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Abstract 

Uranium, together with other actinides and lanthanides, forms a large group of ternary intermetallic compounds 
of stoichiometry UTX (T-=transition metal, X-=p electron metal). These compounds are formed in several 
structure types and the occurrence and stability of particular structures with respect to the transition metal 
content suggests reasonable systematics. We have also investigated the magnetic structures of selected UTX 
compounds and it is revealing to relate the crystallographic and magnetic structures, because of the relationship 
between the magnetic symmetry and that of the U atom environment produced by the 5f-ligand hybridization, 
and the consequent anisotropic exchange. Those of ZrNiA! structure type are collinear, with moments along the 
hexagonal c axis. In the orthorhombic TiNiSi structure type, the moments are confined to the b-c plane 
(perpendicular to the uranium chains) and the structures are often incommensurate. In the hexagonal Cain2 (or 
GaGeLi)  structure type, the magnetic structures form in an orthorhombic cell and, at least in the disordered 
centric group, again the moments lie perpendicular to the nearest-neighbour uranium spacing. 

Uranium ternary compounds of composition UTX, 
where T is a transition metal element and X is a p 
electron metal, have been studied for some time [1, 
2], with a view to understanding the role of 5f-d 
hybridization in the moment formation on the uranium 
site, and more specifically the magnetic anisotropy. A 
significant number of materials have now been studied 
(see Table 1) and some trends are beginning to emerge. 
Relatively little work has been done on the cubic UTX 
materials which form in the MgAgAs structure and in 
this article we concentrate on the more anisotropic 
hexagonal and orthorhombic structures. In the hex- 
agonal ZrNiA1 structure type (or its disordered analogue 
Fe2P type), the nearest-neighbour U-U distance is in 
the hexagonal basal plane. In contrast, the other hex- 
agonal system with GaGeLi structure type (or its dis- 
ordered analogue Cain2 type) has the nearest-neighbour 
U-U distance along the c axis, that is, perpendicular 
to the hexagonal basal plane. Finally, the orthorhombic 
materials with TiNiSi structure type (or its disordered 
analogue CeCu2 type) have nearest-neighbour distances 

along the a axis. These nearest-neighbour distances are 
shown by the cigar-shaped links in Fig. 1 for each 
structure type. In all three cases, the nearest-neighbour 
distances are close to the Hill limit [3, 4] for uranium 
(3.5 /~), beyond which there will be negligible direct 
uranium-uranium overlap and where localized magnetic 
moments might be expected. 

As an aside, we note that there is a sense in which 
the hexagonal basal plane of the ZrNiA! structure is 
related to the a-c plane of the TiNiSi structure. The 
former contains a network of triangles of U atoms, 
while the latter contains low amplitude zigzag chains 
of U atoms, as shown in Fig. 1. In Fig. 2, we show 
the more complicated PuRhAI structure [5], which is 
orthorhombic with the Pd~2Mn4Ge8 structure type [6]. 
The cell contains motifs from both the TiNiSi and 
ZrNiAI structures, and in some sense it is intermediate 
between the two. Kergadallan [5] has analysed this 
intermediate structure (which also occurs for PulrAl) 
in terms of the variation of pairwise interatomic spacings 
for the PuTA1 series (where T-transi t ion metal) and 

0925-8388/94/$07.00 © 1994 Elsevier Science S.A. All rights reserved 
SSD1 0925-8388(93)04004-A 



R.A. Robinson et al. / UTX magnetic and crystallographic structures 529 

(o) • 

0 • 

b iii i 
l o (c) 

Fig. 1. Crystal structures of the three structure types described in the text: (a) ZrNiA1 type (or Fe2P if chemically disordered), (b) 
GaGeLi type (or Caln2 if chemically disordered) and (c) TiNiSi type (or CeCu2 type if chemically disordered). In each case, for 
the sake of clarity, only the uranium atoms are shown. The "cigars" represent nearest-neighbour U-U distances, which are typically 
3.6/~. The arrows and shaded planes show the magnetic easy directions or planes, which are normally perpendicular to the nearest- 
neighbour vectors. In (b), only half (along the c axis) of the unit cell has been shown and similarly, in (c), only half (along the a 
axis) is shown. 
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Fig. 2. Projection of the PuRhAI structure onto its a-c plane, 
and the relation to the a--c plane of the orthorhombic TiNiSi 
structure and the hexagonal basal plane of the ZrNiAl structure. 
The TiNiSi and ZrNiAl cells are shown by the shaded boxes, 
and in this case, all atoms in a given plane are shown. (After 
ref. 5.) 

finds that this structure is stable for bond lengths 
intermediate between those of the ZrNiAI and TiNiSi 
structures. 

In Table 1, we also compile the moment  directions, 
as determined by neutron scattering or as inferred from 
magnetization data. In the case of  the ZrNiA1 type, 
the moments  are typically along the c axis, that is 
perpendicular to the network of nearest-neighbour links. 
In addition, magnetization experiments on oriented and 
fixed powders show the c axis to be easy in all ZrNiA1- 
type compounds (except for a few compounds at the 
borderline of stability for the ZrNiA1 structure) [22]. 
In the orthorhombic TiNiSi-type compounds,  the mo- 
ments typically lie in the b--c plane, again perpendicular  
to the nearest-neighbour U - U  links. Finally, a similar 
thing seems to be happening in the Calnz-type compound 
UAuSn: the moment  lies in the hexagonal basal plane 
which is perpendicular to the nearest-neighbour U - U  
vector, which is along c [19]. In the other compound 
with this basic structure, UPdSn, the bulk susceptibility 
indicates that the c axis is the hard magnetic axis [23], 
which is consistent with the general trend in U T X  
compounds,  but the detailed magnetic structure is more 
complicated, with both in-plane and out-of-plane com- 
ponents [18]. This case aside, the general trend is for 
the magnetic moments  to lie in directions perpendicular  
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TABLE 1. UTX ternaries in which magnetic structures and/or anisotropy have been studied 

Structure type Compound Comments References 

ZrNiAI, Fe2P 
(hexagonal) 

TiNiSi, CeCu2 a 
(orthorhombic) 

GaGeLi, Cain2 
(hexagonal) 

MgAgAs 
(cubic) 

UCoAI Orders if B> 0.8 T, c axis easy 7 
UNiA1 AF, C, It along c 8 
UNiGa AF, C, It along c 9 
URhAI F, It along c 10 
URuA1 Does not order, c axis easy 11, 12 
UPdln Two magnetic phases, C, It along c 11, 13 
UCoGa Magnetic order (F or AF), c axis easy 14 

UNiGe AF, C, It in b-c plane 15, 16 
UPdGe Two magnetic phases, It in b--c plane 16 
UPtGe AF, NC, IC, It in b-c plane 16, 17 
UIrGe AF?, no detectable moment New results 

UPdSn AF, NC, no simple direction 18 
UAuSn AF, C, It in plane 19 

UNiSn AF, C, It perpendicular to (100) 20, 21 
ferromagnetic planes 

F, ferromagnet; AF, antiferromagnet; C, collinear; NC, non-collinear; IC, incommensurate. 
aNote that the axis conventions are different in the TiNiSi (space group Pnma) and CeCu2 (space group Imma) structures: the a 
and b axes are reversed. Throughout this article we use the TiNiSi (Pnma) notation. 

to nearest-neighbour U-U vectors. This is also shown 
graphically in Fig. 1. In Fig. l(a), the arrows signify 
the magnetic easy axis, while in Figs. l(b) and l(c) 
the shaded planes are magnetic easy planes. Note that, 
in all three figures, the magnetic easy planes or directions 
are perpendicular to the nearest-neighbour links. 

This phenomenological observation might be ration- 
alized using the arguments of Paixfio et al. [10] developed 
for URhA1. In that case, these researchers have shown 
definitively that there is significant f--d hybridization in 
the hexagonal basal planes of the ZrNiAI structure, by 
observing induced magnetic moments on transition 
metal sites within the hexagonal plane containing ura- 
nium ions, but not on those out of this plane. In addition 
the magnetic moments point along the c axis. That is, 
the 5f--d hybridization is anisotropic with the strong 
component in the basal plane containing nearest-neigh- 
bour U-U directions, and the moments are perpen- 
dicular to that plane. Extending this idea to the other 
structures, one might argue that the TiNiSi structure 
compounds are strongly hybridized along the a axis, 
while Caln2-type materials such as UAuSn are strongly 
hybridized along the c axis. 

Why then, might UPdSn deviate from this pattern? 
Our picture of the anisotropy in strongly hybridized 
UTX compounds is based on the anisotropic bonding 
of 5f electrons, and the exchange interaction within 
the hybridized planes or chains will be much stronger 
than that in perpendicular directions. However, in the 
case of UPdSn, there is good evidence from specific 
heat [23] and a form factor study [24] that UPdSn is 
quite localized in nature and that the f electrons are 
not strongly hybridized. So, in the case of UPdSn, 

normal magnetic space group arguments, which allow 
a complicated canted structure with both in-plane and 
out-of-plane moment components, apply [18, 19]. 

On the contrary, UPtGe presents a case where such 
symmetry considerations do not seem to apply. The 
problem here is that UPtGe exhibits a complicated 
"cycloidal" magnetic structure in which the moments 
are confined to the b--c plane and rotate as one pro- 
gresses along the b axis [16, 17]. This is perfectly 
consistent with our phenomenological description. How- 
ever, the magnetic order parameter appears to be 
characteristic of a second-order transition [17] and 
magnetic symmetry arguments indicate that the order 
parameter should be one dimensional in this case [25], 
i.e. a moment-density wave. It is not. It should be 
noted, however, that uranium atoms are close to lying 
on a simple hexagonal lattice: the orthorhombic b/c 
ratio is almost exactly what it would be if hexagonal 
and then the uranium atoms are displaced alternately 
along the orthorhombic c axis. Another way of stating 
this is to say that the structure is closely related to 
the hexagonal AIB2 structure type (Fig. 3). If the 
hybridization effects are strong enough, perhaps the 
interactions between the uranium chains are effectively 
those between magnetic "rods" arranged in a hexagonal 
pattern. Then, while the crystal structure is actually 
orthorhombic, magnetically the system behaves as if it 
is hexagonal. 

Another trend that seems to be common to UTX 
compounds is that nearest-neighbour uranium atoms 
are ferromagnetically coupled. That is, the hexagonal 
layers in the ZrNiA1 structure are ferromagnetically 
coupled within the plane, the a axis chains in the TiNiSi 
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Fig. 3. Projection of the TiNiSi structure onto its b-c plane. For 
the sake of clarity, only the uranium atoms are shown. The 
dashed line represents distances between the uranium chains 
and they form an almost perfect equilateral triangle, by virtue 
of the fact that c/b = 1.736 (in the case of UPtGe [17]) -- ~/3. 

structure are ferromagnetically coupled within each 
chain and the c axis coupling in Caln2-type compounds 
is also ferromagnetic, except in the case of UPdSn. 
This is consistent with the theoretical ideas of Cooper 
et al. [26], who find that there is a tendency towards 
ferromagnetic interactions between nearest-neighbour 
C e  3 + ions in cerium intermetallic compounds. The heart 
of Cooper et al. 's theory is a hybridization-mediated 
two-ion interaction that leads to anisotropic exchange, 
and there is good reason to believe that the same ideas 
will apply to uranium compounds, even though they 
have more f electrons than Ce. Phenomenologically, 
much the same has been argued in the review by De 
Long et al. [27], who find that ferromagnetic structures 
are preferred for uranium intermetallic compounds with 
U-U spacings just beyond the Hill limit (3.5/~ < d < 4.0 
A). Both sets of researchers have concentrated mainly 
on cubic compounds where the anisotropy is less obvious 
than in the hexagonal and orthorhombic materials dis- 
cussed here. Nevertheless, Cooper et al. [26] argue that, 
for cubic Ce compounds, planes of ferromagnetically 
coupled moments exist, with strong hybridization in the 
plane and the weak perpendicular hybridization, which 
leads to the moment being perpendicular to those 
ferromagnetic planes. This is, in fact, what occurs in 
the one cubic UTX compound which has been exten- 
sively studied, UNiSn [20, 21]. UNiSn orders in the 
type I f.c.c, antiferromagnetic structure, which has (100) 
ferromagnetic layers antiferromagnetically coupled to 
each other, and the moment is perpendicular to those 
ferromagnetic sheets. Not only is this consistent with 
Cooper's work on Ce compounds, but it is also consistent 
with the empirical trends we have identified in more 
anisotropic UTX compounds, in the sense that the 
moment is perpendicular to the ferromagnetically 
coupled planes, which are presumably strongly hybrid- 
ized. 

In summary, we have presented a phenomenology 
of trends in UTX ternary compounds. There seems to 
be fairly strong hybridization along the nearest-neigh- 
bour U-U directions, with ferromagnetic coupling in 
the same directions. The ordered magnetic moments 
are then almost universally aligned perpendicular to 
these directions. That is, there may be a systematic 
relationship between the hybridization anisotropy and 
the magnetic anisotropy, in which the unique axes are 
the same and the moments point along directions of 
relatively weak hybridization. 
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