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Abstract 

We have measured the DC- and AC-magnetic susceptibility on the pseudoternary system UCot _,Ni=Ai in the composition 
range 0 ~x < 1.0. All the samples studied were single phase and crystallize in the hexagonal Fe2P-type structure. Such 
behaviour can be explained assuming that the Ni-atoms first occupy the (lb)-sites up to x ~ 0.3 and then the (2c)-sites. 
Substitution of Co with small amounts of Ni in UCoAI (x < 0.l) leads to a disappearance of a magnetic ordering. Below 15 K 
these compositions exhibit a metamagnetic transition in magnetic fields, in the composition range 0.1 <x < 0.5, there exist 
ferromagnetic correlations between U-moments at low temperatures, weakening with increasing x. Hence, the compositions 
x ~ 0.5-0.7 are paramagnetic to the lowest temperature measured (1.7 K). On the Ni-rich side of compositions (x ~ 0.8), the 
antiferromagnetie state sets in. For these alloys, the susceptibility anomaly related to the N~el temperature, increa.~s from 3 
to 23 K, being highest for UNiAI. © 1997 Elsevier Science S.A. 
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I. Introduction 

In recent years, we have intensively studied two 
systems UFeI_~Ni,~AI [1] and UFet.,Ni~CoAI [2] by 
means of X-ray diffraction, magnetization and "~Fe 
M6ssbauer measurements. We have found that these 
solid solutions crystallize in the hexagonal Fe2P-type 
structure and show an interesting magnetic behaviour. 
Within a certain concentration range of the doped 
content Ni or Co, a spontaneous ferromagnetism was 
observed. The Curie temperature and saturation mo- 
ment appear to depend non.linearly on concentration 
x and in each case to pass through a maximum. All 
these findings prompted us to investigate the 
UCoI.~N!~AI solid solutions which should give a 
complementary information on the magnetic proper- 
ties of the U(T t _ ~T'~ )AI systems, where T and T' are 
3d.electron transition metals. 
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In this paper we have investigated the last member 
of the above series, namely the UCol.~Ni.~AI alloys, 
using X-ray powder diffraction, DC- and AC°mag° 
netie measurements, Previously, some magnetization, 
tr, and specific heat (C/T), data were reported by 
Briiek et al. [3], but only for several Ni°rich eomposi° 
tions. The most remarkable result was an increase in 
C / T  at low temperatures with increasing concentra- 
tion of the Co-content in UNiAI up to 20 reel%, while 
the N~¢l temperature diminished to a lowest value. 

2. Experimental details 

Approximately 14 samples from the UCol_=Ni,AI 
system with the compositions 0.0 < x < 1.0 were pre- 
pared by arc-melting stoichiometric constituents un- 
der a high purity argon atmosphere. After an anneal° 
ing at 650"C for 2 weeks, the samples were analyzed 
by X*ray diffraction technique. 

The DC-magnetization was pertormed between 1.7 
and 300 and in magnetic fields up to 5~5 T, using a 
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~ U ! D  magnetometer (Quantum Design MPMS-5 
~ ) .  ~ e  AC-magnetic susceptibility was measured 
with a LAKE SHORE susceptometer (series 7000) 
~ e e n  4.5 and ~ K and in an AC-field of I 0 0 e  
ap~ying a frequency of 16(1 Hz. 

3. R~ults 

~ e  X-ray diffraction analysis showed that all the 
pre~red UCot+~Ni~AI solid solutions were almost 
single-phase having the hexagonal Fe,P-type struc- 
ture (the presence of impurity pha~s was less than 
5%). A quite unusual change in the lattice parameters 
with composition was observed (Fig. 1). The parame- 
ter c shows a minimum at x ~ 0.3, while the parame- 
ter a first increases with Ni-content up to x -- 0.3, but 
then with a further increase of x it remains almost 
constant. Thus, the concentration dependence of the 
lattice parameters does not obey Vegard's law. The 
concentration dependence of lattice parameters with 
the anomalous behaviour at x ,, 0.3, indicates a pref- 
erential occupation of the (Ib)-sites by the Ni-atoms. 
Similar anomalous behaviour of the lattice parame- 
ters has previously been observed for the p~u- 
doternary systems with the same Fe+P-type structure, 
namely for UFe~=+NI+AI [1], UFet=,Co,AI [21 and 
URu|= +Co+Sn [4]. This effect has been explained by 
preferential occupation of the lb,site by a transition 
metal with less atomic volume [51. However, in the 
investigated here system Ni and Co atoms do not 
difi~r ~ much in ~ize, Thi~ indicates that geometrical 
site of transition metal atom~ is not likely to be the 
mr+jot contributing factor. Recently, we have studied 
the ~lid g~lations Ugu~ ~Pd+Ga [0], where a similar 
development of lattice parameters was ob~rved. Sur° 
ptisingly, in this system the (lb),sites were a l~  found 
to be preferentially occupied, but by the Pd atoms, 
having larger atomic volume compared to that of 
Ru=atoms, We have proposal, therefore, that the 
anomaly in a(x) and c(x) of URu~=,Pd,Ga is related 
to the difference of d-electron humors  of the transi= 
lion metal atoms, i.e. the atoms with a more filled 
doelectron shell are more willing to occupy the (lb). 
sites. It may ~ reachable to assume that the dec° 
ironic mechanism is a ~ssible reason for the 
anomalous lattice parameter ~haviour observed in 
hesagonal Fe~P.t)~ U(T~ , T ' ,  }M m+!id m~lutions (T, 
T' ~ transition metal atom~, M + p+elcetron ele. 
f+tlC~t~)+ 

Rccipr~xat m~gn,ctic sumeptlbility as a funct+n of 
tem~rature. X= ~(T), measured for m3me composi+ 
(ions eft the UCo+ ++ Ni, AI alloys is displayed in Fig, 2+ 
At higher temperatures, the A,=t(T)+functions co aid 

analyzed b~, a m~ified Curie+WeiRs law: .~(T) 
:~+., + C I ( T  = O). Values of #,.~. ~., and O, as found 

6 . 7 6 ~  .......... , .: , + ..... ~+ ..... 

6.74 

< 6.72 
¢6 

6.70 

6.68 

4.02 

%4.00 
o 

3,98 

3,96 

(a) 
I ..I. I l.--IIl .. ,I ...... " ..... 

..'1i 
. '  

.= 

I 

V+ 
UCO~.xNIAI 

t i . i . l . 
l ~ I I i 

(b) 

' : I | 

i ~ t - - _ - _  + _ . _ + J _ _ I _ _ ~ + , _ + + , _ _ L _ _  + _ _ + A ~ _ _ . :  

0.0 0.2 0.4 0.6 0.8 1.0 

Concentration x 
Fig. 1. Lattice parameter a (a) and parameter c (b) as a function of 
a Ni-concentration in the UCo t ,Ni ,AI  solid solutions. The dotted 
lines are guides for the eye. The ~did lines show the case of 
statistical occupancy of the sites by Co and Ni atoms. 

from a least-squares procedure, are listed in Table 1. 
it ap~ars  that the effective magnetic moment, ox,.tr 
increases steadily from approx. 1.5 gn for UCoAi 
[23,8] to approx. 1.7=2.7 O~a for all the compositions 
with x > 0.3. The paramagnetic Curie temperature, 
O¢,, of UCoAI is positive [2,7] becoming negative for 
x ~ 0.1)2. This temperature of the antiferromagnetic 

Table ! 
AC. and ~ ' .magnct ic  ~u~eplihility results ha' I~,dycryshdlin¢ 
mmpl,¢s of the UCo t =, Ni, AI re+lid mdu0ons 

.................... ~ . . . . . . . . .  0 ) <4+, (K) of order (K) x X,,IO (emu so l  + u,++. ( + . )  Type 

O" O.S !.5 ! 25 F-AF/15 
002 o,t~ I.~1 = ! 5 Meta/I0 
O~0~ 0,5 2,07 ~ 27 Meta/6 

O+ 311 0.5 2, | I = olf~ p 
0+30 0.q 2.04 = 7m P 
o,ao o,s 2+os = 63 P 
O&O 03 2+(14 = 141 P 
1},~1} O.q 1.1~ + qS P 
o,~i o,q I,q2 ~ 5m P 
o,mi o3 2,75 = 3+, AF/3 

O,'+~i 0,3 2.~I .... 30 AI++I~ 

0,95 ~l,3 2,~5 ++ 30 AF/13 

l,d' iI~,3 2,5i.i = 2l AFI I~.~ 

~' Data from Tmn et +d, ||]+ 
Notes: Z, indicates either T~+ rc  or 7+s ~ e  Figs 3 and 5), 
The magneti+ parametels ,~,,, +a~ m~d C+++ are ~+blained %, fitting 
the su~ept i~ l i~  ,da~a in the t ~ m ~ r a t u ~  rang~ 70=300 K to a 
modified Curic=Wei~s law, 
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Fig. 2. Reciprocal magnetic susceptibility as a function of tempera- 
ture for the UCoI_~Ni,,AI sm~oles for 0.02 <x < 0.5 (a) and 0.7 ~; 
x ~; 0.9 (b). The solid lines are the fit of the experimental data to 
the modified Curie=Weiss law. 
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Fig. 4. Magnetization at various temperatures as a function of 
applied magnetic field for UCoAI. 
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Fig. 3. Temperature dependence of the susceptibility of the solid 
solutions UCo~, ~ Nit AI. The temperature 7~,, denotes the tempera° 
tnre. below whicll the metamagnetic state is observed. TN indicates 
the N~el temperature. 

UNiAI is close to the N6¢1 temperature (= 21 K). The 
temperature-independent susceptibility, X,,, across the 
series lies in the range of 0.3-0.9 x 10 ° 3 emu tool ° ~. 

The low temperature susceptibility, x(T), of the 
UCo~°xNixAl alloys is shown in Fig. 3. x(T) of 
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Fig, 5. Magnetization me~sured in magnetic tlelds up to 5.5 T and 
at 1.7 K for various UCt h .~Ni~AI alloys with 0 <x < !. B,, indi° 
cares the inflection point in the m,gnetization curves, 

UCoAI measured at B ~ 0.5 T displays a cusp at 
7~. I ~ 17 K and an upturn below 10 K. As di~usscd 
earlier [2], this beha,Aour reflects a coe~stence of 
both the ferromagnetic and antiferromagnetic corre- 
lations in this compound. The susceptibility of the 
Ni.substituted alloys shows a number of remarkable 
features. First of all, this substitution shifts the posio 
tion of ,~-maximum towards lower temperatures, i.e. 
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to 15 K for x = 0,02 and to !2 K for x = 0.05, and 
finally this ma~mum is not observed for x = 0.1. At 
the same time, for the two f o y e r  samples no upturn 

observed in ~(T)-curves at low temperatures. This 
result can be interpreted in terms of weakening of 
~ t h  ferro- and antiferromagnetic correlations in these 
compounds owing to the Ni-substitution. An essential 

ce ~tween UCoAI and the Ni-doped alloys 
can ~ ~en  in the magnetization behaviour at 4.2 K. 
Unlike UCoAI, where a distinct hysteresis and rema- 
~ e  of the ma~etization indicate the existence of 
the ferromagnetic content (Fig. 4), for the x = 0.02 
a ~  0.05 samples we find no such feature. 

The magnetization of these latter compositions ex- 
hibit a r~ersed S+shap¢ with an inflection point at 
approx, B+., ++ 2,0+2.5 T (~e Fig. 5). 

Further increa~ of the Ni content, i.e. above x = 
0.I, lead,,+ to a recovery of the upturn in x(T)-curves 
at low temperatures, causing that the x-value at 1.7 K 

continuously increases with increasing composition up 
to x ~ 0.~, reaching a huge value of approx, 35 x 10 °~ 
emu so l  °~, i,e, approx. 10 times larger than the 
,~-value at room temperature. This increase one can 
interpret as being due to the presence of a weak 
ferromagnetism originating from the U=U correla- 
tions, which still ernst in these alloys. The ~ i b i l i t y  
of having a ferromagnetic impurity rather should be 
e~¢!uded, since we have not observed any hysteresis 
or any remanence (~e Fig, ~) characteristic of a 
ferromagnetic material, With further increase of the 
Ni+content in the alloys the situation changes rapidly, 
For ¢~ample, the two compositions with x + 0,O and 
0,7 ~have as a weak temperature+dependent para° 
magnet down to 1,7 K, 

Furthermore, the susceptibility of x + 0,8 shows a 
small m ~ m u m  at 7 + ~ 3,0 K+ due to an antiferromag+ 
n~tie ordering setting up in this composition. With 
increasing Ni=concentration, this m ~ m u m  ~curs  at 
higher temperatures, i.e. at 8, 13 and 23 K for x ~ 0.9, 
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Fig,. 6. Temperature dependence of the real part of AC-magnetic 
susceptibility, x'(T),  measured at frequency 160 Hz and in mag- 
netic AC-field of 10 Oe for ,,a~me compositions of the UCo= + ~, Ni~ AI 
~lid solutions. The temperatures T,, and TN are defined in Fig. 3. 

0.95 and 1.00, respectively (Fig. 3). Hence, we believe 
that starting from x ~ 0.8 a long-range antiferromag.. 
netic ordering is formed at low temperatures in these 
alloys, These findings are corroborated by the specific 
heat measurements by Briick et al. [3], who have 
measured temperature dependence of specific heat 
for com~sit ions from x + 0,O to x ~ 1,0, The authors 
have argued that the A°anomaly related to TN disap- 
~ars  just between x + 0,g and ?-: ~ 0,9, 

Consistent with the DC=su~eptibility, the zero=field 
AC+susceptibility data exhibit p r o n o u n c e d  mamma in 
the ACosusceptibility curves:, but at ~mewhat lower 
tem~ratures, i.e. approx. I0 and 6 K+ for x ~ 0.02 and 
0.(}5+ res~ctively (Fig. 6). For these samples, similar 
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maxima are observed also in the imaginary compo- 
nent (not shown here). However, none maxima are 
observed in samples with 0.1 < x _< 0.8 down to 4.2 K. 
For Ni-rich side (x = 0.90 and 0.95), the maxima in 
X~(T)-curves are again observed. The lack of any 
anomaly in the imaginary part of AC-susceptibility 
additionally gives evidence that these materials are 
typical antiferromagnets. 

4. Discussion and conclusions 

The data presented above are summarized in the 
phase diagram displayed in Fig. 7. This figure includes 
the data taken for the UFem_xCoxAI system from 
Tran etal. [2]. In general, this joined figure resembles 
very well the magnetic phase diagram of UFem_ x Ni~ A! 
given in Tro6 etal .  [1]. In the previous studies on 
UFe~_~Co~AI [2], we have shown that the substitution 
of Co for Fe atoms in UFeAI (Co introduces one 
electron more) enhances strongly the magnetism, and 
in a consequence leads to the appearance of lon~- 
range ordering for x > 0.45. This ferromagnetic state 
remains practically to the end alloy, i.e. UCoAI, 
though the final magnetic structure of this alloy is still 
unknown, The problem in determination of this struc- 
ture arises due to the fact that the ferromagnetic 
interactions in the UFe~ _xCo~AI system are consider- 
ably reduced on the account of a gradual increase in 
the antiferromagnetic interactions. Hence, we have 
suggested that in UCoAI both the ferromagnetic and 
antiferromagnetic interactious are ahnost equally im- 
portant, what can lead to lbrm a large frustration in 
magnetic order. Therefore, it is not surprising that tl~c 
ground state in UCoAI is extremely sensitive to a 
deviation from the stoichiomettT or to tile alloying 

with other 3d-electron element, differing in ~e  num- 
ber of conduction electrons. 

The magnetic diagram of UCol_xNi~Al implies 
three different magnetic concentration regions: (a) 
x < 0.1; (b) 0.1 <x < 0.7; and (c) x > 0.8. The alloys 
falling into the first region show a metamagnetic-like 
behaviour in an applied magnetic field. This region 
becomes a continuous part for the magnetic phase 
diagram resulting from UFeI_~Co~AI (see Fig. 7). 
The alloys belonging to the second region are para- 
magnetic down to 1.7 K. These with a smaller Co 
content are characterized by an upturn of susceptibil- 
ity below 5 K, but those with a higher Co content  

exhibit only a weakly temperature dependent para- 
magnetism. Finally, the x ~ 0.8 samples order antifer- 
romagnetically at low temperatures. This antiferro- 
magnetic ground state is formed for x = 0.9 and 0.95 
in accordance with the specific heat results rel~rted 
by Briick etal. [3]. 
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