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Spin Correlations in Actinide Materials: A Neutron Study of USb

Q. H. Lander and S. K. Sinha
Argonne National Labo~ato~, Argonne, illinois 60439

and

D. M. Sparlin
University of Missouri, Rotla, Missouri 6540Z

0. Vogt
Laboratorium fur Festkorperphysik, Eidgenossische Technische Hochschule, Zurich, Switzerland

(Received 19 December 1977)

Measurements have been made of the short-range spin correlations in USb, a metallic '.

compound that orders antiferromagnetically. The system has no transverse fluctuations,
and the longitudinal spin correlations are anisotropic, showing stronger interactions
within the ferromagnetic sheets than between them. The results of this and other experi-
ments can be understood with simple concepts involving the bonding of 5f electrons.

The electronic structure of actinide (5f) inter-
metallic systems still presents a major puzzle in
solid-state physics. In this Letter we suggest
that bonding involving f electrons plays a major
role in determining the magnetic properties of
some of these materials. Although compounds of
transplutonium elements have not been studied
systematically, present evidence suggests that
their properties may be understood. with models
developed for lanthanide (4f) systems. The situ-
ation is much more difficult for compounds of
lighter actinide elements, in which the 5f elec-
trons are spatially diffuse and may interact with
the actinide 6d electrons, as well as with the lig-
and wave functions. We wish to focus particular
attention on the AnX (An is uranium or neptuni-
um; X is N, P, As, Sb, S, Se, or Te) compounds
with the simple NaCl crystal structure, since
many properties of these are well known. ' As an
introduction we note the following: (1) All mater-
ials are metallic and many have large electronic
specific heats. (2) The antiferromagnetic pnic-
tides have magnetic structures which are all char-
acterized by (001) ferromagnetic sheets that have
the spin direction perpendicular to the sheets and
that are stacked in various (often complex) ar-
rays. In USb this stacking is a simple alternating
+ —+ — sequence (type I) but in NpP, for example,
a 3+, 3- structure is found. (3) A recent study of
the magnetic form factor' of USb shows that the
magnetization density of the ground-state wave
function is oblate in shape, whereas a considera-
tion of the free-ion and crystal-field effects de-
mands a prolate distribution. (4) As we shall see,
in USb, the longitudinal spin-correlation lengths
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FIG. 1. Reduced magnetization vs reduced tempera-
ture below TN for USb.

exhibit a large directional anisotropy, which has
not been previously observed in a cubic system.
(5) In addition, the transverse fluctuations are
essentially unobservable even at the critical
point. '

Uranium antimonide (ao = 6.197 A at 300 K) or-
ders antiferromagnetically at 241 K with the type-
I magnetic structure. The same single crystal
described in Ref. 2 was used in the present study.
The transition at 241 K is second order and ihe
development of the long-range order is shown in
Fig. 1, in which we plot reduced magnetization
against reduced temperature. The value of P
= 0.32+ 0.02 is in good agreement with that ex-
pected from three-dimensional Ising systems
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(P = ~5--0.3125). In the ordered state three do-
mains exist in the sample, corresponding to [100],
[010], and [001] propagation directions; but the
structure factors are such that the scattering at
each magnetic zone center arises from a single
domain. As in MnF„' the unique spin direction
allows a particularly simple separation of the
scattering into transverse and longitudinal compo-
nents. If the scattering vector, Q, is placed par-
allel to [001] then transverse components only
are sampled, whereas with Q l][110]both trans-
verse and longitudinal components contribute to
the neutron cross section.

The experiments were performed at the CP-5
research reactor with both two- and three-axis
neutron spectrometers. The resolution functions
were mapped out with the (110) magnetic Bragg
reflection and full resolution corrections have
been made. With the two-axis instrument an in-

O

cident neutron beam of wavelength 1 A was ob-
tained from the (113) planes of a germanium mon-
ochromator. This configuration had less than
0.01% of A j2 contamination. To visualize the ex-
perimental method we have drawn the [110]pro-
jection of the reciprocal lattice in the upper half
of Fig. 2. Bragg points from the fcc atomic struc-
ture are (000) and (111). In principle, both (001)
and (110) are magnetic points arising from mag-
netic domains with a [001] propagation direction.
However, no Bragg peak occurs at (001) because
the spin direction is then parallel to the scatter-
ing vector. Around the (001) point we should ob-
serve transverse fluctuations of the spin system
in the critical region. The result of a scan from
C to C' at T~+3 K is shown in the lower part of
Fig. 2. No critical scattering has been observed
a,round the (001) point, or equivalent (100) and

(010) points, at any temperature. Quantitatively
we can say that X& &0.01'., where g & is the trans-
verse susceptibility and yL„ the longitudinal sus-
ceptibility. This is an important result, with two
immediate consequences: (1) The anisotropy is
considerable~ne could even argue that it de-
fines an Ising system. (2) The critical scattering
at the (110) position represents the longitudinal
susceptibility directly.

At the (110) position we can perform scans in
two directions. These are shown as ~' and BE'
in the upper part of Fig. 2. The actual scans at
244.5 K are shown in the lower part of Fig. 2.
[The points in the scan AA' are actually data from
a transverse scan through the (011) point because
this has the best resolution to define the half-
width. ] The critical scattering is by no means
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FIG. 2. Upper section, [110]projection of the recipro-
cal lattice for USb. Lower section, experixnental
points and least-squares fits (solid lines) for the scans
as shown in the upper section.

isotropic around the (110) point, but shows a very
diffuse nature along the direction parallel to the
spin direction. Such behavior is very reminis-
cent of two-dimensional systems, such as KNiF„'
in which the scattering near &N appears in the
form of rods of intensity. However, this behav-
ior has not been observed in cubic materials.
We have also examined the scattering around a
number of other Bragg points out of the (110)
plane. From these scans we find that a constant-
intensity contour of scattering around a recipro-
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cal lattice point may be represented by a cigar
with its long axis parallel to the spin direction
sampled by that particular domain. The contours
perpendicular to the long axis are circularize
required by the tetragonal symmetry of the mic-
roscopic fluctuations.

We have also searched for an inelastic compo-
nent to the critical scattering above 7'& with a
three-axis spectrometer. We have folded the
four-dimensional resolution function with a Lor-
entzian form for the energy dependence of the
cross section,
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where q is the reduced wave vector measured
from the (110) point, 7' the temperature, and I'
a characteristic frequency. We conclude that the
longitudinal fluctuations exhibit no observable in-
elasticity, I' &0.05 THz. This implies that the
fluctuations are long lived, & 2 x 10 "sec at all
temperatures, and that the two-axis data can be
used without any corrections.

We now turn to the analysis of the longitudinal
fluctuations. The simplest assumption is that
the Ornstein-Zernicke form is followed; then the
cross section, integrated over energy and gener-
alized to include anisotropic interaction, may be
written

(2)

where A(T) is a slowly varying function of T,
f (Q) is the form factor, which is a constant over
the range of IQ I sampled in this experiment, and
& ~ and &ii are the inverse correlation ranges of
the longitudinal fluctuations perpendicular and
parallel to the unique spin direction, respective-
ly. The procedure is then to fold this cross sec-
tion with the resolution function and least-squares
fit to the experimental data. The fits to the data
are reasonable (Fig. 2), except that scans such
as BB' indicate that the assumption of a Lorent-
zian may be too simple, and that the quantitative
values of KII should be treated with some caution.
Nevertheless, values for &

II from the two-axis
and three-axis instruments are in good agree-
ment, despite the very different configurations
used. From Fig. 3 we can make the following ob-
servations: (1) The ratio of the major to minor
axes of the "cigar" of critical scattering is inde-
pendent of temperature, and from a least-squares
fit II' II/w ~ = 5.0+ 0.5. (2) The exponential decay of
the inverse correlation length follows the power
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FIG. B. Inverse correlation lengths for the longitudi-
nal fluctuations for USb as a function of reduced tem-
perature. Thus ~~ comes from analyzing scans such
as AA' in Fig. 2, and vII from BB'. (The error bars
for ~~ are the size of the points. )

law II' cI: [(&—TN)/&„]'"'0'0'. This exponent & in
the theory of critical phenomena has the values
0.5 for mean field theory, 0.643 for a SD (three-
dimensional) Ising system, and 1 for a 2D Ising
system. Our value is below the theoretical ex-
pectations; however, before evaluating the sig-
nificance of II (and by implication y and 'g) derived
here, we must be certain that we are within the
critical regime. Considerable uncertainty sur-
rounds this point in the present experiment. The
absolute value of ~II ranges from 0.08 to 0.35 4 '
over the reduced temperature examined. In real
space, therefore, &ii

' is between 12 and 3 A

which is very small. On the other hand, the in-
teraction between the sheets is almost certainly
of the Ruderman-Kittel-Kasuya- Yosida type,
which is long range, and the complex stacking
arrangements found in similar systems' suggests
that the range R of the interaction is as long as
three or four unit cells, R- 15 A. Hence ~IIR &1,
whereas the scaling hypotheses that govern the
derivation of critical exponents require &R «1.

All experimental evidence to data suggests that
these systems are Ising-like, with the spins
locked normal to the (001) sheets and strongly
coupled within the sheets. We believe that these
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properties are a consequence of strong hybridiza-
tion of the 5f orbitals on the uranium atom with
neighboring anion P orbitals and possibly also
with nearest-neighbor uranium d orbitals to form
the bonding states. A consideration of the geom-
etry of the NaC1 structure and the f, p, and d or-
bitals shows that the energy gained from the in-
plane 2D bonding arrangement in the oblate con-
figuration (relative to [001]) is greater than that
gained from bonding arrangements normal to the
plane in the prolate configuration, because of the
smaller number of bonding orbitals in the latter
case. If this "bonding" energy is greater than the
crystal-field energy, this would explain why the

ground state of the uranium atom is different
from that expected from crystal-field considera-
tions, as revealed by the form factor measure-
ments, ' and also the Ising-like nature. The bond-

ing picture also explains why the correlations be-
tween the spins on the uranium ions within the
(001) sheets a.re strong, since this interaction is
transmitted via the direct overlap of neighboring
orbitals, whereas the interaction between the
sheets must rely on the weaker indirect conduc-
tion-electron-exchange mechanism. We thus
have a system in which the magnetic ordering is
not dominated completely either by indirect ex-
change between localized moments (as in the 4f
series) or by an interaction primarily between
spins of itinera. nt electrons (as in the Sd metals),

but in which the bonding involving 5f electrons
coupled with the strong spin-orbit interaction
plays an important role in the development of
long-range magnetic order. Further experimen-
tal and theoretical investigations of these intrigu-
ing systems are in progress.
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By direct spatial imaging and spectral analysis of recombination luminescence we have
observed in silicon (1) the drift of photoproduced excitons from the crystal surface into a
strain potential well; (2) ideal-gas behavior of the strain-confined excitons in the well be-
tween 25 and 5 K; (3) a real-space condensation near T = 4 K which defines the first-
order gas-liquid phase transition; and (4) luminescence from excitonic molecules.

In this Letter we report observations of lumi-
nescence from free excitons (FE), excitonic mol-
ecules (EM), and electron-hole liquid (EHL) con-
fined within a strain-induced potential well inside
a pure Si crystal. Above &=5 K the FE lumi-
nescence exhibits a Gaussian spatial profile
exp(- o.x'/k T) expected for an ideal ga, s in a para. -
bolic potential well, V= x'. Near 4 K the spatial
profile abruptly narrows and luminescence from

the liquid phase appears, indicative of a first-
order phase transition. By this means we have
produced for the first time in Si a large volume
of EHL with greatly enhanced lifetime. We re-
port the first images of these excitonic phases in
Si.

An appealing aspect of the strain-confinement
technique is that it produces a well-defined spa-
tial distribution of excitons in the semiconductor.
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