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Abstract  

Proton magnetic resonance experiments have been made on samarium hydride samples 
SmH2+~ (0~<x~<0.40) to search for proton self-diffusion and hydrogen ordering effects. 
Data are presented for the linewidths and some line shapes for temperatures from about 
78 K to 295 K. For  all samples except SmH2.oo, proton line narrowing was observed. 
However, for x = 0 . 3 0  and x = 0 . 4 0  a system of two lines appeared below about 250 K. 
One of these lines is broad, and its second and fourth moments exhibit a weak temperature 
dependence. This indicates a possible hydrogen sublattice ordering below 250 K since 
this effect may hinder the proton diffusion and thus a broad resonance line results. Our 
X-ray studies revealed a very small (c:a = 1.003) tetragonal deformation in SmH2.a0 at 
low temperatures.  The effect was much less distinct in SmH2.40 and not detected in 
SmH2.12. 

1. Introduct ion  

A s  in t h e  l a n t h a n u m  h y d r i d e s ,  s a m a r i u m  f o r m s  a n o n s t o i c h i o m e t r i c  
d i h y d r i d e  p h a s e ,  SmH2 +x, o v e r  a w i d e  c o m p o s i t i o n  r a n g e .  At  r o o m  t e m p e r a t u r e  
i t  h a s  t h e  C a F 2 - t y p e  s t r u c t u r e  a n d  a c o n t i n u o u s  s o l i d  s o l u t i o n  e x t e n d s  f r o m  
x =  - 0 . 0 5  to  x = 0 . 3 4  [1 ]. H o w e v e r ,  t h e s e  l i m i t s  a r e  s t r o n g l y  i n f l u e n c e d  b y  
t h e  p r e p a r a t i o n  c o n d i t i o n s .  

F o r  H : S m =  2, t h e  h y d r o g e n  a t o m s  e n t e r  t h e  t e t r a h e d r a l  s i t e s  p r e d o m -  
i n a n t l y ,  b u t  f o r  x >  0 t h e y  a l s o  h a v e  t o  fill o c t a h e d r a l  s i t e s .  D e p e n d i n g  o n  
t h e  w a y  in w h i c h  t h e  o c t a h e d r a l  s i t e s  a r e  o c c u p i e d ,  t w o  i n t e r e s t i n g  p h e n o m e n a  
a r e  o b s e r v e d .  W h e n  h y d r o g e n  a t o m s  o c c u p y  t h e s e  s i t e s  r a n d o m l y ,  t h e  p r o t o n  
s e l f - d i f f u s i o n  p r o c e s s  o c c u r s  m o r e  ea s i l y .  H o w e v e r ,  i f  t h e  o c c u p a t i o n  o f  t h e  
o c t a h e d r a l  s i t e s  i s  n o t  s t a t i s t i c a l ,  a n  o r d e r e d  h y d r o g e n  s u b l a t t i c e  a n d  t e t r a g o n a l  
m e t a l  l a t t i c e  d e f o r m a t i o n  a r e  e x p e c t e d .  W e  w o u l d  l ike  t o  r e p o r t  b o t h  e f f ec t s  
h e r e  f o r  t h e  s a m a r i u m  h y d r i d e s .  

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

T h e  s a m p l e s  u s e d  in  t h i s  s t u d y  a r e  t h e  s a m e  a s  d e s c r i b e d  in  ref .  2. T h e  
a c c u r a c y  o f  t h e i r  a t o m i c  r a t i o  H : S m  is  _ 0 . 0 3 .  T h e  c o n t i n u o u s  w a v e  ( C w )  
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nuclear magnetic resonance (NMR) experiment details are also in ref. 2. 
Debye X-ray diffraction patterns were used to obtain the structure and the 
lattice constant. A laboratory-made X-ray diffractometer (Fe Ka radiation, 
A = 1.93597/~) was used for this purpose [3]. It included a 0--20 goniometer 
and a liquid nitrogen (or helium) cryostat at the bottom of which the sample 
was glued onto a cold copper finger. 

3. Resul ts  and d iscuss ion  

The proton Cw spectra obtained over a temperature range from about 
78 K to 295 K indicated a lack of any changes for SmH2.oo and a linewidth 
narrowing onset at about 250 K for SmH2.12 (see Fig. 1). The temperature 
behaviour of the SmH2.ao and SmH2.4o spectra is more complicated. A single, 
narrow lorentzian-like line at room temperature broadens when the temperature 
is lowered, and near 250 K a composite system of broad and narrow resonance 
lines appears. Figure 1 shows the temperature dependence of the linewidth 
in the region where it could be determined with good precision. Below 
T ~ 2 5 0  K, the superposition of the two lines prevents further linewidth 
measurements. 

The resonance absorption derivative for SmH2.oo is shown in Fig. 2. Its 
shape can be well fitted by Abragam's proposed function [4]: 

b 
] l" F - ( h -  x)21 

G ( h ) -  2ab(2~r)'/2 J-b exp[ 2a 2 Jdx  (1) 

where h = H - H o  and a and b are the parameters. An example of the fit to 
the measured derivative of the absorption resonance line is shown in Fig. 
3. By using the following relation [4]: 

T 
6! 

2~o 2~0- 2~o ~8o 3oo 
T(K) 

Fig. i .  The temperature dependence of the proton resonance linewidth in SmH2.j2 (O), SmH2.3o 
(A) and SmH2.4o (V). Data are taken at a Larmor frequency of 15 MHz. 
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Fig. 2. An example of the absorption mode derivative spectrum of the 'H resonance in SmH2.0o 
at a resonance frequency of 5.96 MHz and T= 78 K. 

5 2 
m 2 = a 2 + - -  

3 

b 4 
m 4  = 3 a  4 + 2 a 2 b  2 + - -  (2)  

5 

the  s e c o n d  (m2) and four th  (m4) m o m e n t s  can  be e s t ima ted .  They  had  to  
be  c o r r e c t e d  for  finite m o d u l a t i o n  amp l i t ude  [5] and  then  va lues  of  
m 2 = 8 . 5 - + 0 . 5  × 10 -2 mT 2 and m 4  = 186_+ 1 5 ×  10 -4 mT 4 a r e  ob ta ined .  Since  
the  da t a  were  t aken  a t  re la t ive  low m a g n e t i c  field ( - - 0 . 1 4  T), the  demag-  
ne t i za t ion  effects  [6, 7] only  inf luenced  the  s p e c t r a  to  a smal l  ex ten t .  W e  
e s t ima te  tha t  the i r  con t r i bu t i on  to  the  m o m e n t s  is wi th in  e x p e r i m e n t a l  
unce r t a in t i e s .  E x p e r i m e n t a l l y  o b t a i n e d  m o m e n t s  m a y  be  c o m p a r e d  wi th  
ca l cu l a t ed  ones  us ing  the Van Vleck fo rmu l a  [8] and  X-ray  d a t a  for  c rys ta l  
l a t t i ce  s t ruc tu re .  The s e c o n d  and  four th  m o m e n t s  de r ived  for  t he  CaF2 type  
of  s t r uc tu r e  a re  [9 ]: 

C 2 a o  6 
m2 = - -  (115 .6  a 2 + 2 6 4 0  a f t +  1075 f12) 

2 / ~ + a  
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Fig. 3. Comparison of the absorption derivative IH NMR lines obtained from experiment (broken 
line) and from a least-squares fit to eqn. (1) (solid line). Here, the experimental recording 
presented in Fig. 2 is reproduced without noise for better illustration of the agreement between 
the two lines. The fitting parameters a and b are 0.19 mT and 0.383 mT respectively. 

C4ao 12 
m4 - - -  ( 4 . 4 7  × 106/!¢ a + 9 . 1 3  × 104a  3 + 7 .29  × 108a2 /3+  2 .18  × 107afl 2 

2 / 3 + a  

+ 3 . 5 3  × 105/32 + 5 . 3 9  × 103a  2 + 2 . 5 6  × 106af t )  (3 )  

C2 = 3 . 5 8 2  X 1 0 - 6 ( n m  6 m T  2) C4 = 3 . 9 6 ×  10 - ' 2  ( n m  '2 m T  4) 

w h e r e  a a n d / 3  a r e  t h e  p r o b a b i l i t i e s  o f  o c c u p a n c y  in  o c t a h e d r a l  a n d  t e t r a h e d r a l  
s i t e s  r e s p e c t i v e l y .  T h e  c o n s t a n t s  C2 a n d  (?4 w e r e  c a l c u l a t e d  f o r  p r o t o n s  a n d  
t h e  c o n t r i b u t i o n  o f  s a m a r i u m  n u c l e i  m o m e n t s  h a s  b e e n  n e g l e c t e d  b e c a u s e  
o f  t h e i r  l o w  a b u n d a n c e s  a n d  m o m e n t s .  T h e  l a t t i c e  c o n s t a n t  a0  = 0 . 5 3 5 8  n m  
w a s  t a k e n  f r o m  X - r a y  e x p e r i m e n t s .  A s s u m i n g  a = 0 . 0 3  a n d  f l = 0 . 9 8 5 ,  w e  
o b t a i n e d  m2 = 8 . 5  × 10  -2  m T  2 a n d  m4 = 1 8 8 . 5  × 10 - 4  m T  4, v a l u e s  w h i c h  a g r e e  
w i t h  t h e  a b o v e - m e n t i o n e d  e x p e r i m e n t a l  v a l u e s .  E a r l i e r  w o r k  [10]  o n  p r o t o n  
NMR s e c o n d  m o m e n t  a n a l y s i s  f o r  LaH2 g a v e  a =  0 . 0 5  a n d / 3  = 0 . 9 7 5 .  H e n c e ,  
in b o t h  c a s e s  t h e  h y d r o g e n  a t o m s  m o s t l y  o c c u p y  t e t r a h e d r a l  s i t e s  w i th  o n l y  
a f e w  b e i n g  l o c a t e d  in  o c t a h e d r a l  s i t e s .  A l s o ,  in  SmH2.,2 t h e  l i n e s h a p e  o f  
t h e  ' H  NMR r e s o n a n c e  a t  l o w  t e m p e r a t u r e  c a n  b e  d e s c r i b e d  u s i n g  eqn .  (1 )  
a n d  t h e  m o m e n t s  t h u s  o b t a i n e d  a r e  m2  = 1 0 . 6  _+ 0 .5  × 1 0  -2  m T  ~ a n d  
m 4 = 2 9 9 + 3 0 ×  10 -4  m T  4. O n e  t h e n  o b t a i n s  v e r y  s i m i l a r  c a l c u l a t e d  v a l u e s  
o f  m2  = 1 0 . 6 ×  10  . 2  m T  2 a n d  m 4 = 2 9 8 ×  10 . 4  m T  4 fo r  a = 0 . 1 8  a n d / 3 = 0 . 9 7 ,  
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and a0 = 0 .535  nm. It again indicates a very  large p e r cen t ag e  of  te t rahedra l  
occupa nc y  and an increased probabi l i ty  of  oc tahedra l  site occupancy ,  necessa ry  
now to a c c o m m o d a t e  the larger  number  of  hydrogen  a toms  ( H : S m = 2 . 1 2 ) .  

The p ro ton  linewidth in SmH2 le, which is cons tan t  at  low tempera ture ,  
s tar ts  to  nar row in the vicinity of  250 K (Fig. 1) owing to rapid thermally 
act ivated self-diffusion of  the protons .  In this case, the linewidth 6H is re la ted 
to the dipolar  corre la t ion  t ime ~'d by the Kubo and Tomi ta  [1 l ]  express ion:  

~-d=Cd(~H) - l  tan ~ \6Ho] J (4) 

where  for  p ro tons  C d = 3 . 2 × 1 0  -6 (S mT), and the rigid-latt ice (~Ho) and 
measu red  (till) l inewidths are given in milliTesla. Assuming, as cus tomary ,  
that:  

7d= ~'0 exp  (E/kT) (5)  

then  the act ivat ion energy  E is de te rmined  from the plot  of  In Td VS. 1/7. 
Before  applying the above  equations,  one  has to take into accoun t  the fact 
tha t  the ent ire  l inewidth is not  re la ted to  the dipolar  interact ion.  There  is 
a cont r ibut ion  f rom demagnet iza t ion  effects  [ 6, 7 ] caused by the pa ramagne t i sm 
of  the samar ium hydr ide  sample.  This contr ibut ion has  been  es t imated from 
the t empera tu re  d e p e n d e n c e  of  the magnet ic  suscept ibi l i ty  [7] and by de- 
te rmining the magnet ic  field d e p e n d e n c e  of  the linewidths. Thus,  the observed  
l inewidths (Fig. 1) were  co r rec t ed  by subtract ing the magnet ic  field b roaden ing  
men t ioned  above.  A leas t -squares  fit of  the data  to eqns. (4)  and (5) then  
yields E = 3 6 . 8 _ 3  kJ mol  -~ and T 0 = 2 x l 0  ~1 s plus or minus  a fac tor  of  
10. 

The t e mpe ra tu r e  behav iour  of  the p ro ton  spec t ra  for  SmH2.30 and SmH24o 
(Fig. 1) makes  thei r  in terpre ta t ion  more  difficult than that  of  SmH2.1e. Although 
thei r  l inewidths indicate a self-diffusion of  the pro tons ,  E and ~'0 cannot  be 
de te rmined  because  a two-line sys tem is observed  at low tempera tu res .  A 
typical  example  of  the superpos i t ion  of  these  lines at T= 238 K is shown 
in Fig. 4 for  SmH2.40. This spec t rum can be d e c o m p o s e d  into two separa te  
l ines if one  a s sumes  that  one  of  the l ineshapes  is desc r ibed  by  eqn. (1) and 
the s econd  one  is lorentzian.  The effect  of  the deconvolu t ion  is shown in 
Fig. 5. The pa rame te r s  a and b of  the  first l ineshape are 1.7 × 1 0 -  ~ mT and 
5 .36 × 1 0 :  ~ mT respect ively .  The l inewidth of  the lorentzian c o m p o n e n t  (~H L 

(measured  be tween  max ima  of  the  derivative of  the  absorp t ion  line) is equal  
to  0 .38 mT. The cont r ibut ion  of  the lorentzian line to  the whole  intensi ty 
of  the spec t rum is es t imated  to be  0 .58 (see Append ix  A). At a still lower  
t e m p e r a t u r e  (T= 78 K), the  m o m e n t s  of  the broad  line increase  by about  
1 5 % ,  (~H L is ~ 0 . 4 8  mT and  the  contr ibut ion  of  the lorentz ian line to  the 
total  intensi ty  remains  the  same.  

A similar behaviour  is exhibi ted  by the spec t ra  o f  the SmH2.ao sample.  
However ,  in this case, abou t  0.4 of  the total  intensi ty  (at  T= 78 K) can be 
descr ibed  by the  lorentzian l ineshape,  and the m o m e n t s  of  the second  line 
are smal ler  than  tha t  of  SmH2.4o. 
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Fig. 4. Comparison of the measured absorption derivative J H NMR spectrum for SmH2.40 with 
that obtained as a result of superposition of the two lines shown in Fig. 5 (solid line). The 
signal to noise ratio for the experimental spectrum (broken line) was similar to that shown 
in Fig. 2. 
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Fig. 5. The two resonance lines A and B resulting from the decomposit ion of the spectrum 
shown in Fig. 4. A is lorentzian in shape with ~HL= 0.38 mT whilst B is described by eqn. 
(1) with a = 0 . 1 7  mT and b=0 .536  mT. 

The  change  f r o m  the one-l ine s p e c t r u m  to  the  m o r e  c o m p l i c a t e d  one  
was  r epo r t ed  for  2D NMR in LaD2+x deu te r ides  [12]. One na r row  and  two  
b r o a d  r e s o n a n c e s  were  o b s e r v e d  be low 240  K for  2 .28 < x  < 2.48.  They  have  
b e e n  a t t r ibu ted  to  the  fac t  tha t  deu t e r ium a t o m s  e x p e r i e n c e d  different  
crystal l ine e l e c t r i c  field g rad ien t s  in the  o r de r ed  deu t e r ium sublat t ice .  Fo r  
SmH2+x it is difficult to  app ly  the  s a m e  a r g u m e n t  s ince p r o t o n s  a re  insensi t ive 
to  t he se  gradients .  One poss ib le  exp lana t ion  of  the  two-l ine s y s t e m  in SmH2.ao 
and  SmH2.4o is to  a s s u m e  tha t  be low  a b o u t  250  K the  two p h a s e s  migh t  
coexis t .  One o f  t h e m  m a y  have  an  o rde r ed  s t ruc tu re  on the  h y d r o g e n  subla t t ice  
(b road  line), whilst  in the  o the r  one  the  hyd rogen  a t o m s  are  still re la t ively  
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mobi le  ( lorentz ian  line). The  o rder ing  would  p r o b a b l y  lead to a res t r ic t ion  
of  the  p r o t o n  diffusion as  well as  inducing  a c u b i c - t e t r a g o n a l  t r an s fo rma t ion  
of  the  f.c.c, lat t ice of  the  s a m a r i u m  ions. 

In fact ,  such  a lat t ice de fo rma t ion  has  been  o b s e r v e d  by  us  for  a Smile  3o 
sample .  At r o o m  t e m p e r a t u r e  we obs e rved  tha t  for  the  SmH2.~o s amp le  the  
X-ray pa t t e rn  is charac te r i s t i c  for  the f.c.c, lat t ice with a lat t ice p a r a m e t e r  
ao = 0 . 5 3 6 5  nm.  However ,  when  the t e m p e r a t u r e  was  lowered ,  a dec r ea se  
of  ao and  an a s y m m e t r i c  b roaden ing  of  the  ref lec t ions  at  large angles  were  
de tec ted .  In Fig. 6, a typical  e x a m p l e  of  the  diffract ion line in the  vicini ty 
o f  O= 70 ° is shown  for  T =  171 K. This  ref lect ion a r i ses  f rom (333) ,  (511)  
and  (115)  indices.  W h e n  te t ragona l  d e f o r m a t i o n  t akes  place,  the (333)  line 
r ema ins  u n c h a n g e d  but  the  (511)  and  (115)  l ines are subjec t  to split t ing. 
The  latt ice p a r a m e t e r s  and  c / a  rat io  deduced  f r o m  our  X-ray s tudies  for  
T =  98 K are  ao = 0 .5344  n m  and Co = 0 .5362  (c:a = 1.003).  Fo r  c o m p a r i s o n ,  
K n a p p e  et al.  [13] r epo r t ed  very  s imilar  va lues  of  a 0 = 0 . 5 3 4 3  n m  and 
Co = 5365  nm (c:a = 1.004)  ob ta ined  at  r o o m  t e m p e r a t u r e  for  SMH2.33. However ,  
in our  s ample  the  t e t r agona l  de fo rma t ion  occu r s  a t  lower  t e m p e r a t u r e s .  

The X-ray da ta  t aken  for  SmH2.,2 indicate  tha t  it r ema ins  cubic  be tween  
T =  12 K and T = 2 9 3  K. The resul t  is in a g r e e m e n t  with the  conc lus ions  
drawn f rom bo th  our  'H  NMR data  and electr ical  resis t ivi ty  m e a s u r e m e n t s  
r e p o r t e d  by Vajda et al.  [ 14, 15 ]. However ,  the  s i tua t ion  is m o r e  compl i ca t ed  
for  the  SmH2.4o sample ,  whe re  we did not  o b s e r v e  c lear  ev idence  of  t e t r agona l  
d e f o r m a t i o n  of  the meta l  latt ice.  Ins tead  of  this, an inc rease  in the  width :height  
ra t io  for  the  0 =  70 ° ref lect ion was  obs e rved  be tween  112 K and 12 K. 
P robab ly  the  s imples t  exp lana t ion  of  tha t  fac t  is to a s s u m e  tha t  the  t e t ragona l  
d e f o r m a t i o n  in SmH2.4o is smal le r  than  in SmH2.30. This  is p r o m p t e d  by  the 
X-ray da ta  in the LaH2+~ [16] and  CeH2+~ [17] sys tems ,  where  a smal l  
t e t r agona l  de fo rma t ion  of  the  crystal  lat t ice was  a lso  obse rved .  In par t icular ,  
it was  found  tha t  the  c:a rat io  for  H:Ln of  a b o u t  2 .40  is smal le r  than  tha t  

>- 

69 70 71 

Fig. 6. X-ray diffraction line of  SmH2.30 at about  0 = 7 0  ° t aken  at T = 1 7 1  K. 
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f o r  t h e  o t h e r  h y d r o g e n  c o n c e n t r a t i o n s  w h e r e  a t e t r a g o n a l  d e f o r m a t i o n  w a s  
d e t e c t e d .  F ina l l y ,  l e t  u s  m e n t i o n  t h e  r e c e n t  p a p e r  b y  D a o u  et  al .  [18 ]  o n  
X- ray  m e a s u r e m e n t s  in S m H z + , .  A l t h o u g h  t h e y  d o  n o t  r e p o r t  o b s e r v a t i o n  o f  
a t e t r a g o n a l  p h a s e ,  a n o m a l i e s  in t h e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  f o r x  = 0 . 2 6  
a n d  x = 0 . 4 5  w e r e  s e e n .  In s u m m a r y ,  t h e  p r e s e n t  i n v e s t i g a t i o n  o f  S m H z + x  
s h o w s  t h a t  fo r  x = 0 a n d  x = 0 . 1 2  t h e  s a m a r i u m  h y d r i d e s  d i s p l a y  p r o p e r t i e s  
s i m i l a r  t o  t h o s e  o f  LaH2 +.~. [ 10 ]. H o w e v e r ,  t h e  r e s u l t s  f o r  x = 0 . 3 0  a n d  x = 0 . 4 0  
i n d i c a t e  a p h a s e  t r a n s i t i o n  in t h e  v i c i n i t y  o f  T =  2 5 0  K w h i c h  is m o s t  p r o b a b l y  
o w i n g  t o  t h e  o r d e r i n g  o f  t h e  h y d r o g e n  s u b l a t t i c e .  
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Appendix A 

W h e n  r e s o n a n c e  l i n e s  a r e  r e c o r d e d  a s  f i r s t  d e r i v a t i v e s ,  t h e i r  i n t e n s i t i e s  
c a n  b e  d e t e r m i n e d  e i t h e r  b y  d o u b l e  i n t e g r a t i o n  o r  b y  u s i n g  a p p r o p r i a t e  
f o r m u l a e .  F i r s t  i n t e g r a t i o n  g i v e s  t h e  a b s o r p t i o n ,  a n d  t h e  r e s u l t  o f  s u c h  a 
p r o c e d u r e  f o r  t h e  d e r i v a t i v e s  f r o m  Fig .  4 is  s h o w n  in F ig .  A1 .  T h e  a r e a  (P )  
u n d e r  l i n e s  A a n d  B i s  a m e a s u r e  o f  t h e i r  i n t e n s i t i e s .  In  p a r t i c u l a r ,  I A = P A /  

(PA + P B )  is t h e  r e l a t i v e  i n t e n s i t y  o f  l ine  A ( h e r e  t h e  l o r e n t z i a n  o n e ) .  
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Fig. A1. The absorption lines A and B obtained by integration of their first derivatives as 
shown in Fig. 5. 

Another  me thod  can be applied when the l ineshape funct ions  are known. 
In our  case, we have: 

PA = (27r/31/2)( ~HL)2g'm~, (A1) 

PB = 2ab(27r)~P2g'ma, (A2) 

where g'max is the max im um  value of  the first derivative and the formulae 
are valid for the lorentzian and eqn. (1) l ineshape funct ions  respectively.  In 
the latter, the approx imat ion  is very  good  for b / 2 a >  1. 


