUSIONS

We have shown that the light 4 Rh; systems have delo-
calized 5f electron behavior but that the heavier systems
AmRh; and CmRh; most likely have localized 5f elec-
trons. We have argued that the dramatic increase in
volume between PuRh; and AmRh; can be understood in
terms of a trivalent localized 5f°® configuration in
AmRh;. We could account for this transition by means
of spin-polarized energy band calculations as was previ-
ously done for the Am metal,* AmN (Brooks, Ref. 19)
and the Amlr, Laves-phase compound.”® By using the
relativistic generalization of the Stoner theory for the on-
set of ferromagnetism we could also account for the ex-
perimentally known magnetic properties of the ARh;
systems. In particular we find that NpRh; should not or-
der magnetically. This is due to the spin-orbit splitting of
the 5f states, since the paramagnetic scalar relativistic
calculation for NpRh; yields a ground state which is un-
stable to ferromagnetism. On the other hand, we ob-
tained, in agreement with experiment, that PuRh; should
be magnetic. More work is needed, however, before we
can conclude whether this magnetism is of an itinerant
nature or whether the 5f electrons form a localized tetra-
valent configuration. For the present systems we have
shown that the spin-orbit splitting has only a relatively
small influence on integrated properties, such as occupa-
tion number and electronic pressure.

We have also studied the 5f localization in UPd; and
found that this system shows an unusually weak hybridi-
zation between the 5f states and the ligand 4d states,
whereas it is strong for the other UM, systems
(M =Mo,Tc,Ru,Rh). The fundamental reason for this is
that the 5f states in UPd; are located in the gap between
the bonding and antibonding d states. Even under high
compressions the 5f states show very little tendency to-
wards itinerant behavior. We expect a similar tendency
to 5f localization for UPt;. This is of particular interest
in view of the heavy-fermion behavior in UPt,.
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