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A b s t r a c t  

The homogeneity range in the UFe~o_xAixSi2 solid solutions is found to be up to x = 3.0. 
The magnetic moment and Curie temperature decrease linearly with increasing aluminium 
content whereas the uniaxial magnetocrystalline anisotropy is weakened, and the com- 
pounds with x > 2 have a basal plane type of anisotropy. The total anisotropy of the 
compounds has moderate magnitude and is formed by large uniaxial contributions from 
the uranium and the Fe 8(i) sublattices and by a large basal plane contribution from 
the Fe 8(f) sublattice. 

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

The UFe10Si2 in termeta l l ic  c o m p o u n d  is an  act inide  r ep re sen ta t i ve  of  a 
new class  of  m agne t i c  mate r ia l s  RFeIe_~Mx (R =- ra re  ear th  metal ,  Y; M - Si, 
Ti, V, Cr, Mo, W, Re) with high iron content .  The  c o m p o u n d  has  uniaxial  
magne toc rys t a l l i ne  an i so t ropy ,  sufficiently high va lues  of  the s p o n t a n e o u s  
magne t i za t i on  and  the  Curie  t e m p e r a t u r e ,  and  can  be  cons ide red  as a poss ib le  
mater ia l  fo r  p e r m a n e n t  m a g n e t s  [1 -4 ] .  The  Curie t e m p e r a t u r e ,  be ing  equal  
to  653 K, is t h e  la rges t  for  the  known  u ran ium-con ta in ing  magne t i c s ,  and  
can  e v e n  be  inc reased  to  750 K by  par t ia l  subs t i tu t ion  of  coba l t  for  iron 
[5 ]. The  t e t r agona l  crys ta l  s t ruc tu re  of  the  c o m p o u n d  b e l o n g s  to  the  ThMn12 
type  ( s p a c e  g r o u p  I4/mmm). T h e  lat t ice cell con ta ins  two f o r m u l a  units: 
the  u r an ium  a t o m s  o c c u p y  one  pos i t ion  of  the  2(a)  type;  the  iron and  sil icon 
a t o m s  are  d is t r ibuted  ove r  the  8(f), 8(i)  and  8(j) pos i t ions .  It is k n o w n  tha t  
the  si l icon a t o m s  o c c u p y  8(f) si tes (3 a t o m s  p e r  uni t  cell) and  8 0 )  s i tes  (1 
a t o m  p e r  uni t  cell) [6, 7]. Thus,  the  8(i)  pos i t ions  in UFemSi2 are  occup ied  
p r a c t i c a l l y  by  the  i ron  a t o m s  only. The  c o m p o u n d  has  h o m o g e n e i t y  range  
1 ~<x~<3 w h e n  us ing  the UFe12_xSi~ no ta t ion  [3]. 

F u r t h e r m o r e ,  the  re la ted  t e rna ry  c o m p o u n d  UFe4A1 s wi th  m o d e r a t e  iron 
con ten t  f o r m s  the  s a m e  crys ta l  s t ructure .  It  a lso has  a h o m o g e n e i t y  range,  
6 ~<x~< 9 w h e n  us ing  the  UFe~2_xAI~ nota t ion ,  which  does  no t  r e a c h  as  high 
an i ron con ten t  as in the  case  of  silicon. These  solid so lu t ions  d isplay  a 
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complicated magnetic behaviour caused by a competition between exchange 
interactions in different iron sublattices (see ref. 8 and references cited 
therein, as well as refs. 9 and 10). 

The study of the change in magnetic properties following the transition 
between these two regions of stability of the ThMn12 type of structure could 
give information on individual contributions of different iron sublattices to 
magnetic moment  and magnetocrystalline anisotropy. The possibility of sub- 
stituting aluminium for iron in the silicon-containing compounds was dem- 
onstrated in ref. 5 where preliminary results on UFegA1Si2 have been reported. 
In the present work, we prepared the UFelo_~Alx Si2 solid solutions, determined 
their homogeneity range and studied the magnetic properties. 

2. E x p e r i m e n t a l  deta i l s  

The UFelo_xAlxSi2 alloys were obtained by melting components (uranium 
99.9% purity; iron, aluminium and silicon, 99.99%) in an arc furnace under 
an argon protective atmosphere and annealing at 900 °C for two weeks. 

The powders with particle size less than 45 ~m were mixed with 15% 
of silicon oil in the sample holders and aligned at room temperature in an 
electromagnet at a field of 1.2 T. The prepared samples were immediately 
cooled down to keep up the high degree of the alignment. The magnetization 
measurements were carried out at 4.2 K in magnetic fields up to 4 T parallel 
and perpendicular to the axis of alignment. 

The Curie temperatures were determined by d.c. susceptibility mea- 
surements. 

3. R e s u l t s  and d i s c u s s i o n  

The X-ray analysis revealed a single-phase state with the ThMn12 type 
of structure for the compounds with x < 3. The alloys with x >  3 contain 
large amounts of at least two phases. The boundary compound, UFeTAIsSi2, 
has traces (up to 5%) of  a second phase and is considered here to belong 
to homogeneity range of aluminium solid solution in UFeloSi2. In Fig. 1, the 
concentration dependences of lattice parameters are presented. The increase 
in both parameters with increasing aluminium content reflects the larger size 
of aluminium atoms than iron atoms. Considerable non-linearity of the a(x), 
c(x) curves could be explained as a result of a preference in occupation of 
different positions by iron, aluminium and silicon atoms, which was observed 
by 5~Fe Mbssbauer effect measurements (to be published in a separate paper). 
The lattice expansion is isotropic; the c/a ratio is nearly constant (Fig. 1). 

Figure 2 shows the concentration dependences of the molecular magnetic 
moment M measured along the alignment axis at 4.2 K in a 4 T field and 
of the Curie temperature Tc. As could be expected, the substitution of iron 
by non-magnetic aluminium leads to monotonic, nearly linear decreases in 
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Fig. 1. Concentration dependences of the lattice parameters a, c and the c/a ratio. 
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F i g .  2 .  C o n c e n t r a t i o n  d e p e n d e n c e s  o f  t h e  m o l e c u l a r  m a g n e t i c  m o m e n t  M ,  m e a s u r e d  a l o n g  t h e  

a l i g n m e n t  a x i s  a t  4 . 2  K i n  a f i e ld  o f  4 T ,  a n d  o f  t h e  C u r i e  t e m p e r a t u r e  Tc .  

M and  Tc; t h e  v a l u e s  o f  b o t h  c h a r a c t e r i s t i c s  d e c r e a s e d  by  a f a c t o r  o f  2 for  
t h e  a l u m i n i u m - r i c h  b o r d e r  o f  t h e  h o m o g e n e i t y  r a n g e  in c o m p a r i s o n  w i t h  t h e  
init ial  c o m p o u n d .  
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The mos t  interesting results concern  the magnetocrystal l ine  anisotropy.  
The field dependences  of  the molecular  magnet ic  m o m e n t  along and per- 
pendicular to the axis of  al ignment at 4.2 K are presented in Fig. 3. The 
notat ion "e" in this figure means  "easy" (parallel to the axis o f  al ignment) 
and "h" means  "hard" (perpendicular to the axis of  al ignment).  One can 
see  the large uniaxial anisotropy of  UFel0Si> The hard direction curve has 
a field-induced phase  transition of  the first-order magnet izat ion proces s  (FOMP) 
type beginning at 3.5 T. In ref. 4, where the magnetocrystal l ine  anisotropy 
of  UFemSie was  studied up to 6 T in compar i son  with YFeloSi2, the FOMP- 
type curve is attributed to the uranium sublattice and cons idered as ev idence  
of  uranium magnet ic  ordering. A saturation up to the easy  direction m o m e n t  
was  observed at 4.5 T. 
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Fig. 3. Field dependences of ~he molecular magnetic moment of aligned powders parallel ("e", 
easy direction) and perpendicular ("h", hard direction) to the axis of alignment at 4.2 K for 
different aluminium contents x. 
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The character of the magnetization proecsa for the compound with,x = 0.5 
is the same. The ~nergy Ea of magnetocrystal!ine auisotropy, which can be 
estimated as  the area~ between easy and hard direction magnetization curves, 
becomes lower with increasing aluminium, content, For x ;~ 1.0, the FOMP 
anomaly disappears. The:compound UFeaA12Si2 is rather isotropic, and the 
anisotropy occurs again for x >/2,5. The compound with x =2 .5  is practically 
saturated in the hard direction at 3 T, whereas , for  x - - 3 . 0  the  anisotropy 
field is considerably higher. However, the hard direction magnetization displays 
a high projection on zero field far x >t 2.5, which indicates multiaxial a~isotropy 
for these compounds. A qualitatively similar behaviour of magnetization was 
observed at  room temperature, too, where a comparison of the X-ray spectra 
of isotropic and aligned powders has  been carried out. This confirmed the 
change in anisotropy type with aluminium content increasing and revealed 
basal plane anisotropy for x>~2.5. 

The different types of contributions to the magnetocrystalline anisotropy 
from the iron atoms located on different non-equivalent positions in the iron- 
containing compounds with the ThMn12 structure were discussed in ref. 10 
on the base of high field magnetization in UFexAl1~._x (4<x~<4.8) It was 
concluded that  the .iron atoms on the 8(f) sites give a basal plane contribution 
to total anisotropy whereas 80) and 80) sublattices gi~e uniaxial contributions. 
A possibility, o f  change in the anisotropy type was predicted in a system 
where consequent substitution of iron atoms on different sites takes place 
in the concentration range from x = 5  to x - 1 0 .  In the investigated system, 
the homogeneity range is narrower; however, such a concentration spin 
reorientation has been observed. 

Preliminary results of an 57Fe M6ssbauer effect study show that aluminium 
substitutes iron mainly in 8 ( i ) s i t e s  [11]. In the initial compound these 
positions are completely filled by iron, and replacement of half  of them 
(x = 2) leads to loss of the uniaxial anisotropy. The basal plane contribution 
from the Fe 8(f) sublattice to the total magnetocrystalline anisotropy is large 
enough to compensate the uniaxial contribution not only from the semifilled 
Fe 8(i) sites but also from the uranium sublattice. The energy Ea of mag- 
netocrystalline anisotropy can be estimated from the area between easy and 
hard direction magnetization curves. For these moderately anisotropic com- 
pounds, the error of such an estimation is less than 20% in comparison with 
thesingle-crystal measurements. In UFel0Si2,Ea = 2.2 MJ m -~ [4]. The FOMP- 
type transition indicates a negative contribution to E a  from the high-order 
anisotropy constants. The extrapolation of the hard direction curve from the 
1-3 T field interval to fields higher than the transition gives the first anisotropy 
constant K1 to be equal to 2.7 MJ m -3. Let us write expressions for KI of 
the compound as follows: 

KI =Kin  +Kn  +Klj ÷ K , f =  2 .7MJ m -3, fo r  x = 0 

K1 =K1u + 0,5Kli+ K!j +K1f = 0, for x = 2 

(1) 

(2) 
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where K~u is the uranium sublattice contribution, and other terms are the 
contributions from 8(i), 8(j) and 8(f) iron sublattices of UFeloSi2 ( x =  0). 

The first term, K1u, can be estimated as the difference between K~ values 
for UFe10Si2 and YFeloSi2 (1.4 MJ m -~ [4]), being equal to 1.3 MJ m -3. 
The solution of eqns. (1) and (2) gives K1i = 5.4 MJ m -8 and Ku +Klf  = - 4 . 0  
MJ m -3. We cannot separate the Klj and K~f contributions; it will be done 
after careful analysis of the MSssbauer effect results. However, as a first 
approximation, we can neglect the contribution of the Fe 8(j) sublattice, 
because the Fe 8(f) sublattice is concluded to be responsible for basal plane 
anisotropy and, consequently, for a negative contribution to KI [9, 10]. If 
the Fe 8(j) sublattice has some uniaxial anisotropy, the absolute value of 
(negative) Klf would be even larger than the value 4 MJ m -  3 obtained above. 

Of course, such a speculation is very approximate. We did not take into 
account at least two factors which could be important: first, a possible change 
in the ground state of uranium, and, second, the size factor reflected in Fig. 
1. Anyway, the conclusion about the moderate size of the magnetocrystalline 
anisotropy of the whole iron sublattice as a result of the cancellation of 
large positive and negative contributions to KI seems to be right. It might 
hold not only for the compounds studied in the present paper, but also for 
all iron-containing compounds with the ThMn~2 type of structure. For example, 
our preliminary results of magnetization measurements of LuFe11Si2 give a 
surprisingly low K~ ~< 0.7 MJ m -8 in comparison with 1.4 MJ m -3 for YFeloSi2 
[4] and 1.9 MJ m -3 for LuFeHTi [12]. Usually, in known R-3d intermetallic 
compounds with the same structure, the same 3d metal content and non- 
magnetic R, the values of K~ vary slightly. In the considered compounds, 
the slight variation in distribution of the iron atoms over non-equivalent 
positions can slightly influence the uniaxial and basal plane contributions; 
however, their difference could be changed relatively strongly. Therefore, in 
the ThMn~2-type compounds with magnetic 3d metals one should not use 
the total 3d sublattice description but always consider three individual 
sublattices. 

4. C o n c l u s i o n  

The homogeneity range in the UFel0_~kl~Si2 solid solutions is found to 
extend up to x = 3 . 0 ,  and the magnetic properties within this range were 
studied. The magnetic moment  and Curie temperature decrease linearly with 
increasing aluminium content. The uniaxial magnetocrystaUine anisotropy, 
characterized by the first constant K1 =2 .7  MJ m -3 in UFe,oSi2, is sharply 
weakened with the Fe-A1 substitution, the compound UFesA12Si2 is magnetically 
isotropic, and the compounds with x > 2 have a basal plane type of anisotropy. 
The total anisotropy of the compounds has moderate magnitude and is formed 
by large uniaxial contributions from the uranium and the Fe 8(i) sublattices 
(for x =  O, they are approximately 1.3 MJ m -3 and 5.4 MJ m -~ respectively) 
and by a large basal plane contribution from the Fe 8(f) sublattice ( - 4  MJ 
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m-~).  The contribution from the Fe 8(j) sublattice is still open to discussion. 
The results obtained for the system investigated here can be useful for 
consideration of all 3d-metal-containing compounds with the ThMn12 type 
of structure. 
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