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Our understanding of how the outer 5f electrons behave when actinide atoms are brought together to form 
a compound has been improved by recent advances in calculating the ground-state properties. The main 
theoretical predictions have been verified by measuring the momentum dependence of neutrons scattered 
by the unpaired electrons.

Most atoms lose their magnetic mo
ments in the solid state, but there are 
three classes of elements — the 3d 
transition metals, the 4f or rare-earth 
series and the 5f or actinide series — 
where magnetism is retained in the con
densed phase. Much of our understan
ding of solid state magnetism is drawn 
from the former two groups, primarily 
owing to the success of the standard 
models describing localized and itine
rant moments.

The Standard Model for Rare-Earth 
Magnetism

The standard model of rare-earth ma
gnetism is based upon the approxima
tion that the 4f states are essentially 
the same in the solid as in free atoms. 
Hund's first and second rules then 
ensure that the total spin and orbital 
moments are both maximized. Since 
the 4f states are spatially deeply buried 
within the rare-earth atoms, interaction 
with the environment is weak and is 
usually adequately represented by local 
exchange interactions between 4f and 
conduction electrons.

In contrast, for the standard model of 
3d magnetism, the 3d states are com
ponents of the conduction electron 
band structure. Although Hund's first 
rule again favours as large a spin mo
ment as possible, this involves for the 
solid an increase in electron kinetic 
energy so the spin moments of most

itinerant magnets are therefore not 
saturated. Hund's second rule plays no 
part in the standard model of 3d magne
tism because, to a good approximation, 
the magnetic moments are pure spin, 
the orbital moment being quenched.

Spin-Orbit coupling
In each of the limiting approximations 

described above, the magnetic aniso
tropy is zero. In the case of 4f states, the 
complete rotational symmetry of the 
free atom is preserved, whereas for 3d 
states there is no interaction between 
spin and orbital degrees of freedom. A 
better description of reality is obtained 
in both cases by adding spin orbit cou
pling — a relativistic effect arising from 
the fact that a moving electron feels a 
magnetic field owing to the charge of 
the nucleus. In transition metals, the 
effect of such coupling is to mix a small 
amount of orbital moment into the total 
moment, thus indirectly coupling the 
spin direction to the crystal lattice to 
produce magnetic anisotropy. Hence, 
the presence of an orbital magnetic mo
ment tends to be associated, in transi
tion metals, with magnetic anisotropy. 
In the rare earths, on the other hand, 
spin momenta S and orbital angular 
momenta L with large values at ambient 
temperature couple to the total angular 
momentum, J. Since orbital and spin 
degrees of freedom are now coupled, 
any crystalline electric fields (or non- 
spherical potentials) are sufficient to 
reduce the rotational symmetry and are 
responsible for magnetic anisotropy. In 
this case, however, the crystalline elec
tric fields reduce the total and orbital

moments slightly as they lower the 
symmetry — a process known as quen
ching. Thus, in rare earths, magnetic 
anisotropy accompanies a decrease 
(however small) in the orbital moment 
whereas in transition metals it accom
panies an increase.

The relative importance of spin-orbit 
interaction on moving across the Perio
dic Table is illustrated in Fig. 1 where we 
have plotted the calculated bandwidths 
of all the transition metals (d-band- 
widths), the rare earths (4f-band- 
widths) and the actinides (5f-band- 
widths) and the corresponding magni
tude of spin-orbit splitting. The 5f-band- 
widths of the actinides are less than 
those for the 3d transition metals 
whereas the spin-orbit interaction for 
these heavy elements is very large in 
comparison. Consequently, it would be 
expected that the combination of orbital 
moment and magnetic anisotropy due 
the spin-orbit interaction should be 
larger for actinide compounds and cal
culations have shown this to be the 
case. For instance, the calculated ma
gnitudes of the orbital contributions to 
the total moments are surprisingly large 
for U, Np and Pu compounds, and in 
many cases are in fact larger than the 
spin contributions. Furthermore, the cal
culated magnetic anisotropy energies 
are two orders of magnitude greater 
than those of rare earths, and five 
orders of magnitude greater than those 
of 3d transition metals.

Diverging descriptions
The existence of a large orbital (or 

current) contribution to the moment

Fig. 7 - Bandwidth W 
and spin-orbit split
ting ∆so across the d 
and f series elements.
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Fig. 2 — a, upper) The magni
tude (in Bohr magnetrons μΒ) of 
the product of the moment μ 
and the form factor f of the 
magnetic scattering on the ura
nium sublattice in UFe2 as a 
function of the scattering angle. 
The extrapolation to sinθ/λ ~ 0 
gives the total moment for ura
nium, in this case almost zero. 
Note the maximum in the scat
tering cross section for sinθ/λ = 
0.3 Å-1. The three solid lines are 
used to indicate the limits 0 ≤ μ 
≤ 0.02 μΒ for the extrapolated 
moment on the uranium sub-
lattice.
b, lower) Schematic representa
tion of the orbital (4πr2m1) and 
spin (4πr2ms) components of 
the uranium magnetization den
sity in UFe2 as a function of the 
distance r from the nucleus. The 
difference (central, bold line) 
gives the total magnetization 
density: it clearly has two 
peaks, one positive and one 
negative. The integrated areas 
of the two are the same so that 
in this case, the total moment 
is zero. The form factor is the 
Fourier transform of the bold 
line; it has a maximum at Q > 0 
owing to the reversal of the sign 
of the bold line.

has tended to be associated with locali
zed magnetism on the basis of the stan
dard models described above. This has 
led to an interesting divergence bet
ween descriptions of actinide magne
tism proposed by experimentalists and 
theorists.

For theorists, itinerant magnets nor
mally have only a very small admixture 
of orbital moment (as described above 
for the 3d elements) and the orbital mo
ments of itinerant actinide magnets are 
"giant" by normal standards. Experi
mentalists have preferred to compare 
the measured moments in actinides 
with those of corresponding rare earths 
since there is, in both cases, a large 
orbital contribution. Since a greater 
degree of quenching of the orbital mo
ment arises in actinides, this description 
emphasizes the reduction of the orbital 
contribution. These differences arise, of 
course, because the bases for compari
son are two different standard models 
and they mirror the confusion that may 
arise, as described above, in associating 
the magnitude of the orbital moment 
with magnetic anisotropy.

Experimental Work
Theory makes some interesting pre

dictions with respect to the spin and 
orbital components of the magnetiza
tion in actinide compounds. But how 
are we to observe these effects expe
rimentally? Most techniques are sensi
tive to the total magnetization, rather 
than to the individual components, so to 
separate the spin and orbital compo
nents we need to use a scattering tech
nique that is sensitive to the densities of 
these two components. The scattering 
of both thermal neutrons and x-rays 
represent possible methods, but they 
are not simple experiments.

Neutron scattering
In the case of neutrons, the scattering 

in the forward direction is proportional 
to the total moment (i.e. spin + orbital). 
However, because the spatial extent of 
the unpaired electrons is comparable to 
the neutron wavelength, the scattering 
cross section decreases as the scatte
ring angle increases. The change of the 
magnetic scattering cross section as a 
function of scattering angle is a mea

sure of the magnetization, which is a 
density, and is called the magnetic form 
factor f. This is normalized such that 
f  (Q = 0) =1, where the magnitude of 
the scattering vector Q = 4πsin θ/λ for 
a reflection with a Bragg angle ө and 
radiation with a wavelength λ. The spin 
and orbital form factors are different: 
this is because the neutrons sense the 
current loop constituting the orbital 
magnetization, and this density there
fore appears more contracted in real 
space than that due to the spin magne
tization. By measuring the form factor, 
the spin and orbital contributions may 
be separated, especially when they are 
in opposite directions and of compa
rable magnitude.

X-ray scattering
X-rays may also be used to separate 

the spin and orbital contributions and 
this in principle represents an easier 
method because, for certain arrange
ments of the scattering vector and pola
rization of the radiation, even the cross 
section in the forward direction is sensi
tive to the individual spin and orbital 
components. However, the magnetic 
scattering cross section for x-rays is 
extremely small and experiments are 
feasible only with the most intense 
synchrotron sources.

The experiments performed to date 
have been in the nature of demonstra
tions on materials in which the spin and 
orbital moments are known, e.g., Ho 
metal. In the future, we can anticipate 
that x-rays will make an important con
tribution, especially those that will be 
available at new, high intensity sources 
such as the European Synchrotron 
Radiation Facility which is under cons
truction in Grenoble, France.

Results
The orbital and spin moments as seen 

by neutron diffraction are presented in 
Fig. 2a which plots the 5f-magnetic 
scattering amplitude (i.e. the product of 
the moment and the form factor) of 
UFe2 as measured at the Saclay reac
tor, Paris, by Wulff et al. In an uranium 
system, the orbital and spin compo
nents are in opposite directions (a sim
ple consequence of Hund's 3rd rule at 
the beginning of the 5f series) since the 
f-shell is less than half filled.

The total 5f-moment at the uranium 
site, which by definition is the magnetic 
amplitude at Q = 0, is clearly almost 
exactly zero in UFe2. However, the 
positive value (with respect to the iron 
moment) of the magnetic amplitude at 
large Q indicates the presence of an 
orbital magnetization. A detailed analy-
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Fig. 3 — The ratio µL/µs of the orbital and spin moments versus electron count. The 
crosses are the free-ion f values based on a rare-earth like approach with intermediate cou
pling. The open points are experimental values and the solid points are the result of the 
theory. The f-count for the intermetallic compounds is taken from the calculations but is 
in each case close to that of a tripositive ion.

sis gives the three curves correspon
ding to the range of possible values (µu 
= 0.01 μΒ and [0.01 ± 0.01]μΒ) for the 
ordered total 5f moment at the uranium 
site where μΒ is the Bohr magneton. 
The orbital and spin moments are found 
to be 0.23(1)μΒ and -0.22(2)μΒ, res
pectively, and in opposite directions.

The maximum in f(Q) can be physi
cally understood by examining the indi
vidual spin and orbital magnetizations, 
which are plotted in Fig. 2b. The diffe
rence between these two densities is 
given by the central bold line where we 
have chosen the total moment (the 
integrated area of the bold curve) to be 
zero. The scattering amplitude as mea
sured by the neutron experiment is the 
Fourier transform of the bold curve. The 
result is zero at Q =  0, but clearly a 
positive f(Q) will arise when the Fourier 
component has a wavelength compa
rable to the oscillation of the bold line. 
In fact, a maximum at Q ~ 4 Å-1 is evi
dently anticipated.

Comparisons with theory
The experimental results thus show 

that the orbital µL and spin μs moments 
almost cancel. The calculated individual 
values of µL and μs are at present larger 
than those observed. This is probably 
connected with the approximations 
needed to introduce the orbital mo
ments into the bands, and to possible 
limitations of the local spin density ap
proximation for the exchange and corre
lation energy. However, the ratio µL/µs 
is well reproduced by theory. In Fig. 3 
we show a plot of µL/µs versus the 
f-electron count for a series of actinide 
compounds. Almost all these experi
ments were performed on single cry
stals at the Institut Laue-Langevin in 
Grenoble, France, with preliminary ex
periments being done at Risϕ National 
Laboratory, Denmark. This plot illus
trates a number of points. First, the 
"transition-metal" picture with itine
rant d-electrons, and almost complete 
quenching of the orbital moments, 
constitutes the µL = 0 line. Second, 
the crosses connected by the dashed 
line are the spectroscopic single-ion 
plus intermediate coupling values that 
we would anticipate based on a "rare- 
earth" like approach. Clearly, the results 
for many actinide ionic compounds, and 
even semimetals such as USb and 
PuSb, agree with this approach.

The cases considered here are the in
termetallic compounds with strong f-d 
hybridization. The orbital moment is 
strongly reduced as compared to the 
localized model, and strongly increased 
from the value (µL = 0) expected if the

spin-orbit coupling is not included. The 
agreement between theory and experi
ment, at least for the ratio µL / µs, is 
satisfactory.

AmFe2
The situation for AmFe2 is particular

ly intriguing. The experiments were in 
this case performed at the Argonne 
National Laboratory many years ago on 
polycrystalline material. They gave the 
surprising result that the small moment 
on the Am site was antiparallel with 
respect to the Fe moment whereas in all 
other intermetallics, the actinide mo
ment is found to be parallel to the transi
tion metal moment. We can now under
stand this long-established result with 
the aid of Fig. 3. In a localized model on 
Am3+ there would be zero moment J 
= L-S and both L and S, the orbital and 
angular spin momenta respectively, are 
equal to three. However, µL is reduced 
after hybridisation in the compound, 
allowing μs to dominate and so the 
moment on Am3+ becomes non-zero. 
Furthermore, as the absolute value of

μs is larger than µL, the moment on 
Am3+ has the opposite sign to that of 
actinide moments in other compounds.

In summary, theory and experiment 
have uncovered a new form of band 
magnetism in which the orbital mo
ments are large. This has further inte
resting consequences, some of which, 
for example the large magnetic aniso
tropy found in actinide compounds, 
may even result in practical applications 
for uranium compounds.
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