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A review of the current status of theoretical and experimental investigations of the magnetism of
actinides and their compounds is given. The electron structure of actinides is considered and
information is given on the magnetism of actinide metals. The problem of the actinide valence in
compounds (specifically, the phenomenon of mixed valence) is analyzed. A review is given of the

models which allow for the collectivization of the 5f electrons and for their hybridization with
other groups of electrons in actinide compounds. Variation of the magnetic properties with the
degree of collectivization is studied. Descriptions are given of the characteristics of the critical
behavior and of magnetic excitations in actinide compounds. Data are provided on the magnetic
anisotropy and on magnetoelastic interaction in actinide compounds.
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1. INTRODUCTION

In 1952 an outstanding Polish scientist W. Trzebia-
towski and his colleagues discovered' that uranium trihy-
dride 8-UH ; becomes ferromagnetic below 173 K. This was
an experimental proof that, in addition to elements in the
iron group and rare earths, there is a third group of elements
(actinides) whose compounds exhibit a “strong” magne-
tism and it provided a stimulus for investigations of magnet-
ic ordering in actinides. In subsequent years the rate of
growth of research on the magnetism on actinide com-
pounds has been accelerating in many laboratories through-
out the world and at present several hundreds of different
ferromagnetic, ferrimagnetic, and antiferromagnetic com-
pounds of uranium, neptunium, plutonium, americium, etc.,
are known.

However, in spite of the major progress in experimental
studies, the nature of the magnetism of actinide compounds
has not yet been investigated sufficiently thoroughly: we
know much less about these compounds than about the na-
ture of magnetism of rare-earth compounds, the study of
which started not much earlier than those of actinides. In
our view, this is due to at least two factors.

Firstly (and this is the main factor), the magnetism of
actinides (and particularly of the first half of the group up to
curium) has a much more complex origin than the magne-
tism of rare earths. In most cases in the former case we can-
not use the simple models employed successfully in account-
ing for the magnetic properties of the majority of rare-earth
compounds.
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Secondly, whereas experimental studies of rare earths
have covered the full range (apart from promethium) be-
tween lanthanum and lutetium and their compounds, which
makes it possible to obtain important information on the
nature of their magnetism by comparing the magnetic prop-
erties of different rare earths, in the case of the actinide series
only thorium and uranium have been readily available to
most investigators and serious experimental difficulties have
been encountered in the study of transuranium elements be-
cause of their high radioactivity and a short half-life. Sys-
tematic investigations of the magnetism of transuranium
compounds have began only recently and they have been
carried out in the laboratories of nuclear research centers in
various countries. It has been necessary to work with small
(of the order of a microgram) amounts of a substance under
strong radiation conditions, to allow for the change in the
composition of a sample with time because of radioactive
decay, and to take account of the effects due to formation of
radiation defects, radiation self-heating, etc. All these diffi-
culties reduce the precision of the experiments and the reli-
ability of the results.

Several reviews®™ and monographs®” published
abroad have dealt with the experimental data on the magne-
tism of actinides and with the theoretical interpretations. In
the Soviet literature we found only one short review paper
dealing mainly with the electron structure of actinides.® The
present review intends to fill this gap at least partially. Our
task was not to write a handbook summarizing all the pub-
lished information on magnetic actinide compounds. Our
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main aim was to demonstrate (using the most striking exam-
ples) the current status of the experimental studies of mag-
netic properties of actinides, to present the current ideas on
the nature and characteristics of their magnetism, and to
compare the theoretical models of the magnetism of actin-
ides with the models describing the magnetism of the much
more thoroughly investigated transition 3d and rare-earth 4f
magnetic materials. In the selection of the cited papers we
gave preference, whenever possible, to those which provided
an overall view of the results obtained on specific topics dis-
cussed below.

2. ELECTRON STRUCTURE OF ACTINIDES

Actinides is the name given to a family of elements in
the seventh period of the Mendeleev table located beyond
actinium. This family consists of 15 elements with the atom-
ic numbers 89-103 .

Actinides are transition elements in which one of the
inner electron shells in an atom is only partly filled. In the
case of actinides it is the 5f shell. The electron structure of
actinide atoms is given in Table I. It is clear from this table
that the partly filled 5f shell of actinides is screened by the 6s
and 6p shells, above which there are the valence 6d and 7s
electrons.

The reason for the existence of inner partly filled shells
in many-electron atoms is that the energy of an electron in an
atom depends not only on the principal quantum number 2,
but also on the orbital quantum number L. For a given value
of n the energy increases on increase in L at a rate which
becomes greater on increase in the difference between the
strong self-consistent field of a many-electron atom and the
Coulomb field of a hydrogen-like atom. Therefore, the ener-
gy considerations may favor an increase not in the orbital
quantum number L (for a constant #), but in the principal
quantum number 7 of an electron which is added on transi-
tion to the next element.

There is a certain analogy between actinides and rare
earths in which the 4f shell is partly filled (Table I). How-
ever, there are also certain differences in the occupancy of
the f shells in atoms of these two groups of elements. In the
case of rare earths the occupancy is more consecutive: an
increase in the atomic number by one in most cases increases
by unity also the number of electrons in the 4f shell (““discre-

pancies” are observed only in three cases: on transition from
cerium to praseodymium, from europium to gadolinium,
and from gadolinium to terbium). In actinide atoms the 5f
shell does not fill up in an equally regular manner. In the case
of actinides the “discrepancies” occur in five cases (on tran-
sition from actinium to thorium, from thorium to protactin-
ium, from uranium to neptunium, from americium to cur-
ium, and from berkelium to californium). This is due to the
fact that, as demonstrated in the calculations in Ref. 9, the
configurations of an atom with different numbers of the f
electrons (and, consequently, of the d electrons) in the case
of actinides differ less in respect of the energy than in the case
of rare earths.

Magnetic and other physical properties of transition
metals and, in particular, of actinides depend on the degree
of collectivization of electrons of partly filled inner shellsin a
solid, which can be regarded as depending mainly on the
ratio of the radius of the partly filled shell to the distance
between the nearest atoms. The 5f shell of an actinide atom
(average radius 0.7 A) is more extended than the partly
filled 4f shell of a rare-earth atom (average radius 0.5 A),
but it is smaller than the partly filled 3d shell of a transition-
element atom belonging to the iron group (average radius
0.8-0.9 A).“’ The dimensions of partly filled shells in atoms
of the 4d and 5d transition elements are even greater. There-
fore, actinides occupy an intermediate position between rare
earths, the majority of the properties of which can be de-
scribed satisfactorily by the model of localized 4f electrons,
and transition metals belonging to the iron group, in which
case the effects due to collectivization of the 3d electrons are
important. We must also allow for the fact that because of
the actinide compression effect the size of the 5f shell de-
creases on increase in the atomic number, so that we can
expect an increase in the degree of localization of the 5f elec-
trons as we go over from actinium to lawrencium in the acti-
nide series.

The change in the ratio of the calculated radius of the 5f
shell (rs;) to half the distance between the nearest atoms
R =4, /2 in metallic actinides is demonstrated in Fig. 1
(which is based on the data taken from Ref, 11). We can see
that for metals lying to the left of americium ( excluding
thorium) this ratio is greater than for iron. Therefore, in the
case of light actinides the 5f electrons are in the collective

TABLE 1. Shells of actinide and lanthanide atoms additional to filled (radon- and xenon-like)

shells.
Ac Th Pa u Np l Pu Am | Cm ' Bk | Cf I Es Fm l Md No ' Lr
LE] 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
6d 1 2 1 1 — — — 1 1 - — — — ] - 1
6p 6 6 6 6 6 6 6 6 6 6 6 6 6 6 8
6s 2 2 2 2 2 2 2 2 2 2 2 2 2 2 2
5f — | — 2 3 5 6 7 7 8 (40| 11 [ 12 | 13 | 14 { 14
La Ce Pr ‘ Nd ’ Pm ’ Sm Eu l Gd Tb ' Dy Ho Er Tm Yb Lu
6s 2| 2 2 2 2 2 2 2 2 2 2 2 2 2 2
5d (11| —|=|~1—=—|=|1[=]=|=|=|=1= 1
5p 6 6 [} [} 6 6 6 6 6 6 6 6 6 8 8
58 2] 2 2 2 2 2 2 2 2 2 2 2 2 2 2
4f ~ 1 1 3 4 5 6 7 7 910 | 11 | 12 | 13 | 14 | 14
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state and these metals resemble more closely the 3d elements
than do rare earths. Only beginning from americium can we
regard the 5f electrons as localized, although even then we
have to allow for the hybridization of the 5f, 6d, and 7s
states.

A change in the degree of collectivization of the 5f elec-
trons results in a nonmonotonic dependence of the proper-
ties along the actinide series. Figure 2 gives the molar vol-
umes'? of actinides, lanthanides, and 3d, 4d, and 5d
transition metals. We can see that in the case of light actin-
ides the molar volumes are closer to the volumes of the d
transition metals than to the molar volumes of rare earths
and, asin the case of the d transition metals, actinides exhibit
a parabolic dependence of the molecular volume on the
atomic number. Only beginning from americium do the mo-
lar volumes of actinides become close to the molar volumes
of rare earths. Such a nonmonotonic dependence of the mo-
lar volume of actinides on the atomic number is due to the
participation of the collective-state (itinerant) 5f electrons
of light actinides (Th, Pa, U, Np, Pu) in the metallic bind-
ing.

These observations and other experimental data were
analyzed in a systematic manner by Smith and Kmetko,
who constructed an empirical periodic table of transition
metals (Fig. 2b). According to this table, the degree of local-
ization of electrons in the partly filled shells of transition
metals increases as we move to the right along the rows or up
along the columns. Electrons in the partly filled shells of the
metals which are to the left of the shaded region can be re-
garded as collectivized, whereas those on the right can be
thought of as localized. The shaded region represents those
metals in which the d or f electrons are in an intermediate
state. The electron structure of such metals is very unstable,
so that these metals are characterized by lower melting
points and a large number of allotropic transitions (for ex-
ample, plutonium exhibits six different crystalline modifica-
tions)." The phase diagrams of alloys of the metals in the
shaded region are very complex. The phase diagrams of U-
Np and Np-Pu alloys are more complicated than the phase
diagrams of other binary systems of light actinides.'>'* The
instability of the electron structure accounts also for the high
catalytic activity and the ability of such systems to absorb
considerable amounts of hydrogen.'*

This sharp division of actinide metals into two groups
with collectivized (itinerant) and localized 5f electrons is
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FIG. 1. Ratio of the average radius (r) of the 5f shell to half the actinide~
actinide distance R = d,, /2 in the a modifications (double hexagonal
crystal structure) of metallic actinides.’' The corresponding data for rare
earths and iron are also included.
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FIG. 2. Dependence of the molar volume on the atomic number for transi-
tion metals in the 4f, 5f, 3d, 4d, and 5d groups'? (a) and the periodic table
of transition metals'’ (b).

evidence of the existence of a kind of the Mott phase transi-
tion in the 5f-electron system.'® There are two essentially
equivalent methods of describing this situation: we can use
the geometric characteristics (sizes of electron shells, etc.)
or we can apply the Hubbard model based on the energy
parameters of the system (band gaps, etc. ). The Mott transi-
tion occurs when the screening length 1/4 of the Coulomb
potential of the ion core by the conduction electrons be-
comes greater than the radius of the 5f orbit {r) as the
density of the 5f electrons is increased. A soon as the metallic
radius exceeds this critical value, a cooperative modification
of the structure of the 5f-clectron energy band takes place
and the degree of localization of the 5f electrons changes
radically.

The Hubbard model utilizes the width W of a band,
representing the energy of a “jump”’ of a 5f electron from one
ion to another, and the intra-atomic Coulomb energy Q of
repulsion between electrons with opposite spins but located
in the same orbital. If the ratio Q /W is small, the electrons
are in the collective state. If Q = W, then the metal-insulator
transition occurs in the 5f-electron system.

Table II gives estimates of the parameter Q /W and of

4 ~-1/3
b=(rsn (5 Riws)
where Ry is the radius of the Wigner-Seitz sphere, indicat-
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TABLE I1. Parameters of electron structure of actinide metals.

Parameter‘ Th l Pa U Np [ Pu I Am Cm Bk
QW 0.3 {(0.4)]0.6 10,7 1.8 50 50 50
b 0,28 0.2810,2810,280.26|0,22|0,21/0,20

ing a major change in these parameters on transition from
plutonium to americium and demonstrating that the 5f elec-
trons are localized in americium and in heavier transuran-
ides. This conclusion is supported by calculations of the en-
ergy structure, which show that in the case of americium,
curium, berkelium, and californium the 5f levels form a nar-
row energy band located below the Fermi level.>'' A direct
proof of the localization of the 5f electrons in americium is
the observation of a line corresponding to this band in pho-
toemission spectra.'® A theoretical description of many
physical properties of actinide metals based on the above
ideas is in good agreement with the experimental results.'”

The Mott transition in 5f-electron systems is the most
characteristic effect not only of pure actinides but also of
their compounds (as discussed below).

3. MAGNETIC PROPERTIES OF ACTINIDES

It follows from the above data that the 5f electrons in
light actinides are not localized. These actinides exhibit a
strong overlap of the wave functions of the 5f, 6d, and 7s
electrons. Calculations reported in Ref. 11 demonstrate that
in metallic thorium, uranium, neptunium, and plutonium
hybridization induces a shared band of the 5f and higher-
lying electrons and the width of this band is 2-3 eV (in the
case of lanthanides the width of the 4f-electron band is less
than 0.3 eV). Therefore, magnetic properties of these metals
should be described well by the band model. It follows from
the band structure calculations and from measurements of
the electron specific heat and other properties that the den-
sity of states at the Fermi level N(Eg) of light actinides is
relatively low (2-10states-eV ~ '-spin~*).'® The Stoner cri-
terion for the band ferromagnetism
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FIG. 3. Temperature dependences of the paramagnetic susceptibility of
light actinides.'®
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(I is the exchange interaction integral) is not satisfied by
light actinides and they are exchange-enhanced Pauli para-
magnetic substances.

In fact, magnetic measurements have shown that the
susceptibility of light actinides is low and it depends weakly
on temperature (Fig. 3).>' The susceptibility of an ex-
change-enhanced band paramagnetic material is

X =%o (1 — Iye)?, (2)

where y, « N(Eg) is the susceptibility deduced without
allowance for the exchange interaction. It follows from Fig.
3 that the susceptibility of light actinides increases on in-
crease in the atomic number. This is due to a gradual in-
crease in the density of states at the Fermi level. This conclu-
sion is supported by an analysis'® of the data on the electron
specific heat of light actinides. An increase in the density of
states N(Eg) makes neptunium and plutonium “almost
magnetic” and spin fluctuations begin to play an important
role in these metals. It is possible that spin fluctuations are
also responsible for the low-temperature anomalies of the
susceptibility of neptunium and plutonium (Fig. 3).

The most striking manifestation of the effects due to
spin fluctuations are found in the transport properties of
light actinides.'® Figure 4 gives the temperature depen-
dences of the electrical resistivity of actinides between thor-
ium and plutonium. Thorium, protactinium, and uranium
behave as normal metals. An increase in the resistivity on
increase in the atomic number of actinides is due to an in-
crease in the strength of magnetic scattering. The resistivi-
ties of neptunium and plutonium behave anomalously. At
low temperatures these resistivities are proportional to T>
and they exhibit saturation (in the case of plutonium there is
even a reduction in the resistivity) at high temperatures.
This.behavior can be explained using the model of spin fluc-
tuations. Good agreement with this model has been ob-
tained, in particular, for plutonium®ifit is assumed that the
Stoner exchange-enhancement factor

S =01 — IN (Eg) (3)

is 10 and the Fermi temperature of the 5f energy band is low
(of the order of 300 K).

The magnetic susceptibility of americium, like the sus-
ceptibility of lighter actinides, depends weakly on tempera-
ture (Fig. 3)."” However, the properties of americium can be
interpreted in the model of localized 5f electrons if we as-

150k Py
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FIG. 4. Temperature dependences of the electrical resistivity of light ac-
tinides.'?
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sume that in the metallic state americium is trivalent and its
electron configuration is 5f ® with zero total angular momen-
tum J, exactly as in the case of trivalent europium. Conse-
quently, the magnetic moment of the ground state gJu, of
americium is zero. Since the first excited state with J = 1 lies
at least 500 K higher than the ground state with J = 0, this
metal is a typical Van Vleck paramagnetic material with a
temperature-independent magnetic susceptibility.

We can therefore say that americium begins the group
of actinides whose magnetic properties can be described by
the model of Jocalized 5f electrons. In fact, the susceptibility
of curium (a modification with the double close-packed
hexagonal structure), berkelium and californium (heavier
actinides have hardly been investigated) obeys the Curie-
Weiss law at high temperatures.?’*" It follows from Table
III that the effective magnetic moments of these metals are
close to the effective moments of the corresponding trivalent
ions (with the 5f 7 configuration for Cm**, 5f ® for Bk**,
and 5f° for Cf**) calculated theoretically in the Russell-
Saunders approximation. Consequently, this group of actin-
ides exhibits the Russell-Saunders coupling between the or-
bital and spin angular momenta, and J is a good quantum
number.

The susceptibility of @ curium®® passes through a maxi-
mum at about 50 K (Fig. 5). Neutron-diffraction investiga-
tions®® have shown that this anomaly is due to the transition
of a curium to the antiferromagnetic state, which is de-
scribed by the wave vector k = (0, 0, 1/2) (characterized by
doubling of the unit cell period along the hexagonal axis).

On the other hand, 8 curium with the fcc lattice (this
modification is obtained by rapid cooling of the melt to room
temperature) goes over to a magnetically ordered state be-
low approximately 205 K and the net value of the saturation
magnetic moment of this state differs from zero and amounts
to 0.4 1. In the paramagnetic range the susceptibility does
not follow the Curie-Weiss law, but the Néel law:
y= (C1+Cy) T—22/,6'102 , (4)

r2—TnN
where C; = Nuly ;/6k are the Curie constants of two differ-
ent sublattices; 1 ., are the effective magnetic moments of
the sublattices (see Table II1); A = 231 + 49 is the intersub-

TABLE I1I. Magnetic properties of curinm, berkelium, and californium.

N
N

™
Co

»

257 6kg/m3

1 L
9 767 207 300 T

FIG. 5. Temperature dependence of the reciprocal of the susceptibility of
a curium.?®

lattice exchange interaction constant. Using these results, it
was concluded in Ref. 24 that at low temperatures the cubic
modification of curium has a ferrimagnetic (or possibly non-
collinear) magnetic structure.

The a modification of berkelium undergoes a transition
to an antiferromagnetic state.”® Different values of the Néel
temperature and of the paramagnetic Curie temperature of
this metal are given in Refs. 21 and 30 (see Table III).

The 3 forms of berkelium and californium with the cu-
bic structure do not exhibit magnetic ordering.*

Information on the magnetic properties of the hexagon-
al a californium is contradictory. It was reported briefly in
Ref. 26 that this modification of californium exhibits two
magnetic transitions. At 59-66 K (depending on the applied
field) a californium goes over to an antiferromagnetic state,
which below 32 K changes to the ferromagnetic or ferrimag-
netic order. Both magnetic transitions are reported to exhib-
it a hysteresis on the temperature scale. However, the anti-
ferromagnetic order was not observed in Ref. 27: it was
reported that a californium goes over to a ferromagnetic or a
ferrimagnetic state below 51 K; the saturation value of the
magnetic moment is 6.1 g

According to the preliminary data of Ref. 26, einstein-
ium shows no magnetic ordering.

In the case of some actinide metals and generally in any
situation characterized by the duality of localization and

iffe;t(i):e:lag;et- Paramagnetic | Curie Néel Saturati
eIt : tion
Crystal its of 4 Curie tem-: tem- atural N i
Metal moydiﬁca- ekl (;emllze'a‘“fe perature | perature fct‘)::fm?;g'::‘ Ref.
tion | cxper. theory " Te, K. Ty, K units of uy
Cm a 8,1 7,9 —286 52 28
B 6,5
5,7 205 ") 0.4 24
Bk a 9,67 9,72 —183 22 30
9.7 —102 34 21
Cf o 9,7 10,63 —40 51 27
10,7 —2——186 32 59—66 6,1 26
B 9.8 22
Here, the @ phase has the double hexagonal close-packed structure and the S phase has thefcc
p p
structure.
" Ferrimagnetic or noncollinear ordering.
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FIG. 6. Magnetic phase diagram in the Hubbard model*: FM, C, and
AFM denote ferromagnetic, canted, and antiferromagnetic structures,
respectively.

collectivization of the f electrons it is possible to describe a
change in the magnetic properties of a metal by the Hubbard
model.*! Figure 6 shows the results of one of the calcula-
tions*? of a magnetic phase diagram on the basis of this mod-
el. The coordinates represent the parameter Q/W (see
above) and the number of electrons per atom i, which in the
Hubbard model lies within the range 0 < / < 2. An increase of
theratio Q /W thuscorresponds to enhancement of thelocal-

ization. The shaded regions represent ferromagnetic and an-
tiferromagnetic states (denoted by FM and AFM, respec-
tively, in Fig. 6). In addition to these simple forms of
magnetic ordering, the Hubbard model can deal also with
more complex magnetic configurations such as a “canted”
structure of the ferromagnetic helix type (denoted by C in
Fig. 6). Structures of this type are frequently encountered in
heavy rare-earth metals. We can expect them also in the case
of heavy actinides. This diagram of magnetic phases de-
duced using the Hubbard model demonstrates clearly that
an increase in the degree of localization of the 5f electrons
increases considerably the probability of formation of var-
ious types of magnetically ordered states.

Summarizing the above, we can draw the conclusion
that, because of the difficulties encountered in experimental
investigations of transuranium elements (high toxicity,
short half-life, strong radioactivity, etc.), the precision and
reliability of the data obtained so far is still poor and signifi-
cant improvements in our information on magnetic ordering
in heavy actinides can be expected, but from the theoretical
point of view the problem of localization and delocalization
of the 5f electrons and of the nature of magnetism in various
actinide metals can be regarded as settled, at least qualita-
tively.

TABLE IV. Valence states of actinides, lanthanides, and 3d transition metals ( + is a stable

form, @ is the most stable form, and + is an unstable form).
a) 5f elements

Va-
lence{ A¢{ Th | Pa|{ U | Np | Pu{ Am | cm | Bk { Ct Es | Fm | Md | No | Lr
state
7 4 + +=
6 |+ + | £
5 Q| =} & + | +
4 el x|l +|+|S® |1 x|+ x
3 Sl | x({+|+{+ | & 7] @ @ & @D ® | * 7]
2 + x|l x|+ | & D
1 +
b) 4f elements
Va-
fence | La Ce Pr | Nd Sm Bu Gd Tb Dy Ho Er | Tu | Yb Lu
state
7
6
5
4 + | + +
3 & D & & D D @ & D @ D @ D &
2 =+ += | = | + + + | +
1 =+
¢) 3d elements
Va-
lence Se Ti v Cr Mn Fe co Ni Cu Zn
state
7 D
6 2} + +
5 [ + + +
4 ® + + @ +
3 D + + + + o @ + +
2 + + + @ + D @ 57 5]
1 @
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4. VALENCE OF ACTINIDES IN COMPOUNDS

The optimistic conclusion at the end of the preceding
section does not apply to actinide compounds and interme-
tallics because studies of the electron structure of these ma-
terials are just beginning.

The similarity of various electron states in actinide
atoms has a consequence that the valence of actinides in
compounds can vary within a wide range from 1 + to 7 +
(Ref. 33). The valence properties of actinides are closer to
those of the 3d transition metals than to those of rare earths,
which are characterized mainly by the valence of 3 + (Ta-
ble IV).

The great variety of possible valence states of actinides
makes it difficult to interpret their electron structure and
magnetic properties in different compounds. The difficulties
are magnified by the fact that the magnetic moments of ac-
tinides in different valence states are similar. For example,
according to the Russell-Saunders approximation the effec-
tive magnetic moment of Cf ** is 10.18 uyg, that of Cf ** is
10.63 y, whereas U+ and U*™* have magnetic moments of
3.62and 3.58 1, etc. Consequently, we cannot use magnetic
measurements to determine the valence of actinides of com-
pounds particularly since the values of the magnetic mo-
ments may be affected by the crystal fields. Moreover, the
question of the validity of the L-S coupling approximation
and of the Hund rule in the case of the electron states of
actinides in various compounds has been questioned. The
problem has been at least partly resolved 2*** by showing
that in the case of ionic compounds in which the valence of
the actinides and, consequently, their electron state are ri-
gidly fixed, the effective magnetic moments agree satisfacto-
rily in most cases with the theoretical values calculated in
the Russell-Saunders approximation (Fig. 7). However, in
the case of these compounds the experimental values of the
effective magnetic moments differ from those found by cal-
culation. This is particularly true of the ions in the 5f° state
for which the theoretical magnetic moment is zero. Investi-
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FIG. 7. Dependence of the effective magnetic moment on the configura-
tion of the 5f shell plotted for different ionic actinide compounds. *** The

symbols represent the experimental data and the curve is plotted using the
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gations of the optical absorption spectra® have shown that
this discrepancy is not due to the presence of excited energy
levels close to the ground state or due to the influence of
crystal fields. Clearly, the 5f © state is affected significantly
by the hybridization of the 5f electrons with other electron
groups.

The situation is less clear in actinide compounds with
covalent and metallic binding. In this case the information
on the valence state of an actinide can be obtained by com-
paring magnetic, electrical, and other properties. Such a
comparison has been made some time ago in the case of uran-
ium monopnictides and monochalcogenides.** It was shown
there that many of their properties can be explained on the
assumption that uranium is in the same (trivalent or quadri-
valent) valence state in all these compounds. However, the
situation is more complex. This has been deduced from mea-
surements of the magnetic form factor by the neutron scat-
tering method. This method is the most direct technique for
the determination of the valence and it makes it possible to
estimate the influence of the crystal field on the state of an
actinide and to determine the validity of various schemes for
coupling of the orbital and spin momenta (Russell-
Saunders, J-J, intermediate). In the case of uranium sulfide
(US) the best agreement between the calculated and experi-
mental values of the form factor is obtained if we assume that
uranium is quadrivalent (with the 5f ? configuration ). How-
ever, measurements of the form factor of USb show that
uranium in this compound is trivalent and has the 5f* config-
uration.*®"

Determination of the magnetic form factor has been
used to find the valence of an actinide also in other com-
pounds. For example, this method was used to demonstrate
that the valence of uranium in UGa, is four.*®

More extensive use of this method is difficult because in
the majority of cases the form factors of different electron
configurations of actinides are similar and therefore deter-
mination of the state of an actinide would require a very high
experimental precision. The situation simplifies only in a few
cases. This is illustrated in Fig. 8 which shows the form fac-
tor of plutonium in the compound PuSb (Ref. 39). Similar
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FIG. 8. Form factor of plutonium in PuSb (Ref. 39). The symbols repre-
sent the experimental data and the dashed curve is calculated for Pu®* (5f
state).
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data have been obtained for the form factor of plutonium in
PuP (Ref. 40). The unusual dependence of the amplitude of
the magnetic scattering of neutrons of wavelength 4 on the
scattering angle 6 with a maximum at sinf /4 = 0.2 A-lisa
clear indication that plutonium in these compounds is in the
trivalent 5f ° state. In this state the total angular momentum
J=L — §=75/2 is small because the large orbital angular
momentum L = 5 is partly compensated by the antiparallel
spin angular momentum § = 5/2. The maximum in the de-
pendence of the scattering amplitude on siné /A is due to the
fact that in real space the spin density is more extended than
the orbital density.

The phenomenon of mixed valence in actinides has been
discussed extensively.'®*! The intermediate valence theory
accounts, for example, for the deviation of the crystal lattice
parameter from the Vegard law and for the strong rise of the
coefficient of the electron specific heat of compounds
UNi _ Cu, in the range x > 4 (Fig. 9),***® and also for the
behavior of the magnetic susceptibility of these com-
pounds.* because it is postulated that an increase in the cop-
per concentration induces a transition of uranium from the
U** (5f ?) state to U+ (5f *). The conclusion on the mixed
valence of uranium in the UNi; _, Cu, system is confirmed
also by the results* of an investigation of x-ray photoelec-
tron emission spectra of these compounds. However, appli-
cation of the same method combined with an analysis of the
orientation of the photoelectron spin*é failed to reveal effects
associated with the mixed valence in the case of the com-
pound UNi,,Cu,,. Further investigations are clearly
needed.

The mixed valence model accounts also for the transi-
tion from the ferromagnetic to the antiferromagnetic order-
ing in NpC on increase in temperature.*’ This transition is
due to a change in the degree of collectivization of the 5f
electrons on increase in temperature, which alters the elec-
tron configuration of neptunium from 5f *at 0 K to 5f *at the
temperature 7 of the magnetic phase transition.***® The
change in the valence state alters the magnetic moment of
neptunium in NpC and changes the electrical resistivity of
this compound at the magnetic transition point.

We can give several more examples of the mixed valence
of actinide compounds. Measurements of the susceptibility
have led to the conclusion that the valence of uranium in U,
S, is mixed,® whereas a study of the crystal structure of U,
Se, demonstrates®' that uranium in this compound is in the
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FIG. 9. Dependences of the crystal lattice parameter @ and of the coeffi-
cient y of the electron specific heat on the concentration of copper x in
mixed intermetallic UNi, _, Cu, compounds.***
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state U?"+ | It follows from the phonon spectra®**® that
uranium monopnictides and monochalcogenides can also
exhibit a mixed valence state (U®~% * where § = 0.3). In
a discussion Kasuya explained>* the mixed valence of uran-
ium in these compounds by covalent mixing of the states of
the p electrons of the anion and the 5f electrons of uranium
(for details see Sec. 8).

We shall now list the differences of the manifestations
of the mixed valence in actinide compounds from the similar
manifestations in the case of rare-earth compounds. Firstly,
changes in the valence state of actinide compounds are asso-
ciated with much smaller (than in the case of rare-earth
compounds) changes in the crystal lattice parameters (vol-
ume anomalies) and, secondly, mixed-valence actinide com-
pounds are frequently ferromagnetic or antiferromagnetic
substances (in the case of rare-earth compounds exhibiting
mixed valence the magnetic ordering is very infrequent).
These differences are explained by the model of Robinson
and Erdés.*®* In the final analysis, the differences are due to
the different localizations of the 5f and 4f electrons.

5. MAGNETIC PROPERTIES OF ACTINIDE COMPOUNDS,
HILL DIAGRAM

As in the case of actinide metals discussed above, the
key feature governing the magnetic properties of actinide
compounds is the degree of localization of the 5f electrons.
This parameter in turn depends primarily on the distance
d,, between the nearest actinide atoms in a crystal or, more
exactly, it depends on the ratio of the average radius (7,,) of
the 5f shell of an actinide to half the distance between the
nearest actinide compounds R = d,,, /2. The dependence of
the magnetic properties of actinide compounds on the inter-
atomic distance d ,,, was first pointed out in 1970 by Hill*
who generalized and analyzed systematically the then avail-
able experimental data on the magnetic properties of uran-
ium, neptunium, and plutonium compounds. Figure 10
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FIG. 10. Hill diagram for uranium compounds showing the dependence
of the magnetic ordering temperature on the uranium-uranium distance
dy: 1) antiferromagnetic ordering; 2) ferromagnetic ordering; 3) tem-
perature-independent paramagnetism (no ordering). The dashed vertical
line represents the critical distance d._.
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TABLE V. Magnetic properties of intermetallics AnM, (M = Mn, Fe, Ni, Co).

Type of magnetid Saturation mo|
-ment per
Compound | dpnd  lordering To T K e v unit,
[ad:]
UMn, 0,310 P - -
UFe, 0,305 F 162 1,09
UNi, 0,3045 F 2 0,12
Cos 0,303 P — =
NpMn, 0,313 F 18 0,4
NpFe, 0,309 F 492 2,8
NpNi, 0,3075 F 32 1,0
NpCo, 0,3045 AF 15 1,0
PuMn, 0,315 3 — —
PuFe, 0,311 E 564 2,27
PuNi, 0,309 P - -
PuCo, 0,307 P - —
Here, P is temperature-independent paramagnetism, F is ferromagnetism, and AR
is \antiferromagnetism.

shows what is known as the Hill diagram for uranium com-
pounds in which the magnetic transition temperatures are
plotted as a function of the values of d ., . We can see thatasa
rule we can expect magnetic ordering in compounds for
which d,, exceeds a certain critical value d. (for uranium
compounds this value is d. =3.5 A). In the case of com-
pounds with d,, <d. we can expect the Pauli paramagne-
tism, weakly dependent on temperature, and the supercon-
ductivity. A similar correlation between the magnetic
properties and the distance between actinide atoms has been
observed also for neptunium (d_ ~3.2 A) and plutonium
(d, =~3.4 A) compounds. It is exhibited also by compounds
of one of the rare-earth metals (cerium).

The existence in the Hill diagrams of a critical distance
d, and of a sharp boundary between actinide elements with
collective (itinerant) and localized Sf electrons (see above)
can be explained by the Mott phase transition in the 5f-elec-
tron subsystem. This transition is related also to the tenden-
cy for the magnetic order to increase in the range d,, > d_,
which can be explained—as shown above—on the basis of
the Hubbard model.

The Hill diagrams thus demonstrate that the behavior
of the 5f electrons in compounds of light actinides is deter-
mined mainly by the degree of overlap of their wave func-
tions, which depends mainly on geometric factors. The
chemical environment of an actinide atom plays a lesser role,
but its influence sometimes results in deviation from the Hill
rule. An analysis of the exceptions makes it possible to refine
the Hill concept.

These exceptions include intermetallic compounds of
actinides with the “magnetic” 3d metals which are manga-
nese, iron, cobalt, and nickel. By way of example, Table V
gives the magnetic properties of intermetallic compounds
with the formula AnM, (M is a 3d element) and the cubic
structure of the MgCu, Laves phase type (C15).% In these
compounds the distance between the nearest actinide atoms
isd,, <d_, but some of them are magnetically ordered and
there is no simple relationship between the changes in the
properties and the variation of d,,,. This situation is due to
the fact that in the case of compounds of the AnM,, type the
5f and 6d electrons of the actinide are hybridized with one
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another and with the 3d electrons of the transition metal.
Consequently, a hybrid energy band with a complex depend-
ence of the density of states N(E) on the energy is formed
(Fig. 11).%® The Fermi level shifts toward higher values on
transition from compounds of iron to compounds of nickel
(i.e., on increase in the density of the 3d electrons). At the
same time the density of states at the Fermi level N(Ey)
varies nonmonotonically when one 3d metal is replaced with
another (Fig. 11), which accounts for the nonmonotonic
dependences of the magnetic properties of AnM, com-
poundsond,, Inparticular, the absence of magnetic order-
ing in UCo, is attributed to the fact that in the case of this
compound the density of states at the Fermi level is minimal
and the Stoner criterion of the band ferromagnetism is not
satisfied.>

In the range of distances d,,, higher than the critical

NE)

AnCo,

AnNi,

3

FIG. 11. Energy dependences of the density of states for compounds with
the formula AnM, (M = Fe, Co, Ni).*® Here, E. is the Fermi level and
the dashed curves represent the densities of states of different electron
groups.
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value there are a number of exceptions in the Hill diagrams
and these behave in the manner opposite to that just de-
scribed, i.e., some of these compounds are nonmagnetic al-
though the distance between the actinide atoms in them is
sufficiently large for the delocalization due to the direct
overlap of the 5f orbitals. We have in mind here intermetallic
compounds such as NpRh;, URh,, Ulr,, UGe,, UPt;,
etc.’’~%° Theoretical and experimental investigations of the
energy band structure of some of these compounds®~* also
indicate that the delocalization of the 5f electrons, prevent-
ing the appearance of a magnetic order in these compounds,
is due to hybridization with other electron groups (with the
2p electrons of germanium in UGe,, with the 5d electrons of
iridium and platinum in Ulr; and UPt,, with the 4d elec-
trons of rhodium in URh;, etc.).

Another characteristic example of the situation when
hybridization determines the electronic and magnetic prop-
erties of actinide materials is the intermetallic compound
UCos, (d,, =~4.05 A) whose magnetic moment in the fer-
romagnetic state can be explained readily on the assumption
that uranium is nonmagnetic and gives up its 5f electrons to
the 3d energy band of cobalt.®

Actinide compounds containing ‘“heavy fermions”
(UBe,;, are UPt,, etc.) also belong to this group and are
apparently the subject of major interest.®® Hybridization of
the Sf electrons in these compounds is responsible for the
very high density of states at the Fermi level, which gives rise
to anomalously large values of the coefficient of the electron
specific heat (y~10°-10> mJ'mol='-K~?) and, conse-
quently, to enormous values of the effective mass m*/m,
~10%-10° (s, is the electron mass).

The valueof d_ thusdivides the paramagnetic and mag-
netically ordered substances only in the case of absence of
the hybridization of the 5f electrons with other electron
groups. All the actinide compounds can be arranged on the
same Hill diagram using a parameter representing the state
of the 5f electrons more accurately than the interatomic dis-
tance d,,. In the case of actinide compounds and elements
these may be the parameters Q /W and b, discussed above
(see Table IT). However, for the majority of actinide com-
pounds these parameters have not yet been identified.

6. COMPOUNDS WITH BAND MAGNETISM

As the overlap of the wave functions of the 5f electrons
in metallic actinide compounds decreases, a change takes
place from the Pauli paramagnetism and superconductivity
to the magnetism of localized electrons. In the region of this
change (in the Hill diagram this corresponds to d ,5 =d. )
we can expect spin-fluctuation states and a weak band ferro-
magnetism (or antiferromagnetism) which deserves sepa-
rate consideration because effects of this kind represent the
special case of the phenomenon of band magnetism which is
not yet fully understood.

In spite of the fact that, as mentioned in Sec. 3, delocali-
zation of unpaired electrons (which are the 5f electrons in
the case of actinides) on the whole hinders magnetic order-
ing, such ordering is still possible for certain parameters of
the system. However, in contrast to substances with local-
ized magnetic moments, magnetic ordering in a system of
collective (itinerant) electrons has a clear “threshold”:
when the exchange interaction between localized electrons
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decreases, magnetic order still appears at sufficiently low
temperatures, whereas in a system of collective-state elec-
trons magnetic order is induced only if the exchange interac-
tion is sufficiently strong to satisfy the Stoner criterion [see
Eq. (1)].

We can formulate a number of criteria which make it
possible to assign a particular magnetically ordered sub-
stance to a class of band magnetic materials'*

a small (compared with that calculated in the approxi-
mation of localized moments and also compared with the
effective moment in the paramagnetic state) magnetic mo-
ment in the magnetically ordered state;

suppression of ferromagnetism by a moderate hydro-
static pressure p, i.e., a reduction in the saturation moment
4, and of the magnetic ordering temperature 7 on increase
in pressure:

dlnp-g dln TC

<0 5 - <0, (5)
and, moreover, %

dlop, ..

dlnT:;~1’ (6)

a large value of the coefficient ¥ of the electron specific
heat;

asmaller—than theoretically calculated in the model of
localized moments and equal in this case to R In(2§ + 1)—
magnetic entropy;

a deviation from the Curie-Weiss law in the case of the
susceptibility in the paramagnetic state;

astrong influence of substitution on the magnetic prop-
erties of a substance.

Each of these criteria separately cannot be regarded as
the proof of the band nature of the magnetic ordering. Only
the occurrence of most of them, together with additional
information obtained from investigations of transport prop-
erties, neutron diffraction studies, spectroscopic investiga-
tions, etc., makes it possible to classify the nature of magnet-
ic ordering.

An example of a band actinide ferromagnetic material
is the intermetallic compound UFe, mentioned above. It fol-
lows from Table VI, which lists the main magnetic proper-
ties of this compound taken from Refs. 56 and 67-69, that
this material exhibits many characteristic criteria of the
band magnetism (a small saturation moment, a large ratio of
the effective moment to the saturation moment, a consider-
able temperature-independent contribution to the paramag-
netic susceptibility, a large value of the coefficient of the
electron specific heat, a strong reduction in the saturation
magnetization and in the Curie temperature as a result of
hydrostatic compression, etc.). In the case of mixed
U(Fe, _,Co,), compounds (where UCo, is an exchange-
enhanced band paramagnetic substance; see above) the Cu-
rie temperature decreases rapidly on increase in x and the
ferromagnetism disappears in the range x > 0.38 (Ref. 70).
This system satisfies the Stoner-WohIfarth relationships®™”!
between the saturation magnetic moment and the Curie tem-
perature of various compositions

Ms () = ATc(z), €

and the relationship between the pressure dependence of the
saturation moment and the saturation moment itself:
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TABLE VI. Magnetic properties of intermetallic compound UFe,.

Curie | Saturation |Paramag— Effective Temperature- | Coefficient T
tem- ALOMIC, (1o em.- magneticjino] Mdependent  fof electron: | 4 7 dinp
erature |Magnetic: B¢ paramagnetic | . ¢n'e s
pT "K |moment | PETAINIE | ment sy, i susceptibility  specific heat. " Tap
€ | s units > K lunits of gy | %10 °cm’s | 7> mJ-mol l] Mbar ™' | Mbar ™
of Up mol 40K
162 1,09 , 169 3,03 988—1200 55 l —3 —5
_d_l“d_”sﬂ — Buz*(z). (8) of a weak band ferromagnetic material. This compound
b

These relationships follow from a phenomenological theory
of a weak band ferromagnetism.”

The most detailed investigations of the band ferromag-
netism have been carried out®”’*”’* on the intermetallic com-
pound UPt (with the orthorhombic crystal structure of the
CrB type). Near its equiatomic composition there is a nar-
row range of homogeneity where, depending on the stoichi-
ometry, the saturation moment ranges from 0.05 t0 0.5 u,
i.e., it varies by a factor of 10, whereas the effective moment
of all the compounds is approximately 3.5 uy. The com-
pound UPt has a large coefficient of the electron specific
heat amounting to 110 mJ-mol~'-K ~2. Important informa-
tion has been obtained from photoelectron spectra of various
intermetallic compounds belonging to the uranium-plati-
num system.”® These spectra are typical of intermetallic
compounds of actinides with transition metals. In the case of
these compounds there is a strong (compared with metallic
platinum) reduction in the width of the 5d energy band and
some reduction in the intensity of the corresponding lines in
the photoelectron spectrum. These effects are clearly asso-
ciated with a reduction in the overlap of the outer orbitals
and with the 5f and 6d hybridization in the formation of
these compounds, although these experiments have failed to
reveal a direct contribution to photoemission from the 6d
electrons when only one x-ray line (K, of Al) was used. The
line corresponding to the 5f electrons has practically the
same position and intensity for metallic uranium and for the
compound UPt. Since in metallic uranium the 5f electrons
are in the collective state, this confirms the band nature of
the 5f electrons in the compound UPt.

However, there are experimental data indicating that
the properties of UPt cannot be described by a simple model

clearly has a complex magnetic structure'?; the magnetic
contribution to the entropy, although five times less than
that calculated in the model of localized moments, is still
larger than in the case of other weak band ferromagnetic
substances. The relationship (6) for ferromagnetic sub-
stances with collective-state (itinerant) carriers® and other
criteria are not satisfied by UPt.

We can give also other examples of the use of the model
of band ferromagnetism in the description of the properties
of actinides. For example, the regular variation of the mag-
netic properties of the NpRu,-NpOs, quasibinary system
from paramagnetism of NpRu, to ferromagnetism of
NpOs, can be described satisfactorily by this model.”

We have already mentioned that in the case of metallic
neptunium and plutonium, which are magnetically disor-
dered but in which the density of states at the Fermi level is
sufficiently high, there are some important effects due to
spin fluctuations. Such spin-fluctuation effects have been ob-
served also in a number of magnetically almost ordered acti-
nide compounds (UAl,, UAl,, UCo,, UPt,).” The low-
temperature electrical resistivity of these compounds, like
that of neptunium and plutonium, is proportional to T2
there is a logarithmic contribution to the specific heat, etc.
Reduction in the slope of the magnetization curves in strong
fields, due to the appearance of spin fluctuations in such
fields, is very typical of band ferromagnetics with spin fluc-
tuations. In the case of UAl, this effect is observed at low
temperatures in fields 100-150 kOe (Fig. 12).” The differ-
ential susceptibility observed in strong fields becomes equal
to the initial susceptibility of UAI, at temperatures above
the characteristic temperature for the appearance of spin
fluctuations T; =20 K, above which these fluctuations are
thermally suppressed.

FIG. 12. Field dependences of the magnetization of UALl, at
different temperatures.”
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Wesshall conclude this section by noting that band mag-
netism of actinide compounds has not yet been investigated
sufficiently thoroughly. In most cases an analysis of the
available experimental data has been made qualitatively and
there are practically no quantitative models for the descrip-
tion of actinide band magnetic materials.

This is mainly due to the complexity of the electron
structure and it applies also to actinide magnetic materials
with almost-localized 5f electrons.

7.MAGNETIC PROPERTIES OF COMPOUNDS WITH ALMOST-
LOCALIZED 5f ELECTRONS

During the early stages of the study of actinide com-
pounds concerned mainly with magnetic properties the lo-
calization of the 5f electrons has been deduced, firstly, from
the Hill diagram (i.e., from the actinide-actinide distance in
the crystal lattice) and, secondly, by comparing the proper-
ties of actinides with the properties of rare-earth magnetic
materials in which, as is well known, the 4f electrons are
almost always localized. Therefore, the values of the mag-
netic moment in a magnetically ordered state close to those
calculated theoretically for a free ion, the Curie-Weiss law
obeyed in the paramagnetic phase, the approximate equality
of the effective magnetic moment in a paramagnetic phase
and of the magnetic moment in a magnetically ordered state,
giant values of the magnetic anisotropy and magnetostric-
tion, etc., have been the “‘external” criteria demonstrating
the localization of the 5f electrons in actinide compounds.
Two alternative models of total localization or total delocali-
zation of the 5f electrons have been used.

Subsequently, when the electron structure of actinide
compounds has been investigated not only by determination
of magnetic properties, but also by such fine investigation
methods as optical spectroscopy in a wide range of wave-
lengths, photoemission and x-ray spectroscopic measure-
ments using synchrotron radiation, neutron elastic and in-
elastic scattering, etc., it became clear that the situation is
more complex. It has been found that the total localization of
the 5f electrons is hardly ever (at least in the case of com-
pounds of light actinides) found in reality even in those com-
pounds which on the basis of magnetic measurements should
be characterized by the total localization of the 5f electrons
and an overlap of the 5f-electron functions with the wave
functions of other groups of electrons.

The fullest (but still incomplete) information is avail-
able on the magnetic properties and electron structure of two
groups of monocompounds of light actinides: monopnic-
tides AnX (X = N, P, As, Sb) and monochalcogenides AnY
(Y =8, Se, Te). These groups have been tackled first be-
cause actinide monopnictides and monochalcogenides have
a simple crystal structure (bcc lattices of the rocksalt type),
many of them are available in the form of large high-quality
single crystals, etc. Therefore, in discussing the properties of
actinide magnetic materials with almost-localized 5f elec-
trons we shall concentrate mainly on these two groups of
compounds.

Table VII summarizes the main magnetic properties
(magnetic ordering temperatures, nature of magnetic struc-
tures, values of magnetic moments) of actinide monopnic-
tides and monochalcogenides based on the reviews in Refs.
4, 19, and 80. We can see that the properties of these mono-
compounds cover a very wide range and that they depend
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strongly both on the actinide and on the anion. All uranium
pnictides are antiferromagnetic, whereas curium pnictides
(like uranium chalcogenides) are ferromagnetic. In the case
of other monocompounds thereis no such clear division. For
example, all the investigated neptunium monocompounds,
both pnictides and chalcogenides (except for the ferromag-
netic nitride NpN) are antiferromagnetic. Among plutoni-
um and americium monocompounds there are ferromagne-
tic and antiferromagnetic compounds as well as those which
remain paramagnetic independently of temperature right
down to low temperatures. The absence of magnetic order-
ing in plutonium monochalcogenides can clearly be ex-
plained by the fact that plutonium is either in the divalent
state with J = O or it is quadrivalent and has a singlet ground
state in the crystal field. The paramagnetism of the com-
pounds AmN and AmSb can be described on the assumption
that the americium in them is trivalent (J = 0). However, if
this explanation is adopted, the reason for the antiferromag-
netic ordering of AmAs is not clear. It may be that the mag-
netic moment of this compound is due to mixing (in the
exchange field) of excited states and the ground nonmagne-
tic state, in the same way as found in, for example, com-
pounds of trivalent europium.

The antiferromagnetic structures observed in mono-
compounds of light actinides vary. Most of them exhibit a
commensurate magnetic ordering of the I or IA type, where-
as some compounds exhibit incommensurate antiferromag-
netic structures of the spin-wave type. In many cases there is
a change in the nature of magnetic ordering as a result of
variation of temperature. The magnetic structures of acti-
nide monocompounds will be discussed later.

The large distances between the actinide atoms in mon-
ocompounds (3.5-4.4 A) allow us to ignore the direct ex-
change mechanism in explaining the nature of magnetic or-
dering in these compounds. The considerable electrical
conductivity of these substances, which are semimetals,
makes it possible to assume that a considerable role is played
in them by the indirect exchange interaction via conduction
electrons, known as the Ruderman-Kittel-Kasuya-Yosida
(RKKY) mechanism. In fact, the use of this mechanismin a
simple model of a spherical Fermi surface for conduction
electrons can account for the observation that all uranium
monopnictides are antiferromagnetic and monochalcogen-
ides are ferromagnetic. It is assumed that uranium in these
compounds is quadrivalent, i.e., that it is in the 5f2 state so
that in pnictides there is one conduction electron per uran-
ium ion, whereas in chalcogenides there are two conduction
electrons.®

The magnetic moment of the U atom, y,,, found from
the magnetic data for ferromagnetic uranium monochalco-
genides differs from the magnetic moment ¢, deduced from
neutron diffraction studies (Table VII). This interesting ef-
fect is explained in the RKKY model by the polarization of
conduction electrons which makes a contribution Ay to the
magnetic moment. Because of the delocalization of conduc-
tion electrons, this contribution does not give rise to an addi-
tional magnetic coherent scattering of neutrons, i.e., neutron
diffraction measurements give only the localized part of the
magnetic moment. In the case of uranium monochalcogen-
ides the polarization of delocalized conduction electrons is
antiparallel to the localized moment, and we have u, >,

(Au <0).
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TABLE VII. Magnetic properties of actinide monopnictides and mono chalcogenides.”

Actinide
Anion
U Np I Pu l Am Cm Bk
a) Pnictides
N AFI 53 0,75 F 82—100 1,4 AD 13 <0,3 F 109 — F 88 —
— — _ — — — — — — P —_ — — — — —
2,66 2,13 1,5 7,02 7,85
r a) AFI by 122 ¢) 1,9 SW1 130 1,8 F 126 0,77 F 73 —
a) AFI p)23 d) — SW2 74 — -  — 0,49 ? - - = ?
e) 3,34 2,8 1,0¢ —
As AFI 124 2,2 AFlL 4725 25 F 123 0,75 A® 13 — —
AFIA 62 — AF? 455 — ~ 2 o - = BT ?
— SwW 142 3 0,98 1,14 6,58
Sh AFI 213 2,85 l AF 207 2,5 SW 8 0,74 F 162 —
— —_ — — — — F 67 — P — — — ?
— ~ 2,3 1,0 —
Bi AF? 285 3,0 AF? 65 —
— — — ? — — 0,61 ? ? ?
4,1 0,8 I
b) Chalcogenides
S F 178 1,7 AF 23 0,9
— — 1,55 — — — P ? ? ?
2,3 1,49
Se F 160 2,0
— — 1,81 ? P ? ? ?
2,4
Te F 104 2,2
— — 1,01 ? P ? ? ?
2,7
") The magnetic characteristics given in the columns and rows of this table are explained in the case of the actinide U and the anion P, taken as an example: a) type
of magnetic ordering; b) temperatures of magnetic ordering (K): ¢) magnetic moment deduced from neutron diffraction (units of 1 5): d) magnetic moment
deduced from magnetic data (units of 4, ); e) effective magnetic moment (units of i 5 ). Magnetic ordering notation: F is ferromagnetic, AF is antiferromagnetic
(of types L or IA), SW is antiferromagnetic ordering of the spin-wave type, P is temperature-independent paramagnetism, ? means no studies have been made,
and a dash (-) means that it either does not exist or has not been investigated.




The polarization contribution to the magnetic moment
of uranium monocompounds is very large (much larger than
in the case of rare-earth magnetic materials) and it cannot be
explained on the assumption that the 5f electrons of the acti-
nide are fully localized. There are certain other special fea-
tures of the magnetic properties of actinide pnictides and
chalcogenides which cannot be described by the simple mod-
el of the RKKY interaction of the localized 5f electrons via
conduction electrons. We shall consider these features in
greater detail by considering uranium monocompounds
which have been studied thoroughly.

Neutron diffraction studies have shown that in a mag-
netically ordered state the magnetic structures of uranium
monopnictides are complex noncollinear configurations®**'
known as multi-k structures (Fig. 13), which can be de-
scribed by modifying the formula for the Fourier representa-
tion of a magnetic structure

m, =2 exp (2nik t,at) my, 9)
2

which relates the moment m,, of the nth primitive cell to the
moment m, of the cell chosen as the zeroth one (z, is the
vector of translation between these cells and a is the crystal
structure parameter) by introducing two or three wave vec~
tors k (2k and 3k structures). In zero magnetic fields the
structures of uranium monopnictides have either the wave
vector |k|{ =1 (antiferromagnetic type I structure) or
(ki = 1/2 (type IA structure). The possible antiferromag-
netic structures include a collinear 1k structure (shown on
the left in Fig. 13) and noncollinear 2k (Fig. 13, center) and
3k (Fig. 13, on the right) structures.

The 1k structure consists of ferromagnetically ordered
(001) planes alternating in a specific sequence ( + — + —
for the antiferromagnetic type I ordering and + + — —
for the antiferromagnetic type IA ordering) and the mo-
ments are oriented at right-angles to these planes. The sym-
metry of the 1k structure is tetragonal.

In the 2k structure the magnetic moments are directed
along different axes of the [110] type lying in (001) planes.
This structure also has tetragonal symmetry.

The magnetic moments in the 3k structure are oriented
along different directions of the [111] type and the symme-
try of this structure is cubic.

It is difficult to reveal multi-k structures because the
scattering of neutrons by these structures has the same effect
as the scattering of neutrons by polydomain samples with

k- structures
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FIG. 14. Field dependences of the magnetic moment of UAs along differ-
ent directions, determined at 10 K (Ref. 82).

the 1k structure. However, the application of uniaxial me-
chanical stresses or of a magnetic field, which makes differ-
ent domains inequivalent, produces different neutron scat-
tering patterns for different multi-k structures, so that it is
possible to determine reliably the type of the structure of
uranium monopnictides already under uniaxial pressures of
the order of 1 kbar or in fields of about 50 kOe.

It has now been established®*™* that all uranjum mon-
opnictides assume the type I ordering below the Néel tem-
perature, but in the case of USb the structure is noncollinear
of the 3k type, whereas the other pnictides have the collinear
1k structure. Cooling induces a first-order transition in UP
to a phase with the noncollinear 2k structure. A similar tran-
sition is exhibited by UAs. However, in this compound it is
accompanied by a change in the type of the antiferromagnet-
ic structure from I to IA.

The antiferromagnetic structures of uranium monop-
nictides are of the layer type and we can expect these com-
pounds to be metamagnetic, like other layer antiferromag-
netic materials. In fact, magnetic and neutron-diffraction
investigations have confirmed this hypothesis. Figure 14
shows, by way of example, the magnetization curves of a
single crystal of UAs determined along different crystallo-
graphic directions.®” We can see that when a field is applied
this compound exhibits metamagnetic jumps of the magneti-
zation. It is interesting to note that in fields exceeding those
which induce metamagnetic transitions the magnetic mo-
ment is less than that calculated on the basis of the ferromag-
netic ordering model. It is therefore suggested in Ref. 82 that
in this range of fields the structure of UAs is ferrimagnetic.

3k- structures
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FIG. 13. Multi-k structures. 308!
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The hypothesis is supported by the results of neutron-dif-
fraction investigations of the magnetic structure of UAs in
strong magnetic fields***® and the results of these are used to
plot the magnetic H-T phase diagram of a single crystal of
UAsin a field parallel to the [001] axis, shown in Fig. 15. At
high temperatures a high-field ferrimagnetic phase denoted
by 4 has the collinear 1k structure, whereas at low tempera-
tures the application of a field induces a transition to a non-
collinear 2k ferrimagnetic phase 3.

A detailed analysis of the magnetization processes
along different crystallographic directions of a UAs single
crystal reported in Refs. 54 and 80 shows that these and
other uranium monopnictides are strongly anisotropic anti-
ferromagnetic substances. The exchange between the mag-
netic moments located in planes of the (001) type is ferro-
magnetic and the much weaker interplanar exchange
interactions can be ferromagnetic or antiferromagnetic.
Such a planar quasitwo-dimensional magnetic structure can
be described within the framework of the so-called aniso-
tropic Ising model allowing for the interactions in several
coordination spheres, suggested earlier to account for the
magnetic properties of cerium monopnictides.*>®' This
model is based on the following one-dimensional Ising Ham-
iltonian:

N A+oo

H=3,—> D I{r)mmy,, —H

j=1r=-o00

m;.

1 (10)

T

Here, 57, is the Hamiltonian of an isolated (001) plane;
I(r) is the effective interplanar exchange integral; &V is the
number of layers; |m,;| = 1; H is a magnetic field directed
along the [001] axis. When only the interaction between the
nearest (/; ) and the second-nearest (/, ) planesis taken into
account, the theory predicts that at O K the structure should
be ferromagnetic if /, >0 and antiferromagnetic if 7, <0,
and if |I,/1,| < 1/2, this is a structure of type I, whereas if
|I,/1,| > 1/2, the structure is of type IA. Calculations car-
ried out in the molecular field approximation demonstrate
that an increase in temperature converts a type IA structure
into a type I structure; this conversion is a first-order phase
transition. Near the Néel temperature when certain condi-
tions are satisfied (|/,/1,| > 1/4) we can expect modulated
long-period antiferromagnetic structures of the longitudinal
spin-wave type (such structures are observed in compounds
NpAs and PuP). The theory predicts also ferromagnetic 1k

kOe
200+

750

700

&0

g 49 80

720 TK

FIG. 15. Phase (H-T) diagram of UAs in a field parallel to the {001]
axis.™® Phases: 1) antiferromagnetic, 2k structure of the 1A type; 2)
antiferromagnetic, 1k structure of the I type; 3) ferrimagnetic, 2k struc-
ture; 4) ferrimagnetic, 1k structure; 5) paramagnetic; 6) incommensurate
phases.
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structures in actinide pnictides subjected to a magnetic field.
However, the anisotropic Ising model discussed above can-
not account for the multi-k structures observed in uranium
pnictides.

We shall consider briefly the magnetic properties of
uranium monochalcogenides. These compounds are ferro-
magnetic with easy magnetization axes of the [111] type.**
Their anisotropy is very strong. Measurements of the mag-
netization of uranium monochalcogenide single crystals in
fields up to 200 kOe have demonstrated® that even in such
strong fields the magnetization does not deviate from the
[111] easy magnetization axis and that these compounds are
Ising ferromagnetic materials.

The nature of the interactions responsible for the very
strong magnetic anisotropy of actinide monopnictides and
monochalcogenides is not yet understood. There have been
unsuccessful attempts to account for the magnetic behavior
of these compounds allowing not only for the isotropic ex-
change of the RKKY type, but also for the single-ion anisot-
ropy due to the interaction of an anisotropic cloud of the
localized 5f electrons with the crystal field of the lattice.
Firstly, the RKKY model cannot account for such a large
difference between the intraplanar and interplanar interac-
tions which occur in monopnictides of uranium and other
actinides. Secondly, the magnetic anisotropy of uranium
monocompounds is approximately an order of magnitude
higher than that of monocompounds of light rare earths
(neodymium and praseodymium) in which it is described
well by the single-ion model and, consequently, the single-
ion mechanism cannot account for the anisotropy of uran-
ium monocompounds.®® Thirdly, simple considerations
demonstrate® that the interaction with the crystal field in
uranium monocompounds should orient the magnetic mo-
ments along axes of the [111] type and thus allowance for
only this anisotropic mechanism fails to account for the 1k
structures with the moments oriented along the [001] axis
observed for uranium monopnictides.

All these observations and the multiaxial 2k and 3k an-
tiferromagnetic structures of monopnictides can be ex-
plained qualitatively assuming that a second anisotropy
mechanism, which is the anisotropic exchange interaction,
plays an important role in uranium monocompounds, in ad-
dition to the single-ion mechanism. The competition be-
tween these two mechanisms gives rise to complex magnetic
structures and to transitions between them.

At present the anisotropic exchange interaction is attri-
buted to characteristic features of the electron structure of
actinide monocompounds. We shall now describe this elec-
tron structure.

The recent optical, magnetooptic, and photoemission
investigations®* have made it possible to represent sche-
matically the electron structure of uranium monopnictides
and monochalcogenides as shown in Fig. 16 (Ref. 85). A
characteristic feature of the electron structure of these com-
pounds is a high density of the 5f states at the Fermi level,
amounting to 5-6 states-eV ™ '-spin~'. These states form a
narrow (of width of the order of 1 eV) approximately half-
filled energy band which is hybridized with the wider 6d
band characterized by a lower density of states. The new
hybrid conduction band contains two or three 5f electrons
and about one 6d electron.

This electron structure of actinide monocompounds
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FIG. 16. Energy band structure of uranium monopnictides and mono-
chalcogenides shown schematically for the specific case of US (Ref. 85).
The corresponding localized states are shown on the left.

with partly delocalized 5f states appears because the energy
of the Coulomb repulsion Q of two electrons in the 5f shell is
comparable with the energy of the one-electron interaction
due to the crystal field (the corresponding localized states of
electrons of uranium and of the pnictogen/chalcogen are
shown on the left of Fig. 16). In terms of the Hubbard model,
this situation is equivalent to the case when @ /W =1 (see
above, Fig. 6).%>%

The electron structure shown in Fig. 16 is in principle
the same for all uranium monopnictides and monochalco-
genides, but the degree of hybridization and the width of the
5f band depend on the distance dy; between uranium atoms
in the crystal lattice. If dy is small, the f-d hybridization
effects are strong and we can regard the 5f electrons as being
almost in the collective state (almost itinerant), as con-
firmed recently® by an investigation of photoemission of
electrons from UN. An increase in dy; reduces the degree of
overlap of the 5f and 6d orbitals, the hybridization effects
become weaker, and (according to Ref. 92) the 5f electrons
in UTe, where the distance 4y, is large, can be regarded as
quasilocalized.

This electron structure of uranium monocompounds
explains the experimentally observed difference between the
magnetic moments deduced from neutron diffraction and
magnetic measurements (discussed earlier in the present
section), if we assume that in these compounds the exchange
interaction between quasilocalized 5f states occurs via delo-
calized states of the 6d type. The polarization of these delo-
calized states makes a negative contribution to the magnetic
moment which is revealed when we compare the results of
neutron-diffraction and magnetic investigations. An in-
crease in the degree of localization of the 5f states on increase
in dy in uranium monocompounds increases the magnetic
moment in magnetically ordered states and increases the ra-
tio of this moment to the effective moment in a paramagnetic
state (Fig. 17).

This picture of the f-d hybridization is the basis of a
model proposed by Cooper and his colleagues®*-*¢ to explain
the nature of the anisotropic exchange in monocompounds
of light actinides. This model was first suggested by Cogblin
and Schrieffer®” for the magnetic properties of cerium mon-
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FIG. 17. Dependences of the atomic magnetic moment x4 in a magneti-
cally ordered state, of the effective moment s, and of the ratio g« /1t 0n
the uranium-uranium distance dy; for uranium monopnictides.

opnictides and is known by their name. It allows for the fact
that the 6d conduction electrons have an orbital moment and
it deals with the combined spin and orbit scattering of these
electrons by the localized 5f states. The pair interaction be-
tween two 5f ions which appears as a result of such scattering
is strongly anisotropic: it orients the magnetic moments at
right-angles to the axis linking the ions. The results obtained
were generalized to the crystal structure of this rocksalt type
and it was found that the Cogblin-Schrieffer interaction
gives rise to a considerably stronger exchange coupling be-
tween the moments of atoms in one plane of the (001) type
than between the moments of atoms in different planes of
this type. Moreover, it follows from this model that in the
ferromagnetic ordering case the easy magnetization axes
should be [111], whereas in uranium monochalcogenides in
the case of the antiferromagnetic ordering the Cogblin-
Schrieffer interaction orients the magnetic moments at
right-angles to (001) planes, as observed in monopnictides.

The Cooper model, first developed in the one-electron
approximation, has been extended subsequently to many-
electron 5f atoms.”® A clear success of this theory is that it
accounts (allowing for the isotropic RKKY interaction and
the single-ion anisotropy) for some of the multi-k structures
observed in monochalcogenides. Cooper and his colleagues
used this model to account also semiquantitatively for the
evolution of the magnetic properties of uranium pnictides®
and of PuSb crystals®® observed when temperature is varied.
In particular, they explained transitions between different
multi-k structures in uranium pnictides UP and UAs and the
transition from the ferromagnetic to the incommensurate
antiferromagnetic phase in PuSb.

A different approach to the anisotropy of actinide and
cerium monopnictides was developed by Kasuya et al.’*'®
Their model allowed for the interaction between the p orbi-
tals of the anion and the localized 5f electrons. They demon-
strated that the interaction of the 5f states with holes in the
valence band, formed by the p orbitals of the pnictogen, is of
the Coulomb nature and in the second order of perturbation
theory gives rise to a correction to the crystal field energy.
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This mechanism is known as the p-f mixing effect and it is
strongly anisotropic even in the case of the f ions in the cubic
environment and it makes it possible to explain qualitatively
many features of the magnetic behavior of cerium and light-
actinide monopnictides.

A shortcoming of both these approaches in the explana-
tion of the magnetism of actinide monocompounds is the
fact that the Cooper and Kasuya models assume that the
ground state is ionic, which does not agree with the available
data on the electron structure of light-actinide monocom-
pounds. The very fact that in the description of magnetic
properties of these compounds one can use quite successfully
either of these two theories, which begin with very different
physical assumptions, shows that further refinement of the
nature of the magnetic ordering of actinide monocom-
pounds is still necessary.

A better understanding of the current situation in the
study of the magnetism of actinide compounds can be ob-
tained by analyzing, by way of example, our knowledge
about the U, _, Th, Sb pseudobinary system. Materials with
compositions in the range x < 0.07 exhibit a low-tempera-
ture antiferromagnetic ordering of the I type.** In the case of
compositions with x > 0.25 the magnetic ordering is ferro-
magnetic. In intermediate compositions 0.07 <x <0.25 an
incommensurate magnetic structure forms in the vicinity of
the Néel temperature and transforms to a 3k structure of the
IA type at low temperatures. An increase in the concentra-
tion of thorium lowers the magnetic ordering temperature
which tends to zero at x =~ 0.8. It isinteresting to note that the
magnetic moment per uranium atom in this system does not
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FIG. 18. Magnetic properties of the U, _, Th,Sb system. a) Dependences
of the atomic magnetic moment (per uranium atom) on the composition
based on the following data: 1) measurements of the magnetization in low
fields'®'; 2) measurements of the magnetization® at 7= 4.2 K in a mag-
netic field A = 100 kOe; 3) neutron diffraction measurements.** The
dashed and chain curves represent theoretical dependences.®'*"' b)
Magnetic x-T phase diagram: 1) paramagnetic phase; 2) ferromagnetic
phase; 3) antiferromagnetic phase, 3k structure of type IA; 4) antiferro-
magnetic incommensurate phase; 5) antiferromagnetic phase, 3k struc-
ture of type L.
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remain constant, but decreases on increase in the thorium
concentration (Fig. 18). At present there are at least three
models which can account for this unusual composition de--
pendence of the magnetic moment of uranium.

One of these models'® relates the reduction in the mag-
netic moment of uranium to the change in the state of the
uranium ion from trivalent in USb to quadrivalent, as the
concentration of thorium is increased to x_~0.3. Since the
ground state of the U** ion is a nonmagnetic singlet, the
magnetic moment of uranium in materials with high thor-
ium concentrations is due to the mixing of higher levels with
the ground state because of the exchange interaction. The
dependence M, (x) calculated in this model is represented
by the dashed curve in Fig. 18a. The authors of Ref. 101
assumed that near the critical concentration x_ there may be
a mixed-valence state.

A different explanation of the magnetic behavior of the
U, _,Th,Sbsystem is given in Refs. 89 and 102. This expla-
nation is based on the data obtained by spin-polarization
photoemission spectroscopy demonstrating that the mo-
ments of the 6d electrons are antiparallel to the 5f moments
in light-actinide monocompounds. If, in agreement with the
neutron-diffraction data, we assume that in USb the moment
of the 5f electrons is ¢y = 2.82 uy and the moment contrib-
uted by each 6d electron is u; = 1.3 ug (which is the value
obtained by comparing the experimental data with the for-
mula given below), we can describe the dependence of the
magnetic moment of uranium on x by the simple formula:

Mo:llt—‘ﬁ‘llw (11)

It is assumed here that the rigid-band model applies to the 6d
electrons. The theoretical dependence of the magnetic mo-
ment of uranium on the composition of U, _, Th,Sb is rep-
resented by a chain curve in Fig. 18a.

It was pointed out in Ref. 80 that these two approaches
are unsatisfactory and it was suggested that the change in the
magnetic moment of uranium can be described by postulat-
ing that the strong p-f mixing which occurs in USb is sup-
pressed on increase in the thorium concentration because of
a reduction in the density of conduction electrons.

This example demonstrates the difficulties encountered
in the interpretation of the magnetic phenomena in light-
actinide compounds, which are usually attributed to the
complexity of their electron structure originating mainly
from the partial delocalization of the 5f electrons. However,
it should be stressed that even actinide compounds in which
the 5f electrons can be regarded as well-localized frequently
have unusual magnetic properties.

One of such compounds is uranium dioxide JO, which
together with uranium monocompounds, has been investi-
gated most thoroughly. Figure 19 shows, for the sake of
comparison, the energy band structures of UO, and USb
obtained from an analysis of the optical spectra of these com-
pounds.*”'® We can see that the 5f electrons in UO, are
almost completely localized and that this compound is a
magnetic semiconductor.

The transition from a paramagnetic to an antiferromag-
netic state in UQ, at 31 K is a first-order phase transi-
tion,'®*'% although according to the Landau theory of phase
transitions it can generally be a second-order transition.'*®
The method of £ expansion was used in Refs. 107-109 to
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FIG. 19. Band structures of UO, and USb (Ref. 87).

show theoretically that such an unusual situation is associat-
ed with the nature of critical fluctuations which, in turn, are
governed by the magnetic structure of a crystal and by the
nature of the spin—spin interactions. It is found that the ap-
pearance of a noncollinear antiferromagnetic 3k structure of
type I in UQ, is accompanied, as demonstrated by the neu-
tron diffraction method, by a small (0.014 A) displacement
of oxygen atoms from the positions they occupy in the para-
magnetic state.''®'"" These displacements occur in such a
way that the cubic symmetry of the crystal lattice of UO, is
retained also below the Néel temperature. A theoretical
analysis of the microscopic mechanisms of an inhomogen-
eous (over a unit cell) modification of a crystal structure in
which the latter apparently becomes *‘aligned” to the mag-
netic structure had led to the conclusion that an important
role is played by the interaction of electric quadrupole mo-
ments of uranium atoms.''? It is possible that an allowance
for this interaction will be important also in the interpreta-
tion of the magnetic properties of light-actinide monocom-
pounds discussed above.

8. CHARACTERISTICS OF CRITICAL BEHAVIOR AND
MAGNETIC EXCITATIONS IN ACTINIDE COMPOUNDS

Important information on the characteristic features of
the magnetic ordering of actinide compounds can be ob-
tained by the neutron scattering methods. We shall consider
briefly the results of experiments involving magnetic critical
scattering and inelastic neutron scattering in actinide mag-
netic materials. The former method provides information on
the critical behavior of the magnetic subsystem and can be
used to study the anisotropy in regions characterized by a
short-range magnetic order. The latter method gives infor-
mation on magnetic excitations and, therefore, on various
single-ion and ion-ion interactions.

Magnetic excitations and magnetic critical scattering
have been investigated most thoroughly in uranium monop-
nictides and monochalcogenides.

Investigations of the critical neutron scattering have
been made on antiferromagnetic pnictides UN (Ref. 113),
USb (Ref. 114), and UAs (Refs. 115 and 116). In the first
two compounds the maxima of the critical scattering intensi-
ty occurred at the centers of the Brillouin zones correspond-

ing to an antiferromagnetic structure of type I, which ap-
pears in these compounds below the Néel temperature T'y.

In the case of UAs the strongest critical scattering is ob-
served at points of the (1; 1; 0.3) type in reciprocal space,
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which is evidence of the existence of magnetic fluctuations
with a sinusoidal (and possibly incommensurate with the
crystal lattice period ) antiferromagnetic ordering. As point-
ed out already, in the case of UAs at Ty = 127 K a first-
order transition takes place from a paramagnetic state to an
antiferromagnetic state with a collinear 1k structure of type
I. Therefore, the short-range order in the paramagnetic
range of UAs differs from the long-range magnetic order
that exists below the Néel temperature. The critical scatter-
ing in uranium monopnictides is very strongly anisotropic,
indicating the existence of quasitwo-dimensional fluctu-
ation-induced regions of magnetic ordering with a correla-
tion length which in (001)-type planes is several times long-
er than along directions perpendicular to these planes.

These features of the critical neutron scattering in uran-
ium monopnictides are in good agreement with the proper-
ties of these compounds observed in the magnetically or-
dered range (particularly those with a strong magnetic
anisotropy) and can be described using the mean-field mod-
el with a Hamiltonian that includes the anisotropic exchange
interaction and a strong (comparable with the exchange)
cubic single-ion anisotropy. The critical behavior of uran-
ium monoarsenide near the Néel temperature''*>!"® is very
similar to the behavior in the vicinity of what is known as the
Lifshitz point where the paramagnetic and antiferromagnet-
ic commensurate and incommensurate phases are in equilib-
rium. In the mean-field model this behavior is attributed to
“frustration” because of the almost complete compensation
of the antiferromagnetic interaction of the z components of
the spins in nearest (001) planes and the ferromagnetic in-
teraction of the same spin components lying in the second-
nearest (001) planes. It is found that the interaction between
the z components of the spins of atoms lying in the same
(001) plane is approximately 40 times stronger than the ex-
change between the x and y components of the same spins.

The results of the experiments on inelastic neutron scat-
tering in uranium monocompounds have not yet been finally
interpreted. In the main, these results reduce to the follow-
ing.

In the case of uranium antimonide there are two
branches of magnetic excitations''” with energy gaps of 6
and 27 meV at the point X in the Brillouin zone (Fig. 20).
Several hypotheses have been put forward on the origin of
these and other features found in the spectra of magnetic
excitations of uranium antimonide. These hypotheses postu-
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FIG. 20. Spectrum of magnetic excitationsin USb at 10 K (Ref. 117). The
symbols represent the experimental results and the curves are calculated
in the random phase approximation using the model of localized Sf elec-
trons.
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late the existence of the band magnetism of the 5f elec-
trons,''® mixed valence,''"'* etc. However, a relatively
complete description of such a spectrum of USb is given only
in Refs. 117 and 121. This description, based on the random
phase approximation and allowing only for the anisotropic
bilinear exchange interaction and for the crystal field, is de-
rived solely from the similarity of the spectra of magnetic
excitations in USb and CeAs. The authors of these investiga-
tions conclude that the magnetic excitations observed in
USb are transverse spin waves in the system of the localized
5f electrons. It is important to note that in the case of a
suitable selection of the parameters one can use this model to
describe satisfactorily not only the pattern of magnetic exci-
tations, but also other properties of USb (Néel temperature,
antiferromagnetic 3k structure, etc.). The spectrum of mag-
netic excitations in UTe is qualitatively similar'* to the
spectrum of USb. There are grounds for assuming that it can
also be described in the model of localized 5f electrons.

The nature of the inelastic magnetic neutron scattering
in UN (Ref. 120), UAs (Ref. 52), and US (Ref. 123) differs
qualitatively from the corresponding scattering in USb and
UTe. This is not surprising because the crystal lattice param-
eters of USb and UTe are considerably larger (6.16 and 6.18
A) and, consequently, the distances U-U are larger than in
UN, UAs, and US (4.89, 5.78, and 5.49 A, respectively).
The last group of compounds does not exhibit generally the
scattering corresponding to long-lived spin waves. For ex-
ample, in the case of UN there is a wide intensity peak at the
point (1, 1, 0) in the space of the wave vectors of the trans-
ferred momenta. The inelastic neutron scattering in UN,
UAs, and US is similar to the scattering in some rare-earth
materials with mixed valence, for example CePd;, alloys be-
longing to the Ce-Th system, etc.’> However, there are at
least two important differences between these groups of the
5f and 4f materials. The former are magnetically ordered
and have relatively high Néel temperatures whereas the lat-
ter are frequently nonmagnetic. The other difference is that
whereas the existence of the mixed valence in the 4f materi-
als follows from the behavior of many of their physical prop-
erties, in the case of the 5f materials the situation is not as
clear.

A qualitative explanation of the inelastic scattering in
UX compounds in Ref. 123 is based on the Anderson model
in which the f-d fluctuations with characteristic frequencies
1-10 THz are considered. These fluctuations in compounds
with a small lattice constant can have a very wide spectrum,
similar to that observed in UN, UAs, and US. An increase in
the lattice constant converts these fluctuations to relatively
long-lived collective spin excitations of the spin-wave type.

Although the magnitudes of the anisotropic interac-
tions deduced from the inelastic neutron scattering are phe-
nomenological parameters, they can provide a useful basis
for identifying the nature of the microscopic mechanisms
responsible for the anisotropy and phase transitions if they
are combined with quantities deduced from investigations of
the magnetic anisotropy of actinide compounds.
9. MAGNETIC ANISOTROPY AND MAGNETOELASTIC
EFFECTS

Very little work has been done on the magnetic anisot-
ropy of actinide compounds. Investigations of the anisotro-
py have been hindered by the fact that single crystals are not
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available for the majority of actinide magnetic materials.
Moreover, the anisotropy of many compounds is so strong
that magnetic saturation along the difficult magnetization
direction cannot be achieved in the attainable magnetic
fields, so that accuracy of determinations of the magnetic
anisotropy is low.

At present it is generally accepted that the magnetic
anisotropy of actinide compounds is determined by the de-
gree of localization of the 5f electrons. It is assumed that if
the 5f electrons are in the collective state (itinerant), then
the magnetic anisotropy is weak (as already pointed out in
Sec. 6, in many investigations a weak magnetic anisotropy is
used as one of the criteria of the band nature of the magne-
tism of actinide compounds). However, if the 5f electrons
are localized, then—by analogy with rare-earth magnetic
materials—it is assumed that the magnetic anisotropy of
these compounds is strong and it is of single-ion nature, i.e.,
it is due to the interaction between the anisotropic cloud of
the 5f electrons and the crystal field of the lattice. It is then
assumed that because of the strong spin-orbit interaction the
electron cloud is not deformed by rotating the magnetic mo-
ment (model of a “rigid” electron cloud). Moreover, in
those cases when the f-d hybridization and the p-f mixing
effects are strong, an important (and sometimes decisive)
contribution to the magnetic anisotropy may come from an-
isotropic exchange interactions (see Sec. 7).

As pointed out already, a typical band actinide ferro-
magnetic compound is the intermetallic compound UCos
in which the 5f electrons of uranium are transferred to the 3d
band of cobalt.* The uniaxial magnetic anisotropy constant
of this compound is small: it is of the order of the anisotropy
constant of metallic cobalt and its compounds with nonmag-
netic yttrium.'**

In the case of UCos, the 5f electrons are completely
delocalized and they do not carry a magnetic moment. How-
ever, in those compounds in which the delocalization of the
Sfelectrons is strong, but the actinide retains at least a small
magnetic moment, we can expect a strong magnetic anisot-
ropy. This is true of the intermetallic compound UFe,
(Refs. 125-127). As pointed out already, the magnetic mo-
ment of uranium in this ferromagnetic substance is small
(0.03-0.06 3 ),'** i.e., the 5f electrons of uranium in UFe,
are almost completely delocalized. Consequently, it follows
from simple considerations that the anisotropy of this com-
pound should be weak. It would seem that measurements of
the anisotropy confirm these predictions'?’: at 0 K the first
cubic anisotropy constant of UFe, is K; = 8x 10* erg/g.
However, subsequent investigations have shown that the sit-
uation is more complex'?®'?”: the weak experimentally de-
termined magnetic anisotropy of UFe, is due to a “random”
compensation of two large contributions to the magnetic an-
isotropy, one of which is positive and due to the undeformed
lattice (K 9) and the other is negative and due to the magne-
toelastic interaction (AK T°). These contributions are ap-
proximately equal in absolute value and they amount to 10
erg/cm’, i.e., they are two orders of magnitude higher than
the measured anisotropy constant of UFe, (Refs. 126 and
127), shown in Fig. 21. We can assume that in this com-
pound the localized part of the spin density of the 5f elec-
trons is very strongly anisotropic. It should be pointed out
that the situation in UFe, is qualitatively analogous to that
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FIG. 21. Temperature dependences of the experimental values of the first
magnetic anisotropy constant K, of UFe,, of the magnetoelastic contribu-
tion to the first anisotropy constant AK7, and of the anisotropy constant
of the undeformed lattice kS = K, — AKT* (Ref. 126).

in samarium iron garnet.'?® In this garnet the magnetic mo-
ment of Sm®* is close to zero, since the spin component
compensates almost completely the orbital component of
the magnetic moment. On the other hand, since the orbital
moment of Sm** differs from zero and interacts with the
crystal field, the single-ion magnetic anisotropy due to sa-
marium in this iron garnet is strong. Clearly, a considerable
magnetic anisotropy discovered in the band ferromagnetic
compound UPt (Ref. 130) can also be explained by partial
delocalization of the 5f electrons.

The examples given above represent practically all the
published data on the magnetic anisotropy of actinide com-
pounds with collectivized or nearly collectivized (itinerant
or near-itinerant) 5f electrons. Little more information is
available on the magnetic anisotropy of actinide compounds
in which the 5f electrons are regarded as largely localized.

The intermetallic UGa, (with the hexagonal crystal
structure of the AIB, type)'*"'*? is typical of this class of
actinide magnetic materials. The easy magnetization axes
are directions of the [100] type in the basal plane of the
crystal and the difficult magnetization direction is parallel to
the [001] hexagonal axis. In the investigated fields (up to 75
kOe) the magnetization along this direction does not exceed
0.1 of the saturation magnetization and estimates indicate
that the uniaxial anisotropy field exceeds 10° Oe along the
hexagonal axis, which corresponds to an effective magnetic
anisotropy constant of 2 X 107 erg/cm”>.

Similar data have been reported for the orthorhombic
compound UGe, (Ref. 133), hexagonal compounds
UGaCo and UGaNi (Ref. 134), tetragonal compounds
UAsS and UAsSe (Ref. 135), cubic compounds US (Refs.
83 and 84), USe (Refs. 84 and 136), and UTe (Refs. 84 and
137). In the case of all these ferromagnetic materials the
magnetic anisotropy fields exceed 10° Oe and the magnetic
anisotropy energy is in excess of 107 erg/g.

In all the above examples of strong anisotropy its
strength is known only to within an order of magnitude,
since magnetic saturation along the difficult magnetization
axis had not been achieved in the relevant experiments. At
present there is only one actinide compound (U, As, ) with
almost localized moments in which the characteristic fea-
tures of the magnetization process has made it possible to
achieve magnetic saturation along the difficult magnetiza-
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FIG. 22. Field dependences of the magnetization ofa U, As, crystal along
the following axes: 1) [111];2) [110]; 3) [100]. Temperature 7 (K): a)
77, b) 4.2. The results were taken from Ref. 140. The continuous curves
are the experimental data and the dotted curves are calculated.

tion axis. Therefore, the magnetic anisotropy of this com-
pound has been investigated more thoroughly. The magnetic
ordering in U, As, (with the cubic structure of the Th,P,
type) is ferromagnetic below 199 K (Ref. 138). The easy
magnetization axes are directions of the [111] type and the
magnetization along the difficult [100] axis reaches satura-
tion abruptly in fields of the order of 100-200 kOe (Refs.
139-141), shown in Fig. 22. This type of field dependence of
the magnetization can be explained allowing for two cubic
anisotropy constants.'**'** Calculations carried out within
the framework of this model made it possible to determine
the first X, and second K, magnetic anisotropy constants of
U, As, at different temperatures'*>'*' (Fig. 23). These cal-
culations were made on the assumption that U, As, is a col-
linear ferromagnetic compound. In fact, the magnetic struc-
ture of this compound is noncollinear: it is formed by three
sublattices whose magnetic moments lie in different planes
ofthe (110) type atan angle tothe [ 111] easy magnetization
directions.'** A theory of the magnetization of such struc-
tures is developed in Ref. 145. According to this theory the
calculations carried out in the collinear model are valid also
for a noncollinear structure if the distortions of such a struc-
ture in the field are slight and this is clearly true of U, As,.

The experimental data on the anisotropy of U;As, are
in qualitative agreement with the calculations carried out in
the single-ion model in the approximation of point
charges.'*® However, estimates of the magnetic anisotro-
py'*® have demonstrated that the effective spin of uranium in
U, As, is 3/2, whereas according to Ref. 145 the abrupt on-
set of the magnetization along the difficult axis is predicted
by the single-ion model only for spins in excess of 3. Clearly,
the contributions to the magnetic anisotropy of this com-
pound include the single-ion mechanism and an important
contribution of the p-f mixing mechanism discussed
above.'’
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FIG. 23. Temperature dependences of the first K, and second K, magnet-
ic anisotropy constants of U;As, (Ref. 140).
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The strong magnetic anisotropy of actinide magnetic
materials with the localized moments is responsible for a
high coercivity of single crystals of these compounds when
they are magnetized along the easy magnetization direc-
tions: at low temperatures the coercive force is 1-10 kQe.
Figure 24 shows typical results obtained for UGaNi (Ref.
134) and similar data have been obtained for UAsSe (Ref.
148), UGa, (Ref. 131), USe (Refs. 84 and 136), and UTe
(Ref. 137). This is due to the fact that in actinide com-
pounds with almost-localized moments the magnetic anisot-
ropy energy is comparable with the exchange energy and
domain walls are thin: their thickness & represents only a few
lattice parameters. A thin domain wall has an intrinsic coer-
civity

nd

Hc:BeXp(——T—), (12)

where Bis a quantity of the order of the anisotropy field and /
is the wavelength of the Peierls potential, which can be re-
garded as equal to the crystal lattice period.'** A model of
such thin domain walls is in good agreement also with the
exponential fall of the coercive force on increase in tempera-
ture, which is exhibited by a number of actinide compounds
(Refs. 84, 131, 134, 136, 137, and 148).

Rare-earth compounds exhibit a giant magnetostric-
tion which is due to the interaction of the “rigid” undefor-
mable cloud of the f electrons with the crystal field of the
lattice (see, for example, the review in Ref. 149). As pointed
out already, a similar model has been used in the interpreta-
tion of the data on the magnetic anisotropy of actinide com-
pounds with localized 5f electrons. Giant magnetoelastic
strains, comparable with those observed in rare-earth com-
pounds, can therefore be expected in the magnetically or-
dered states of magnetic materials of this type.

Few investigations have been made of the magnetostric-
tion of actinide compounds in magnetic fields. Information
on the magnetoelastic interaction in such magnetic materi-
als can be obtained from x-ray diffraction measurements of
distortions of the crystal structure below the magnetic or-
dering temperature. However, it should be pointed out that
the crystal structure data cannot give the final information
on the magnetoelastic interactions, because distortions of
the crystal structure may be due to other factors, such as the
Jahn-Teller effect. Therefore, the structure investigations
should be checked and confirmed by magnetic methods.

The first measurements of the magnetostriction of acti-
nide magnetic materials were carried out on the cubic com-
pound U,P, (Ref. 150). Figure 25 gives the field depen-
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FIG. 24. Magnetization curve and hysteresis loop of UGaNi recorded at
4.2 K along the [001] direction.'**
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FIG. 25. Magnetic field dependences of the longitudinal magnetostriction
of an U, P, single crystal along the [111] (a) and [110] (b) axes.'*®

dences of the longitudinal magnetostriction of a single
crystal of this compound determined along the [111] and
[110] axes. We can see that the magnetostriction is very
strong (of the order of 10~ at 80 K) and it is comparable
with the magnetostriction of rare-earth metals and com-
pounds.

On transition to a magnetically ordered state the cubic
crystal structure of U, P, experiences magnetoelastic rhom-
bohedral distortions. The magnetostriction constant 4 ,,
determined by x-ray diffraction measurements'*' is in good
agreement with the constant deduced from investigations of
the field dependence of the magnetostriction.

A similar comparison of the magnetostriction and x-ray
diffraction measurements has been made in the case of the
isostructural compound U;As, (Ref. 152). In the case of
this compound the magnetostriction constant A,,, exceeds
10~ * at helium temperatures.

An enormous magnetostriction in the basal plane was
also deduced from the magnetostriction and x-ray investiga-
tions of the hexagonal intermetallic UGa, (Refs. 131, 132,
and 153). The values of the magnetostriction constant 472
determined by various methods are in good agreement with
one another.

These examples represent all the published information
on the giant magnetostriction of actinide compounds de-
duced from measurements in magnetic fields. The data on
the magnetostriction of other uranium, neptunium, and plu-
tonium compounds reported briefly below were deduced
from x-ray and neutron diffraction measurements of distor-
tions of the crystal structure.

These results indicate that enormous magnetoelastic
continuous anisotropic strains, exceeding considerably
1073, appear in uranium monocompounds US, USe, UN
(Refs. 154 and 155), UTe, UTe,Sb, _, (Ref. 156), neptun-
ium compounds NpN and NpC (Refs. 47 and 157), and
plutonium compound PuP (Ref. 158) all with the rocksalt
structure, as well as in cubic Laves phases NpNi, and NpFe,
(Ref. 158). The strongest distortion of the crystal lattice is
found in NpFe, It corresponds to the magnetostriction con-
stant A,,, = — 8x 1072

We have discussed so far the magnetoelastic distortions
of ferromagnetically ordered actinide compounds. X-ray
and neutron diffraction investigations*”'>” of some antifer-
romagnetic actinide compounds have shown that their mag-
netoelastic properties depend on the nature of the magnetic
structure. In compounds with the collinear 1k structures the
magnetoelastic distortions of the crystal lattice are usually
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very strong (of the order of 10~*). However, in the case of
those compounds which have complex noncollinear high-
symmetry magnetic structures (multi-k structures, struc-
tures of the spin-wave type, etc.), the magnetoelastic distor-
tions are weaker (less than 10~*). This is manifested most
clearly in the case when variation of temperature alters the
nature of magnetic ordering. For example, NpAs has the
rocksalt structure in the paramagnetic state. Below the Néel
point, which is 172.5 K, the structure of NpAs is collinear
antiferromagnetic of type I and the appearance of this struc-
ture is accompanied by tetragonal distortions of the crystal
lattice. At a temperature of about 140 K there is a transition
to an antiferromagnetic phase of the spin-wave type and dis-
tortions of the cubic lattice disappear.

The reason for such a strong influence of the nature of
the antiferromagnetic structure on the magnetoelastic dis-
tortions is not yet fully understood. In some cases the ab-
sence of distortions of the crystal structure is due to the ap-
pearance of noncollinear multi-k structures, whose
symmetry forbids the appearance of anisotropic magneto-
strictive strains.

We discussed above the magnetoelastic phenomena in
those actinide compounds whose properties can be described
by the model of localized or almost-localized 5f electrons.
There is practically no published information on the magne-
tostriction of actinide compounds with the band magnetism.
If we use simple ideas on the magnetism of collective-state
(itinerant) electrons, we then find that anisotropic magne-
toelastic strains in band magnetic materials should be weak.
However, investigations of magnetoelastic properties of the
compound UFe, in which the 5f electrons of uranium are
almost all in the collective (itinerant) state, as mentioned
above, demonstrate that the situation is not so simple. Giant
or thombohedral distortions of the crystal structure appear
in this compound below the Curie point.'?® These distor-
tions, like the strong anisotropy of the undeformed lattice of
UFe, are clearly due to the existence of a small localized
component of the magnetic moment of uranium.

10. CONCLUSIONS

We can see from this review that in the 35 years since
the discovery of the strong magnetism of actinide com-
pounds an enormous amount of experimental data on their
magnetic properties has been accumulated. It has been
found that many actinide magnetic materials have unusual
magnetic properties which are not encountered in materials
based on the 3d transition and rare-earth elements.

The situation is much less satisfactory in respect of
theoretical interpretation of the experimental data. In most
cases the magnetism of actinides is discussed using rough
alternative concepts of total localization or total delocaliza-
tion of carriers of magnetism. Even in the case of the most
thoroughly investigated groups of actinide compounds such
as monochalcogenides and monopnictides, which can be de-
scribed by more refined models allowing for the possibility of
partial localization (or collectivization) of the 5f electrons
as aresult of their interaction with other groups of electrons,
an analysis is made at the qualitative level or at best at the
semiquantitative level, and it is found that the experimental
data can be described equally well by models based on basi-
cally different physical assumptions.

This situation has arisen because, on the one hand, the
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experimental investigations have often been limited to the
main characteristics of actinide magnetic materials and have
been carried out on compounds belonging to the first half of
the actinide series (up to plutonium and sometimes up to
americium). The magnetic properties of compounds of
heavy actinides (californium, einsteinium, etc.) have not yet
been investigated.

On the other hand, difficulties encountered in the theo-
retical interpretation of the properties of actinide magnetic
materials are related to the complexity and insufficient
knowledge of their electron structure.

In our opinion, the following experimental and theo-
retical investigations of the actinide magnetism are the most
urgent:

1) determination of the magnetic structures and other
properties of heavy actinide metals and their compounds;

2) experimental and theoretical studies of the Mott
transition and of the associated phenomena in the 5f-elec-
tron system of actinide magnetic materials;

3) development of a theory and experimental studies of
the band magnetism of the 5f electrons;

4) identification of microscopic mechanisms of the ex-
change and other interactions in actinide compounds.

Bearing in mind the complexity of the systems with the
Sfelectrons, it is necessary to tackle these tasks by applying a
wide range of experimental methods including not only the
*“classical” magnetic techniques, but also the methods from
nuclear physics, optical and x-ray spectroscopy, studies of
transport effects, etc.

The authors are grateful to K. P. Belov and V. 1. Ozho-
gin for their encouragement.
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