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In the present review first the magnetic properties of the actinide metals
are presented with a special emphasis on the uranium. Then the reason for
starting the research on the uranium compounds in Wroclaw is given together
with a brief description of the magnetic properties of the binary compounds.
The comparison with the rare-earth ternaries illustrates the difficulties in
interpretation of the physical measurements of the uranium intermetallics in
which the uranium as well as the transition metal atoms contribute to the
magnetic ordering. Further, we present the features which could indicate the
true contribution of both partners. However, we also stress that some of the
properties which seem to prove the magnetic order on the uranium atom
could result from particular crystal or band structure. '

PACS numbers: 75.30.Cr, 75.30.Gw, 75.50.Cc, 76.80.4+y

Actinide metals form the last known family in the periodic table of the
elements. Majority of them have been obtained artificially in the nuclear reactions.
Although their identity results from the development of the 5f shell, the similarity
to other f electron family (lanthanides) is limited to the heavier representatives
of the 5f group. The lighter actinides are very much like anomalous lanthanides,
e.g. Ce, and particularly uranium and its compounds under some circumstances
exhibit some similarity to the transition elements.

In Fig. 1 a schematic representation of the magnetic properties of the actinide
metals is shown [1]. One can see that the magnetic ordering is observed only for
heavier actinides beginning from curium. Some indication of localized magnetic
moment can be detected for americium and these behaviors suggest a similarity
of these elements to lanthanides.

Now, the peculiarities of physical properties of the uranium metal will be
briefly discussed, because this element is a component of the compounds which
are the subject of the present review. At low temperature, numerous physical prop-
erties of uranium exhibit puzzling features. At 43 K there is sudden expansion of
the crystallographic orthorhombic cell, and the elastic constants show anomalous
behavior. The similar anomalies are also observed at 23 and 37 K [2], which are
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Fig. 1. A schematic representation of the magnetic order in actinide metals, reprinted
from [1] with kind permission of Elsevier Science (copyright 1983).

accompanied by jumps in the lattice parameters [3], which point out to an exis-
tence of two fine isostructural phase transitions in the frame of the orthorhombic
structure. These phase transitions are associated with some anomalics in the low
temperature specific heat [4] and in the electrical properties [5]. As one can see
from Fig. 1, the magnetic phenomena are not the reason for this behavior, however,
undoubtlessly the so-called “internal distortion” of a-uranium is the reason for the
anomalies at 43 K [6]. This distortion was detected in careful examination on the
single crystal sample. It is assumed that due to the internal distortion the con-
densation of electrons into almost sinusoidal wave of charge density occurs, which
is incommensurate with the lattice, as it is observed in the low-dimensional com-
pounds (e.g. NbSes below Peierls transition). Theoretical considerations [7] suggest
that the temperatures of the anomalies correspond to the different directions of
incommensurability and the phase transition at 23 K is to a purely commensu-
rate phase. It is to be mentioned that similar effect as that at the temperature
of 43 K is accomplished by pressure, which additionally induces the transition to
the superconducting state [8]. However, at present we are not going to discuss this
problem.

It seems that the peculiar electronic structure of uranium is the reason for
those and some other anomalies. As mentioned above, the uranium behavior is
different from its lanthanide analogs (Pr or Nd). The best explanation of the dif-
ferences between electronic structures of uranium and e.g. gadolinium is provided
in the schematic pictures in Fig. 2 due to Freeman [9]. In Gd the highly localized
4f shell lies above the Xe core electron states by &~ 10 eV and =~ 15 eV below the
5d—6s valence levels, well below the Fermi energy. For uranium, there are three
electronic configurations with different occupation numbers of 5f shell possible
which lie fairly close in energy to the 6d—T7s electrons and the Fermi level. There-
fore, one expects the 5f electrons to contribute to the conduction processes along
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Fig. 2. The electronic structure of the gadolinium (left part) and uranium (right part)
metals, reprinted from [9] with kind permission of Elsevier Science (copyright 1980).

with the 6d and 7s electrons and to hybridize with them strongly. Moreover, the
5f electron shell being expanded in space is extremely sensitive to any influence
of the external factors like pressure, magnetic and crystal fields etc. Thus, there
exists a delicate balance between different types of the interactions in the uranium

“ion resulting in unusual properties as mentioned anomalies observed in the ura-
nium metal but also complex magnetic ordering, spin fluctuation, heavy-fermion,
Kondo lattice etc., when the uranium atom forms the compounds.

Below there are given some general remarks concerning the uranium com-
pounds. Contrary to the uranium metal many of its compounds exhibit magnetic
ordering and many other phenomena suggesting some degree of localization of the
5f electrons. Most probably the main reason for this behavior is an increase in
the uranium-uranium separation in compounds as compared to the pure metal
[10,11]. In 1970 Hill [12] observed that arranging the uranium compounds accord-
ing to the U-U distance one obtains two distinct groups of compounds. Those in
which the U-U separation is larger than critical value exhibit a magnetic ordering
whereas for those in which the separation is smaller the Pauli type paramag-
netism and sometimes superconductivity are observed. This value is supposed to
be 3.2-3.4 A. The so-called Hill plot being phenomenological one neglects totally
electronic character of components and it is one of the weaknesses of this plot. The
overestimation of the importance of the U-U separation has also led to simplifi-
cation because the observed maximum in the temperature of magnetic ordering
of the monocompounds inclined Grunzweig-Genossar et al. [13] to claim that the
magnetic interactions in these compounds have an oscillatory character, of the
RKKY-type and the compounds are analogs of the lanthanides.

Strong development of the research on the solid compounds of uranium
in Poland and particularly in Wroclaw was not related with any nuclear en-
ergy research establishment but resulted from discovery by Trzebiatowski and
his co-workers [14] of the ferromagnetism in the uranium hydride and deuteride
(for details see [15]). This discovery was followed by obtaining, frequently for the
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first time, many uranium semi- and intermetallic compounds, majority of which
proved to be magnetically ordered. These binary or pseudobinary compounds ex-
hibit practically all types of magnetic ordering and extensive review can be found
in {10]. The most important conclusions from this first period of research are that
the magnetic ordering in majority of these compounds occurs at temperatures
below 100-200 K which are an order of magnitude higher than in corresponding
compounds of lanthanides and that the uranium compounds exhibit very high mag-
netocrystalline anisotropy also higher than in lanthanide compounds. It should be
noted that at this early period the magnetic properties of the binary compounds,
later known as the heavy-fermion systems, were examined in Wroctaw [10]. Un-
fortunately, transport and thermodynamic properties of these materials were not
checked in this distant past.

At present, the research on the uranium (and other actinides) compounds is
concentrated on two main topics: a search for new heavy-fermion systems and the
attempts to explain their still puzzling properties, and determination of the struc-
ture and properties of the ternary and pseudoternary compounds. Heavy-fermion
systems keep to attract more vivid attention because more exciting physics seems
to be engaged in these problems. The second topic mostly concerns technology of
new materials and their characteristics. It does not mean that the binary com-
pounds which are not heavy fermions, are totally neglected. The development
of preparation methods results in many single crystal materials, thin films and
recently fine powders accessible for the investigation of the magnetic properties.

" Also more advanced experimental methods provide an important information as
e.g. the resonant magnetic X-ray scattering (for a review see e.g. [16]) which gives
a chance for the determination of the orbital and spin part of magnetic moment.

In the present review we are going to present magnetic and related properties
of some ternary and pseudoternary uranium compounds in which also transition
elements are present, particularly those transition elements which exhibit magnetic
ordering, namely Fe, Co, Ni and to the less extent Cr and Mn. The magnetic
properties of the similar compounds of the lanthanides are described by clear-cut
rules. In the case of light elements their total magnetic moment is a difference
between orbital and spin part. This total moment is coupled parallel to the moment
of transition metal whereas for heavier lanthanides the total moment of the element
is a sum of both parts but is coupled antiparallel to the moment of the transition
metal. The coupling is realized through the orbital part. But these simple rules
can be violated due to e.g. crystal field (CEF) interactions (see e.g. [17]) and
the polarization of conduction electrons can have the similar influence. For the
ternaries, which exhibit for example the ThMnj»-type of structure, this scheme
is experimentally confirmed when the concentration of iron-group element is high
[18-20]. However, in GdMn;, [21] the mutual orientation of magnetic moments of
Gd and Mn is complex. The Gd moment along the (100) direction is parallel to the
moments of the Mn atom located in part on the 8(j) positions and antiparallel to
the moment of the Mn atoms located in part on the 8(i) positions. The fraction of
the Mn atoms located on the residual 8(i) and 8(j) sites exhibit magnetic moments’
perpendicular to that of the Gd atoms and mutually antiparallel. The Mn atoms
located on the 8(f) positions have very small magnetic moment.
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As far as the uranium compounds with the transition elements are con-
cerned, the mechanism of coupling between both components is obscure and the
information corresponding to the orbital part of the uranium magnetic moment
is scarce. As mentioned before, an advent of development of the resonant X-ray
magnetic scattering can give some light on this problem. The serious complication
in actinide compounds (light) is the ratio between the 5f band width and the
spin—orbit coupling. For the 3d-5d elements the spin-orbit coupling is relatively
weak and it can be broken by the CEF interactions, and the total spin number is a
good quantum number. In turn, for the lanthanides the spin—orbit coupling is rel-
atively strong and J is a good quantum number. For the actinides, however, both
interactions are comparable and therefore the L—S coupling can be partially bro-
ken. Then the intermediate coupling (j—j) can exist. In Table there are collected

TABLE
Magnetic properties of the binary and ternary uranium and iron compounds.
Compound Cryst. | Magn. | Tg,N,s,¢ Hs,0 Ref.
' struct. | order (K] (18]
UFey, sc cubic F 170(5) | p-= 1.21(3) 22
» us = 0.96 (a4t 2 T)
LavPh F 162 " | po = 1.09 23
pu = 0.06/U
pre = 0.59/Fe
UsFe100-» LavPh F 142-172 _ _ 24
U1—4CeqFes LavPh | SG |[170-235 ] 2
U1-;CesFes_yAly | LavPh | SG | 150-220 25
U(Fe1—5Aly)y LavPh F 50-170 25
UFe4P1o cubic F 315 |ps=1.0/U 26
UFezsiz tetr. TIP 27
UFeaGey, sc tetr. TIP 28
UgFe tetr. SC 3.764 |y = 1b7.7° 29
UFeGag tetr. WP ' 30
UzFe;_; th.a.f. CF 32 31
F — ferromagnétic, SG — spin glass, TIP — temperature indepen-

dent paramagnetism, SC — superconducting, WP — weak paramagnet,
CF — collinear F; LavPh — Laves phase; th.a.f. — thin amorphous film;
¢[mJ /mol K2], *Tinax for z = 0.25.

magnetic data on the uranium compounds with iron. In all these compounds the
magnetic order was detected on one component (uranium or iron) only. The rea-
son that the magnetic order exists only in the transition metal sublattice could be
almost a total compensation of the orbital and spin part of magnetic moment as



82 W. Suski

it is seen in UFe, ([23] and Table). The same compensation was detected also in
UNi, [32]. In turn, the magnetic order in the uranium sublattice can be easily de-
tected when complete filling of the transition metal d band occurs. The uranium
ternaries in which there are some indications of magnetic moment on both the
uranium and the transition metal are discussed in the following part. The most
~direct detection of the magnetic order can be obtained from the neutron diffraction
(ND) experiment. However, in selected cases, due to various reasons this exper-
iment is nonconclusive and therefore other indirect methods should be applied.
Hence, for the compounds containing the Fe atom the Fe Méssbauer effect (ME)
can provide the value of the magnetic moment for this element. Then comparison
of the magnetic moment of the iron sublattice with that obtained in magnetization
process at saturation allows to determine the uranium contribution to the total
magnetism and also mutual orientation of the sublattice moments. However, this
procedure is very.often noneffective because in these highly anisotropic materials
the saturation can be difficult to reach, even in applied high magnetic fields (up
to 20 T in Wroclaw) and the measurements on powder samples are not yet very
popular also because of high sensitivity of such samples to air and moisture.

The other difficulty is posed by the conversion factor between ME hyper-
fine field and magnetic moment which is a phenomenological constant and the
values from various laboratories differ considerably. The results concerning the
UzFe17-.(Si,Ge); alloys present the best illustration of this difficulty. They are
derivatives of hypothetical UsFey7 compound and its lanthanide analogs have
some importance as hard magnetic materials. Unfortunately, the experiments of
Berlureau et al. [33] have shown that only addition of Si and Ge stabilizes this
structure. However, in single phase samples with 2 < « < 3 the considerable
amount of o-Fe, although nondetectable by X-ray diffraction (XRD), is always
present. In turn, in the alloys in which a-Fe is absent (3.5 < z < 4.0) the traces
of parasitic phase are present [34]. Therefore, this material is very difficult also
from technological point of view. Even though saturation is easily obtained, the
10% difference between the results of Fe ME and saturation magnetization does
not provide enough evidence for estimation of the uranium contribution to the
magnetic ordering. Thus, it can be seen that ME is very helpful but not decisive
in determination of the uranium contribution to magnetic order for these type of
compounds. At this point it should be noted that also comparison with the com-
pounds containing Th, La or Y instead of U could be helpful, but for some reasons
those compounds do not exist or their properties are so different, most probably
because of different atomic radius and only rarely can be used as the reference
materials.

Now, we are going to present the problem of possible contribution of uranium
to the magnetism and its interaction with the 3d metals in the framework of the
ThMn;i,-type compounds. The interpretation of the experimental observation is

- difficult because in this type of structure the transition metal atoms can enter
three nonequivalent crystallographic positions (see Fig. 3). The extensive review of
magnetic and related properties of these materials has been published recently by
the present author [35]. At least in some of these uranium ternaries ND experiments
established magnetic order in the uranium sublattice and the transition metal
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Fig. 3. The ThMni2-type of structure.

sublattice. This conclusion makes this group of compounds unique among the
uranium intermetallics. Usnally the uranium sublattice orders ferromagnetically,
however, the magnetic moments located in various transition metal sublattices can
present both ferro- or antiferromagnetic (AF) arrangements. The type of magnetic
order in the sublattices can depend strongly on the separation of this last element
close to the critical value for the AF interactions in the spirit of the Bethe-Slater
curve. Except for this direct evidence of magnetic order in the uranium sublattice
there are some experimental facts which provide also an indirect evidence.

As mentioned above, this indirect evidence can be obtained from the com-
parison of the results of ME (in case of the Fe containing compounds) and mag-
netometric measurements in the high magnetic field or the data for the uranium
compounds and the analogs with nonmagnetic components. However, the following
example can prove how doubtful can be the last procedure. UNi;Sis, contrary to
its ferromagnetic analogs is paramagnetic [36] with a strong temperature indepen-
dent susceptibility [37]. However, the lanthanide analogs exhibit magnetic ordering
at low temperature. Usually, the magnetic ordering of the lanthanide compounds
exist at temperature of one order lower than in the uranium compounds. Here
there is a different situation. It seems to be proved that the band electrons of
the rare-earth atom fill up the Ni band, forming a nonmagnetic state in the sub-
lattice of this element, and at low temperature the lanthanide 4f electrons are
responsible for magnetic order. On the contrary, in the uranium compound the 5 f
electrons, due to hybridization with the conduction electrons, fill up the Ni band
and consequently both the Ni and U sublattices appear to be nonmagnetic. There-
fore, this compound cannot be the reference for the other uranium compounds.
ScFe;1oSiy seems to be other reference partner with nonmagnetic Sc instead of U.
The magnetic moment determined from magnetization and ME should be fairly
close. However, this is not the case and the second value is twice as big as the
first one. Firmly established reason for that is not known [38]. Also other experi-
ments can be used as the evidence of the uranium magnetism. A strong anisotropic
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magnetoresistance effect in UFe Al single crystals has been used to confirm the
ferromagnetic alignment of the U moments, a result which would be hardly ob-
tained by neutron diffraction experiment [39].

From those experiments it follows that in the uranium compounds the mag-
netic moment and the Curie/Néel point are apparently different in relation to
the corresponding compounds of Sc, Y, La, Lu and Th remembering all above
mentioned reservations. For some compounds the ND scattering provided sound
evidence of the uranium contribution to the magnetic moment. It concerns the fol-
lowing compounds: UCug4,Alg._, system [40], in which the AF order is detected
only in the U sublattice, UFegAlsy, [41], for which the experiments performed
on single crystal sample showed AF +-+- type arrangements of the I'e moments
propagating along the a and b axes with a ferromagnetic component on the U
sublattice and also UFesAl; [42] in which the ferromagnetic coupling between
magnetic moment of iron and uranium moments is observed. It can be seen that
all ND results were obtained for the compounds with relatively low concentration
of the transition element whereas for those containing more atoms of the transition
element an interpretation of the ND results is very difficult.

The difference in anisotropy type between UCo10Si2 and YCo10Si; is other
argument found for U contribution to the magnetism. The uniaxial anisotropy of
UCo10Sis is relatively large; K (first order anisotropy constant) exceeds its avail-
able values for YT'15_.M, from single-crystal magnetization curves or a single-point
detection method on polycrystals by a factor of 2-3. Unfortunately, there are no
quantitative data on K; for YCo10Siy. However, the cone-type anisotropy found
in this compound points to a low absolute K value, because in the cone range a
ratio [K;| € 2K should be fulfilled, and the second anisotropy constant K, has
never been found to be noticeable in Y-T intermetallics. Moreover, K is nega-
tive in the multiaxial case. In the isostructural analogue YCo;1Ti a basal plane
anisotropy with K ~ —0.9 MJ m?® has been found {43]. Owing to a lower Co
concentration in YCo1Siy, the absolute value of K; is expected to be smaller, in
agreement with observed cone-type anisotropy. Therefore, the large positive value
of K; = 3.3 MJ m® found in UCo1,Siz [44] might be attributed completely to the
U sublattice. Practically the same K1 = 3.0 MJ m® has been observed in UFe;Siz
[45], which is supposed to be due to a considerable uniaxial contribution of the Fe
sublattice. The part attributed to U sublattice was estimated to be 1.6 MJ m3.

These observations, however, can result from other reasons than the U contri-
bution to magnetism. In the case of Fe all the YFej5_ ;M alloys have a uniaxial
anisotropy magnitude slightly dependent on the nonmagnetic component which
stabilize structure. Studies of solid solutions YFei2_z_yCoyM; have shown that
uniaxial anisotropy decreases with increasing Co content; this means that Co actu-
ally has a negative contribution to the anisotropy (see e.g. [46]). However, contrary
to the results of [43], the uniaxial anisotropy has been observed in YCo;,Ti [47].
The X-ray patterns of aligned powders presented in [47] show uniaxial anisotropy
without any doubt. For an explanation of such a contradiction, it can be assumed
that YCo;1Ti has a certain homogeneity range and K; changes its sign within
this range. The sensitivity of magnetic properties and, in particular, magnetic
anisotropy to the transition metal concentration might be understood by consid-
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ering the presence of the three nonequivalent positions for other than the f electron
elements in the ThMn;s-type lattice with different local properties. In the case of
competitive anisotropy, a slight change in distribution of transition metal atoms
over the nonequivalent sites can lead to a considerable change in total anisotropy.
Therefore, the difference in anisotropy type between UCo;,Sis and YCo,4Sis could
be attributed to different Co-Si occupancy of the positions, but not to the U con-
tribution. The same difference in the occupancy can be the reason for a different
magnetic order in the transition metal sublattices for UCo;5Sis and YCo40Siy as
it was suggested for ScFe;oSi; [38]. The serious difficulty is also a small expected
magnetic moment of the uranium sublattice on the high ferromagnetic background
and thus all these indications are not convincing.

Finally, electronic band structure can be the reason for the differences be-
tween the uranium compounds and the compounds of their nonmagnetic (Sc, Y,
La, Lu or Th) analogs. Particularly, the rare earth analogs could be doubtful
reference materials because these last elements are trivalent as a rule, whereas
uranium exhibits both the 3- and 4-valency. Therefore, tetravalent uranium can
alter strongly the band structure in relation to the rare earth reference compounds.

It follows from the above presented review that the uranium compounds
represent plenty of various physical problems. The results of the interactions of
the 5f electrons with the band states were discussed frequently, however, without
a final conclusion. The ternaries in which only one component exhibits a magnetic
order were discussed in the past [10,11]. However, the ternaries with two magnetic
components are discussed so extensively for the first time. It was also an intention
of the author to show the number of problems which are waiting for solution. Par-
ticularly, these problems should represent a challenge for the fellow-theoreticians,
because only preliminary work in this field has been done [48].
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