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Abstrac t  

A detailed 57Fe MSssbauer spectroscopy study of the spin reorientation phenomenon in 
the Er2FelTCx series is presented. From the step-like increase of the effective magnetic 
field at the spin reorientation temperature the sign and magnitude of the anisotropy of 
the orbital contribution to the iron hyperfine field are estimated. The spin--orbit contribution 
to the anisotropy energy is compared with the value of the macroscopic magnetocrystalline 
anisotropy. 

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

It  w a s  recen t ly  found  tha t  i ncorpora t ion  of  c a rbon  into ra re  ea r th  (RE) 
intermetaUic c o m p o u n d s  of  the type  RE2Fe17 can  significantly inc rease  the  
crysta l - f ie ld- induced an i so t ropy  o f  the  RE sublat t ice .  The p l ana r  a n i s o t r o p y  
of  m o s t  RE2Fel~ c o m p o u n d s  is p r imar i ly  due  to  the  an i so t ropy  of  the  i ron 
sublat t ice.  However ,  for  REs wi th  a pos i t ive  s e c o n d - o r d e r  S tevens  f ac to r  a j  
(e .g .  R E - S m ,  Er, Tm) ,  ca rbon- induced  e n h a n c e m e n t  of  the  RE a n i s o t r o p y  
can  lead to  a change  in the  ea sy  magne t i za t ion  d i rec t ion  (EMD) f r o m  the  
basa l  p l ane  to  the  c axis.  Because  of  the  m u c h  s t r onge r  t e m p e r a t u r e  d e p e n d e n c e  
of  the  RE an iso t ropy ,  a reor ien ta t ion  of  the  EMD with  t e m p e r a t u r e  m a y  
occur .  F o r  ins tance ,  Er2Fe17CI.5 p o s s e s s e s  a uniaxial  a n i s o t r o p y  with  the  
EMD para l le l  to the  c axis  a t  4.2 K bu t  r eor ien ta t ion  o f  the  EMD to the  
basa l  p l ane  t akes  p lace  in a na r row range  a round  1 2 2 - 1 2 7  K [1]. The  c a r b o n  
concen t r a t i on  d e p e n d e n c e  of  the  spin  reor ien ta t ion  t e m p e r a t u r e  (Tsr) o f  
Er2Fe17C~ d e t e r m i n e d  by  a.c. initial suscept ib i l i ty  m e a s u r e m e n t s  w a s  r e p o r t e d  
by  Kou e t  a l .  [2]. In o rde r  to  be t t e r  u n d e r s t a n d  how the local  m a g n e t i c  
m o m e n t s  a t  dif ferent  i ron s i tes  change  dur ing  the  spin r eo r i en ta t ion  and  to  
e s t ima te  the  i ron con t r ibu t ion  to  the  magne toc rys ta l l ine  an i so t ropy ,  we  
p e r f o r m e d  a m o r e  deta i led  MSssbaue r  effect  s tudy  on this  s y s t e m  in the  
concen t r a t i on  r ange  0 ~< x ~< 1.5. 
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2. Exper imenta l  detai l s  

The sample preparation has already been described elsewhere [2]. X- 
ray examination showed that the crystallographic structure of Er2Fe,7Cx 
changes from hexagonal Th2Nil~ type to rhombohedral Th2Zn~T type with 
increasing carbon concentration. Samples with x <  0.8 have the hexagonal 
structure whereas for x =  1.5 the majority phase is rhombohedral [3]. For 
some samples with high carbon concentration a small amount of a-Fe was 
also found. 

The 57Fe M5ssbauer spectra were taken with a standard set-up equipped 
with a ~TCo(Rh) source at temperatures between 4.2 K and room temperature. 
The spectra were fitted with a least-squares programme. 

3. Resul ts  and d i scuss ion  

The structures of the hexagonal TheNil 7 type and rhombohedral TheZnl ~- 
type phases are closely related. Both structure types comprise four crys- 
tallographically non-equivalent iron sites 4 f  (6c), 6g (9d), 123" (18J) and 12 
k (1 8h), where the symbols in parentheses refer to the rhombohedral structure. 
From symmetry considerations it follows that when the magnetization lies 
in the basal plane, the Mbssbauer spectra have to be fitted by means of six 
subspectra with relative intensities 4f:6g:8j:8k:4y:4k for the Th2Ni17 type or 
6c:9~:12s:12a:6f:6a for the TheZn~ type [4]. In the case of uniaxial magnetic 
anisotropy the MSssbauer spectra can be fitted with four subspectra. A further 
splitting of the subspectra arising from the influence of carbon neighbours 
on the j 00 and k (h) sites should be taken into account in the case of 
carbides. Because of the complex structure of the Mbssbauer spectra and 
the presence of two crystal forms in some samples, only the hyperfine field 
at the iron dumb-bell site (4f  or 6c) is clearly distinguishable from the 
contribution of the other sites to the MSssbauer spectra. For this reason we 
confine our discussion mainly to the average hyperfine field and the hyperfine 
field at the dumb-bell site as was done previously in ref. 1. 

The 5~Fe MSssbauer spectra of Er2Fe~TCx measured at 4.2 K are presented 
in Fig. 1. One can easily see that the shape of the spectra for samples 
with ~< 0.5 is different from that for x>~ 0.8. The average effective magnetic 
field (Bee) and the effective magnetic field at the iron dumb-bell site (Be y'¢) 
derived from the fits are listed in Table 1. The initial increase and following 
slight decrease in Be with increasing carbon concentration are the result of 
competition between magnetovolume effects which enhance the iron moment  
and bonding effects (hybridization of the 3d electrons of iron with the 2p 
valence electrons of carbon) which may decrease the iron moment as found 
for Y2FeITCx [1 ]. The observed increase in B---~ and especially in Be y'c with x, 
however, is much stronger than that observed for the Y2Fe17C~ compounds. 
Following the same treatment as used in our previous paper [1 ], we attribute 
this additional increase to carbon-induced reorientation of the EMD from 
the basal plane for x < 0 . 5  to the c-axis for x~>0.8. 
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Fig. 1. 57Fe M6ssbauer spectra of  Er~Fe17C= for x =  (a) 0.0, Co) 0.5, (c) 0.8, (d) 1.0, (e) 1.2, 
(f) 1.4 and (g) 1.5 at 4.2 K; , subspectrum contributed by the iron dumb-bell site. 

Fig. 2. 57Fe MSssbauer spectra of  Er2FelvC0.8 at (a) 60 and Co) 77 K; , subspectrum 
contributed by the iron dumb-bell site. 

In order to determine the spin reorientation temperature and the change 
in hyperfine field caused by spin reorientation, the MSssbauer spectra of the 
Er2Fe17C~ samples with x = 0.8 have been measured at temperatures between 
4.2 K and room temperature. Representative M6ssbauer spectra of ErzFe17Co.8 
below and above the spin reorientation temperature are shown in Fig. 2. 
There is an obvious change in the shape of the spectra owing to the spin 
reorientation. The temperature dependence of B--~ and B ~  c for Er2Fe17Co.8 is 
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TABLE 1 

B--~ and B ~  c values of  Er2Fe17C~ derived from MSssbauer spectra taken at 4.2 K and the spin 
reorientation temperature T.~ 

x B-~ (T) B~  c (T) T~ (K) 

0.0 31.6 37.4 
0.5 32.3 37.5 
0.8 33.0 41.4 76 
1.0 32.9 40.9 97 
1.2 32.7 40.9 117 
1.4 32.4 39.7 120 
1.5 32.6 40.0 123 
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Fig. 3. Temperature dependence of B"-~ and B ~  of Er~Fel~C0.8. 

shown in Fig. 3. One can see that the spin reorientation takes place in a 
narrow temperature range. From the fits of the spectra we derived the values 
of  the increases in B---~ (about 1.3 T) and B / ( a b o u t  4.2 T) which arise as 
a consequence  of  the spin reorientation. These values are close to those 
found for TmeFe~ [4]. The spin reorientation temperatures of  Er2Fe~C~ 
determined from the MSssbauer data are collected in Table 1. The results 
are in agreement with those of a.c. initial susceptibility measurements reported 
by Kou et  al .  [2]. Comparing our results with those reported for Er2Fe~Nx 
[5], one can see that the spin reorientation temperature range of the Er2Fe~  
carbides is narrower than that of the corresponding nitrides. The effective 
magnetic field at the iron nuclei (Be) can be expressed as 

Be = B~o¢ + B ~  (1) 

where B~oc is the local field and Bht is the hyperfine field. The local contribution 
is represented by 
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Bloc = BL + B~p (2) 

where BL= t~oMs/3 is the Lorentz field and B d i  p is the dipolar field 

( / ~  3(tt~-r~)r~   p=-roZ / (3) 

The hyperfine contribution can be expressed as 

B~ =Bs +Borb +BN (4) 

where the term Bs originates from the core and conduction electron polarization 
by the iron spin moment  itself. It is proportional and antiparallel to the iron 
spin moment /~ .  Bs is the polarization contribution of the magnetic neighbours 
via conduction electrons. The contributions B~ and BN are isotropic. Borb is 
the orbital contribution arising from the orbital current of the 3d electrons. 
It is proportional to the orbital moment /z~. and thus anisotropic. 

In order to explain the observed change in Be with reorientation of the 
EMD, possible changes in the two contributions Blo¢ and Bhf to B e have been 
considered. The difference in B~oc related to the alignment of the magnetization 
in the basal plane or along the c axis arises mainly from the anisotropy of 
the dipolar term Bcup, whereas the difference in B~ associated with the two 
directions is mainly due to Borb- Thus the variations in B e observed upon 
reorientation of the EMD can be assigned to the difference in the values of 
Bdip and Borb for the magnetic moment alignment in the basal plane (_k) 
and along the c axis (11), i.e. 

ABe = hB~p + ABorb (5) 

where AB e = (Be) ± - (Be)II, ~ d i p  = (B~p) ± - (Bdip)II and ABorb = (Bomb) ± -- (Bomb),,. 
The values of Bcup at each iron site in the underlying crystal structure 

have been computed for the two above-mentioned directions of magnetization 
using /-tFe = 2~B , ~Er = --9~B and /~c = 0. All magnetic moments present in a 
sphere of radius 8.6 /~ have been taken into account. For the EMD along 
the c-axis each of the iron sites is characterized by a single value of Bcup. 
For an arbitrary direction within the basal plane up to three values of B~p 
at each of the 6g, 123" and 12k sites may have to be considered, whereas 
a single value of B~up at the 4 f  site is appropriate. A similar influence of the 
orbital contribution on the number of subspectra can be expected. However, 
as mentioned previously, because of the large uncertainty in both assignment 
and values of the hyperfine parameters to be associated with the different 
iron sites, we have restricted ourselves to the analysis of the average values 
of Be and to the analysis of the B~ value belonging to the relatively well- 
resolved subspectrum of the 4 f  site. 

In order to obtain a representative value for B~p, we have averaged the 
values of B~,p over all the iron sites. This value together with that of B~p 
at the 4 f  site (B~u~) are collected in Table 2. Their differences between the 
basal plane and c-axis directions are included as well. The B--~ and B [  values 
of  Er2Fe17C0.s before and after spin reorientation are also listed in Table 2. 
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TABLE 2 

B--~, B £ ~ and Bcu~ values of Er2Fe~TC0.s for the magnetic moments in the basal plane (± )  
and along the c axis (11). The differences between the two directions are also included. A 
positive sign means the direction of the field is parallel to the iron spin moments 

Direction B'-~ (T) B f  (T) B,u"-'~ (T) Bd~ (T) 

± - 31.7 a - 37.2 a - 0.07 + 0.31 
IJ - 33.0 - 41.4 + 0.13 - 0.62 
± - Jl + 1.3 +4.2 -0.20 +0.93 

aExtrapolated to 4.2 K. 

Tak ing  the  va lues  f r o m  Table  2 and  us ing  eqn.  (5), one  ge ts  the  changes  
in orbi ta l  fields AHorb = ( H o r b )  ± - -  ( H o r b ) l l  = 1.5 T and  AHor f =  ( H o r b ' f ) ±  - -  

(/'/orb f) JI = 3.3 T. 
The  va lue  of  Borb at  the  i th  site o f  i ron is r e la ted  to the  orbi ta l  c o m p o n e n t  

of  the  i ron m a g n e t i c  m o m e n t  /ZLi: 

Bomb ~ = AL p,L ~ (6)  

The  value  of  ~£L d e p e n d s  on  the  local  s y m m e t r y  of  the  s i tes  and  the  o r ien ta t ions  
of  the i r  m a g n e t i c  m o m e n t s  fol lowing c h a n g e s  in the  effect ive orbi ta l  m o m e n t u m  
L of  the  d e l ec t rons  pa r t i c ipa t ing  in the  fo rma t ion  of  the  local  i ron magne t i c  
m o m e n t .  AL is the  orbi ta l  hyper f ine -coup l ing  cons tan t .  

It  ha s  b e e n  pos tu l a t ed  b y  S t r eeve r  tha t  the  magne toc rys t a l l i ne  a n i s o t r o p y  
of  the  coba l t  subla t t ice  in coba l t -con ta in ing  p e r m a n e n t  magne t i c  ma te r i a l s  
o r ig ina tes  m os t l y  f r o m  the  s p i n - o r b i t  in te rac t ion  [6]. The  resu l t s  ob ta ined  
b y  59Co nuc lea r  m agne t i c  r e s o n a n c e  e x p e r i m e n t s  on  YCo5 [6] and  (Ndx. 
Fel-x)2Co14B [7] a l lowed the  a t t r ibut ion  o f  a lmos t  the  ent i re  a n i s o t r o p y  
e n e r g y  of  the  coba l t  subla t t ice  to  the  an i so t ropy  c a u s e d  by  the  s p i n - o r b i t  
in terac t ion .  

Recen t  b a n d  s t ruc tu re  ca lcu la t ions  for  YCo5 by  m e a n s  of  the FLAPW 
[8] and  LMTO-ASA [9] m e t h o d s  including orbi ta l  po lar iza t ion  have  shown  
tha t  t he re  is i ndeed  a s t rong  cor re la t ion  b e t w e e n  the  an i so t ropy  ene rgy  of  
the  s p i n - o r b i t  in te rac t ion  and  the  change  in orbi ta l  m o m e n t .  A quant i ta t ive  
a g r e e m e n t  of  AE with  the  bu lk  magne toc rys t a l l i ne  a n i s o t r o p y  was  obta ined .  
However ,  fu l l -potent ia l  ca lcu la t ions  are  l imited to  smal l  uni t  cells and  c a n n o t  
be  used  effect ively a t  p r e s e n t  fo r  Re2Fel~ c o m p o u n d s .  

C o m p a r i n g  the  e x p e r i m e n t a l  and  theore t ica l  va lues  for  the  orbi ta l  m o m e n t s  
in e l ementa l  h .c .p ,  coba l t  and  b.c.c,  i ron [10, 11], one  can  see  tha t  the  
c o r r e s p o n d i n g  va lues  for  i ron ( / . t L  ---- 0 . 0 6  - -  0 . 0 8  ~B) axe smal le r  t han  t h o s e  
fo r  cobal t  ( /~L=0.14 /~B)" However ,  in f.c.c, i ron the  c o r r e s p o n d i n g  value is 
even  l a rge r  than  tha t  in f.c.c, coba l t  (0 .14 and  0 .12 /~B respec t ive ly) .  H e n c e  
one  m a y  e x p e c t  an  a n i s o t r o p y  of  the  s p i n - o r b i t  in te rac t ion  in the  i ron -based  
c o m p o u n d s .  T h e r e f o r e  we  t r ied  to  e s t ima te  the  an i so t ropy  of  the  s p i n - o r b i t  
in te rac t ion  of  i ron in the  Re2Fe~7-type c o m p o u n d s  us ing  the  va lues  of  ABorb 
ob t a ined  in ou r  M S s s b a u e r  study. 
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F r o m  the sp in -o rb i t  in terac t ion  ex p re s sed  as 

E~o=AL.S (7) 

one  m a y  es t imate  the cont r ibut ion  to  the local  an i so t ropy  energies  (E~ ~) of 
the  iron sites by  m e a n s  of  the express ion  

1 A]ZL i ].£8 i 
Ea (S) 

/zB /~B 

where  i~Li~(~Li)±--(~Li)ll. Using eqn. (2), one  obtains 

1 ~ o r b  i /ZS ~ 
-- - -  ( 9 )  Ea i ~ A ALIZB ~B 

where  ABorb *= (Berbi). -- (Bo~bi)ll. 
Using the va lues  A= - 112 cm -1 calcula ted for  the Fe  a to m  [12l ,AL=42 

T /zB-'  ob ta ined  for  a-Fe  [13] and taking ~s=2 ~B equal  for  all sites, one  
finds Ea ~r= - 1 7 4 × 1 0  -e4 J a tom - I  and E - ~ = - 7 9 × 1 0  -e4 J a tom -~. The 
negat ive values  of  bo th  an i so t ropy  energies  m e a n  that  the EMD is pe rpend icu la r  
to the  c-axis for  the  iron 4 f  site moments .  Since the orbital  cont r ibut ion  of  
the  o the r  i ron site m o m e n t s  is compara t ive ly  weak  or  absent ,  this means  
that  the  same EMD is adop t ed  by  the  whole  iron sublatt ice.  The value 
Ea=K~+K~ = - 3 9 2  J kg -~ [14] obta ined  in bulk an i so t ropy  m e a s u r e m e n t s  
for  Y2Fe17 c o r r e s p o n d s  to  - 4 3 × 1 0  -24 J a tom -1 Taking this  value as 
represen t ing  the  iron sublat t ice  an i so t ropy  in the RE2Fe,7 series, one  can 
see that  the  value ob ta ined  by  us is twice as large. The cont r ibu t ion  to  the 
iron an i so t ropy  ene rgy  es t imated  for  d ipolar  in terac t ions  is one  o rde r  of  
magni tude  smaller,  so tha t  one  cannot  assign the  d i sc repancy  to this effect. 
However ,  the app rox ima t ions  made  in our  evaluat ion have in t roduced  a large 
uncer ta in ty  and our  resul t  can  be t rea ted  as a rough  es t imate  only. Never theless ,  
it is an indi rec t  conf i rmat ion  of  the p r e f e r ence  of the iron m o m e n t s  for  
p lanar  an i so t ropy  in this compound .  The an i so t ropy  o f  Borb that  we found  
for  Er2Fe~vC~ is close to those  r epo r t ed  for  o ther  RE2Fe~7 c o m p o u n d s  as 
well as for  the i r  carb ides  and nitr ides [5, 15]. 

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

Carbon- induced  reor ien ta t ion  of  the EMD f rom the  basal  plane to  the  
c axis is ev idenced  by  a step-like increase  in Be at the i ron nuclei.  The spin 
reor ien ta t ion  effects  o c c u r  in a na r row t em p e ra tu r e  range  of  abou t  10 K. 
The initial increase  in Be measu red  at 4.2 K be tween  x = 0 and 0.5 and  the  
slight dec rease  for  x > 1 are similar to those  obse rved  for  the  y t t r ium-based  
ser ies  [ 1 ] and are  a t t r ibu ted  to  the oppos i te  inf luences of  the magne tovo lume  
and chemical  bond ing  effects.  The step-like change  in B e c a n  be ass igned 
mainly  to  the  i ron hyperf ine  field an iso t ropy  in these  compounds .  The iron 
sp in -o rb i t  cont r ibu t ion  to  the an iso t ropy ene rgy  es t imated  on the  basis  of 
the  change  in Borb is of  the same o rde r  of  magni tude  as the bulk an i so t ropy  
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constant of the iron sublattice in Y2Fe17 and has the correct sign. This 
statement can be generalized by saying that the magnetocrystalline anisotropy 
of the iron sublattice in RE2Fel 7Cx and R2Fel 7Nx permanent magnetic materials 
can be understood in terms of spin-orbit  interactions associated with the 
small orbital contribution to the iron moments in these materials. 
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