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Abstract  

The crystal structure of the uranium germanide UsGe4 was determined and refined frc.m single crystal X-ray diffraction 
data to R ,~ 0,043, Rw ~ 0.054. UsGe4 crystallizes inthe hexagonal TisG? 4 tPt~a/mcm) structure type (filled up MnsSi~ ty~) 
with the following lattice parameters: a = 8,744(4)/~ and c = 5.863C2) A,. Investigation of neighbouring compositionsl using 
X-ray powder diffraction refinements a~d microprobe analysis, revealed that the binary compound UsGe4 is in equilibrium 
with the other binary UGe (Thin type) and U metal dissolving 3% of germanium, whatever the annealing temperature in the 
range of IO00-1300°C. These result,,, rule out the existence of the binary compositions UsGe3 and UTGe, which were 
previously reported. Magnetic measurements on an annealed polycrystalline powder sample of UsGe4 indicate nearly 
temperature independent paramagnetic behaviour down to 2 K. © 1907 Elsevier Science S.A. 
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I. Introduction 

We have recently cErified the most germanium rich 
part of the binary U-Ge phase diagram by single 
crystal X-ray diffraction showing [1] that UGe2 crys- 
tallizes in the orthorhombic ZrGa2 structure type 
instead of the ZrSi2 type as was previously claimed 
[2]. The alloy with nominal composition U~Ge4 [2] was 
also shown to be a two phase mixture, i.e. UGe (Thin 
type) 13] and U~G% (AIB: type) [4]. in the other part 
of this phase diagram two binary compounds were 
reported: U~Ge3 [2] which was claimed to crystallize 
with the MnsSi3 structure type and UTGe [5] without 
any X-ray characterisation for the latter, and recently, 
a superconductive transition has been ebselwed for 

" Corresponding author. 

11925.8388/97/$17.00 (e~ 1997 Elsevier Science S.A. All rights reserved 
P I !  S 0 9 2 5 . 8 3 8 8 ( 9 7 ) 0 0 3 8 7 - 3  

these two compounds [6] at T, ~ 0.99 K and 1.40 K, 
respectively. We report here our investigations by 
X-ray and microprobe analysis of the region of the 
binary U-Ge phase diagram with 51=1(10% U 
content. 

2. Experimental 

The polycrystalline ingots were obtained by arc 
melting stoichiometric amounts of the constituent ele- 
ments under a high purity argon atmosphere on a 
water.cooled copper hearth, using a Ti-Zr alloy as an 
oxygen getter. The materials were used in the form of 
ingots as supplied by Merck AG. (uranium, 99.8% 
pure, germanium, 99.999% pure). In order to ensure 
homogeneity, the arc melted buttons were turned 
over and remelted three times, with weight losse~ 
lower than 0.1%. To improve the quality of the cO, so 
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tallites, the arc melted buttons were wrapped in tanta- 
lum foils and annealed in the temperature range of 
1300-1000°C in a high frequency furnace for several 
hours. 

X-ray powder patterns were collected on an INEL 
CPS 120 curve multidetector diffractometer, after 
mixing the samples with pure silicon as standard. 

Electronic metallographic examination was per- 
formed on ,~ome samples, using a scanning electron 
microsco~ and a semiquantitative microanalysis of 
the phases was carried out by an energy-dispersive 
X-ray microanalyzer. 

The single crystal X-ray diffraction data were col- 
lected on an Enraf-Nonius CAD-4 four circle 
diffractometer with the experimental conditions listed 
in Table 1. The data processing was carried out on a 
VAX 31011 computer using the MOLEN package [7]. 

3. X-ray structural determination 

Single crystals suitable for crystal structure de- 
termination were found in the annealed sample with 
63% of U content. The hexagonal le~.tice constants, 
determined from least squares analysis of the setting 
angle of 25 X.ray reflections have the values: t, = 
8.74~4) /~, c ~ 5.86~2) /~. They differ signiticantly 
from those p(eviously reported [2] for U~Ge~ (a = 8.58 
A, c ~ 5.79 ~ ,  although the c/a ratio remains tln- 
ch+mgcd 10,670), The X=ray diffraction intensities were 
corrected ti)r Lorentz and polarisation effects and an 
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absorption correction was applied using the program 
psiscan. The structure was successfully refined in the 
centrosymmetric space group P63/mcm. The posi- 
tions of two independent uranium atoms in 6g and 4d 
Wyckoff positions were derived using direct methods 
(program multan) and the positions of two indepen- 
dent germanium atoms in 6g and 2b were obtained 
from subsequent difference Fourier calculations. The 
composition of the investigated crystal is thus U~Ge 4 
and no deviations from full occupancies of the atomic 
sites could be observed. Final refinement, including 
anisotropic parameters, leads to the conventional fac- 
tors R(F)= 0.043 and R w -  0.054. This result reveals 
that UsGe~ crystallizes in the TisGa4 structure type 
(filled structure of the MnsSi; type) as was also re- 
ported for the stannide U.~Sn4 [8] and for the anti- 
monide U.~Sb 4 [9]. A view of the structure of UsGe4 is 
displayed in Fig. 1, the positional parameters stan- 
dardized using the program Structure Tidy [10] are 
listed in Table 2 and the interatomic distance are in 
Table 3. Each uranium atom U(1) is coordinated by 6 
Ge(l) atoms and two other U(1) atoms with a rather 
short distance of 2.93 bt. Such a short distance close 
to that found in U metal (2.75 ,~ in a U and 3.03 A in 
/3 U) was also observed in the other ~inary UGe [3] 
(Thln structure type). These structures are character- 
ized by straight - U - U -  chains along the shortest 
axis, here the c axis of the hexagonal cell. in fact, 
both the TisGa4 and Thln structure types were also 
observed in the binary U=Sn system [81. 

Two ~amples with the previously reported composi- 
li,:)ns U~Gea and UTGe were analysed by SEM either 
directly after the arc melting process, or after anneal- 
ing at 130i) and 1000°C, respectively. The Figs. 2 and 3 
show representative microstructures of these compo. 
sitions, revealing nothing but U~Ge4 and U metal 
which solubilise 3% of germanium. The X-ray powder 
analyses of these samples by least squares refinement 
of the lattice parameters are listed in Table 4. These 
refinements reveal a small but significant homogene- 
ity range corresponding to an increase of the lattice 
parameters with the uranium content. This is in 
agreement with our microprobe analyses indicating a 
maximum variation of 2% of the uranium content, i.e. 
57.5% instead of 55.5% of uranium for pure UsGea. 
The formation of U~Ge~ (63% of uranium) was not 
observed using SEM or X-ray methods. Thus the 
compositions U~Ge~ and UTGe should be considered 
as two-phase-regions. 

On account of these results, the question as to why 
there is such a large difference between the lattice 
parameters determined tbr UsGea and those previ- 
ously reported for the composition UsGe 3 [2] is still 
ol~n. It should be pointed out that the c/a  ratio is 
quite different for the two structure types. For in- 
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Fig. 1. Ortcp view of the str):cturc UsGc4. 

Table 2 
Atomic paranleters fl)r U~(]e 4 

Alton IJt I ) U(2) Gel I) (3e(2) 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . . . . . . . . . . . .  , + .  . . . . . . . . . . . . . . . . . . .  < . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Site 4d t)g ¢)g 2b 
. . . . . . . . . . . . . . . . . . . . . . .  , :  = : :  . . . . . . . . . . . . . . .  : , : = =  = : ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - : : :  : : ~ : =  : :  . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ......... 

x I / 3  0,2923( I ) (L¢)217(4) 0.0 
y 213 i l l) ILl) li,O 
: l),li I / 4  1/4 II,ll 
B** ii,3712) 1i,44(2) li..'lq(6) ii,32(7) 
B:: Bil 0.43(3) 0.76{9) Bit 
B~.~ 0.96(3) 0.85(2) I ,ll~(7) IL.(I( ! ) 
Bl~, Bl~ B:: B2~, B,~ 
Bcq( ~" ) 0..(ill I ) 0.57( I ) 0.78(5) 0.37(4) 

Bto~ ~ B,~ ~ 0.0. 
The form of the anisotropic displacement parameter is exp 
[ ~ I/4(h2a*'~B(i,I) + k~b* 21R2,2) + I~'c* 2 B(3,3) + 2hka*b* B(I,2) 
+ 2hla*c* B(I,3) + 2klb*c* B(2.3))] where a*. b* and c* are re- 

ciprocal lattice constants. 

stance, as shown in the Table 5, the c/a ratio is 
always equal to 0.67 for the filled structure (TioGa 4 
type), and 0.69 for the empty structure (Mn~Si~ type). 
We found the ratio 0.67 for our samples which is 
exactly the same as for U~Ge~. We can postulate that 
either the reported lattice parameters were measured 
with a very large uncertainty almost forty years ago, 
or the change in lattice parameters is due to the 
presence of impurities. It is worth mentioning here 

Table 3 
Inter°at,relic distances (~ ) f i } r  tJ~Gc4 

U( I ) 2U( I ) 2,93 I(0) 
¢)G¢(I) 3,107(1) 
()U(2) 3,484(1) 

U(2) 2Gc(2) 2,147(X I) 
IGe(1) 2 , ~ 3 )  
2G¢{ I ) 2,07~ 2) 
2G¢(I) 3,040(I) 
4U( 1 ) 3 A~t( 1 ) 
4U(2) 3,832(I) 

Ge(I) IU(2) 2,9{)~3) Ge(2) 
2U(2) 2,978(2) 
2U(2) 3,041.X l ) 
4U(I) 3.107(I) 
2Gc(2) 3.618(3) 
2G¢(I) 3.622(4) 

c~U(2) 2.H70(!) 
9 9 • ,Go(,,) 2,031(0) 
~Gc(i) 3 o18(3) 

that we have recently discovered a nc, w ternary gero 
manide U~TiGe~ [13] which crystallize~ with the anti- 
TioGa4 structure type (U~TiSbs typz [14]) and has 
quite similar lattice parameters (a ~ 8.495(1)/~ and 
c ~ 5.711(1)/~) to those reported for U~Ge:;. 

4. Magnet|c behav|our 

Magnetic measurements on an annealed polycrys° 
tailine sample were performed using a superconduct- 
h!<.. quantum interference device (SQUID) magne- 
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Table 4 
X, ray D~'tler analyses tff different U--Ge ctunpt~sitions 

o 

Composition Phase analysis Lattice parameters (A) Heat treatment 

% U % Gc a b e c / a V 

50 50 UGc(Thln type) t).S2t'R5) 8 . o 4 1 ( 2 1  5.849(2} 

52 4S UGe(Thln type) 9.83116) 8.04315) 5.8461 I) 
U~Gea(TisGa.~ type) 8.730151 5.85912) 0,671t 387.5 

55 44 U~GealTisGaa ty W) S.74411 ) 5.863(2) 0.670 388.0 

fi3 37 U~G¢~ITkGa,~ type) S.)4NT) 5.91716) 0.676 392.1 

63 37 U~Gc.~ITi~Ga~ ~'pe) 8.7711151 5.926{6) 0.675 394.7 

SS 12 U~Ge~ITkGa4 type) S.775(4) 5.927(3t 0.675 305.2 

1300°C 

1300°C 

1300°C 

Arc melted 

1300°C 

1000°C 

Fi:~ 3 Microslmcmtc of th,e composition U~Gc annealed at iq~11r C, U~Ge~ (black} with 57,5% of uranium trod U m~:tal (while) wilh 3~;- of 
Gc~m.anium, 
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Table 5 
Comparison of the c / a  ratio in the TisGa4 and MnsSi 3 structure 
type 

Structure Compound Lattice parameters (~.) References 
type 

a C C / a  

The onset of superconductivity, at lower tempera- 
tures as observed [5] for the composition UsGe~ at 
T = 0.99 K, should be checked in UsGe4 in order to 
ascertain the intrinsic nature of the transition, as U 
metal is itself a superconductor. 

TisGa. = UsGe 4 8.744 5.863 0.670 This work 
UsSn 4 9.327 6.2311 0.668 [8] 
U 5 Sb 4 9.237 6.211 0.672 [9] 
Th5 Sn4 9.643 6.445 0.668 [ l l ] 
Th5 I'~.L~ 9.74 ! 6.585 0.676 [ 12] 

MnsSi 3 "UsGe 3' 8.58 5.75 0.670 [2] 
Th 5 Sn 3 9.332 6.477 0.694 [ 11 ] 
ThsPb 3 9.411 6.521 0.693 [12] 

tometer in the temperature range 2-300 K and in an 
applied magnetic field of 4 kG. 

As shown in Fig. 4, U~Ge4 exhibits nearly tempera- 
ture-independent-paramagnetic behaviour down to 2 
K. This feature could be explained by direct overlap 
between the 5f shells of uranium U(I) along the c 
axis, according to the short distance between each 
uranium U(I) atom, and delocalisation of the U(21 5f 
electrons, probably occurring via hybridization effects 
with the s-p shells of the surrounding germanium 
atoms. However, magnetic ordering with nearly the 
same magnetic moment tbr both U(I) and U(2) sub- 
lattices was observed in the isostructural antimonide 
UsSb4 [91 by neutron diffraction, and we have shown 
recently [15] that U~Sn., also exhibits ferromagnetic 
ordering. The U(I)=U(I) distance is shorter in the 
germanide (2.93 ,~)than in the antimonide (3. Ill/~) or 
in the stannide (3.11 ~), but all o1' them are signili- 
cantly lower than the Hill linlit of 3.4 ~ below which 
cooperative magnetic ordering is very rarely encoun° 
tered due to the delocalization effecl. 

5. Conclusieas 

The previously reported binary uranium ger- 
manides U s G e  3 and U 7 G e  w e r e  not observed in the 
course of this study either by X-ray powder and 
crystal analyses or by microprobe experiments. The 
corresponding samples are mixtures of the binary 
UsGe, and U metal dissolving 3% of germanium, 
whatever the annealing temperature, lJsGe 4 was 
shown from single crystal data to crystallize with the 
TisGa 4 structure type. It exhibits nearly Tempera- 
ture-lndependent-Paramagnetic behaviour down to 2 
K. 
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