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Abstract

We summarize recent attempts to calculate the contributions to the spin and orbital magnetization densities of
transition metals and actinide compounds. Emphasis is placed on the relative signs of both the local and the
diffuse spin moments and the orbital contributions to the moments. Examples include Fe, Co, Ni, actinide
transition metal intermetallic compounds and uranium NaCl-type monochalcogenides.

1. Introduction

The theoretical framework of self-consistent elec-
tronic structure calculations is provided by density
functional theory which is independent of the particular
elements composing the solid [1]. It suffices here to
note that the most used approximation to the density
functional, the local spin density approximation (LSDA),
provides us with the potential in which the electrons
move if the electron spin density is known. A knowledge
of the potential and some quantum mechanics are then
sufficient to calculate the spin density self-consistently.

As an example of the results of such self-consistent
calculations, the partial occupation numbers of the
actinide metals [2] are plotted in Fig. 1 as a function
of atomic number. It has been suggested [3] that L,
owing to relativistic effects, has an s’p configuration
in the free atom, which would modify its cohesive energy
somewhat. It has also been suggested [4] that the same
configuration might remain in the metal, making Lr a
3a-type metal. The self-consistent calculations [2], how-
ever, reveal that Lr is a normal d transition metal. For
the next element, 104, Eriksson et al. {2] calculated a
valence bond energy of 160 kcal mol~’, a value typical
for a tetravalent transition metal. The consistent success
of LSDA in obtaining agreement with measurements
of the cohesive properties of metals across the periodic
table gives us confidence that in the case of very heavy
elements, where no measurements have been made,
the calculated properties are also correct.
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Fig. 1. The calculated s, p, d and f occupation numbers across
the actinide series.

The elemental light actinide metals are not magnetic
but many compounds containing them do order mag-
netically, and it is magnetism in the actinides which
challenges LSDA. The narrow 5f bands and the large
spin-orbit interaction in actinides produce the ideal
situation for itinerant electrons to support the strong
orbital magnetism which is one of the remarkable
features of actinide magnetism.

2. The relative signs of the local, diffuse and orbital
contributions to the magnetic moments

On the left-hand side of each part of Fig. 2, we have
resolved the spin contributions to the magnetic moments
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Fig. 2. Possible contributions to the total magnetic moments from
local and diffuse spin densities and the orbital densities for orbital
moments (a) less than and (b) greater than the spin moments.
In (a) and (b) the left-hand and right-hand sides correspond to
the narrow bands being respectively more and less than half-
filled. The left-hand side of (a) corresponds to Fe, Co or Ni
whereas the right-hand side of (b) corresponds to the actinide
site in an actinide compound.

of late transition metals into local and diffuse parts
(the orbital moments belong almost entirely to the 3d
or local electrons). Here, in accordance with common
usage, by local part we mean the 3d contribution and
by diffuse part we mean the sp contribution, which is
also that part of the moment whose density lies mainly
in the interstitial region of the crystal and is not detected
in neutron diffraction experiments under normal cir-
cumstances. Both the exchange interaction and hy-
bridization between local and diffuse electrons influence
the relative sign of the local and diffuse moments.
Exchange interactions between the local and diffuse
moments are always positive in LSDA and lead to
parallel polarization in the absence of other influences.
In Fe, Co and Ni the spin moments are small and the
exchange interactions between local and diffuse mo-
ments small enough that hybridization dominates. The
origin of the relative signs of the diffuse and local
moments is therefore hybridization between the 3d and
sp electrons. The 3d bands are more than half-filled

and the Fermi energy lies close to the bottom of the
broad, free electron like, sp bands. The hybridization
is therefore similar to that between an early transition
metal (the sp conduction band system) and a late
transition metal (the 3d band system) and results in
the relative sign of the local and diffuse moments being
negative [5-7]. In Fe, Co and Ni the diffuse part of
the moment is antiparallel to the local part.

The light actinides with itinerant 5f electrons are
early 5f transition metals. The diffuse electron density
is dominated by the 6d density and also constitutes an
early transition metal system. The 5f moments then
polarize parallel to the 6d moments. In the actinides,
therefore, both exchange and hybridization lead to
parallel polarization of the local and diffuse moments
as shown on the right-hand side of Fig. 2(a).

Calculations for Fe, Co and Ni [8] yielded orbital
contributions to the moments of 0.08ug, 0.14uy; and
0.05up for Fe, Co and Ni respectively. The orbital
contributions to the moments are parallel to the spin
contributions of 2.13ug, 1.52uy and 0.57ug for Fe, Co
and Ni respectively, since the 3d bands are more than
half-filled. Such a situation is shown graphically on the
left-hand side of Fig. 2(a). However, light actinides
have a less than half-filled 5f band, and therefore the
induced orbital moment is antiparallel to the 5f spin
moment as shown on the right-hand side of Fig. 2(a).
Thus there are two sign changes occurring between
the right- and left-hand sides of the figure (the transition
metal and actinide), for both diffuse and orbital mo-
ments.

The diffuse spin moment is actually antiparallel to
the total moment in uranium compounds as is verified
by comparison of the measured relative magnitudes of
5f and total moments in neutron scattering and mag-
netization experiments [9, 10] and from the interpre-
tation of spin polarized photoemission experiments on
uranium chalcogenides [11] and deduced from magneto-
optical spectroscopy [12]. However, the calculated dif-
fuse moment (right-hand side of Fig. 2(a)) is always
parallel to the total spin moment in actinide NaCl-
type compounds. Only if the orbital component of the
moment at the uranium site is larger than, and anti-
parallel to, the spin component can theory and ex-
periment be consistent. This situation, which is con-
sistent with all known data, is shown graphically on
the right-hand side of Fig. 2(b). Several relativistic
energy band calculations have yielded orbital moments
which are larger than the spin moments in compounds
containing actinides [13-15].

Light actinides are early 6d transition metals. There-
fore, in actinide transition metal intermetallics, when
the transition metal is a late transition metal, the spins
on the transition metal and actinide sites are coupled
antiparallel. The total moments on the atoms will only



240 M.S.S. Brooks et al. | Magnetization densities in actinide magnets

be parallel if the orbital moment of the actinide is
opposite to, and greater than, the spin moment, as it
is for light actinides. The mechanism for the ferri-
magnetic spin-spin coupling is now A 5f~M 3d hy-
bridization. Since the gap between the unhybridized
spin-down A 5f and M 3d bands is smaller than between
the unhybridized spin-up bands, hybridization and spin
transfer are greater for the spin-down bands and the
interaction between the M 3d and A 5f spin moments
is ferrimagnetic.

3. Spin and orbital angular momentum densities

The magnetization density is responsible for the
magnetic scattering of neutrons [16]. The magnetic form
factor is given by [16, 17]

F(Q) = (Joysms + (o +j2nmi)m’ 1)

where the total ground state moment is the integral
of the moment density given by m*(r) = ug[l*(r) + 25°(r)]
in terms of the orbital angular momentum and spin
densities. Here (j;).=4n]fj(Qr)r’n (r) drl/m, where
a=s, | denotes the spin or orbital density and moment.
Typical radial integrals are plotted in Fig. 3. Clearly
{j,) contributes only when there is an orbital contri-
bution to the moment. Furthermore the way in which
{j») contributes depends critically on the relative signs
and magnitudes of the spin and orbital moments. We
illustrate this schematically in Figs. 3(b), 3(c) and 3(d)
where we have drawn form factors for mZ and my
parallel, mZ2<myj but m7 and my antiparallel, and
mg>myf with mZ and m? again antiparallel. It is rel-
atively difficult to extract the orbital moment when the
spin and orbital contributions are parallel, as in a heavy
rare earth or late transition metal, since the tail in the
measured form factor arising from the dependence of
{j») on the scattering vector appears only as a bump
at large scattering vectors. However, when orbital and
spin moments are antiparallel, especially if they are
almost cancelling, the tail in the form factor arising
from the orbital contribution to the magnetization den-
sity develops into a prominent bump which has been
observed in several actinide compounds [18].

In the presence of both spin polarization and
spin—orbit interaction there is a net current, and it is
from this current that the orbital moment arises. The
orbital moment density may be calculated from the
orbital angular momentum density, a readily computable
quantity [13]. The first attempt to calculate an orbital
moment for an itinerant electron metal was by Singh
and coworkers [8] for Fe and Ni with reasonable results
although the orbital moments were very small. Sub-
sequently Brooks and Kelly and coworkers [13] cal-
culated the orbital moment density and form factor of
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Fig. 3. Schematic illustration of the spin and orbital contributions
to the form factors obtained by adding the Bessel functions
shown in (a) in various ways depending on whether the orbital
spin contributions are parallel or antiparallel.

UN and obtained an orbital moment larger than the
spin moment. Similar calculations [13] for the uranium
monochalcogenides, which are ferromagnets, showed
that a large orbital contribution to the moment density
is a common feature in uranium compounds.

In all subsequent calculations for actinide compounds
the orbital contribution at the actinide site has been
found to be large [13, 15]}. In particular, a series of
actinide compounds where a thorough analysis has been
made is the AnFe, series. The results are shown in
Fig. 4. Here, as in the other compounds, the induced
orbital moments are very large compared with those
obtained for 3d transition metals. However, although
the calculated orbital moments are very large in ac-
tinides, it seems to be generally true that they are still
too small compared with experiment as may be seen
from Fig. 4, especially for Pu compounds.

Figure 5 shows the calculated equation of state and
site-resolved magnetic moments in UFe, as a function
of volume [19]. The measured uranium form factors
of both UFe, and UNi, [20] showed that the cancellation
between spin and orbital moments was almost complete.
Other detailed studies have been made for UNi, [15]
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Fig. 4. The calculated actinide moments for part of the AnFe,
series in several approximations: ----- , (“spin only”), conven-
tional spin-polarized calculation; ———, results when spin—orbit
interaction is added, producing an orbital contribution to the
moment; —, results when orbital polarization is included in the

calculations; I, measured moments.

where there is appreciable scattering only at the uranium
site [20]. The total moment is very small but the
compound is nevertheless magnetic. The calculated and
measured magnetic amplitudes are shown in Fig. 6.
Comparison with experiment shows that the calcu-
lated absolute values of the orbital moments are almost
always too small [13, 21]. This seems also to be true
inFe, Co and Ni [8, 22], although the larger discrepancies
for the actinides are more obvious. One factor that is
missing in LSDA is interaction between the orbital
moments. Such an interaction is well known to be
important in atoms where it is responsible for Hund’s
second rule. One way to approximate orbital interactions
which has had some success has been suggested [13].
The functional dependence of the energy on occupation
number in Hartree-Fock theory was approximated quite
well by —(1/2)E>L,> where E® is a Racah parameter
(a linear combination of Slater Coulomb integrals). The
differential of the orbital polarization energy with re-
spect to occupation number leads to different orbital
energy levels when there is an orbital moment. The
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Fig. 5. The calculated equation of state (top) and site-resolved
magnetic moments as a function of pressure (bottom) for UFe,.
The curves labelled “Pauli” are from spin-polarized calculations
and those labelled “Pauli+so” are from calculations with
spin—orbit coupling included.
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Fig. 6. A comparison of measured and calculated 5f magnetic
amplitudes for UNi,: —, fit to the experimental results of ref.
20; — - —, from a self-consistent calculation with the uranium
spin moment constrained to be equal to 0.47 ugp yielding a total
uranium moment of 0.082 pp; ~——, a slightly different constraint
on the uranium moment such that it is equal to 0.07 ug.
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results for the AnFe, series are shown in Fig. 4.
Applications to non-actinides such as Fe, Co and Ni
and some cobalt compounds have also improved agree-
ment with experiment for the orbital moments {8, 22-24].
Norman [24] has applied this and similar approximations
to the tramsition metal oxides. More recently the en-
hanced orbital moments at Co sites in Co/Pd multilayers
have been studied by Wu et al. [25] using magnetic
circular X-ray dichroism. Comparison between the mea-
surements-and first principles calculations by Daalderop
et al. [26] indicates that the orbital polarization cor-
rection is essential if agreement for the moments at
the Co sites is to be obtained.

A curious anomaly occurs in the case of uranium
metal where it has recently been shown that the spin
and orbital moments are coupled parallel, breaking
Hund’s third rule [27]). The measured form factor of
uranium, which in zero applied field is a paramagnet,
is an induced form factor {28]. In this case the third
induced spin density is so small that spin-orbit inter-
action, although favouring antiparallel spin and orbital
moments, has less effect than the applied field which
favours parallel alignment.

References

1 P. Honenberg and W. Kohn, Phys. Rev., 136 (1964) 864.

W. Kohn and L.J. Sham, Phys. Rev. 4, 140 (1965) 1133.

U. von Barth and L. Hedin, J. Phys. C, 5 (1972) 1629.

O. Eriksson, M.S.S. Brooks and B. Johansson, J. Less-Common

Met., 158 (1990) 207.

L. Brewer, J. Opt. Soc. Am., 61 (1971) 1101.

D.L. Keller, Radiochemica, 37 (1984) 169.

P.W. Anderson, Phys. Rev., 124 (1961) 41.

V. Heine and J.H. Samson, J. Phys. F, 10 (1980) 2609.

D. Mayou, D. Nguyen-Manh, A. Pasturel and F. Cyrot-

Lackmann, Phys. Rev. B, 33 (1986) 3384.

K. Terakura, J. Phys. F, 7 (1977) 1773.

7 C.G. Shull and H.A. Mook, Phys. Rev. Lett., 16 (1966) 184.
H.A. Mook, Phys. Rev., 148 (1966) 495.

8 M. Singh, J. Callaway and C.S. Wang, Phys. Rev. B, 14 (1976)
1214.
H. Ebert, P. Strange and B.L. Gyoffry, J. Phys. F, 18 (1988)
L135.
O. Eriksson, B. Johansson, R.C. Albers, A.M. Boring and
M.S.S. Brooks, Phys. Rev., 42 (1990) 2707.

(8]

[= 2N W VA

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24
25

26

27

28

M.S.S. Brooks et al. /| Magnetization densities in actinide magnets

F.A. Wedgwood, J. Phys. C, 5 (1972) 2427.

F.A. Wedgwood and M. Kuznietz, J. Phys. C, 5 (1972) 3012.
G.H. Lander in W.D. Corner and B.K. Tanner (eds.), Rare
Earths and Actinides 1977, Institute of Physics, Bristol, 1978,
p. 173.

W. Eib, M. Erbudak, F. Greuter and B. Reihl, Phys. Let.
A, 68 (1978) 391.

M. Erbudak and F. Meier, Physica B, 102 (1980) 134.

W. Reim and J. Schones, in E.P. Wohlfarth and K.H.J.
Buschow (eds.), Ferromagnetic Materials, Vol. 5, North-Hol-
land, Amsterdam, 1990.

M.S.S. Brooks and P.J. Kelly, Phys. Rev. Lett., 51 (1983) 1708.
M.S.S. Brooks, Physica B, 130 (1985) 6.

O. Eriksson, M.S.S. Brooks and B. Johansson, Phys. Rev. B,
41 (1990) 9087.

O. Eriksson, B. Johansson and M.S.S. Brooks, Phys. Rev. B,
41 (1990) 9095.

M.R. Norman and D.D. Koelling, Phys. Rev. B, 33 (1986)
3803.

M.R. Norman, B.I. Min, T. Oguchi and A.J. Freeman, Phys.
Rev. B, 38 (1988) 6818.

L. Severin, L. Nordstrom, M.S.S. Brooks and B. Johansson,
Phys. Rev. B, 44 (1991) 9392.

G.T. Trammell, Phys. Rev., 92 (1953) 1387.

O. Steinsvoll, G. Shirane, R. Nathans, M. Blume, H.A. Alperin
and J. Pickart, Phys. Rev., 161 (1967) 499.

W. Marshall and S.W. Lovesey, Theory of Thermal Neutron
Scattering, Oxford University Press, London, 1971.

G.H. Lander and G. Aeppli, J. Magn. Magn. Mater., 100
(1991) 151.

B. Johansson, O. Eriksson and M.S.S. Brooks, High Pressure
Res., 2 (1990) 303.

B. Lebech, M. Wulff, G.H. Lander, J. Rebizant, J. Spirlet
and J. Delapalme, J. Phys.: Condens. Matter, 1 (1989) 10 229.
M. Wulff, G.H. Lander, B. Lebech and J. Delapalme, Phys.
Rev. B, 39 (1989) 4719.

J.M. Fournier, A. Boeuf, P. Frings, M. Bonnet, J.X. Boucherle,
A. Delapalme and A. Menovsky, J. Less-Common Met., 121
(1986) 249.

B. Lebech, M. Wulff and G.H. Lander, J. Appl Phys., 69
(1991) 5891.

H.J.F. Jansen, J. Appl. Phys.,, 67 (1990) 4555.

R. Coehoorn and G.H.O. Daalderop, J. Magn. Magn. Mater.,
104-107 (1992) 1081.

G.H.O. Daalderop, P.J. Kelly and M.F.H. Schuurmans, J.
Magn. Magn. Mater., 104-107 (1992) 737.

M.R. Norman, Phys. Rev. Lett, 64 (1990) 1162.

Y. Wu, T. Stéhr, B.D. Hermsmeier, M.G. Samant and D.
Weller, Phys. Rev. Lett, 69 (1992) 2307.

G.H.O. Daalderop, P.J. Kelly and M.F.H. Schuurmans, Phys.
Rev. B, 44 (1992) 12 054.

A. Hjelm, O. Eriksson and B. Johansson, Phys. Rev. Lett,
71 (1993) 1459.

R.C. Maglic, G.H. Lander, M.H. Mueller and R. Kleb, Phys.
Rev. B, 17 (1978) 308.



