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A b s t r a c t  

The 5VFe M6ssbauer effect in TmaFe,TNx was measured in the temperature range 4.2-600 
K. The temperature dependence of the r'7Fe M6ssbauer spectra shows a hyperfine field 
anomaly around the spin reorientation temperature (TsR = 190 K) where the easy mag- 
netization direction changes from parallel to c (T<TsR) to perpendicular to c(T> TsR). 
At 4.2 K the ~VFe hyperfine field was found to have slightly increased after charging 
Tm2Fe~7 with nitrogen. The 169Tm M6ssbauer spectrum of Tm2Fe~TN.~ was measured at 
4.2 K. From the quadrupolar splitting it was derived that interstitial solution of nitrogen 
atoms considerably increased the second-order crystal field parameter (A,9 = 300 Kao-'~), 
although the value reached is not much larger than found before in TmaFe,7C. 

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

The rare  ea r th  sub l a t t i c e  a n i s o t r o p y  in c o m p o u n d s  of  the  type  R2FeI7 
is fair ly weak.  Deta i led  s tud ies  of  t he se  m a t e r i a l s  in the  pas t  had  shown tha t  
the  i ron sub la t t i ce  favours  an easy  magne t i z a t i on  d i r ec t ion  p e r p e n d i c u l a r  to  
the  h e x a g o n a l  c ax i s  and  tha t  for  the  R e l e m e n t  s amar ium,  e rb ium,  thu l ium 
and  y t t e r b i u m  the R sub la t t i ce  a n i s o t r o p y  favours  an  easy  d i r ec t ion  para l le l  
to  the  c axis .  Of t h e s e  four  R e l e m e n t s  only thu l ium has  a sub la t t i ce  a n i s o t r o p y  
s t rong  e n o u g h  to d o m i n a t e  the  i ron sub la t t i ce  an i so t ropy .  This  d o m i n a n c e  
b e c o m e s  man i f e s t  only  at  fa i r ly  low t e m p e r a t u r e s ,  the  c o r r e s p o n d i n g  spin  
r e o r i e n t a t i o n  t e m p e r a t u r e  be ing  TsR = 72 K [1 ]. 

P rev ious  s t ud i e s  have  shown tha t  the  R sub la t t i ce  a n i s o t r o p y  is con- 
s i d e r a b l y  e n h a n c e d  by  in te rs t i t i a l  of  c a r b o n  or  n i t rogen  a t o m s  in RzFe,7 
[ 2 - 7 ] .  As a c o n s e q u e n c e  the  t e m p e r a t u r e  r e g i m e  in which  the easy  mag-  
ne t i za t ion  d i r ec t ion  is d e t e r m i n e d  by  the  R sub la t t i ce  a n i s o t r o p y  i nc r ea se s  
s t rong ly  t o w a r d s  h ighe r  t e m p e r a t u r e s .  In Tm2Fe,7Cx we found  a shif t  f rom 
T s ~ = 7 2  K for x = O  to  T s R = 2 1 0  K for  x = l  [2]. S ince  the  in ters t i t ia l  a t o m  
c o n c e n t r a t i o n  in Tm2FeITNx is m u c h  l a rge r  ( x = 2 . 7  [8]) t han  in Tm2Fe,7C, 
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one may expect  that TsR is substantially higher in the former compound 
than in the latter. However, from discontinuities of the temperature dependence 
of the initial susceptibility in Tm2Fe,TN~, indications were obtained that there 
is no such enhancement  of TsR in Tm2Fe~vNx compared to Tm2Fe,vC [9, 
10]. This has led us to investigate the effect of interstitial nitrogen atom 
solution in Tm2Fe,7 on the magnetic propert ies in more detail using '~gTm 
and 57Fe M6ssbauer spectroscopy. 

2. Exper imenta l  resul ts  

The compound Tm2Fe17 was prepared by arc melting from materials of 
at least 99.9% purity followed by vacuum annealing at 1000 °C for about 
10 days. X-ray diffraction showed this sample to be approximately single 
phase, a few per  cent of elemental iron being present  as an impurity phase. 
The annealed sample was subsequently pulverized and heated in an atmosphere 
of purified nitrogen gas at 500 °C for about 3 h. 

The X-ray diagram of the nitrided sample showed that the nitriding 
process  has reached completion. The lattice constants of the ternary nitride 
are a = 0.8583 nm and c =  0.8482 nm. Compared with the lattice constants 
of the original Trn2Fe17 compound, there is a volume increase A V / V  of more 
than 6%. 

The ~69Tm M6ssbauer spectra were obtained by means of an acceleration- 
type spect rometer  in sinusoidal mode, the measured points being plotted on 
a linear scale. Velocity calibration was done in the absolute sense with a 
laser Michelson interferometer.  The 169Tm MSssbauer effect was measured 
using the 8.4 keV T rays emitted by 169Er obtained after neutron irradiation 
of a disk-shaped sample consisting of cubic ~6SErA13 grains in an aluminium 
matrix. The 8.4 keV T rays were detected by means of an Si(Li) detector,  
which discriminates very well between the 8.4 keV T rays and the erbium 
L lines. 

The 'BgTm MSssbauer spectrum of Tm2Fe~TN~ measured at T =  4.2 K is 
shown in Fig. 1. Since the spectrum does not show clearly distinct magnetically 
split subspectra  that  may be associated with the two different thulium sites 
in the hexagonal Th2Nilv-type structure or with a distribution of the nitrogen 
atoms, we did not  attempt to resolve the spectrum into more than one 
subspectrum. The average values of the hyperfine field and quadrupole splitting 
derived from fitting the spectrum are listed in Table 1. 

The 5~Fe Mbssbauer spectra of Tm2FelvNx were obtained in the range 
4 .2 -600  K by means of a constant-acceleration-type spectrometer  equipped 
with a 57Co-Rh source. The spectra obtained at 4.2 and 350 K are shown 
in Fig. 2. The various spectra were fitted by means of a standard procedure 
described elsewhere [1], taking account  of four different iron sites of the 
ThaNi17-type structure 0hryckoff notation: 4f, 6g, 12j, 12k). The temperature 
dependence of  the hyperfine field of the 4f  site (He~r), as derived from these 
fits, has been plotted in Fig. 3. Also shown in this figure is the temperature 
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Fig. 1. ~6~Tm MSssbauer spectrum of Tm2FeITN~ at 4.2 K. 
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TABLE i 

Average  va lue s  of  the  hyperf ine  field and  q u a d r u p o l a r  sp l i t t ing  ob ta ined  f rom 1~gTm M 0 s s b a u e r  
s p e c t r o s c o p y  in Tm2F%r,  TmzFe17C and  Tm2Fej~N~. The  va lues  QS latt were  ob ta ined  f rom QS 
af ter  s u b t r a c t i n g  t he  free-ion value.  A2 ° is the  c o r r e s p o n d i n g  s e c o n d - o r d e r  crys ta l  field coefficient.  
The  zero v a l u e s  o f  QS ~att and  A2 ° in Tm2Fe17 are  t he  resu l t  of  cance l l a t ion  be tween  the two 
different  t h u l i u m  s i tes  

Compound H ~  (T) Q S  (cm s - I )  QS l~u (cm s 1) 0 (deg) A~ ° (Kao -2) TSR (K) 

Tm2Fe17 747_+3 12.7_+0.3 0+_0.3 9 0 0  0 -+50  75 
Tm2Fe17C 725-+3  13.8-+0.4  - 1 . 9 _ + 0 . 4  0 - 3 0 0 _ + 5 0  210  
Tm2F%TN x 706_+3 13.8_+0.4 - 1.9_+0.4 0 - 3 0 0 + 5 0  190 
Free ion 720 ] 5.7 

0.96 
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Fig. 2. 57Fe MSssbaue r  s p e c t r a  of Tm2FelTN ~ at  4.2 and  3 5 0  K. 
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Fig. 3. Temperature dependence of average ~TFe hyperfine field (H~D and hyperfine field of 
4f iron atoms (H~sf). 

TABLE 2 

Average STFe hyperfine fields (H~ ~) and hyperfine field at the 4fsite (H J )  at 4.2 K in Tm2Fe~7, 
Tm2Fe~TC0.4 and Tm2F%TN~. The corresponding values of AH~ represent the hyperfine field 
anomaly discussed in the text 

Compound ./left f (T) A H J  (T) He~ * (T) AH~ r (T) 

Tm2Fe~7 41.9_+0.2 4.4±0.2 32.1 ±0.2 1.4___0.2 
Tm2FelTC0. 4 41.5 ± 0.2 3.7 ± 0.2 32.8 d= 0.2 0.4 ± 0.2 
Tm2FeI~N ~ 41.0 ± 0.2 3.3 ± 0.2 34.4 d: 0.2 0.5 =fi 0.2 

d e p e n d e n c e  of  the ave rage  hyperf ine  field (He~ a~) ob ta ined  by weighing  the  
hyperf ine  fields o f  the  four  s u b s p e c t r a  with the c o r r e s p o n d i n g  relat ive in- 
tensi t ies .  The  relat ive intensi t ies  were  found  to  c o r r e s p o n d  c lose ly  to  the  
in tens i ty  ra t io  e x p e c t e d  f rom the Wyckof f  symbols ,  excep t  for  the  4 f  si te 
for  which  the s u b s p e c t r u m  had a s o m e w h a t  l a rger  intensity.  Since the  la t ter  
s u b s p e c t r u m  has,  however ,  the  la rges t  hyper f ine  spl i t t ing ( o u t e r m o s t  l ines),  
the re  is no doub t  with r ega rd  to the  co r r ec t  a s s i g n m e n t  of  this  s p e c t r u m .  

The  large increase  ofHe~ f and  the smal le r  increase  o f H e ~  v with dec rea s ing  
t e m p e r a t u r e  have  been  in te rp re ted  as be ing  due to  a spin reor ien ta t ion  f r o m  
a p re f e r r ed  m o m e n t  d i rec t ion p e r p e n d i c u l a r  to the  c axis  ( T >  T s ~  to  a 
p r e f e r r ed  m o m e n t  di rect ion paral le l  to the  c axis  ( T <  TsR). A similar  t rans i t ion  
was  o b s e r v e d  before  in Tm2Fe~TC, but  in Tm2FelTNx it has  a m o r e  s m e a r e d -  
out  charac te r .  The resu l t s  shown in Fig. 3 sugges t  tha t  the  spin r eo r i en ta t ion  
of  Tm2Fel~Nx is cen t red  at  abou t  190 K. This  va lue  for  TsR t o g e t h e r  wi th  
the  va lues  ofHe~ r and H e ~  v at  4.2 K are  l isted in Table  2. F r o m  the e x t r a p o l a t e d  
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high t e m p e r a t u r e  curves  of  these  lat ter  two quant i t ies  we have  e s t ima ted  
the  va lues  A H J  and AH~rf ~ due to the spin reor ienta t ion;  these  a re  also 
listed in Table  2. 

3. D i s c u s s i o n  

The increase  of  the average  hyperf ine  field at the iron si tes obse rved  
a f te r  charg ing  Tm2Fe17 with n i t rogen sugges ts  that  the interst i t ial  solut ion 
of  n i t rogen  a t o m s  in Tm2Fe~7 is a c c o m p a n i e d  by an increase  in the  iron 
m o m e n t s .  This  conc lus ion  is in a g r e e m e n t  with resul ts  of  magne t i c  mea-  
s u r e m e n t s  on Y2Fel7 and Lu2Fe17 made  before  and af ter  charg ing  [9]. 

The  obse rva t ion  by STFe M6ssbauer  s p e c t r o s c o p y  of  a spin  reor ien ta t ion  
in Tm2FelrN x at  low t e m p e r a t u r e s  is in a g r e e m e n t  with resu l t s  of  a.c. 
suscept ib i l i ty  m e a s u r e m e n t s  [9, 10] and  high field magne t i za t ion  m e a s u r e -  
ments ,  which  showed  tha t  the easy  magne t iza t ion  direct ion at  4.2 K is different  
f rom tha t  a t  r o o m  t e m p e r a t u r e  [9]. F rom the a.c. suscept ib i l i ty  m e a s u r e m e n t s  
it was  der ived  tha t  the  spin  reor ien ta t ion  t e m p e r a t u r e  occu r s  at Tsn = 173 
K, which  is sl ightly lower  than  the value Tsu= 190 K found by us. 

The increase  of  the  hyperf ine fields Heu f and Heu av be low TsR is s imilar  
to tha t  o b s e r v e d  ear l ier  in Tm2F%7C ~ [2]. This hyper l ine  field a n o m a l y  m a y  
be  an indicat ion of  the  p r e s e n c e  of an orbital  con t r ibu t ion  to the iron m o m e n t s ,  
be ing  par t icu lar ly  p r o n o u n c e d  for the  dumb-bel l  iron site [11, 12]. It may  
be  inferred f r o m  the AH~rr r da ta  listed in Table  1 tha t  the  orbi ta l  con t r ibu t ion  
b e c o m e s  s o m e w h a t  less  when  ca rbon  or  n i t rogen  a t o m s  are  d isso lved  in- 
terst i t ial ly in the  R2Fe~7 lattice. If  the d i f ferences  in orbi tal  con t r ibu t ion  of  
the va r ious  iron s i tes  are  held respons ib le  for  the iron subla t t ice  an i so t ropy ,  
this could be  an indicat ion tha t  the (p lanar)  i ron subla t t ice  an i so t ropy  in 
the  ni t r ides  is lower  than  tha t  in the  pure  R2Fe17 c o m p o u n d s ,  as a rgued  
prev ious ly  [6]. 

The  quadrupo le  spl i t t ing obs e rved  at  the thul ium site can  be a t t r ibu ted  
to  the  co-cal led  f ree- ion  cont r ibu t ion  (i.e. 4f e lec t ron  con t r ibu t ion  of  the 
electr ic  field grad ien t  Vzz at  the  thul ium nucleus)  and  a crysta l  field con t r ibu t ion  
e x p e r i e n c e d  by  the  nuc leus  when  the thul ium ions are a c c o m m o d a t e d  in the  
lat t ice of  an  in termetal l ic  c o m p o u n d .  The la t ter  con t r ibu t ion  is 
QSl~tt=¼lelVz~Q(3 cos  2 0 - 1 )  and can  be  der ived  f rom the e x p e r i m e n t a l  
va lue  by  sub t rac t ing  the free- ion contr ibut ion.  In p r ev ious  inves t iga t ions  we 
used  the  c o r r e s p o n d i n g  value of Vzz to calcula te  the  s e c o n d - o r d e r  crysta l  
field p a r a m e t e r  A2 ° by  m e a n s  of  the  exp re s s ion  

-½1elVzz(1 -(r) -Vzz 
A2 ° = (1)  

I + T ~  4c 

whe re  T~ is the  S t e rnhe imer  ant ishielding fac to r  and  a is a s c reen ing  cons tan t .  
It  was  shown  recen t ly  tha t  the  crysta l  field e x p e r i e n c e d  by the 4f  e l ec t rons  

(and  h e n c e  A2 °) is m os t l y  de t e rmined  by  the  ra re  ear th  va lence  e l ec t rons  
(5d and  6p)  1131. The s a m e  s i tuat ion appl ies  to the  c o r r e s p o n d i n g  rare  ear th  
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nucleus. Since the relative contributions of  5d and 6p electrons may be 
different in the two cases, the applicability of eqn. (1) is limited. This difficulty 
is largely avoided by using for the constant  c a semiempirical value c = 243 
derived previously for TmNi5 [14]. The value of A2 ° obtained in this way 
for Tm2Fe,TN ~ is compared with A2 ° values determined in a similar manner 
for Tm2Fe,TC ~ and Tm2Fe, 7 in Fig. 4. It may be seen that the increase in 
[A2°l due to the interstitial solution of about  three nitrogen atoms is about 
the same as that of a single atom. This fact is surprising when viewed against 
recent  results obtained by '88Er and '5~Gd MOssbauer spectroscopy on the 
corresponding R2Fe,TN~ compounds,  which indicated that there is a large 
increase in A2 ° when the interstitial hole position around the R atoms is 
fully occupied [6, 7]. 

At first sight one might therefore come to the conclusion that the nitrogen 
concentrat ion x in Tm2Fe~TN ~ is substantially lower than in Er2Fe~TNx and 
Gd2Fe~TNx, but this conclusion is contradicted by the volume expansion 
accompanying the nitrogenation, which is almost the same in all three 
compounds.  

It can be shown by means of crystal field theory that the value of A2 ° 
determines the magnitude and sign of the rare earth sublattice anisotropy 
to the lowest order. In Tm2Fe~TC and Tm2Fe~TNx the value of A2 ° is negative, 
hence the anisotropy constant  K~ T M  is positive, favouring an easy c axis. 
This thulium sublattice anisotropy has to compete  with the iron sublattice 
anisotropy which favours an easy magnetization direction perpendicular  to 
the c axis. Owing to the stronger temperature  dependence of K, T M  than K1Fe, 

the thulium sublattice anisotropy prevails only at low temperatures,  which 
causes a change in the easy magnetization direction at T= TsR. By using the 
same arguments as before [6], it can be shown that the spin reorientation 
temperature  shifts to higher temperatures  when A2 ° becomes more negative. 
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Fig. 4. Second-order crystal field parameter A2 ° derived from ~6~rm M6ssbauer spectroscopy 
for Tm2Fe17 , Tm2Fe17C x and Tm2FelvN2. ~. 
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The observat ion  that TsR is a l m o s t  equal  in Tm2Fe~TC and Tm2Fe,~N~ is 
therefore  in g o o d  a g r e e m e n t  with  the  observa t ion  that A2 ° r e a c h e s  about  
the s a m e  va lue  in both c o m p o u n d s .  At present  w e  are no t  able to offer an 
exp lanat ion  for the  fact  that the e n h a n c e m e n t  of  Ae ° (and K1TM) in Tm2Fe~ 7N~ 
remains  comparat ive ly  low, i .e .  that it d o e s  no t  surpass  the  A2 ° e n h a n c e m e n t  
found  in Tm2Fe~vC. 
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