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The electronic structure and magnetic properties of some yttrium and uranium Laves-phase pseu-
dobinary alloys with 3d elements have been calculated. The calculations were done by simulating
the electronic structure of the alloy by that of an ordered compound with the same stoichiometry.
In general a good agreement between the experimental and theoretical magnetic moment was found,
indicating that the spurious long-range order of the calculations is of minor importance. A compar-
ison between the present supercell cluster approach and the virtual-crystal approximation for the
electronic structure and cohesive properties is presented for Y(Fey 75C0y 55), and U(Fe, sNig s),.

I. INTRODUCTION

The intermetallic compounds between rare earths or
actinides and d transition elements have a variety of intri-
guing properties. For example, equilibrium volume, crys-
tal structure, and transport and magnetic properties ex-
hibit a vast variation for the various compounds.! One of
these large (in terms of existing materials) classes of com-
pounds is the group of systems crystallizing in the
Laves-phase structure (C15, C14). Both the rare earths
and the actinide elements form Laves-phase compounds
with 3d transition elements,! and in the present work we
will discuss a subgroup of these systems. As prototypes
for the rare-earth and actinide behavior in these materials
we have chosen yttrium and uranium Laves-phase com-
pounds, respectively. Thus we will study properties in re-
lation to the UM, (M =Mn, Fe, Co, and Ni) systems,
where UMn, (C15 structure) and UCo, (C15 structure)
have been reported to have a paramagnetic susceptibility
whereas UFe, (C15 structure) and UNi, (C14 structure)
are ferromagnets.? Detailed calculations for these C15
systems have been performed previously, where especially
the magnetic ground-state properties were emphasized.®
Yttrium, which is a 4d transition element, is due to its
number of valence electrons and chemical behavior re-
ferred to as a member of the rare-earth series and, like
many of the lanthanides, forms cubic Laves-phase com-
pounds with Mn, Fe, Co and Ni.! The study of yttrium
in these compounds has the advantage that no local f
moments have to be considered, and therefore an under-
standing of the magnetic behavior is less complex than
for the lanthanides with magnetic 4f electrons. Experi-
mentally YNi, is known to be a weak paramagnet, YCo,
an exchange-enhanced paramagnet, YFe, a ferromagnet
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and, finally, YMn, an antiferromagnet.4 Several authors
have predicted that YCo, should undergo a metamagnet-
ic transition in a magnetic field of the order of 100 T.
Calculations® of the magnetic moment for YFe, have
been found to agree well with experiment.” From the ex-
perimental facts one notices that there is a striking simi-
larity between the uranium and yttrium series, e.g., the
Laves-phase compounds with Fe are magnetic whereas
the compounds with Co are nonmagnetic. However, this
similarity does not hold for the Ni systems and an ex-
planation for this different behavior has been proposed
where the magnetism in UNi, is believed to originate
from the 5f electrons.® Recently, it has been shown that
a theoretical treatment with delocalized U 5f electrons
accounts very well for the equilibrium volumes as well as
the magnetic properties for the UM, (M =Mn, Fe, Co,
and Ni) systems.> This supports the view of itinerant 5f
electrons in these compounds.

For UFe, the coefficient of the linear contribution to
the specific heat y has been measured to be as high as 55
mJ/mol K? (Refs. 2 and 9) which strongly suggests that
there are itinerant electrons in narrow bands at the Fermi
level. Similar high-y values have also been found for
UMn,, UCo,, and UNi,. The delocalized picture of the
5f electrons in the UM, (M =Mn, Fe, Co, and Ni) sys-
tems is also supported by other experiments, like, for ex-
ample, photoelectron spectroscopy where a pronounced
peak, identified as a 5f signal, pinned to the Fermi level
has been observed for all these uranium systems.!°

Recently the magnetic properties of a variety of pseu-
dobinary compounds 4(M;_,M,), have been reported.
This includes, for example, the following systems:
U(Fel_xNix)z, U(Fel—anx )2, U(Fel_xCrx)z, and
Y(Fe,_,Co,),.* Such a systematic experimental study of
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magnetic properties of pseudobinary alloys with 3d ele-
ments is most useful for the understanding of the magne-
tism in these compounds. In particular it offers the possi-
bility of studying the onset of magnetism as a function of
alloy concentration. We will here report on theoretical
results for the listed pseudobinary compounds. Compar-
ison will be made with experimental results for the lattice
constants, the magnetic moments and the critical concen-
tration for the onset of magnetism. In Sec. II we describe
the details of the calculations, Sec. III contains the results
and the conclusions will be given in Sec. IV.

II. DETAILS OF THE CALCULATIONS

All the studied systems crystallize in the cubic Laves-
phase (C15 structure) except for UNi, which forms in the
hexagonal Laves phase (C14 structure). The present
self-consistent electronic-structure calculations were per-
formed only for the C15 crystal structure, which means
that our treatment of UNi, is only approximate. Except
when explicitly stated the calculations were done for the
experimental lattice constant for each of the pseudo-
binary systems. The energy bands were calculated using
the linear muffin-tin orbitals (LMTO) technique and the
calculations also included the combined correction terms
to the atomic-sphere approximation (ASA).!! Final con-
vergence was obtained using 89 k points in an irreducible
wedge of the Brillouin zone, and the density of states
(DOS) was calculated using the analytical tetrahedron
method!? with 801 energy steps over a 1.0-Ry broad ener-
gy window. The self-consistent potential was calculated
with a frozen-core and the local-spin-density approxima-
tion was used for the exchange and correlation potential
with the von Barth—Hedin parametrization.!> Relativis-
tic effects were included in terms of mass velocity and
Darwin shift, but the spin-orbit coupling was neglected.

The calculations for the disordered systems were done
by simulating their electronic structure by that of an or-
dered compound with the same stoichiometry.'* The
Wigner-Seitz cell of the yttrium (uranium) Laves phases
contains 2 yttrium (uranium) atoms and 4 transition-
metal atoms. Considering, for instance, Y,Fe, we can by
progressive replacement of iron with cobalt study the
magnetism in the Y(Fe,_ Co,), alloy system for x =0,
0.25, 0.50, 0.75, and 1.0.

III. RESULTS

A, Y(Fel —x Cox )2

For the Y(Fe,;_,Co,), system a preliminary report on
some of our results has already been published.!”> Here
we will give a more complete account. This pseudo-
binary alloy is of a particular interest to study since it can
be used as a reference for the calculations of the corre-
sponding uranium systems, which are considerably more
complex due to the presence of the 5f electrons.

The calculated magnetic moments for the ordered
compounds Y,Fe;, Y,Fe;Co, Y,Fe,Co,, Y,FeCo,, and
Y,Co, are shown in Fig. 1 together with experimental
data for the pseudobinary alloys.*!® The calculated total
moment for YFe, is 2.94up, which is in good agreement
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FIG. 1. Total magnetic moment for Y(Fe,_,Co,),. Theoreti-
cal values are denoted by filled squares and experimental values
by open squares (Piercy et al., Ref. 16) or filled tilted squares
(Steiner et al., Ref. 16). The fat part of the x axis is the concen-
tration region where the paramagnetic state is locally stable.

Magnetic moment/formula unit(y,)
N

with the measured value of 2.91up.” The trend of the
measured total magnetic moment as a function of compo-
sition, with a maximum at approximately x =0.30, is
also reproduced. From Table I it becomes clear that to a
large extent this maximum is connected with the Fe mo-
ment, whereas the Y and Co moments stay more or less
constant at —0.4up and 1.2up, respectively, as long as
there is magnetic order in the system. The negative mo-
ment on the yttrium atom is due to different hybridiza-
tion between the 3d and the 4d orbitals for the majority
and the minority spin bands.!®

The paramagnetic state densities (DOS) for the studied
compounds are found to be very similar to each other,
with a band predominantly composed of 3d orbitals lying
below a broader band dominated by yttrium 4d orbitals
(Fig. 2). The separation between these two features is not
distinct since the hybridization between the 3d and 4d
states is strong. As we proceed from one compound to
the next, substituting iron with cobalt, we add valence
electrons and a progressive filling of the 3d-dominated
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FIG. 2. Total DOS for the ordered compounds Y,Fe,,

Y,Fe;Co, Y,Fe,Co,,

state (for details see text).
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TABLE 1. Calculated total and individual (Y, Fe, and Co) magnetic moments, spin-projected 3d oc-
cupation numbers, total 3d occupation number per 3d atom, 3d partial pressure, and loss of bonding
due to the magnetic moments for the ordered compounds Y,Fe,, Y,Fe;Co, Y,Fe,Co,, Y,FeCos, and

Y2C04.
YFCZ YFC3/2C01/2 YFeCo YFC]/2C03 /2 YCo
feo(ptp /Y atom) 2.94 3.22 2.82 2.39
u(Fe)(ug) 1.68 2.04 2.01 1.91
u(Co)up) 1.22 1.23 1.21
w(Y)(ug) —0.43 —0.45 —0.42 —0.38
n;4(majority) 8.4 8.8 8.8 8.8
n34(minority) 49 5.0 5.5 5.9
nyq/3d atom 6.64 6.87 7.13 7.37 7.74
(Py¥)para (RY) —0.67 —0.63 —0.59 —0.56 —0.50
(P)pagn (kbar) 40 48 36 18 0

band takes place. The similarity of the state densities
suggests that a rigid band model is a good approximation.
According to our calculations the low lying occupied d
band in all these compounds holds—per Y(Fe,_,Co,),
formula unit—approximately 1.6 Y 4d electrons. We
also find a 3d occupation number n;; approximately
obeying the following linear relation:

N3y =2[6.64(1—x)+7.74x] . (1

Here 6.64 and 7.74 are the d occupations per atom for Fe
and Co, respectively.

To understand the origin of the magnetization curve
(Fig. 1) we now construct a model DOS for these systems
which for simplicity contains only the d states (Fig. 3).
The width and position for this model DOS are obtained
from the bottom, center, and top band parameters from
our paramagnetic self-consistent band calculation for
YFe, (obtained by using the Wigner-Seitz rule).!! Hence
this model DOS consists of two hybridizing and slightly
separated bands (rectangles), where the lower band main-
ly originates from 3d orbitals and the upper from 4d or-
bitals. The lower rectangle of width 0.24 Ry can hold a
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FIG. 3. Model DOS for the Y(Fe,_,Co,), alloys in the

paramagnetic state (for details see text). The shaded region
shows the 3d partial DOS. Energies are in Ry.

total of 20 electrons, of which approximately 1.6 are
yttrium d electrons. Since the bandwidth decreases with
atomic number, one would expect the 3d moment to in-
crease with x in Y(Fe,_,Co,),, until the majority spin
band becomes filled. This will correspond to a maximum
in the magnetic moment and will be followed by a de-
crease of the moment with x, since now the minority spin
band has to be filled (Slater-Pauling curve). This means
that when we arrive at the point where the number of 3d
electrons is equal to (20—1.6)/2=9.2 in the majority
spin band there is a maximum in the 3d spin moment.
From a calculated exchange splitting of 0.11 Ry, we find
by means of simple algebra [using Eq. (1)] that for the
schematic DOS model this maximum corresponds to an x
value of 0.4, which is in fair agreement with experiment.

An analogy with a Slater-Pauling curve concerning the
magnetism of these systems was also discussed in Ref. 17.
Considering the individual moments we find that the mo-
ment on Co actually corresponds to an almost saturated
spin situation. Its majority band occupation is 4.5 which
is close to the highest possible value which is 9.2/2=4.6.
Since the calculated moment on Fe is not quite lug
higher than for Co, this means that its moment is not
quite fully saturated at any alloy concentration. There-
fore when alloying the magnetic compound YFe, with
the nonmagnetic YCo, compound, there is an induced
magnetism for YCo, which is even closer to magnetic sat-
uration than YFe, itself, despite the fact that it is the
latter compound which forces YCo, to become magnetic.
This strongly suggests that there is a metamagnetic state
in YCo, with a filled majority band. It is also interesting
to notice that there is a boot-strapping effect in the mag-
netic alloys, in the sense that the induced magnetism for
Y Co, enhances the magnetism on YFe, (Table I).

Now we turn to the ferromagnetic-paramagnetic tran-
sition as a function of concentration in Y(Fe,_,Co,),.
This is first investigated by calculating the Stoner prod-
uct'® for the paramagnetic state of the various ordered
ternary compounds and then interpolating between these
values to give a Stoner product for intermediate concen-
trations (Fig. 4). A critical concentration for the disap-
pearance of magnetism is found to be 65% Co substitu-
tion. This should be compared to the experimental
values of about 95% (Ref. 17). This large discrepancy
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FIG. 4. Calculated Stoner products for the ordered com-
pounds Y,Fe,, Y,Fe;Co, Y,Fe,Co,, Y,FeCos, and Y,Co,. The
solid line represents the interpolated values.

suggests that the magnetic states in these heavily Co sub-
stituted compounds are similar to those in YCo,,> namely
that there are two competing locally stable states, the
paramagnetic and the ferromagnetic one. This must be a
first-order transition as a function of alloy concentration.
To investigate this possibility we have performed
fixed—spin-moment (FSM)!? calculations for Y,FeCo,, by
computing the total energy as a function of magnetic mo-
ment. The results of these calculations are shown in Fig.
5 from which it is clear that there are indeed two local
energy minima. The high-spin state has the lowest ener-
gy although the energy barrier between the two states is
rather small. From this we conclude that the magnetic-
to-nonmagnetic transition takes place somewhere in the
range 0.75<x < 1.0 in agreement with magnetic data."”
Interpolation of the energy difference separating the
high- and low-spin states between YCo, (calculated by

Y, FeCo;
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FIG. 5. Calculated (FSM) energy of Y,FeCo; as a function of
total magnetic moment. The positive curvature of the energy
curve at zero moment is consistent with our calculated Stoner
product being less than one.

ERIKSSON, JOHANSSON, BROOKS, AND SKRIVER 40

Schwarz and Mohn using the FSM technique’) and
Y,FeCo, yields a critical concentration of 0.97, which is
very close to the experimental value.

In Fig. 6 we plot the experimental lattice constant as a
function of x in the Y(Fe,_,Co,), system, and an anoma-
lous nonlinear behavior is noted. We ascribe this to mag-
netovolume effects?®® and to quantify this conjecture we
calculate the decrease in bonding d pressure (P, <0) due
to a band magnetism m,; [per Y(M,_,M,), formula
unit cell] of the 3d electrons;?!

(Py V)magn=[m§d /20n34(1=n34/20))(— P4V

) ara ?
P 2)

m 34 =n34(majority) —n,,(minority) ,

where n,4(majority) [#;,(minority)] is the number of ma-
jority (minority) 3d electrons (Table I) and 3, is given by
Eq. (1).

From a paramagnetic calculation we compute the 3d
pressure, i.e., the sum of the Fe 3d and Co 3d pressures,
and this is tabulated as (P ¥ )y, in Table I. From our
equation of state calculatlons we obtained a magnetovo-
lume effect of 1.75 A® in YFe, (corresponding to a 3.5%
volume expansion) and zero for YCo, (YCo, being non-
magnetic). (This theoretical value for YFe, agrees well
with an estimated magnetovolume effect of about 1.5-2
A32%) Thus if these pseudobinary alloys were all non-
magnetic, and assuming the validity of Vegard’s law?’ for
the hypothetical paramagnetic state, the volumes would
follow the line labeled “Vegard” in Fig. 6. In Fig. 7 we
plot the difference between the experimental volume and
the “Vegard” volume, and this difference defines the
quasiexperimental magnetovolume effect. Using Eq. )
we now calculate the theoretical increase in 3d pressure
(P;)magn caused by the magnetism (Table I). For YFe, we
calculate dP/dV to be 24 kbar/AS, and assuming that
this value is approximately the same for all the studied al-
loys, we can now calculate the increase in volume due to
magnetism  as  (Pj)p,g,/24 (A®). These theoretical
volumes are compared with experiments in Fig. 7 and the
agreement is good. It is also clear from this graph that

T 1 I T
Y(Fe, xCoy),
Experiment

7.354

1.25

Lattice constant (R)

0.2 0.4 0.6 08 X

FIG. 6. Experimental and estimated (Vegard’s law, for de-
tails see text) lattice constants for Y(Fe;_,Co,),.
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FIG. 7. Theoretical and quasiexperimental magnetovolumes
for Y(Fe,_,Co,), (for details see text).

the largest experimental deviation from Vegard’s law
occurs for a concentration x =~0.30, which simultaneous-
ly gives the largest magnetic moment. A similar behavior
of the volumes in the pseudobinary alloy system
Er(Fe,_,Co,), has also been observed,’* and we suggest
the same mechanism to be responsible for this effect.

The procedure we have used for calculating the elec-
tronic structure of the present pseudobinary systems
neglects the effect of disorder. In order to investigate
some aspects of the validity of this approximation we
have looked to other approximate methods for calculat-
ing the electronic structure of alloys. The simplest way
this can be done is to replace the true system by an aver-
age, where the site potential is replaced by an average po-
tential.”> We have, therefore, used the virtual-crystal ap-
proximation (VCA) for the Y(Fey 75Cog ,5), system and
compared its DOS with the DOS of the present cluster
calculation. Thus we calculate the electronic structure
for the YM, compound where the atomic number Z of
metal M is equal to 26.25. The results are shown in Fig.
8, and we find that the two methods compare well, even
concerning the finer details of the electronic structure.

)
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5 | w2629 J M
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o
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FIG. 8. Total DOS for the ordered compound Y,Fe;Co and
Y,Z, where Z is a fictitious atom type with nuclear charge
z=26.25. Energies are in eV and zero is at the Fermi level.
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B. U(Fey, sNig, s),

The good results for the Y(Fe,_, Co,), alloy system en-
couraged us to proceed to the more complex systems in-
volving uranium. The first pseudobinary system we will
discuss is the paramagnetic U(Fe; sNij 5), system. This
system crystallizes both in a cubic and hexagonal Laves
phase, with almost identical volumes,! but we will only
consider the cubic phase. A slight complication is also
the fact that UNi, crystallizes in the C14 structure.
However for the present purpose where we consider in-
tegrated properties like pressure and magnetic moment,
the fact that the calculations are done for the incorrect
C15 phase is not expected to introduce any appreciable
error. In Fig. 9 we plot both the experimental and
theoretical volumes for UFe,, UFeNi, UNi,, and UCo,.
The reason we include UCo, is that this compound is the
virtual-crystal approximation (VCA) to the pseudobinary
U(Feg sNi s), system. In Fig. 9 we also show the volume
Vegard’s law would give with UFe, and UNi, as end sys-
tems (theoretically and experimentally). Here we see that
the experimental volume of U(Fe, sNijs), is in rather
good agreement with Vegard’s law.?® In this connection
we also note that the theoretical volume for UFeNi
agrees well with Vegard’s law applied to the theoretical
values for the end systems in their paramagnetic states.
The VCA for U(Fe, sNij s), is as mentioned UCo, and
the theoretical as well as experimental volume for this
VCA compound is far from the experimental one for

U(Fe, sNig 5),. It is especially worth noticing the devia-
tion between the VCA volume and the volume for the or-
o experiment
————o theory

Vegard, experiment
v 881 .
o<l eUFeNi
s 7
78] e
3 | (ferro) o 0"
o _-"UFeNi
> 7
| e /Vegclrd, theory
i} e
8] ///
© g6l (para) o
=
% 8 UCDZ

1 ] ]
UFe, UNi,

FIG. 9. Solid black curve represents the estimated volumes
for the U(Fe,_,Ni,), alloys (Vegard’s law, for details see text).
Also given are the experimental volumes for UFe,, UFeNi,
UCo,, and UNi, (black dots). Theoretical volumes for the or-
dered systems are indicated with open circles. The estimated
paramagnetic volumes (Vegard’s law) for U(Fe,_,Ni,),, based
upon the theoretical volumes of UFe, and UNi,, are indicated
with a broken line.
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dered ternary compound. In order to elucidate the
reason for this difference we plot schematically in Fig. 10
the partial 3d DOS for Fe and Ni in UFeNi and the 3d
DOS for Co in UCo,. The band positions and the band
widths for all these systems were obtained from our self-
consistent calculations, using the approximate Wigner-
Seitz rule.!! Figure 10 shows that the 3d partial bands in
UFeNi and UCo, can be described as low-lying bonding
states and the higher-lying d bands (not shown), mainly
originating from the U 6d states, as antibonding. In addi-
tion to the d states there are, of course, also s and p
states. However, for our arguments these states play a
minor role, and we will disregard them. It is more
difficult to argue that the f states also can be neglected,
and it is only from a detailed inspection of the f contribu-
tion to the bonding can it be seen that for the present dis-
cussion they play only a secondary role. From Fig. 10 it
is clear that the maximum bonding situation occurs in
UCo,. This is so since here almost all the bonding orbit-
als are filled and additional valence electrons would have
to enter antibonding states. Consequently UCo, has the
smallest volume of the uranium 3d Laves phases. Re-
placing the bonding Co 3d band by superposed Fe and Ni
3d bands, i.e., using a cluster approach instead of the
VCA, shows that the total binding is reduced. In order
to quantify this we consider the electronic pressure P,
from the Ith orbital using the simple first-order pressure
relation:?!

d lnwl
dInS

—

dInS

3P, V=n +n(E,—C)) |— 3)
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FIG. 10. The bonding part of the model 3d partial DOS for
UCo, and UFeNi (for details see text). Energies are given in eV
and zero is at the Fermi level.

Here n; is the number of electrons in the / orbital, C, is
the center of the / band, w; is the band width, S is the
Wigner-Seitz radius, and E, is the center of the occupied
part of the / band. The values of the different terms in
Eq. (3) are given in Table II for the 3d states. Here we
see that, mainly due to the second term in Eq. (3), the
bonding term is reduced in UFeNi as compared to UCo,.
The difference is 0.07 Ry, which corresponds to 18 kbar.
Using the full pressure formula we calculate the same
difference to be 20 kbar. Hence we find that UFeNi has
less bonding properties as compared to its virtual crystal,
UCo,, and therefore has a larger volume. The reason Eq.

TABLE II. The upper part gives the calculated partial 3d pressure (P3, V), for UCo, and UFeNi
using the full-pressure formula, and calculated difference in bonding 3d pressure AP(UCo,-UFeNi) (for
details see text). The lower part gives the 3d partial pressure from the first-order pressure relation [Eq.
(3)] together with the contribution from the band center (P;;¥). and the band width (Py,V),.
(E;34—C3q) is the difference between the center of the occupied part of the 3d band and the center of
the 3d band. nj, is the 3d occupation number and w;, is the 3d bandwidth. The computed difference
in the bonding 3d pressure is denoted AP(UCo0,-UFeNi),. When appropriate, the sum of the contribu-

tions from Fe and Ni in UFeNi is also listed.

Full-pressure formula

y=86.75 A’

UCo, UFeNi

Co Fe Ni 2FeNi
(P34 V)ior (Ry) —1.180 —0.722 —0.378 —1.100
AP(UCo,— UFeNi) (kbar) —20

First-order pressure formula

UCo, UFeNi

Co Fe Ni 2FeNi
(E3q—Csyyq) —0.051 —0.074 —0.031
Mg 30.76 13.42 17.22 30.64
—0lnw;,; /9 1nS 35 34 3.6
—9InC;3,;/31nS 0.092 0.122 0.068
(P34 V), 0.94 0.55 0.39 0.94
(P3g V), —1.83 —1.13 —0.63 —1.76
(P3g V)ior —0.89 —0.58 —0.24 —0.82

AP(UCo,-UFeNi), (kbar) —18
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(3) gives a larger negative value for UCo, as compared to
UFeNi can be simply seen as follows. Since the second
term in Eq. (3) depends parabolically on the d occupation
number, it follows that replacing the average pressure
with the pressure at the average occupation number al-
ways increases the bonding.

In order to further compare the electronic structure of
UFeNi with its virtual crystal UCo,, we show in Fig. 11
their calculated DOS. As can be seen both systems are
dominated by the 3d band at energies varying from —4
to +2 eV and by a relatively broad 5f band which is
pinned at the Fermi energy E, but has its main weight
between O and 1.5 eV. However UCo, shows some pro-
nounced structures at energies around —1 eV, which are
absent or smeared out in UFeNi. Furthermore the struc-
ture at —3 eV in UFeNi is located at slightly less binding
energy in UCo,. Thus there are differences in the details
between the state densities of these two approximations,
but the overall shapes are very similar.

The magnetic behavior of the U(Fe, sNig s), alloy is
most interesting. Although the alloy is composed of two
constituents both of which are ferromagnetic it is a
paramagnet. In the discussion above about Vegard’s law
we neglected the fact that UNi, is a ferromagnet. How-

_ever this could be done without an appreciable error
since this effect is here small, simply because the moment
is very small. Actually our calculations for UNi, give a
ferromagnetic state which originates from a small spin
polarization of the 5f band. Thus the ferromagnetism in
UFe, and UNi, are of very different origin, since in UFe,
the magnetism is driven by the Fe 3d electrons. It is this
difference in the origin of the magnetism which explains
the disappearance of the magnetism in the x =0.5 alloy.
The fact that the Ni 3d —based band is filled in UNi, de-
creases the overlap energy between the 5f and 3d states.
This causes a reduction of the 5f-3d hybridization and it

UFeNi
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X=4
8 UCOZ
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FIG. 11. Total (upper curve in each panel) and 3d partial
(lower curve in each panel) DOS for UCo, and UFeNi. The 3d
partial DOS for UFeNi is decomposed into the Ni and Fe com-
ponents. The Ni band has its major weight at energies about 3
eV below the Fermi level, whereas the Fe band is more
widespread. Energies are in eV and zero is at the Fermi level.
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is actually this narrowing of the f band which gives rise
to the ferromagnetism in UNi,. By substituting Ni with
Fe the 5f-3d hybridization increases and the 5f spin mo-
ment disappears. In the other end of the pseudobinary
alloy the 5f states oppose the 3d spin polarization and
cause a reduction of the iron magnetic moment in UFe,
as compared to YFe,. When Fe is substituted with Co
the extra valence electrons enter the 3d bonding band.
As we have already shown above, for the Y(Fe,_,Co,),
system this substitution eventually leads to the disappear-
ance of the magnetism. Since for UFe, the magnitude of
the Fe moment is already quite low, the Co substitution is
expected to destroy the magnetism more rapidly with x in
U(Fe,_,Co,), than in Y(Fe,_,Co,),. This is also ob-
served experimentally.! Since Ni has one more valence
electron than Co, Ni substitution would be even more
effective in reducing the moment. This is confirmed by
our calculations for UFeNi where the Stoner product is
found to be less than one (0.96) and from this the
paramagnetic behavior can be understood. However
since both UFe, and UNi, are ferromagnets one might
suspect that magnetic ordering in UFeNi at least can be
realized when an external magnetic field is applied
(metamagnetism).

To investigate this possibility we have made a
fixed—spin-moment (FSM) calculation'® also for UFeNi.
As already mentioned, in this treatment the magnetic
moment M is considered as a free variable and the total
energy is calculated as a function of M. If local minima
are found for nonzero values of M these can always be
reached by sufficiently strong applied fields. The results
of our FSM calculation of UFeNi show a very flat
minimum at M =0 in accordance with the enhanced
paramagnetic ground state. However with increasing
magnetic moments the energy increases monotonically,
and thus no metamagnetic behavior was found from our
calculations for UFeNi. Again this might be compared
with YNi, where we do not expect any metamagnetic be-
havior. Similarly, for Y(Co,_,Ni,), the metamagnetism
predicted for x =0 will disappear with increasing x.

C. U(F91 —x Mnx )z

For some of the Laves-phase compounds between
uranium and 3d elements quite complicated magnetic
structures can be expected, since if the compound is mag-
netic both transition and actinide metals are likely to car-
ry a magnetic moment. Forming ternary compounds of
the kind we are discussing here further complicates the
situation. An explanation of the origin of these magnetic
properties constitutes a severe test of band theory. In or-
der to calculate a critical concentration for the disappear-
ance of magnetic moments in these systems we compute
the multiband Stoner integral'® and multiply it with the
total DOS at Er. The so obtained values of the Stoner
product for U(Fe,_,Mn,), are plotted in Fig. 12, and
from interpolation we find that the Stoner product is
larger than one only when x <0.28, i.e., the alloys should
only be magnetic when x <0.28. This assumes, of
course, that the onset of magnetism is a second-order
transition as a function of the concentration x. The cal-
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FIG. 12. Calculated Stoner product for the ordered systems
U,Fe,, U,Fe;Mn, U,Fe,Mn, (open squares) and U,Fe;Cr (solid
tilted square). The solid and broken lines represent the interpo-
lated values for the Mn and Cr substituted alloys, respectively.

culated value should be compared with an experimental
critical concentration of x =0.3.%* It is also worth notic-
ing that for the pure UFe, compounds we calculate the
uranium spin moment to be —0.6up and the iron mo-
ment to be 0.8up, i.e., the uranium moment is antiparal-
lel to the iron moment. However, for a proper treatment
of the absolute magnitude of the uranium magnetic mo-
ment it is necessary to include the orbital contribution
which is induced through the spin-orbit coupling. This
has been fully elucidated elsewhere.?’

From Fig. 13 it becomes apparent that a rigid-band
model fairly well describes the electronic structure of the
pseudobinary alloy system U(Fe,_,Mn,), since the plot-
ted paramagnetic DOS for UFe,, U,Fe;Mn, UFeMn, and
UMn, show similar features. The DOS for these alloy
systems contains a 5f band, which is pinned at E; and
strongly hybridizing with the iron and manganese 3d
states. The main weight of the 3d states is positioned at
about 2-3 eV below Ep. The substitution of manganese
with iron pushes the main weight of the 3d band away
from Ej but leaves the overall features intact. It is, how-
ever, obvious from Fig. 13 that when comparing UMn,
with UFe, in detail, one notices some deviations from a
rigid-band behavior and therefore one should be some-
what cautious using a rigid-band model.

D. U(Fe,_,Cr,),

The UCr, compourd has not been observed experimen-
tally. However in alloys with UFe, the pseudobinary
U(Fe,_,Cr,), alloy system can be prepared over a rather
large concentration range, extending up to x =0.6.!
Magnetic measurements on this system show that a tran-
sition from ferromagnetism to paramagnetism takes place
when x =~0.12.! This means that the ferromagnetism of
UFe, is severely suppressed by substituting Fe with Cr.
This is an even stronger reduction than for the substitu-
tion of iron with manganese (see above), but correlates
well with the fact that chromium has about one 3d elec-
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tron less than manganese. In fact the effective number of
3d electrons corresponding to the critical concentration
for the onset of magnetism in these two pseudobinary sys-
tems are almost identical. Similarly to the calculations
above for U(Fe;_,Mn, ), we considered the ordered sys-
tem U,(Fe;Cr) and computed its Stoner product. From
the interpolation shown as a dashed line in Fig. 12 we ob-
tain that the magnetism should disappear at x =0.15.
Here as well as in the manganese substituted alloys a
rigid-band model of the DOS seems to be valid, and this
is illustrated in the lower part of Fig. 13, where the DOS
of U,Fe;Cr is plotted, again showing rather similar
features as the DOS for UFe,, but with a shifted Fermi
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FIG. 13. Total DOS for U,Fe,, U,Fe;Mn, U,Fe,Mn,, UMn,,
and U,Fe;Cr. Energies are in eV and zero is at the Fermi level.
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level. It should of course be noticed that the rigid band
here only concerns the 3d states. The U 5f DOS remains
relatively intact and stays pinned at the Fermi level in
such a way that its occupation number is kept almost
constant (ny=~2.7). In this sense the 5f states are also
rigid in the present pseudobinary alloys.

IV. CONCLUSION

The multitude of the experimental data for the
Y(Fe,_,Co,), pseudobinary system makes it very attrac-
tive to study theoretically. The properties of the two
compounds YFe, and YCo,, being a ferromagnet and an
exchange-enhanced paramagnet, respectively, ensure that
the pseudobinary alloy system is of particular interest for
the study of the onset of magnetism in a random alloy.
In the present work we have emphasized the variation of
the magnetic moment with the alloy concentration and
its direct influence on the equilibrium volume of the sys-
tem. By means of a fixed-spin-moment calculation we
found evidence that the disappearance of magnetism with
alloy concentration is of first order. In connection with
the calculations of the electronic structure of the
Y(Fe,_,Co,), systems we also made an explicit compar-
ison between a VCA and a supercell calculation. The
difference was found to be small for Y(Fey 15Coq 55)5. A
similar check was done on UFeNi and its virtual crystal
UCo,. Here we found that a supercell type of calculation
gives a better description of the chemical bonding,
whereas the state densities of the two approximations
compare quite well. Concerning the magnetism in the
pseudobinary U(Fe;_,Mn,), and U(Fe,_,Cr,), com-
pounds we find that the Stoner product in U(Fe,_,Cr,),
decreases twice as fast with x as it does for
U(Fe,;_,Mn,),. This can also be understood from a
rigid-band model where the substitution of iron by anoth-
er 3d element merely shifts E according the the number
of valence electrons. Since chromium has two valence
electrons less than iron, whereas manganese has one less,
the substitution of iron with chromium shifts E twice as
fast with x as a substitution with manganese would do,
and correspondingly the Stoner product decreases twice
as fast with x. This suggests that the magnetism in UFe,
is caused by the 3d electrons and that the 5f electrons ac-
tually play a parasitic role.
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For these systems the validity of the rigid-band ap-
proximation is found to be good, although we emphasize
that the description of an alloy system by studying an or-
dered ternary compound is in certain aspects more ap-
propriate than the simple rigid-band model, since it
maintains the individual properties of the atoms. Howev-
er, since the shape and extension of the 3d wave function
of iron, manganese, and chromium in these types of pseu-
dobinary alloys are very similar, this favors the validity of
the rigid-band model. For instance, the paramagnetic
ground state of the pseudobinary alloy U(Fe, sNij; s), can
be explained by a rigid-band model since this system has
exactly the same number of valence electrons as the
paramagnetic compound UCo,. However our analysis of
this system reveals that this model, in common with the
virtual-crystal approximation, in some aspects fails to de-
scribe its properties. The disadvantage of the present
cluster approach is that although it treats both the con-
centration and coordination of the constituents of the al-
loy properly, it does not account for the random occupa-
tion of the B sites in the 4B, Laves system.

From the present ab initio, self-consistent band-
structure calculations we have found that for the yttrium
(uranium) 3d Laves-phase pseudobinary alloys the treat-
ment of the 3d and 5f electrons as delocalized is ap-
propriate, since calculated detailed ground-state proper-
ties agree well with experimental data. This also means
that the simulation of the electronic structure of a disor-
dered alloy by that of an ordered compound with the
same stoichiometry is a good approximation for the
present systems. Hence it seems that the influence of dis-
order in the 3d metal sublattice is of relatively minor im-
portance.
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