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Evidence for Strong Localization of 5f Electrons in Neptunium Intermetallics*
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The correlation bebveen the magnetic hyperfine field II&& and the electronic moment p
at the neptunium site in a number of neptunium conducting compounds is presented. A

simple linear relation IIhf= [{1915kOs)'/p, s] p is found. This behavior is similar to that
observed in lanthanide systems and suggests a strong localization of the 5f' electrons in
these materials. The implications of this result for our understanding of magnetism in
the actinides are considered.

The most fundamental uncertainty, and certain-
ly the greatest source of controversy, in discus-
sions of the electronic properties of actinide me-
tallic systems concerns the nature of the 5f elec-
trons. Self-consistent-field calculations for free
ions show that the 5f electrons have a substan-
tially larger spatial extent than the 4f electrons
of the lanthanide series. ' As a result, the 5f
electrons are less shielded by the outer electrons
and more easily removed from the atom. In
chemical compounds, this frequently results in
a wide range of valencies being found. In the e1.c-
mental metals, at least for the first half of the
series, the large spatial extent and correspond-
ing 5f 5f overlap-of neighboring atoms causes a
situation which is only properly described by con-
sidering the 5f electrons to be itinerant, lying in
rather wide conduction bands. ' In intermeta, llic
compounds, however, the situation is not clear
and the primary question in beginning any treat-
ment of the electronic properties of the actinides
is whether one should consider the 5f electrons
to be localized, itinerant, or in some fashion in-
termediate. In the first case, one deals with lo-
calized magnetism and crystal-field theory, ' in
the second case with band-structure calculations
and itinerant-electron magnetism, "and in the
third case with spin-fluctuation theory. +' All
these methods have been used and each appears
to explain successfully some aspects of observed
magnetic phenomena. However in some cases
contradictory approaches have been used to treat
the same data, ' and detailed diagnostic informa, —

tion on the state of localization of the 5f elec-
trons is hard to find.

In an effort to focus attention on this challeng-
ing problem we present the unexpectedly simple
experimental relationship we have found in nep-
tunium compounds between the magnetic hyper-
fine fields H„q (obtained by the Mossbauer effect
in "7Np) and the electronic magnetic moment p.

(obtained by neutron diffraction). A comparison
between the hyperfine field and magnetic moment
is useful for obtaining information on 1(..czlization
since p, provides a measure of the anguj~ mo-
mentum state of the ion, and Hhf measure. :: a
product of the angular momentum with a factor
(x '), which is the average value of I/r' for the
open-shell electrons (in this case 5f) in the ion.
The hyperfine field consists of a part due to the
orbital state of the electrons plus a core-polar-
ization contribution. Considering a single J man-
ifold in the limit of I--S coupling, the orbita, l
term is written'

where H„„is in kilo-oersteds, (x ) is in atomic
units, ( JllNll g is a reduced matrix element de-
pendent on the electronic configuration of the ion,
and (J, & is the average value of the angular mo-
mentum. In the first approximation, one gener-
ally takes the core polarization proportional to
(S,), which, in I -S coupling, gives'

Thus one may write

+hf =+core++orb

where p, =gJ( J, & is the electronic magnetic mo-
ment. In the lanthanides, the 4f electrons caus-
ing the hyperfine field are strongly localized and
can be treated as being in atomic states. Thus,
(r ') may be calculated from atomic self-consis-
tent-field approaches to obtain a value which is
valid for solids. The principal effect of placing
the ion in a material is that crystal-field inter-
actions change (J,&, which leads to a change in
both Hh f and p. However, since both quantities
are linear in (J,&, and the interactions in the
solid do not substantially change (r '), the pro-
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FIG. 1. Comparison between magnetic hyperfine
field and electronic magnetic moment for a number of
(a) -Yb salts and (b) Np intermetallics. Experimental
points are shown by solid circles and calculated free-
ion values by open circles.

portionality indicated by Eq. (3) is unaltered.
Thus, a plot of IIhf versus p. will have points ly-
ing on a line determined by the origin and the
free-ion values. A clear case of this behavior
is shown in Fig. 1(a) for a number of Yb" salts.

In the actinides, a number of cautions must be
imposed. It is important to note that (i) relativis-
tic calculations are compulsory to obtain proper
values' of (x '), (ii) even in the free ion, inter-
mediate-coupling wave functions must be used
when calculating g~ and (J,), and (iii) in solids,
crystal-field interactions may be very large and
result in a certain amount of mixing between dif-
ferent J manifolds. However, with these provi-
sions in mind, the general character of Eq. (3)
is unaltered. The value of a comparison between
Hhq and p, is then to provide information on (r ').
If (x ') is constant for several different com-
pounds then H„f/p, will be a constant. In addition,
if the electrons are well localized this constant
will be determined by the free-ion values. How-
ever, if delocalization occurs, the value of (r ')
will be reduced, and may have different values
for different compounds. Then the simple linear
relationship will not be valid.

A comparison of H„&and p. is shown in Fig. 1(b)
for a number of neptunium intermetallics. ' In

all these materials, the neutron-diffraction stud-
ies show that the second component does not car-
ry a magnetic moment. The neutron-diffraction
experiments measure the product of the electron-
ic magnetic moment and the magnetic form fac-
tor f(K). In deriving the points in Fig. 1(b) we
have, of course, had to assume a value for the
magnetic form factor, which depends on the elec-
tronic structure of the ion. However, in all cas-
es the moments have been obtained from low-an-
gle reflections [(sin9)/A. &0.30 A ']. In this range,
the dipole approximation is valid, "and the form
factor will essentially be the same as that found
for a wide variety of uranium compounds. " The
error bars on p in Fig. 1(b) allow for uncertainty
in f(K). In obtaining the values of H&~ from the
hyperfine-splitting data we have used the nuclear-
moment assignments of Stone and Pillinger. "

Also shown in Fig. 1(b) are points correspond-
ing to several free-ion values calculated with in-
termediate-coupling wave functions'~ and the rel-
ativistic (r ') values of Lewis et al." The prin-
cipal uncertainty in these calculated values is due
to the core-polarization term, which is not mell
known but is larger than in the lanthanides. " The
error bars shown on these points reflect that un-
certainty.

From the figure one sees an extremely good
linear correlation between &hf and p,. A least-
squares fit to the data gives

Hh&= [(IS15 kOe)/p. j g.

0& particular interest are the facts that (i) the
relation holds over a very wide range of values,
(ii) three different crystal structures are repre-
sented, and (iii) the straight line extrapolates
through the calculated trivalent-Np free-ion val-
ue. On the whole, the behavior is remarkably
similar to that observed in lanthanide systems.
We emphasize that to obtain a hyperfine field of
4800 kOe, such as observed in NpAs and NpSb,
a very strong localization must occur to bring
into play the large orbital contribution. The fa,ct
that Hhf comes so near to the free-ion Np" value
suggests an essentially atomic character with
this configuration. " The proportionality between
H h f and iLt, then shows that the conf iguration and
(r ') remain roughly constant and only (Z, ) is
altered in the various materials.

These results indicate that the 5f electrons
are well localized in a wide range of Np interme-
tallies. We note, however, that this will not end
the controversies concerning actinide magnetism.
In fact, for the materials where the moments are
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small, this result itself is surprising. Attempts
at applying a crystal-field model with well-local-
ized states, even including J mixing, have not
been successful in obtaining moments as small
as observed here. ' In addition, the bulk magnet-
ic properties of materials such as Npco, and
NpMn, show some characteristics which are typi-
cal of itinerant-electron systems. A narrow-
band model might give sufficient spatial localiza-
tion to reproduce the correlation between p, and
8h f but development of such theories is at pres-
ent inadequate. This is because all such model
calculations are concerned prima, rily with the en-
ergy distribution of electrons, rather than with
the spatial distribution. With a few exceptions,
this is also true in more detailed band-structure
calculations. We suggest that a calculation of
the spatial distribution of 5f electrons should be
an important part of theoretical approaches to
the electronic structure of the actinides, and that
the data of Fig. 1(b) will provide an important
test for those theories.
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ings of the manuscript.
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