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Abstrac t  

RFeloSi2 (R ~ La, Pr, Nd, Sm, Gd, Er and Zr) compounds were synthesized by the rapid 
quench method. The ThMn12 structure can be obtained in the RFe,oSi2 system containing 
R~-Sm, Gd and Er, while the NaZn~a structure can be obtained in the system containing 
R~-La, Pr and Nd. It has also been found that Nd,_~ZrxFel0Si2 (x=0.25, 0.5 and 0.75) 
crystallized in the ThMn~2 structure. The factors which control the formation of ThMn~2 
and NaZn~3 structures in the RFe,oSi2 system are discussed with respect to the atomic 
radius of the rare earth site element. 

I ron-r ich  rare  ear th  in termeta l l ic  c o m p o u n d s  have  a t t r ac ted  m u c h  in teres t  
as novel  p e r m a n e n t  m a g n e t  ma te r i a l s  s ince the d i scovery  of  N d - F e - B  m a g n e t s  
in 1983 [1]. In a ra re  ear th  (R) and  3d t rans i t ion me ta l  (M) b inary  sys tem,  
RM13 and RM,2 have  a l ready  b e e n  known as M-rich c o m p o u n d s .  RM,3 
crystal l izes  in a NaZn13-type cubic  s t ruc ture  and RM12 in a ThMn~2-type 
t e t r agona l  s t ruc ture .  In par t icular ,  in teres t  has  been  focused  on the  la t ter  
sy s t em as a po ten t ia l  cand ida te  for  new- type  p e r m a n e n t  magne t s ,  and  their  
magne t i c  p r o p e r t i e s  have  b e e n  ex tens ive ly  studied.  In b inary  sys t ems ,  however ,  
the  ThMn~2 s t ruc tu re  exis ts  only  for  M - Mn. For  the i ron-conta in ing  c o m p o u n d ,  
this crysta l  s t ruc tu re  can  be  ob ta ined  in a p seudo -b ina ry  s y s t e m  RFel2_L~T~ 
( T - A 1 ,  Si, Ga, Ti, V, Cr, Mn, Mo, W and  Re) [2 -6 ] .  On the  cont ra ry ,  the  
NaZn~3 s t ruc tu re  ex is t s  only for  M - C o  and Be in a b inary  sys tem,  and  for  
the  i ron-conta in ing  c o m p o u n d ,  in a p seudo-b ina ry  sys t em RFeI3_xT~ ( T - A  l, 
Si) [7, 8]. Fo r  T---Si, bo th  the i ron-r ich ThMni2 and  the i ron-r ich NaZn,3 
s t ruc tu res  can  be ob ta ined  in the  RFe~2_xTx and RFe,3_xTx s y s t e m s  re- 
spect ively.  Details  of  the i r  s t ruc tura l  behaviour ,  however ,  have  no t  been  
inves t iga ted  sys temat ica l ly .  

The  a im of  the  p r e s e n t  inves t iga t ion  was  to  s tudy  the  f ac to r s  which 
cont ro l  the  f o r m a t i o n  of  ThMn~2 and  NaZn~3 crysta l  s t ruc tu res  in the  RFe~oSi2 
sy s t em us ing  the  rap id  quench  me thod .  

Ingots  of  RFeloSi2 ( R - L a ,  Pr, Nd, Sm, Gd, Er  and  Zr) were  p r e p a r e d  
by arc mel t ing  unde r  a purif ied a rgon  gas  a t m o s p h e r e  f rom s ta r t ing  mate r ia l s  
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with at least 99.9% purity. Rapidly quenched ribbons were obtained from 
these ingots using the standard equipment for melt spinning with a copper 
roll (300 mm in diameter) under a purified argon gas atmosphere. The 
quenching rate was varied by changing the roll velocity Vr in the range 
10-30 m s -1. The crystal structures of these ribbons were determined by 
X-ray diffraction using Cu Ka radiation. 

The rare earth dependence of the observed phase of RFeloSi2 ( R - L a ,  
Pr, Nd, Sm, Gd and Er) rapidly quenched samples is shown in Fig. 1. In 
Fig. 1, the X-ray main peak intensity ratio of phases observed in the samples 
plotted against the atomic radius of the rare earth. In the case of Vr = 10 
m s -~, the ThMn12 phase was observed in the RFel0Si2 system containing 
R--SIn, Gd and Er, while the NaZn13 phase was observed in the system 
containing R-=La, Pr and Nd. The amounts of ThMn12 and NaZn~3 phases 
increased with increasing Vr, e.g. for V~=30 m s -~ compared with V~=IO 
m s - ' ,  and the ThMn12 phase was found in the NdFe~oSi2 compound. This 
result indicates that a higher quenching rate induces the formation of iron- 
rich phases such as the ThMn~2 and NaZn13 phases. The results shown in 
Fig. 1 also suggest that the atomic radius of rare earth elements is important 
in determining the crystal structure of iron-rich compounds, and that NdFe~oSi~. 
is the boundary between the ThMn~2 and NaZn~3 phases [9, 10]. 

These results presumably reflect the fact that the free energy of the 
ThMn12 and NaZn~3 phases may be sensitive to the Fe-Fe  distance. 

A large rare earth atomic radius should cause expansion of the Fe-Fe  
distance and stabilize the NaZn,3 phase which has more coordinated iron 
around R than the ThMnl~ phase has. On the contrary, the ThMn~2 phase 
may be more likely to occur than NaZn~3 in compounds which have a small 
rare earth atomic radius. 

Next, attention was paid to the rare earth atomic radius effect. We 
focused on NdFeloSi2 (the atomic radius of neodymium is 1.82 A) and 
investigated the Lao.sNdo.sFeloSi2 and Ndo.sEr0.sFe,0Si2 compounds in which 
half of the neodymium atoms are replaced by lanthanum atoms (the atomic 
radius is 1.87/~) and erbium atoms (the atomic radius is 1.75 .~) respectively 
in NdFe~0Si2. The aim of this investigation was to control the phase which 
appeared by changing the average rare earth atomic radius. The NaZn,a 
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phase was found in the Lao.~Nd0.5Fe10Si2 compound (Vr= 10 m s - ' ) ,  and its 
lattice constant was 11.43 A. 

This value for the NaZn13 phase is about the midvalue of the lattice 
constant of LaFeloSi2 and NdFeloSi2. 

On the contrary, the ThMn,2 phase was found in the Ndo.~ErosFe,oSi2 
compound (V~= 10 m s - i ) ,  and the lattice constants a and c were 8.420 
and 4.744 A respectively. These values for the ThMn~2 phase are about the 
midvalues between the lattice constants of NdFei0Si2 (Vr= 30 m s -~) and 
ErFe~oSi2 and are consistent with the values envisaged from the rare earth 
contraction of the ThMn~2 phase (Fig. 2). 

The results show that the mean rare earth atomic radius of RFe,oSi2 
compounds are dominant in determining the crystal structure. Therefore it 
is possible to control the phase which appears by changing the average rare 
earth atomic radius. 

We then investigated the (Nd, Zr)Fe~oSi2 system in order to extend the 
above-mentioned atomic radius effect to the non-rare-earth element zirconium. 

The atomic radius of zirconium is 1.60 /k and is smaller than that of 
erbium [9, 10]. The phases appearing in (Nd, Zr)Fe~oSi2 ribbons (V~= 10 m 
s-1) are shown in Fig. 3, and their typical X-ray diffraction patterns are 
shown in Fig. 4. As seen in Fig. 3 and Fig. 4, a partial replacement of 
neodymium by zirconium drastically induced the formation of the ThMn~2 
phase. 

The measured lattice constant of these ThMn~2 phases are shown in 
Fig. 5. Both of the lattice constants a and c decrease linearly, depending 
on the mean atomic radius of neodymium and zirconium averaged by 
considering their contents. These values are on the line of rare earth contraction 
given in Fig. 2. The result indicates that even a non-rare earth element, 
zirconium, almost occupies the neodymium site and decreases the average 
atomic radius of the rare earth site in NdFe~oSi2. Consequently, the ThMn,2 
phase is stabilized in (Nd, Zr)Fe~0Sie. 

This study can be summarized as follows. 
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Fig. 4. X-ray diffraction patterns for rapidly quenched NdFel0Si2 and Nd0.7~Zr0.25FeloSi2 (Vr= 10 
m s - ] ) .  
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Fig. 5. Variation in the lattice constants of the ThMn]2 phase in Ndz _~Zr=Fe~0Si2 with the mean 
atomic radius of the rare earth site element. 

The a tomic  radius of. the e lement  occupy ing  the rare earth site is an 
impor tan t  fac tor  which  controls  the format ion  of  ThMn12 and NaZn13 crystal  
s t ruc tures  in the RFe~oSi2 system. 

The NaZn,a phase  was found in RFe,oSi2 (R=-La, Pr  and Nd) in which 
the individual rare-ear th  a tomic  radii were larger than those  of  samarium.  

On the contrary ,  the ThMn,2 phase  was  found  in the sys tem in which 
the individual rare ear th  a tomic  radii were smaller  than those  of  neodymium 
in RFe~0Si2. In the (Nd, Zr)FemSi2 system, z i rconium occupies  the neodymium 
site and facili tates the format ion  of  the ThMn~2 phase  owing to the decrease  
in the a tomic  radius of  the n e o d y m i u m  site. Moreover,  the amoun t  of  the 
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ThMn12 p h a s e  i n c r e a s e d  w i t h  i n c r e a s i n g ' z i r c o n i u m  c o n t e n t  in Nd~ _xZrxFe~oSi2 

up  to  x =  0 .75 .  T h e s e  i n d i c a t e  t h a t  z i r c o n i u m  p l a y s  an  i m p o r t a n t  ro l e  in 

s t ab i l i z i ng  t h e  ThMn~2 s t r u c t u r e .  
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