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The neutron elastic magnetig cross section has been measured from ferromagnetic ***PuP at 4.2 K. As a result
of the partial cancellation of S and L in the f? state, the cross section is independent of angle for sinf/A < 0.35
A~'. A detailed analysis, including the effects of intermediate coupling and J mixing, allows an identification
of the electronic ground state. The conduction-electron polarization (~ 0.35up) is antiparallel to, and almost
half the magnitude of, the localized 5f moment (0.77up).

The lack of a unique microscopic model that
describes the electronic properties of metallic
actinide materials has led to a variety of phenom-
enological arguments, usually focusing on one
special property of these complex materials. The
most obvious analogy is with the lanthanide 4 f
series. However, because both the spin-orbit and
crystal-field parameters are large in the actinide
series,! the mathematical complexities reduce the
usefulness of drawing simple parallels. Trivalent
free-ion behavior is found in many 4 f metallic
systems; but, as yet, the electronic structure of
a metallic actinide compound has not been unam-
biguously established. In the present paper, we
present measurements of the neutron elastic mag-
netic cross section for PuP. The theoretical cross
section is calculated with the tensor-operator
formalism,? which incorporates the complications
of spin-orbit, crystal-field, and exchange inter-
actions in the 5f -electron system. The agree-
ment between theory and experiment allows us to
draw definite conclusions about the ground-state
configuration of the Pu ion.

The aim of the present experiment was to mea-
sure the elastic magnetic cross section (do/df),,
of the plutonium ion. Since (do/d®), <[ pf (&)]3,
where u is the ordered magnetic moment and f(¥)
is the magnetic form factor, these measurements
allow us to probe the radial and angular parts of
the unpaired 5f electron distribution, and hence
examine the electronic structure. The magnetic
form factor f(k), where x=4msind/x (6 is the
Bragg scattering angle and X is the incident neu-
tron wavelength), is related to the Fourier trans-
form of the magnetization density. For this ex-
periment we have chosen the simple ferromagnet?
PuP(T; =125 K) which has the NaCl crystal struc-
ture (a,=5.651 A). Since **Pu has a high fission
cross section, the ***Pu isotope was used. The
experiments were performed with a polarized-
neutron diffractometer at the CP-5 Research Re-
actor. The stoichiometry of the sample was con-
firmed by measuring the integrated intensities

from an unpolarized-neutron powder scan. The
polycrystalline sample (1.53 g) was in a 60-kOe
magnetic field at 4.2 K. The easy axis of mag-
netization in PuP is [001] and the application of a
high field causes preferred orientation and the
rotation of some particles in the sample.* Reflec-
tions of the form (hk0) were greatly enhanced in
the diffraction pattern, whereas other reflections
decreased in intensity. To determine the magnetic
cross section, the intensity of neutrons diffracted
from a Bragg plane was measured for the two
neutron spin states. The cross section was inde-
pendent of the applied field. By knowing the nu-
clear cross section (bzazp,=0.81x10"** cm, by
=0.51 x10"!2 cm) these measurements can deter-
mine the magnetic cross section directly. The
experimental results for pf (k) are shown in Fig.
1. Small corrections, which amount to less than
2%, were made for imperfect polarization, in-
complete spin reversal, and depolarization of the
neutron beam through the polycrystalline sample.

The Fourier transform of the magnetic form
factor gives the spatial distribution of the unpaired
5f electrons. For f° configurations, the Russell-
Saunders Hund’s rule state is °H,,, (L=5, S=3,
and J=L-S=3%). Therefore, the spin density is
antiparallel to the orbital current density. Be-
cause the latter is more contracted in real space
than the spin density, the subtraction leads to
regions of negative density with respect to the to-
tal magnetization. The resultant Fourier trans-
form has a maximum at k>0, so that the magnetic
cross section should first increase as k increases,
then decrease for larger x. Such an effect has been
observed in samarium metal,® although the com-
plicated magnetic structure of this element makes
comparison with theory difficult.®

A number of important statements concerning
the electronic structure of PuP can be drawn from
Fig. 1 without additional analysis. First, the mag-
netization value’ of 0.42u; is much lower than the
localized 5f moment [(0.7-0.8) uz] seen by neutron
diffraction. Such a discrepancy between the mag-
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FIG. 1. Experimental points for the magnetic cross
section from ferromagnetic 242PuP at 4.2 K. The solid
and dashed curves are the best fits to the data with 5f°
and 5f¢ configurations, respectively. The arrow on the
ordinate axis gives the total magnetic moment as deter-
mined by magnetization experiments. The insert shows
the relativistic Dirac-Fock values for (j;) and (j,), see
Ref. 11.

netization and neutron moments has been observed
in a number of actinide ferromagnets.* The dif-
ference Au = p,.,,, — Ksy Varies between —0.15up

in US and -0.3 5 in NpAL,.»° We believe the quan-
ti'y Ap is a measure of the conduction-electron
polarization in these compounds.- According to
theoretical models,!° this quantity should be paral -
lel to S and proportional to |S|. Both expectations
are approximately fulfilled in the U, Np, and Pu
series. Second, the shape of the form factor al-
lows us to uniquely assign a 5f° configuration and,
hence, a Pu®* ionization state. The dashed curve
in Fig. 1 is the best fit with a 5/* form factor and
does not reproduce the experimental data, irre-
spective of the magnetic moment chosen.

The magnetic scattering length of the (2%0) re-
flections, all of which have an angle of 37 between
K and [, reduces to a scalar quantity that may be
expressed? as

L) = G+ €2 (G o)+ Calia)+c6{is)) (1)

The magnetic moment u and the coefficients c; in
Eq. (1) are defined by the ground-state wave func-
tion of the Pu® ion. The radial integrals (j;),

which are related to the spatial extent of the 51
electrons and are functions of « only, can be de-
termined from fully relativistic Dirac-Fock calcu-
lations.!' The functions (j,) and {j,) are shown
in the insert of Fig. 1. Since (j,) and (j,) are
smaller than (j,) over the angular region of in-
terest and their coefficients ¢, and ¢, are also
small, the right-hand side of Eq. (1) essentially
reduces to the first two terms. One can see from
the insert of Fig. 1 that, if f(K) is to be greater
than unity at finite values of «, the contribution of
(j,7, i.e., the coefficient c,, must be large. This
is indeed the case; for the °H;,, state the dipole
approximation gives c¢,=6.0. Other f configura-
tions have ¢, values'' ranging between 1.5 and 2.3.
The results of the neutron experiment on PuP may
be conveniently represented by plotting u vs c,,
as in Fig. 2. The experiment defines an ellipse
because of the correlation between the parameters.

To examine the significance of the neutron re-
sults, we start by calculating the values of yu and
c, based on the wave functions of the °H;,, free-
ion state and the corresponding crystal-field
states I'; (a quartet) and I, (a doublet). The free-
ion ®H;,, result is given by the solid square, and
the solid circles represent results for the °H;,
crystal-field states. The numerical results are
given in Table I. In all cases, the values of c,
are larger than found experimentally. However,
this model ignores the strong spin-orbit coupling.
From spectroscopic studies,’? the spin-orbit pa-
rameter £=2260 cm™, and because of the admix-
ture of higher S and L states, the values of ¢, are
reduced (open circles in Fig. 2).

Next, we have considered the admixture of the

= £ state (and higher J multiplets) into the wave
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FIG. 2. Variation of the magnetic moment vs c, for
theoretical models for Pu**. The shaded ellipse is the
area defined by fitting the experimental points in Fig. 1
with Eq. (1). The symbols correspond to models dis-
cussed in the text.
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TABLE I. Summary of calculations for PuP. The quantities u and ¢, are defined in Eq. (1).
(L) and (S) are the expectation values of the orbital and spin angular momenta, respectively.
Apart from the first three entries, all calculations are done using intermediate coupling wave
functions. The last three entries use a truncated basis set of ten free-ion J manifolds and
include the effects of crystal-field and exchange interactions (ex).

(W
Wave function Uy (L) (S) cy
SHy )y Free ion 0.714 4.28 -1.79 5.42
Ty 0.525 3.15 -0.44 5.21
T, 0.239 1.42 -0.59 6.00
J=3 Free ion 0.962 4,04 -1.53 3.80
T 0.724 2.94 -1.11 3.62
T, 0.329 1.34 -0.50 4.48
J=1 T —-0.429 —0.57 +0.07 1.21
T, -1.288 -1.711 +0.21 1.26
Afrty=+200 cm™ +ex 1.037 3.95 -1.46 3.47
Arty=—400 cm™! +ex 0.883 4.08 -1.60 4,17
Afr'y=—-480 cm™ +ex 0.733 2.20 -0.73 3.13
Experimental PuP 0.77+0.07 3.8+0.7

function. Such effects arise from the large cry-
stal -field interaction found in ionic actinide sys-
tems!® and are assumed to be present in metallic
compounds.! Our calculations show that even a
small admixture of the J = Z state drastically af-
fects both u and ¢,. The positions marked 0.05
correspond to the results for the wave function

#(r,;)=0.9987|J=3,T;)-0.0500|J=1,T;), (2)

and the positions marked 0.10 correspond to the
coefficient of the J= 1 state. The comparison with
experiment indicates that the ground state is al-
most completely (>99%)J=3. As a consequence,
we find an upper limit of |4, (r% <500 cm™ is
put on the crystal -field strength, otherwise the
admixture of the J = 7 state leads to significant
discrepancies between the calculated and experi-
mental values of ¢, and p. The crosses in Fig. 2
correspond to results?® for the Pu®* wave function
in CaF,, in which A,{r%=-1080 cm™. An earlier
model'* for PuP derived from high-temperature
susceptibility results also overestimates A, (r%).
In fitting the experiment and theory quantitative-
ly, we use the experimental values of y and ¢, and
the truncated basis set scheme! to determine the
sign and the approximate magnitude of the two
cubic-field parameters relevant to the symmetry
of the Pu ion in PuP. The values for the two crys-
tal-field parameters are A, (r*)~ -450 cm™ and
|Ag (% |=30 cm™. With this crystal-field strength
and in the absence of an exchange field, the T,
and I'y levels are quite closely spaced (~15 cm™)

with I'; lower in energy. The exchange field will
mix these levels because of the large magnetic
interaction, as indicated by the high ferromagnetic
transition temperature (T,=125 K). We use the
Weiss molecular-field approximation to obtain the
magnetization value and the magnetic ground-state
eigenvectors, ]z/Jm). The values for the magnetic
moment pu and c; are then calculated from the }zpm)
at the measuring temperature of 4.2 K. The re-
sultant p and c, fall into the cross-hatched area

in Fig. 2 (see Table I).

In conclusion, the present experiment and anal -
ysis have led to an identification of the ground-
state configuration of PuP in terms of first-prin-
ciple parameters, but a number of important ques-
tions remain unanswered. The neutron cross
section indicates the need (as expected) to con-
sider the strong spin-orbit coupling but (surpris-
ingly) shows that the crystal-field strength is
about half that found in ionic compounds.'® In ad-
dition, the sign of the crystal-field interaction is
opposite to that found in similar lanthanide sys-
tems, e.g., for SmP (a,=5.78 A) Birgeneau efal.'s
give A, (r =72 cm™*. Of equal interest is the
large discrepancy between the total moment (as
measured by magnetization experiments) and the
localized 5f moment (as determined by neutron
experiments). To further investigate this discrep-
ancy, which is also found in U and Np compounds,®?
we intend to measure the diffuse cross section
from PuP for sinf/x<0.2 A'. Our measurements
also suggest that neutron experiments on a num-
ber of samarium compounds would rigorously test
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the crystal-field models proposed for these sys-
tems.'®
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