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Abstrac t  

A new family of U(Cu, Ni)2_xGae+= compounds crystallizing in the I 4 / m m m  space group 
has been identified by means of powder X-ray diffraction analysis. The tetragonal U-Cu-Ga 
ternaries exist in a wide homogeneity range for 0.166~<x~<0.5 as well as the copper- 
deficient UCu2(l_=)Gae+= phases. A tetragonal nickel derivative occurs only for x =  1 as 
UNiGa3 with the BaNiSna-type symmetry (I4mm) or it may adopt a new type of crystal 
structure with the I4m2 space group. All the copper ternaries were found to be anti- 
ferromagnets with a N6el temperature of around 50 K. The field dependence of magnetic 
susceptibility at 4.2 K indicates a non-collinear magnetic structure. The x(T) function 
of UNiGa3 shows a sharp maximum at 34 K and exhibits no magnetic field dependence 
at liquid-helium temperature. For all the ternaries examined, the electrical resistivity 
increases slightly with decrease in temperature and falls below the N6el temperature. 
The most abrupt change is observed for UNiGa3. 

1. I n t r o d u c t i o n  

The lanthanides  and light actinides form a numerous  family of  te t ragonal  
c o m p o u n d s  of  (Ln, An)T2X2 stoichiometry.  T here  s tands  for a t ransi t ion 
metal  and X for an e lement  of  g roup  IV or V, e.g.  X - S i ,  Ge and Sn or  
X -- P, As and Sb respectively.  The c o m p o u n d s  with smaller  T and/or  X a toms  
crystallize with the ThCr2Sie s t ructure  (space  group,  I 4 / m m m )  while those 
with larger a toms  adopt  usually the CaBeaGe2 s t ructure  (space  group,  P 4 /  
n m m ) .  

In the last few years  there has been a great  interest  in s tudying the 
LnT2(Si, Ge)2 ternaries  which exibit a variety of  magnet ic  s t ruc tures  [1] and 
some of  them (CeCu2Si2 and URu2Si2) are well known as heavy-fermion 
supe rconduc to r s  [2, 3]. A m o n g  the actinide ternaries  the best  known are 
the uranium UT2X2 c o m p o u n d s  [4, 5] f rom which UCu2Ge2 and UNi2Ge2 are 
the closest  ana logues  of  the U(Cu, Ni)2_xGa2+x phases.  UNi2Ge2 was found 
to be an an t i fe r romagnet  of  AF I-type [6] while the neu t ron  diffraction data  
available for UCu2Ge2 indicate AF II-type an t i fe r romagnet ic  order ing at 4.2 
K. At 4 3 _  3 K it t r ans forms  into a coll inear f e r romagne t  which vanishes  at 
100___3 K. In both  phases  the m o m e n t s  are point ing a long  the te t ragonal  
axis [6, 7]. 
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The effective paramagnetic moments equal to 2.40 /~B and 3.16 /~B are 
about 1.5 times larger than that in the ordered state, which are 1.61 /~B and 
2.35 /~B for UCu2Ge2 and UNi2Ge2 respectively. 

One aim of this work was to check how far the physical properties of 
the U(Cu, Ni)2X2 compounds are modified if one changes the p electron 
occupancy of the X ligand. Note that germanium has the 4p 2 electron 
configuration while gallium has only one electron in the 4p shell. 

On the contrary, studies on the UT2Gae systems could complete the 
systematic knowledge about the interaction between 5f electrons of uranium 
in the UT2X2 compounds and the 4p 1, 4p 2 and 4p 3 electronic configuration 
of the X ligand. The importance of such an f -p  interaction for understanding 
the magnetic properties of the rare earth and actinide intermetallics has 
already been proved by Takahashi and Kasuya [8-13]. 

2. Preparation and X-ray analysis 

The samples were prepared in an arc furnace using the appropriate 
amounts of the elements uranium, copper, nickel and gallium of 99.99% 
purity. The phase analysis was performed on a DRON 1.5 powder diffractometer 
using Cu Ka radiation. We have started from the nominal UCu2Ga2 composition 
which gave a complex X-ray powder pattern of diffraction lines. Some of 
the lines were indexed as those originating from the tetragonal ThCr2Si2 
body-centred structure (denoted symbolically as the 0 phase). The remaining 
lines could be attributed to a new unknown orthorhombic phase denoted as 
~.  To establish the homogeneity ranges of both the 0 and the ~ phases we 
have prepared several UaCubGac alloys which were then checked by X-ray 
analysis. The results of the phase analysis are presented in Table 1. As seen 
from this table, in the U-Cu-Ga system except for the well-known UCuGa 

TABLE 1 

The results of the X-ray analysis of the U-Cu-Ga  phase diagram 

Nominal composition Phases according 
to the X-ray pattern 

UCuzGa2 0 + f~ 
UCu2Gaa 0 + l~ 
UCuaGa2 0 + fl 
UCuGaz 0 + trace metallic U 
UGaCu2 f~ + trace metallic U 
UCu2Ga4 l~ + UGa3 
UzCuaGa6 --- UCul.sGa2.5 0 
UaCu4Ga~ --- UCu 1.33Ga2.66 0 
U~CuTGa~6 -~ UCu ~.~6Ga2.66 0 
U6CuaGa~5 ---- UCu~.aaGa2.5 0 
UaCuaGa4 -= UCuz.6BGal.aa l) 
UzCusGaa -= UCu2.5Gal.5 ~'~ 
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t e rna ry  p h a s e  there  exis t  only  two phases :  0 and  ~ .  F u r t h e r m o r e ,  the  p h a s e  
analys is  indica ted  tha t  the  t e t r agona l  0-type c o m p o u n d s  have  a var iable  
compos i t ion :  f r o m  UCul.a3Ga2.66 to UCuLsGa2.5. In addi t ion  we have  also 
identified the  copper -de f i c i en t  UCUl.~6Ga2.66 and  UCu1.33Ga2.5 p h a s e s  crys-  
tall izing in the  I 4 / m m m  space  group.  

The  lat t ice p a r a m e t e r s  de t e rmined  for  all the t e t r agona l  U - C u - G a  t e rna r i e s  
of  I 4 / m m m  s y m m e t r y  are  p r e s e n t e d  in Table  2. Details  conce rn ing  the  
o r t h o r h o m b i c  ~ p h a s e s  will be  publ i shed  e l sewhere  [14]. Cons ide r ing  the  
a tomic  a r r a n g e m e n t  in the  ThCr2Si2 s t ruc ture  we sugges t  for  UCuLsGa2.5 the  
fol lowing a t o m  distr ibut ion:  u ran ium ( thor ium)  in the  2a  site a t  0 0 0; coppe r ,  
ga l l ium ( c h r o m i u m )  in the  4d site a t  0 ½ ¼, ½ 0 ¼; gal l ium (si l icon) in the  
4e  si te at 0 0 z, 0 0 ~ ÷ body -cen t r ed  t ransla t ion.  

Note  tha t  in UCUl.sGa2.~, 25% of  the 4d s i tes  are o c c u p i e d  by  the  gal l ium 
a t o m s  and 75% by  the c o p p e r  a toms ,  while in UCu2Ge2 all the  4d pos i t ions  
are  filled by  the  c o p p e r  a t o m s  only. The a tomic  a r r a n g e m e n t  in the  UCu,.sGa2 5 
c o m p o u n d s  is shown  in Fig. l (a ) .  For  the subs to i ch iomet r i c  UCu~.3~Ga25 
and UCu,.,6Ga2.86 p h a s e s  the i r  a tomic  dis t r ibut ion in the  I 4 / m m m  s t ruc tu re  

TABLE 2 

Lattice parameters and interatomic distances (calculated assuming z=0.375 which is ap- 
proximately an average z value for all the LnT2X2 and AnT2X 2 teruaries) for U-Cu-Ga teruaries 
crystallizing in the I4/mmm space group and UNiGaa with I4 m2 symmetry 

Compound Space a c U-8Cu(Ga) or U-8Ga 
group (/~) (/~) C-4Ni, U-4Ga (/~) 

UCuj.~Ga2.5 I4/mmm 4.29 10.078 3.26 3.18 
UCul.3aGa2.~ I4/mmm 4.52 9.966 3.24 3.19 
UCu~.33Ga2.5 I4/mmm 4.34 10.078 3.26 3.18 
UCul.l~Gae.8~ 14/mmm 4.52 9.911 3.23 3.19 
UNiGa3 I4m2 4.43 9.791 3.21 3.17 
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Fig. 1. Projection of crystallographic unit cell of (a) the Cu-U-Ga and (b) the Ni-U-Ga 
ternaries with the BaAl4-type tetragona! structure. 
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is less evident. The vacancies may occur either in the 4d sites with the other 
sites 2d and 4e completely filled or they will exist only in the uranium 
sublattice. To distinguish between these two possibilities, neutron diffraction 
studies .are needed, 

To investigate the U-Ni-Ga system we first started to prepare UNi,.sGa2.5 
alloy. Its X-ray pattern consisted of two groups of diffraction lines, indicating 
the existence of both the 0 and ~-like phases in the ratio 1:1. On preparing 
the samples UNiGas and UNi2Ga2 we obtained the X-ray single-phase patterns, 
indicating tetragonal and orthorhombic crystal structure for the former and 
latter compounds respectively. 

From the powder X-ray diffraction analysis we cannot learn very much 
about the structure details of UNiGas. It may crystallize in the I4/mmm 
space group with the 4e sites occupied by the gallium and the 4d sites filled 
randomly by 50% of the copper and gallium atoms. However, for the 1:1:3 
stoichiometry there is the possibility that an ordered crystallographic structure 
occurs within the space group I4m2, the symmetry of which is very close 
to that of I4/mmm. The atomic arrangement for UNiGas within the I4m2 
space group would be the following: uranium in the 2a site at 0 0 0; nickel 
in the 2c site at 0 ½ ¼; gallium in the 2d site at 0 ½ ~; two gallium atoms 
in the 4e site at 0 0 z, 0 0 2 + body-centred translation. 

We also cannot exclude the possibility UNiGas possesses an ordered 
BaNiSns-type structure of I4mm symmetry. 

To refine the crystal structure of UNiGas further, neutron studies are 
required. Data concerning an orthorhombic UNi2Gae phase will be published 
later [14]. 

3. E x p e r i m e n t a l  detai l s  

The magnetic susceptibility X was measured over the temperature range 
4.2-300 K using a CAHN-RH electron balance. All changes in X were 
continuously recorded with increasing temperature. The electrical resistivity 
p(T) was measured over the same temperature range using a standard four- 
probe d.c. method. The sample voltage was measured automatically every 
20 s with an accuracy of _ 1 ~V. The measurements, which were repeated 
for the same sample and also for two different samples of a given compound, 
have shown full reproducibility of the results. 

4. Resul t s  

The results of the magnetic susceptibility measurements performed with 
magnetic flux densities B of up to 0.7 T are shown in Figs. 2 and 3. As 
seen from Fig. 2 the temperature dependence of magnetic susceptibility 
strongly depends on the stoichiometry of the U-Cu-Ga ternaries. For stoi- 
chiometric UCUl.sGa2.5 and UCu1.ssGa2.86 compounds the X- ' (T)  dependence 
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Fig. 2. Temperature dependences of magnetic susceptibility of the U-Cu-Ga ternaries obtained 
at B =  0.5 T within the temperature interval 4.2-300 K. 

Fig. 3. Reciprocal molar susceptibility vs. temperature for U(Cu, Ni)2_=Ga2+ = compounds 
showing the Curie-Weiss behaviour of X-~(T) at the relevant temperatures. 

is l inear within the  t empera tu re  range  6 0 - 3 0 0  K. For  the non-s to ich iomet r ic  
samples  UCuLI6Ga2.66 and UCuLa3Gae.5, X- I (T)  exhibi ts  a s t rong depar tu re  
f rom the Cur ie -Weiss  law below 150 K. This depar tu re  could  be  a t t r ibuted  
e i ther  to  a f e r romagne t ic  impur i ty  or to the intrinsic p ro p e r ty  of  the non-  
s to ichiometr ic  samples  such as, for  instance,  the occu r r ence  of  non-col l inear  
i nc omm e nsu r a t e  an t i fe r romagnet i sm.  The t empera tu re  d e p e n d e n c e  of  the 
magne t ic  susceptibi l i ty  for  the five c o m p o u n d s  measu red  here  shown in Fig. 
3 allows us to es t imate  how large the " f e r romagne t i c  c o m p o n e n t "  is. Since 
we have no t  de tec ted  in the U - C u - G a  sys tem any phase  with a Curie point  
near  150 K, we believe that  the " f e r romagne t i c  c o m p o n e n t "  is an intrinsic 
p r ope r ty  of  the non-s to ich iometr ic  compounds .  The significant magnet ic  field 
d e p e n d e n c e  of  the magnet ic  suscept ibi l i ty  at 4.2 K obse rved  for  all the  
coppe r -based  gallides may  indicate the  p re sence  of  non-col l inear  antifer- 
romagne t ic  s t ruc tures  at  4.2 K. In UNiGa3 we have not  obse rved  a magnet ic  
field d e p e n d e n c e  of  suscept ibi l i ty  at  4.2 K or anomalous  behav iour  of  X- !(T) 
at  re levant  t empera tu res .  The magnet ic  data  such  as Op and tLe~ der ived 
f rom the l inear  par t  of  the X-1(T) funct ion are p r e sen t ed  in Table 3. 

The resul ts  of  the electr ical  resist ivity m e a s u r e m e n t s  for  the  copper -  
based  te rnar ies  are shown in Fig. 4. As seen  f rom this figure the electr ical  
resist ivi ty slightly increases  with dec reas ing  t em p e ra tu r e  and goes  t h rough  
a m a x i m u m  at about  120 K. Be tween  120 and 60 K the resist ivity slowly 
dec reases  and rapidly falls below 60 K. In general ,  the  non-s to ich iomet r ic  
UCuLI6Ga2.66 and UCuLaaGa2.5 c o m p o u n d s  exhibi t  a lower  resist ivity than  
do the  s to ichiometr ic  compounds .  The highest  resist ivity is obse rved  for  
UCuLsGa2~ which exhibits  an a lmost  semimetal l ic  charac ter .  Electr ical  re- 
sistivity m e a s u r e m e n t s  also sugges t  the  o c c u r r e n c e  of  an t i fe r romagnet ic  
o rder ing  in the U - C u - G a  c o m p o u n d s  be low about  50 K. It should be men t ioned  
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Fig. 4. Tempera ture  dependence  of the electrical resistivity within the temperature  interval 
4 . 2 -300  K for U-Cu-Ga .  The p(T) behaviour  may indicate the formation of a Kondo lattice 
in the te t ragonal  BaA14-type uranium ternaries.  
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Fig. 5. The p(T) function for UNiga~. The maximum in resistivity occurring at 37 K corresponds  
to the peak observed in the x(T) function at  the same temperature.  

that the magnetic susceptibility anomalies appearing in the non-stoichiometric 
compounds  at around 150 K are not  associated with any significant changes 
in the electrical resistivity. Such a p(T) behaviour may also support  the 
conclusion that the anomalies in the x(T) curve observed at 150 K are due 
to incommensurate  antiferromagnetism which is next  " locked in" below 50 
K. In order  to solve this problem, magnetic neutron diffraction studies are 
needed. In contrast  with the copper-based ternaries, UNiGa3 exhibits a 
pronounced maximum in electrical resistivity the temperature  of which 
corresponds to the TN in its magnetic susceptibility curve (Fig. 5). Some 
data obtained from the electrical resistivity measurements  are presented in 
Table 3. 
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TABLE 3 

Magnetic aY~d electrical characteristics of the U-Cu(Ni)-Ga ternaries with the I4 /mmm space 
group 

Compound XM(292 K)× 106 TN Op P~e, p(4.2 K) p(300 K) Pmax 
(emu mo1-1) (K) (Ix') (~B) (p~ cm- ' )  (p22 cm -~) ( ~  cm -1) 

UCu,.~Ga2.~ 5060 49 8 3.29 181.6 507 529 
UCu,.33Ga2.66 4680 53 8 3.24 189.0 230 256 
UCul.33Gaz.5 5120 49 20 3.35 58.5 137 142 
UCuH6Ga2.66 4760 55 20 3.25 87.5 110 114 
UNiGa3 3740 37 - 16 3.02 345.8 343 373 

5. Di scuss ion  

Pre l iminary  resul ts  o f  bulk  m e a s u r e m e n t s  p e r f o r m e d  on  the  t e t r agona l  
U(Cu, Ni)2-zGa2+x c o m p o u n d s  show t h e m  as  an in te res t ing  g roup  of  5f  
mater ia ls .  The ex i s t ence  of  the  t e t r agona l  UCu2_xGa2+~ p h a s e s  in a wide 
r ange  of  the  c o p p e r  and /or  ga l l ium concen t r a t i ons  m a y  indica te  tha t  this 
BaA14-type der ivat ive  is t h e r m o d y n a m i c a l l y  very  stable.  On the  con t ra ry  the  
r e spec t ive  U - l i g a n d  d i s tances  in this  type  of  crysta l  s t ruc tu re  are relat ively 
la rger  than  those  in m a n y  b inary  U - C u  and U - G a  c o m p o u n d s ,  which  would  
sugges t  tha t  the  a p p r o p r i a t e  chemica l  bond ings  are  weaker .  On these  g rounds ,  
one  can  e x p e c t  a d iminishing hybr id iza t ion  effect  which  par t ly  delocal izes  
the  5f  level. Fo r  exam p l e ,  c o m p a r i n g  the  UCu~ in termeta l l ic  with the U - C u  
spac ings  equal  to  3 .05 and  2 . 9 2 / ~  in which  the hybr id iza t ion  effect  is r a the r  
small  [15], one  m a y  e x p e c t  tha t  in UCul.sGa2.5 owing to la rger  U - l i g a n d  
d i s t ances  this in te rac t ion  should  be  fu r the r  weakened .  On the  con t ra ry  the 
U - G a  d is tance  equal  to  3 .18 .~ in UCul.sGa2.~ is cons ide rab ly  l a rger  than  
tha t  in UGa3, be ing  equal  to 3.01 /~. This  m e a n s  tha t  also the  5 f - 4 p  U - G a  
in te rac t ion  in UCUl.sGa2.5 is se r ious ly  r educed  in c o m p a r i s o n  with  tha t  
a p p e a r i n g  in UGa3 which  is a par t ly  delocal ized u ran ium s y s t e m  [16]. A 
s imilar  s i tuat ion occu r s  in the  o the r  t e rna r i e s  e x a m i n e d  here.  There fo re  we 
bel ieve  tha t  the s ingle- ion p r o p e r t i e s  of  the  U 4+ core  in the  t e t r agona l  
U - C u ( N i ) - G a  t e rna r i e s  can  be  exp la ined  in t e r m s  of  s imple  crysta l  field 
theory .  In this work  we do  no t  in tend go  into the  detai ls  of  the  crys ta l  field 
calculat ions.  They  will be  p r e s e n t e d  soon,  w h e n  we have  c o m p l e t e d  the  
single crys ta ls  m e a s u r e m e n t s .  
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