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Abstract 

Studies of actinide compounds point to a mutual relation between the coordination of An-ions in a crystal lattice 
and the orientation of the magnetic moment. Single-ion effects are thus not the dominant source of magnetic 
anisotropy. A hybridization induced anisotropy, which forces the magnetic moments to orient perpendicular to 
the An-An  coordination direction, is compatible with experimental data. The A n- A n  bonding anisotropy is thus 
reflected in magnetic-moment directions in magnetically ordered compounds, and the same type of anisotropy 
is revealed in the paramagnetic susceptibility. Consequently, Ising-like magnetism is manifest in compounds with 
a planar arrangement of U atoms (e.g. compounds with the ZrNiAl structure), whereas crystal structures, which 
can be viewed as consisting of linear U-chains, lead to a planar anisotropy. The latter class of compounds shows 
the influence of low-energy magnetic excitations in transport and thermodynamic properties. In contrast, no such 
effects are found in the uniaxial compounds because the magnitude of anisotropy energy Ea, which is of the 
order of hundreds of degrees kelvin, excludes magnon-like excitation with E<Ea. 

1. Introduction 

The large magnetic anisotropy in 5f band systems 
has been discussed theoretically in conjunction with a 
large orbital contribution to the magnetism in actinides 
by Brooks and Kelly [1]. They carried out electron 
structure calculations in the cubic systems UC and UN 
and obtained a large energy difference when the mag- 
netic moments were confined in different crystallo- 
graphic directions. From the practical point of view, 
the cubic symmetry of the crystal lattice is less suited 
for studies of magnetic anisotropy by bulk methods. 
Compounds with a symmetry lower than cubic frequently 
have the hard and easy magnetization directions per- 
pendicular to each other, which makes the anisotropy 
more conspicuous. 

We have been studying several types of compounds 
of the general formula UTX, which crystallize in hex- 
agonal or orthorhombic structures, and can be char- 
acterized as narrow 5f-band systems. Investigations of 
the magnetic properties of these compounds have re- 
vealed two fundamental features of the magnetic an- 
isotropy. First, it is very large (anisotropy energies of 
hundreds of degrees kelvin are observed as a rule). 
Second, the anisotropy is of the type which apparently 
reflects not the local symmetry at the actinide site, but 

something like the inter-actinide bonding symmetry. 
We show here some typical examples of magnetic 
anisotropy in actinide materials and discuss the relations 
to their crystal structures which suggest that the magnetic 
anisotropy is intimately connected with the bonding 
properties of 5f-electron states. Finally, we demonstrate 
how the type and strength of the magnetic anisotropy 
influence transport and thermodynamic properties at 
low temperatures. 

2. Magnetic anisotropy of uranium equiatomic 
ternaries 

Uranium equiatomic ternary compounds of the gen- 
eral formula UTX are formed in several different 
structure types. For X - A  l, Ga, Sn and In, and late 
transition metals T, the hexagonal ZrNiAl-type structure 
is formed as a rule. The degree of 5f delocalization 
can be tuned by a proper choice of T and X elements. 
For the T elements, the most important effect on the 
5f states is the 5f-d hybridization, which depends 
strongly on the energy overlap of the 5f states and the 
d-states of the element T. The strength of the hy- 
bridization decreases for T elements with a higher 
atomic number in a given d series, because the d states 
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are pushed progressively towards higher binding ener- 
gies. Thus, with some variability in both T and X 
components, the properties of the UTX compounds 
range from weak itinerant paramagnets (UFeAI) to 
magnetically ordered substances with well defined local 
moments (e.g. UNiGa) [2]. 

The ZrNiAI structure type can be viewed as consisting 
of two types of basal-plane sheets, separated by c/2. 
One sheet contains U-atoms and some of the T-atoms, 
and the other sheet contains only X- and T-atoms. 
Thus the inter-uranium spacing du_u along the c-axis 
is equal to the lattice parameter c (typically 380-400 
pm). Within the U-T  sheet with du-u typically 350-380 
pm there are four nearest U neighbours. One can thus 
assume the 5f states to be involved in the bonding 
mainly within basal planes. This argument is supported 
by the possibility of hybridization of the 5f states with 
d states of transition metal atoms, occupying the po- 
sitions within the U - T  sheet. Direct evidence for the 
stronger U-T  hybridization within the sheets is provided 
by polarized neutron diffraction experiments, which 
indicate significantly larger induced magnetic moments 
on the T-atoms within the U-T  sheets, even in cases 
when the T-atoms occupying the T-X sheets are closer 
to U [3, 4]. In accordance with the common bonding 
anisotropy, we have found a strong uniaxial anisotropy 
in all U compounds of the ZrNiAI structure type [5]. 
Inspecting the dependence on field of the magnetization, 
we see that for a field along the ab plane the compounds 
behave as paramagnets even in a magnetically ordered 
state. In the case of ferromagnetic order we observe 
a spontaneous moment exclusively along the c axis and 
in antiferromagnets we can induce a spin-flip transition 
by applying a magnetic field along the c direction. The 
same type of anisotropy is also preserved in the par- 
amagnetic region. The typical features are shown in 
Figs. 1 and 2 for the example of UNiAI, which is 
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Fig. 2. D e p e n d e n c e  on  t e m p e r a t u r e  of  the  magne t i c  susceptibi l i ty 
o f  U N i A I  for d i f ferent  field direct ions.  

antiferromagnetic below 19 K. Studies of the onset of 
ferromagnetism, performed for example in the pseu- 
doternary system U(RUl_xRh~)AI, show the appearance 
of ordered U moments of more than 1 /~B oriented 
along the c axis in URhA1. However, the susceptibility 
for B perpendicular to c remains practically the same 
as in paramagnetic URuA1 [6]. In most cases the x(T) 
dependence for a field along the c direction (i.e. OMC/ 
aH c vs. T), obeys a Curie-Weiss law with 0p of the 
order of tens of degrees kelvin either positive or negative, 
depending on the character of coupling. The suscep- 
tibility for a field perpendicular to the c axis is not 
only much smaller, but its character also resembles 
that of weakly temperature dependent paramagnets. 
However, an analysis in terms of the Curie-Weiss law 
is also feasible, and one can obtain values of effective 
moment /Zefr which are very similar for both field 
directions. The difference between both x(T) branches 
is projected into the offset of 0p, which is then very 
large. The difference A0p=[~-~pb[ can be taken as a 
measure of the anisotropy in the paramagnetic state. 
However, for large anisotropy values, this quantity has 
a large uncertainty owing to the extrapolation procedure. 
Moreover, an error due to projection of the c axis 
susceptibility cannot be avoided owing to possible small 
grain misalignment and/or sample misorientation. Such 
spurious effects influence the hard axis data progres- 
sively as one approaches gp. Thus the value of hOp 
yielded by the analysis can be understood approximately 
as a lower estimate of the anisotropy energy. The 
anisotropy field in the ordered state is usually estimated 
as the field which induces magnetic moments in the 
hard axis of the same size as found in the easy axis. 
Technically one has to extrapolate both branches of 
magnetization vs. field, MC(B) and Mab(B), so as to 
obtain an intercept. Because of eddy currents, the 
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magnetization of a single crystal can only be measured 
in field pulses of sufficient time duration. Practically, 
we are limited by the maximum field available in the 
Amsterdam High Field Installation (40 T). As we have 
to extrapolate to values of at least 300 T in some cases, 
the accuracy of our estimate is even worse than in the 
former case. 

In addition to the anisotropy of the magnetic moment 
direction, we can also resolve the anisotropy of the 
mutual 5f-5f moments coupling. Magnetic structure 
investigations always show a dominating ferromagnetic 
coupling within the basal planes, whereas the coupling 
along the c axis can be either antiferromagnetic or 
ferromagnetic, and is generally much weaker. 

A theory accounting for magnetic anisotropy in weakly 
delocalized materials has been developed by Cooper 
et al. [7]. Their approach is based on a hybridization- 
mediated anisotropic two-ion interaction, which orig- 
inates from the anisotropic hybridization. Unlike the 
RKKY-type of interaction, this interaction is orbitally 
driven and leads to a strong ferromagnetic coupling 
along the bonding directions (directions of strong hy- 
bridization). The anisotropy can be viewed as due to 
charge compression towards the bonding directions, 
which fixes the orbital moments perpendicular to it. 
Assuming such an orientation of moments, a coupling 
favouring ferromagnetic pair moment alignment can be 
obtained. A hypothetical canting of moments from their 
minimum-energy directions leads to a moment decou- 
piing or to a coupling to other, more remote, neighbours. 
For the group of UTX compounds crystallizing in the 
ZrNiA1 structure type, this approach can explain both 
general findings, i.e. moments exclusively along c with 
a strong ferromagnetic coupling perpendicular to it. 

To test this approach, we have made a comparative 
study of other groups of UTX compounds. Several 
compounds with late transition metals crystallize in the 
hexagonal structure of the Cain2 type (UPdSn, UAuSn, 
UCuSn, UPdSb) [8]. In contrast to the ZrNiA1 type, 
here the U atoms form linear chains along the c direction 
with a large inter-chain separation, whereas the inter- 
U separation within the chains is rather moderate (about 
360 pm). The magnetic structure of UAuSn is anti- 
ferromagnetic [9] with moments parallel along the 
orthorhombic b axis and a ferromagnetic coupling along 
the c axis, which conforms to the rules of the model 
given above. In UPdSn, moments do not lie completely 
in the bc plane [10]. The magnetic structure is non- 
collinear with alternating rings of the inclination angles 
to the ab plane. However, the c axis is unambiguously 
a hard-magnetization direction. The anisotropy energy 
estimate is lower than for the former group of com- 
pounds (60 K or 110 T). In comparison with UAuSn, 
it is not clear whether the non-collinear structure of 
UPdSn is due only to a higher degree of 5f localization 

[11], or whether the presumably less localized UAuSn 
would adopt a similar magnetic structure if it were 
allowed by the crystal symmetry (UPdSn has a lower 
symmetry of crystal structure as it is, unlike UAuSn, 
an ordered ternary compound). 

The last case we discuss here are compounds with 
the orthorhombic structure of the TiNiSi type, which 
are formed by similar T elements, but for X = Si or 
Ge. The bonding symmetry is analogous to the previous 
case, although the chains stretched along the a axis 
are not really in one line but are zig-zag, and the inter- 
chain spacing is somewhat smaller. Neutron diffraction 
studies show that moments in the compounds studied 
are confined within the bc plane [12-15]. Single-crystal 
magnetization data, available for UNiGe (see Figs. 3 
and 4) show that there is a moderate anisotropy in 
the bc plane (A0~p ~= I~p-~p[ = 40 K), but inspection of 
the a-axis data reveals an anisotropy of about 140 K 
(equal to A~pC). 
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From the information above we can thus deduce that 
the anisotropy in U compounds is indeed related to 
the "bonding anisotropy". Thus it is predominantly the 
coupling between nearest U neighbours forcing the U- 
moments to orient perpendicular to the strong U - U  
bonds. This conclusion applies generally, wherever a 
simple linear or planar arrangement of nearest U atoms 
occurs (e.g. UGa2 or even heavy fermion compounds 
UPh and UPd2A13). For the linear arrangement some 
in-plane anisotropy can also be found, but its magnitude 
is much smaller than the basic anisotropy confining the 
moments in the plane. 

It is interesting to compare the effects of low-energy 
magnetic excitations on the bulk properties of the two 
classes of compounds. In the planar-anisotropy case, 
one should be able to observe magnons or similar 
excitations with a gap in the energy spectrum. The gap 
width A can be associated with the energy of the in- 
plane anisotropy. For moderate A values one should 
observe an additional exponential term in the tem- 
perature dependence of electrical resistivity (owing to 
the electron-magnon scattering), and the magnon ex- 
citations should contribute to the specific heat. Assuming 
a simple quadratic magnon dispersion htoq= A+hZqZ/ 
2mo and a q-independent electron-magnon coupling 
constant, one can find the expressions p . . . .  g,= 
bT(1 +2T/A) exp(-A/T) and Cma~,=fF 1/2 exp(-A/T) 
[16], which account well for the experimental data of 
UNiGe, UPdSn, etc. The values of A obtained from 
analysis of the electrical resistivity and specific heat 
data are similar and, moreover, correspond well with 
the estimate of the in-plane anisotropy energy (35-50 
K for the compounds mentioned above) [17]. 

From what has been stated here for compounds with 
the ZrNiA1 structure type, they can be characterized 
as Ising systems, where very strong uniaxial anisotropy 
prohibits excitation of magnons. Indeed, analysis of the 
low temperature data of UNiGa shows that possible 
exponential terms are difficult to detect within the 
experimental uncertainty, which means that no magnon 
modes with A smaller than approximately 200 K can 
exist. An open question remains: how far are the 
mentioned bulk properties affected by the detailed 
nature of magnetic excitations in actinides? This is a 
more complex subject [18]. 

3. Conclusions and future perspectives 

Although the presented model, relating the magnetic 
anisotropy to a bonding anisotropy, works well for a 
large number of U-compounds and enables easy pre- 
dictions of the anisotropy type, it is not clear a priori 
which are the most decisive factors determining a real 
bonding anisotropy. In particular, it is not possible to 

guess how far the bonding strength is assisted by the 
hybridization with the d states or, in another words, 
what is the importance of a symmetric layout of the 
non-f ligands. To shed more light on this issue we have 
been searching for compounds displaying different basic 
arrangements, i.e. planar or linear, within a single 
structure type. The recently discovered system of U2T2X 
compounds [19, 20] offers such a possibility. These 
compounds crystallize in the U3Si 2 structure type (te- 
tragonal), where a proper choice of ligands leads to 
compounds with nearest U neighbours either within 
the basal plane or along the c direction. The cross- 
over can be found, for example between UzPd2Sn and 
U2PhSn, and we will concentrate more on these systems 
in future. 
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