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ABSTRACT

The position of the 5f elements in the periodic
table suggests that the electronic properties of these
elements (and their compounds) will resemble those of the
lanthanide series. However, the extended nature of the
5f wave functions leads to fundamental differences be-
tween 4f and 5f systems. In this review the evidence for
"localized" magnetism will be presented. Results of mag-
netization, Mosshauer, neutron and low-temperature x-ray
experiments on Np, Pu, and Am compounds will be used to
illustrate both the similarities to and differences from
lanthanide magnetism.

A determination of the ground-state 5f electron wave
functions is, in principle, possible by measuring the neu-
tron magnetic cross section. The interpretation of such
experiments on UQ,, USb, and PuP requires a knowledge of
the radial extent of thc 5f electrons, which we obtain
from relativistic Dirac-Fock calculations, and the use of
the tensor-operator formalism to treat the spin-orbit in-
teraction. This interaction in Pu®t (a 5f° configuration)
results in a magnetic form factor that initially increases
with increasing scattering angle. For USb the experimental
magnetic scattering is used to determine the ground-state
wave function of the U+ ion. 1In addition the temperature
dependence of the quadrupole mcment in USb has been meas-
ured and yields information both on the size of the crystal-
field and exchange interactions, and on the interplayv be-
tween them.

INTRODUCTION

The unique problems associated with describing the
electronic structure of the actinide elements and com-
pounds were recognized as socn as the first investigations
were performed some 35 years ago. A consequence of the
spatial extent of the outermost electrons is that the ac-
tinide ions are sensitive to their environment, i.e., large
crystal-field interrctions are present.l On the other
hand, the 5f electrons have a high angular momentum state,
and the term (R + 1)/r? in the Schradinger equaticn then
acts in combination with the atomic potential to produca
a centrifugal barrier confining the electron to an annular
region arcund the nuclecus, i.e., the spin-corbit courling
is l?l‘ge.2 The presence of both large spin-orbit and crystal-



field interactions leads to complications that are rarely
found in either the 3d transition series, in which the
crystal field dominates, or the lanthanide (4f) series, in
which the spin-orbit term dominates.

What are those properties of the system that suggest
the presence of localized 5f electrons? (1) A large spin-
orbit coupling, i.e., the tendency for the spin and angu-
lar momenta to combine together in such a way as to pro-
duce a good quantum number J. Of course, the presence
of a large crystal-field interaction may break down
Russell~Saunders coupling, necessitating the use of in-
termediate-coupling g factors and even J mixing.? (2)
The high-temperature susceptibility should reflect the
localized moment behavior giving an effective moment
Hefs = 8 VI(J + 1). (3) If conduction electrons are
present to med’ate the signal between nonmagnetic and
actinide ions the nuclear spin-lattice relaxation rate
1/T, at the anion will sense the induced moment (i.e.,
the susceptibility) at the actinide site. (4) As a con-
sequence of the large orbital moment (excluding S-state
ions) (a) an appreciable spin-lattice interaction should
exist. In turn, this leads to magnetic anisotropy and
the probable crystallographic distortion of the chemical
unit cell in order to minimize the magnetoelastic energy.
(b) A large orbital contribution to the hyperfine field
will be present at the actinide nucleus. (5) The crystal
field interaction will 1ift the degeneracy of tie J mul-
tiplets and result in wave functions that reflect the
symmetry of the actinide ion. Such a representation im-
plies the presence of well defined spin-wave excitations,
which reflect both the crystal-field and exchange inter-
actions in the material.

By attempting to characterize the 5f electrons as
localized we are, of course, assuming that the 55 bands
have a narrow energy distribution in momentum space and
that their energies lie well below the Fermi cnergy Eg.
Extensive band-structure calculations have been performed
on the actinide elements,] all showing that the 5 states
are neither narrow nor well below EF' Davis has presented
a preliminary calculation for the NaCl compounds. The
presence of f electrons near Ep contributes to the peak
in the density of states. Such a peak is compatible with
the high values for the electronic specific heat, which,
in ml/mole K%, are 23.3, 9.6, and 49.0 for US, UP, and UN,
respectively. Although hybridization makes it difficult
to define the 5f bandwidth, the average value suggested
by the band calculations is 2 - 3 eV, as opposed to
"~ 0.3 eV for the localized 4f electrons. uv photoemission
spectra" on US have been interpreted as supporting the
itinerant picture of the 5f electrons in this ccmpound,
although Veal has argued for a more cautious approach in
connecting theory and experiment.5 We will return to US
later; the important point of introducing the band-



structure ideas is that we do not expect anv one model to
correctly describe all the properties of these actinide
compounds.

In the elemental metals, at least for the first half
of the series, the spatial extent and corresponding wave
function overlap causes a situation which requires a de-
scriptionin terms f§ itinerant 55 electrons. The concept
of spin fluctuati:.as (i.e., incipient magnetic behavior)
appears to explain the resistivity, specific heat, and
susceptitility.® Attempts to provide more direct evi-
dence of such phenomena with microscopic techniques, such
as nuclear-gamma-ray resonance or neutron scattering are
difficult, but worthwhile, endeavors for future research.

In this article we will concentrate almost exclusively
on the actinide compounds that form with eiements of Group
VA and VIA of the periodic table and crystallize in the
NaCl structure. In the first part we will discuss magne-
tizatior, nuclear-gamma-ray resonance (Mossbauer), neutron
and low~-temperature x-ray experiments. In the second part
we will present results from recent "second generation'
neutron experiments on single crystals of uranium com-
pounds.

ACTINIDE COMPOUNDS WITH THE NaCl CRYSTAL STRUCTURE

Some properties of actinide compounds with the NaCl
structure’ ? are given in Table I. All these compounds
are metallic with resistivities ranging between 100 and
2000 2 cm. The presence of conducticon electrons and
their possible interaction with the 57 electrons must
therefore be kept in mind. The object in studying the
trends in such a table is to see if unique 5 electron
configurations can be assigned, as is the case for ex~
ample, in similar lanthanide (4) compounds. If the ac-
tinide ions are rripcsitive, the configurations will be
Uit - fJ, Np3+ - f“, Puldt - fs, and Am’t - {6. The ac-
tinide contraction will favor these configurations as
one proceeds to the heavier ions and this is confirmed
by the large effective moments of Cm and Bk (“8iy),
which suggest f7 and f°® configurations, respectively.”’
The spatial extent of the 57 wave functions means that
those compounds wih the smallest lattice spaciu§s may
have the most complicated behavior. Indeed Hill ® pro-
posed a direct correlation between the An - An separa-
tion and the occurrence of magnetic order, with the o
critical separation being about 3.4 A, i.e., a; v 5.1 A
in the NaCl structure.

Starting with the heavier ions in Table I, AmSb
exhibits temperature independent susceptibility. This
behavior is consistent with, but does not necessarily
prove, the existence of a 5f°:7F0 ground state. The sit-
uation for PuS is similar. All the remaining Pu com-
pounds exhibit low effective magnetic moments (Vv 1 ug)



and ordercd moments of between 0. 4 and 0.8 ug. These
values are consis ent with a Sf°:%H, . configuration. As
we discuss in more detail below, thé magneric form factor
of this configuration is sufficiently unique that measure-
ments of the ncutron magnetic cross section, even [rom
polycrystalline samples, unambiguously defines the ground
state. However, for fs states (both Sm and Pu) the ex-
cited J multiplet is fairly clese in energy to the ground
state. This means that the effects of intermediate coup-
ling and J wixing may be appreciable.

Assignments for the neptunium and uranium compounds
are not nearly as straightforward. For example, the ef-
fective magnetic moment Mogp of £2, ¢%, and " free-ion
states are 3.5B, 3.62 and 2.68 py, respectively. The
ordered moments Heap are 3.20, 3.27, and 2.40 u respec-
tively. With the added complications of crystd? field
and cxchange effects the identification of the configura-
tion from either Lggf or Ugae ™Y be ambiguous. The Np
compounds have ordered moments ranging between 1.4 and
2.5 “B' and the values of Heofg are also consistent with
a 5" configuration. For Np compounds additional infor-
mation is available from Mdssbauer-effccts measurements.
The hyperfine field Hp¢ consists of a cere contribution,
taken in the first approximation to be proportiocnal to
<§,> = x{gy - 1) <J,>, and an orbital contribution pro-
portlonal to <J}Inj J> <r”?> <J;>, where <Ji{x|{J> is a
reduced matrix clement dependent on the ionic configura-
tion, and <r~?> is the average value of 1/r’ for the open-
shell electrons. Thus, Hye = <J,> = bgar/B,. In Fig. 1
we show the correlation'! Eetwcen the hyperiine ficld and
the ordered moment as determined by ncutron diffraction.
Of particular interest is that the linear relationship,
th (1915 * 50) ug,, kOel/uy, e).trapolntc‘; through the
+ value (corresponding to a 5f* configuration) calcu-
lated vith irtermediate- coupllng wave functions and rel-
ativistic values for <r~%. Another feature of the cor-
relation is that it extends to values of jig,, less than
1w as found in the lLaves phase compounds.!? Such a
resulc indicates that the value of <r=*> for the 5. elec—
trons temains constant in these neptunium compounds,

The uranium cowmpounds in Table 1 have been examined
with a variety of experimental techniques and have been
discussed with both a localized f electron formalism,?
and an jtincrant band-structu-- approach.J As stated
above, we expect to need both . odels to understand all
the magnetic properties. For the compounds UP, UAs, and
USHh, which all have reasonably large U - U spacings, the
localized 5f’ configuration appears appropriate. The
situatien is more comnlicated for UC, UN, and US. With a
£? configuration and the ortahedral coordinacion of the
NaCl structure the cryvstal-ficld interaction lcads to a
quartet re, or a magnetic doublet 'y as the ground state.

Assuming the predominance of the fourth-order term vV, =



A, <r“>,in comparison to the sixth-order terw V , the
ordered moments Hgat should lie between 1.*3uand 2.55 [T
The intermediate coupling g factor is 0.7595 as comparcd
to the “19/2 value of 8/11 = 0.7273, and we :lo not ex~
pect J mixing to perturb hg,, by more than #{10Z. How-
ever, UC is nonmagnetic and UN, although it has a large
Hogg of 3.1 Hp» orders with a moment of only (0.75 U
Alternatively, both materials may be considered 5f7 states,
in which the ground state may be a nonmagnetic singlet.
The magnetic ordering in such a system is then induced by
an exchange field large enouph to mix the ground and ex-
cited (magnetic) states. This model has achieved quanti-
tative success in Pr, Tb, and Tm compounds.” The cryszal-
fleld splicting E(I',) - E(I'}) necessary to produce the
temperature-independent susceptibiiity in UC is ™~ 1500 K
(130 meV). This is too large an energy scparation to be
observed directly with present neutron spectrometers, and
the determination of the ground state by fitting the mag-
netic susceptibility should be treated with caution (sec
below). In the casc of UN attempts to measure the spin-
wave spectra are currently in progress.

SPIN LATTICE INTERACTIONS

In the discussions above we have not shown explic-~
itly how the determination of the easy axis of magneti-
zation and the occurrence of lattice deformations relates
to the localization of 5f electrons, except in the sense
that these effects are a consequence of a stiong spin-
lattice interaction mediated by the orbital moment. With
the exception of Ce compounds, both the easy axis aad
lattice distortions are understood in the lanthanide
series in terms of the crystal-field ground states. Such
descriptions present problems for actinide compounds.

For example, in Table I we note that in both U and Np cor-
pounds the easy ax’s are <100> for antiferromagnets and
<111> {or ferromagnets. The correlations thus appear
with the magnetic structures rather than with the ground-
state configuration. The temperature dependence of the
lattice parameters of NpP and NpAs (Fig. 2) present evi-
dence for very dramatic and unusual spin-lattice inter-
actions.? For the commensurate long~range magnetic struc-
tures (T < 74 K in NpP with a 3 +, 3 - layered structure,
and 142 < T < 175 K in NpAs with a 4 +, 4 - structure)
tetragonal distortions are observed. However, for mag-
netic ordering incommensurate® with the lattice (74 <T<
130 K in NpP), or the simple type 1 +, - structure in
NpAs, the lattice is apparently cubic. The effect in
NpAs, in which the symmetry is raised (from tetragonal

to cubic) in the ordered state, is so unusual that one

is tempted to suggest a valence change occurs at 142 XK.
The electrical resistivity changes by an order of magni--
tude at this transition.® Notice, however, that distor-
tions in all type I antiferromagnets are absent, or at




least very small,g’l" (c-a)/a 5_10—3. At present no ex-
planation for these spin-lattice interactions has been
advanced. Recently, neulron experiments at Argonne on
antiferromagnetic UO2 have shown that an internal shear
deformation of the oxygen sublattice occurs below Tno»
whereas the ‘ranium atoms do not move.!® The magneto-
elastic energy is minimized by this internal strain,
which dominates the magnetic behavior of UO_ through
strong spin-lattice coupling,lG and the symmetry of the
overail unit cell remains unchanged. Although UC, is an
insulator and has the fluorite structure, the general
formulation of this new effect may also apply to the NaCl
compournids. Indeed, similar effects have been proposed
for certain lanthznide compounds.17

ELECTRON WAVE FUNCTIONS DETERMINED BY NEUTRON SCATTERING

The scattering of thermal neutrons yields, in prin-
ciple, information about the radial and angular distri-
butions of the unpaired eloactrons in a solid. 1In prac-
tice, achieving this goal is difficult. The experiments
require accurate measurements from single crystals, and
comparison with theory requires the use of the tensor-
operator method!® together with relativistic values for
the one-electron radial integrals.lg
> The magnetic scattering length is defined as a vector
E, with spherical components EQ given by

>
(2n t/m) By = <y |Tq (e, ]u,> e5
The electron wave functions are represented by ¢ and
TK(e,K) defines a tensor operator. The neutron-electron
igteraction is expressed as a tensor of rank one, so that
we need to evaluate three terms, Q = 0, * 1. The presence
of an unquenched orbital moment means that the magnetiza-
tion density is a vector quantityzo’21 with three com-
ponents, M_, M _, aad M,. We may associate the comporents
EQ as follows,yE * M., E, >~ (Mx + i Nv)//f, and

E_l e (Mx - iM 9//3. The magnetic moment deusity is there-
fore obtained g; Fourier transforming M,, M _, and MZ. In
certain cases M, the total magnetjzation, miay be perpen-
dicular to the scattering vector Kk (this is common prac-
tice in experiments with polarized neutrons), and then

E ., =E =0, and the moment density is a scalar quantity
as is found in mos: transition metal compounds. We may
write Ey = - 2 p q", where p = (0.27 x 107'2) pf(x) em

is the conventiona’ magnetic scattering length, i is the
magnetic moment in Bohr magnetens, q° ig the square of
the magnetic interaction vector, and f(K) is the form
factor, which is relzated to the magnetization density
through the Fourier transform

= -

pE@) = I M(E)el® ° T ar. (2)



In the tensor-operator formalism
>
f(c) = <Jo> + c2 <J2> + c4 <J4> + C6 <J6> (3)

where

(s +]
"
<ig> = J Ut (r) j;(kr)dr (4)

o
are the radial integrals of the one-electron wave functions
and j.(xr) are spherical Bessel functions. The coeffi-
cients cj are defined by the electronic configuration of
the magnetic ion and the experimental congditions. From
these equations, assuming we know the magretic moment U
(obtained by extrdpolatlng the cross section to Kk = 0),
and the geometrlc term q an effective magnetic form
factor f'(¥) can always be deduced from both the observed
and calculated cross sections. If q® = 1 then E =
E = 0and f' = f as in Eq. (2}; but, in generaf the
situation is more complex.

Accurate form-factor measurements have been reported
for U0, (both in the ordered and paramagnetic states) and
US. For U0 in the ordered state the ambiguity in the
magnetic moent direction requircs that the coefficients
c, in Eq. (3) be avcraged over the (001} planc before
comparing with experiment; thus losing a great deal of
information about the anisotropy of the ground state.

In the paramagnetic state??the induced moment of 0.0374 yp
is too small to be able to compare f{k) values calculated
with different models. However, this experiment does
show that the radial integrals <j.> of Eq. (4) derived
from relativistic Dirac~Fock calculatlonsl‘3 are a good
representation of the spatial extent of the 5/ electrons
in UO

Polarized neutrons kave been used to measure the
magnetic form factor??® in ferromagnetic US. The neutron
data suggests a magnetic mement of 1.70 u,, whercas mag-
netization experimur.ts23 give only 1.55 uLp. Similar
discrepancies occur in 34 transition metals and compounds
and are ascribed to conductiom-electrcn polarization. In
US, it probably ariscs from hybridization of the 5f, 6d,
and 7s bands and, because of spatial delocalization of
these wave fugctlonq, contributes to {(K) only for
sinf/A < 0.1 A", The form factor of the localized part
is shown in Fig. 3. The data do not depart much from a
smooth curve, and we would expect considerable more an-
isotropy for 55% and 5% states. We have recanalyzed this
data with the relativistic <j;> integrals and, in agree-
ment with Wedgwood's original analysis, obtain the best
fit (open points in Fig. 3) for the 5f2 :I', singlet con-
figuration.

Considerably more anisotropy is present in the mag-
netic form fagtpr of USh, see Fig. 4. The overall fit
with a 5f3:T8 DYoround steote is excellent, again showing




the accuracy of the <j;> integrals. The anisotropy in
Fig. 4 allows us to distinguish betweenr a number of pos-
sible ground states. We define a term

Af = f(Kl) - f(Kz) (5)

where ffl] = l:zf. From Eq. (3) we see that this elim-
inates the (spherically symmetric) term in <jg > and fo-
cusses on higher-~order integrals that reflect the mag-
netic quadrupole, octapole, anu higher moments. In Fig. 5
Af for a number of pairs of reflections is plotted versus
sin8/A. Assuming the LLW parameter x = 0.8, (x reflects
the ratio between V., and V_, and the analyses are inde-
pendent of x for 0.7 < x <'1.0. The sign of x depends on
the coordination only) the ground-state wave functions
are

wo 1%y =0.79]9/2> - 0.59]1/2> - 0.14]-7/2>,

e
Msar = 2.12 "B
W>0 Fg(l) v, = 0.97]7/2> - 0 25]-1/2> - 0.01]-9/2>,
usat = 2.36 Mg
Now from Fig. 5 the T 2} state is clearly an incorrect

assignment. Note that this has the‘f9/2> state as the
major term. For 0.3 < sin0/X < 0.5A7! the anisotropy
comes primarily from the magnetic quadrupole moment,
which is sensed through the <j_> function. The shape of
the magnetization density observed in USb is incompatible
with both the I'_ % or free-ion |9/2> states. Point-
charge calculations give x > 0 and W < 0 with a rg'?)
ground state. This is found in all Nd compoundsz“ (éf3).
Our assignment of the ground state is alsc opposite to
that suggested by Troc and Lan’® from an analysis of the
high-temperature susceptibility of UP and las. However,
the present neutron experimeuts represent the first direct
identification of a crystal-field eigerstate in an acri-
nide intermetallic compound.

We have also measured the temperature dependence of
Af. This quantity is very sensitive to the occupation of
states with different symmetry from the ground state. In
Fig. 6 we show the suggested crystal-field level scheme
for USb in the presence of an internal exchange fiecld
(the molecular field model). In the absence of Hexch
the FB oo I', energy separation is " 300 K. As Hg..p is
increased the degeneracy of the ' state is raisced, and
the gap between the lowest level of the excited I' state
is narrowed. If the I' state is separated by more than
about 500 K from ' thé anisotropy will be temperature in-
dependent. On the other hand, in the {ree-ion picture
{which is approached on the extreme right of Fig. 6) the



temperature dependence of the a2nisotropy is very abrupt,
being approximately proportional to the fifth power of
the dipole moment at low temperatures. The measured quan-
tigy Af(T) is related to theoeffective quadrupole moment
<02> by normalizing, thus <02> « Af(TY/AEf(T = 0) and this
is plotted as a function of the reduced dipole mowment in
Fig. 7. Note that the experimental <0°> shows some tem-
perature deyendence, placing an upper Iimit of " 400 K
on the ' V-T energy separation. Using a molecular
field wodel as $1lustrated in Fig. 6 we have calculated
Af(T), and the results for W= 6, 7, and 8 K are shown in
Fig. 7. Near T Hexch rapidly diminishes, leading to an
increase in the I'g '’ - FG separation, with a correspond-
ing increase in Af. The data do not reflect this upturn
near Ty, but do suggest that W™ 7 K is a reasonable
value. The present elastic scattering measurements show
the need for single-crystal inelastic neutron experiments
because the exchange interactions will undoubtedly pro-
duce considerable dispersion in the crystal-field levels.
This may well account for the failure to detect crystal-
field levels using polycrystalline samples and time-of-
flight techniques.2® However, the concept of a well-
defined crystal-field state does appear to be valid for
antiferromagnetic USb.

As suggested by Table I the Pu jons usually be-
long to the f° configuration. The magnetic cross sec-
tion for this state is most unusual, having a maximum at
sinB/X v 0.3 A™! rather than at zero. The reason is that
L=5,8 = 5/2, and these oppose each other, J =1L - § =
5/2. The localized magnetization density from the orbi-
tal moment is opposed by a large, but diffuse, negative
spin density. The total magnetization therefore changes
sign as one proceeds away from the nucleus. The Fourier
transform of the magnetization density then has a maxi-
mum at K # 0. Since this form factor is unique to the
£3 configuration, ncutron scattering provides a simple
method of establishing the ground state. Unfortunately,
single crystals of Pu compounds have not vet been pro-
duced, but in Fig. 8 we show results ohtained with polar-
ized neutrons from a polycrystalline sample of ferro-
magnetic ?47pyp. Preferred orientation effects, which
establish the easy axis as <100>, limit the number of
reflections that can be measured. The smooth curve is a
best fit to the data using relativistic <j.> integrals
and the 5]‘5:61{S 2:I‘8 ground state. This form factor
extrago]ates to'give e, = 0.62 p, the magnetization
value®” is 0.42 u,. I these configurations we will
certainly have to take into account the effects of J
mixing since estimates’ show that the GHs/z state may not
make up more than v 66% of the ground state. Calculations
of the magnetic cross section for thesc complicated situ-
ations are in progress.



SUMMARY

We have concentrated almost exclusively here on the
properties of the NaCl actinide compounds. As Table 1
illustrates, we are able to interpret most of the mag-
netic properties in terms of localized 5F electrons bhe-
havior. However, direct proof of the crystal-ficld
level-picture remains hard to obtain. Even in the so-
called simple systems the microscopic exchange and spin-
lattice interactions remain totally unrcsolved. Fer ex-
ample, the sudden increase in the ordered magnetic mo-
ment in UP at low temperature has been analyzed in terms
of both a crystal-field effect?® and a change in the val-
ence stite.?? Ve have discussed the spin-lattice inter-
action with reference to recent observations on tie
insulating actinide antiferromagnet UO_, but the appli-
cation of these ideas to systems that exhibit effects
such as in Fig. 2 will require a substantial theoretical
effort. In some cases, e.g., UN, US, and possibly UC
and UP, the 5f band is probably broad enough that a
simple localized model will mot predict the correct
magnetic behavior. X-ray photoemission and de Haax
van Alphen experiments on these systems should prove

most rewarding.
As discussed in the final section, the measurement

of the elastic magnetic cross section is providing quan-
titative information on the radial and ar gular wave func-
tions of the unpaired 5f electrons. Further experiments
of this nature, together with inelastic neutroen experi-
ments to measure the elementary ewcitations, will be

most valuable. To accomplish these goals, a much

greater effort should be made to grow single crystals.
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Table I. Magnetic properties of NaCl actinide compounds. For a
rhombohedral distortion, easy axis <111>, c and a are
defined here as distances measured parallel and per-
pendicular to the trigonal axis such that c/a =1 1in
the cubic phase.

io Mag- Temp. Magg usat Easy l—c/z fn
() netism  (°K) (UB) (uB) Axis (x107)
uc 4,960 TIP — —— - —— -_—- 2
UN 4,890 AF I 53 3.1 0.75 <100> -6 2?
ur 5.589 AF 1 125 2.2 1.9 <100> <5 3
1 127 1.9

UAs 5.779 AF IA 63 3.4 2.2 <100> <5 3
USbh 6.197 AF 1 241 3.8 2.8 <100> ? 3
us 5.489 F 178 2.25 1.70 <111>  +105 27
USe 5.744 F 160 2.4 2.0 <111> +81 37
AF I 310 <100~ <5 ?

NpC 5.000 F 220 3.4 2.1 <111> +23 47
NpN 4.897 F 87 2.4 1.4 <111> ~52 47
NpP 5.615 AF 3+3- 130 2.8 ;'g <100> =42 4

4 175 <100> -8

NpAs 5.838 AF I 142 2.6 2.5 <100> <3 4
NpSb 6.254 AF I 207 V2.3 2.5 <100> <15 4
NpS 5.527 AF 11 20 2.2 0.9 <100> <5 4?
PuC 4.977 AF I ~100 vl 0.8 <100> ? 5
PuN 4.905 AF ? 13 1.1 ? ? ? 5
PuP 5.659 F 126 1.1 0.5 <100~> ? 5
PuSb 6.240 F 85 1.0 0.6 ? ? 5
PuS  5.537 TIP — —_— o — — 6
AmSb 6.239 TIP e ——- — — — .

TIP--temperature independent paramagnetism.
AF -—-antiferromagnetism, I - type I + -; IA - type 1A 2+ 2-; 11
type I1; F - ferromagnetism.



