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Abstract Experimental r e s u l t s  o f  low temperature (1.5 - 5 0 ~ )  AC mag- 
n e t  i c  suscept i b i  l i t y  and DC magnet i z a t i o n  on some (RE)RuzH3 hydr ides  
(RE = severa l  r a r e  e a r t h s )  a r e  r e p o r t e d  and d iscussed,  A1 1 the  paren t  
compounds i n v e s t i s a t e d  here o r d e r  f e r r o m a g n e t i c a l l y .  A f t e r  H2 absorp-  
t i o n  the  fer romagnet ic  o r d e r  remains.  However, a  s i g n i f i c a n t  r e d u c t i o n  
o f  the  Cur ie  temperature was found t o  occur  i n  t h e  c o r r e s p o n d  i n g  hy- 
d r i d e s .  Th is  hydrogen induced e f f e c t  w i l l  be d iscussed i n  terms o f  a  
weakening o f  the  RE-RE exchange i n t e r a c t i o n  i n  t h e  hydr ides  ascompared 
w i t h  t h a t  o f  the  parent  compounds. 

1. INTRODUCTION 

I t i s  w e l  1 known t h a t  a t o m i c  h y d r o g e n d i s s o l v e s  i n  many 

meta ls  and i n t e r m e t a l l i c  compounds occupying i n t e r s t i t i a l  s i t e s  i n  t h e  

host  l a t t i c e .  The r a r e  e a r t h  i n t e r m e t a l l i c  compounds o f  n d- t r a n s i t i o n  

elements, f o r  instance,  have a t t r a c t e d  cons iderab le  i n t e r e s t  f rom b o t h  

t h e  s c i e n t i f i c  and t e c h n o l o g i c a l  p o i n t s  o f  v iew due t o  t h e i r  a b i l i t y t o  

absorb l a r g e  amounts o f  hydrogen a t  room temperature and  m o d e r a t e  
1 - 3 

pressures . Indeed, 

hydr ides ( ~ = n d - t r a n s  i 

hydrogen d i f f u s i o n ,  e  

t e n s i v e l y  s tud ied ,  ma 

t e ~ h n i ~ u e s ~ ' ~ ' ~ .  

Frequent l  y, 

severa l  p h y s i c a l  p r o p e r t i e s  o f  t h e  ( R E )  B , H ~  

i o n  element) such as thermodynamical, s t r u c t u r a l  , 

e c t r i c a l  and magnetic p r o p e r t i e s  have been ex-  

n l y  d u r i n g  t h e  l a s t  few years, by a  v a r i e t y  o f  

t i s  found t h a t  when t h e  i n t e r m e t a l l i c  hos t  takes 

up hydrogen, s l g n i f i c a n t  changes take  p l a c e  i n  t h e i r  p r o p e r t i e s  l i s t e d  

above âs a  consequence o f  t h e  f o r m a t i o n  o f  new h y d r i d e  phases.Concern- 

ing  t h e  magnetic p r o p e r t i e s ,  i t  i s  a l s o  known t h a t  t h e  b a s i c  magnetic 

coupl i n g  mechanism i n  r a r e  e a r t h  i n t e r m e t a l l i c  compounds, c o n t a i n i n g  

the  n d - t r a n s i t i o n  elements, i s  t h a t  o f  i n d i r e c t  exchange c o u p l i n g  be- 

tween t h e  r a r e  e a r t h  ions,  u s u a l l y  assumed t o  be o f  Rudermann- K i t t e l  - 
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-Kasuya-Yosida (RKKY) type, a r i s i n g  from the exchange i n te rac t i on  be- 

tween a  RE spin S and conduction e lec t ron  spin s given by 

where ~ ( 0 )  i s  the q = O  value of the exchange constant .  

When t rea ted i n  the  molecular f i e l d  approximation, the RKKY 

in te rac t i on  leads t o  a  ferromagnetic Curie temperature 

where r i s  the coupl ing constant between RE ions, J I s  the t o t a l  angu- 

l a r  momentum and gi the i on i c  g-value. Then, d e s p i  t e  the negl i- 

g i b l e  over lap between the 4f o r b i t a l s  o f  the n e i g h b o u r i n g  RE i o n s  

( loca l  ized moments), severa1 ra re  ea r th  metals as wll as intermetal  l i c  

compounds crder  magnet ical ly  due t o  the strong RKKY coupl ing a r i s i n g  

from the exchange i n te rac t i on  (1) .  I n  f ac t ,  most o f  the compounds be- 

longlng t o  the ser ies ( R E ) R U ~ ,  f o r  example, order e i t h e r  f e r r o  o r  a n t i -  

ferromagnet ical ly  a t  appropr iate temperatures. 

Jacob e t  aZ. have shown tha t  GdRu, and GdRh2 i n t e r m e  t a  1 1 i c 

compounds absorb hydrogen t o  form GdRuzHs and GdRhzH3 hydrides, re -  

spect ive l  y. They observed a  marked reduct ion i n  the ferromagnet i c  t ran- 

s i t i o n  temperature i n  these hydrides r e l a t i v e  t o  t ha t  o f  the uncharged 

s t a r t i n g  compounds. On the o ther  hand, H. de Graaf e t  a~.' r e p o r t e d  

recent ly  on Mossbauerandmagnet izat ion measurementsonGdCu,and GdCu,Hx 

which show tha t  the parent compound orders a n t  i f e r r o m a g n e t  i c a l  1  y ,  

wh i le  i t s  hydr lde becomes ferromagnetic. A  weaker and a  stronger RE-RE 

exchange coupl ing were respect ive ly  invoked t o  exp la in  those somewhat 

cont ras t  ing changes i n  the magnet i c  behaviour o f  (GdRu,, GdRh,) and 

GdCu,, due t o  hydrogen uptake. 

Thls paper repor ts  on some r e s u l t s  o f  AC magnet i c  suscept i -  

b i l  l t y  and inagnetlzation measurements ca r r i ed  o u t  o n  t h e  s e r  l e s  

(RE)RU,H, ( R E  represent ing Tb, Dy, Ho, and ~ r ) ,  as we l l  as t h e i r  prep- 

a r a t l o n  method, as pa r t  o f  a  more extenslve program designed t o  inves- 

t l g a t e  the ~ e n t l r e  (RE)RU,H, ser ies  using both rnagnetlc suscep t i b i l  i t y  

and electro17 spin resonance techniques. 



I t  w i l l  be shown ( s e c t i o n  3)  t h a t  t h e  s e r i e s  o f  hydr ides  s tud-  

i e d  here, (RE)Ru2H,, where RE represen ts  Tb, Dy, Ho o r  Er, i s  a f u r -  

t h e r  exarnple o f  T, r e d u c t i o n ,  sugges t ing  t h a t  a RE-REexchangeweakening 

induced by hydrogen a b s o r p t i o n  comes about i n  these hydr ides .  

2. EXPERIMENTAL METHODS 

The samples o f  (RE)RU, were prepared by a r c  mel t i n g  t h e  h i g h  

p u r i t y  c o n s t i t u e n t  elements under argon atmosphere i n  a ~ r - g e t t e r e d a r c  

furnace. Weight losses d u r i n g  t h e  a r c  m e l t i n g  procedure were found t o  

be n e g l i g i b l e .  The samples were then wrapped i n  Ta f o i l s ,  sealed i n s i d e  
o 

evacuated q u a r t z  tubes and annealed a t  1050 C f o r  4 8  hou  r s t o  ensure 

homogeneity. Powder x- ray  d i f f r a c t i o n  data were taken u s i n g  a GE-XRD 

d i f f r a c t o r n e t e r  (cukcL r a d i a t i o n )  . The r e s u l  t s  o f  t h e  x- ray  anal  i s y s  on 

t h e  uncharged samples demonstrate t h a t  they possess t h e  c o r r e c t  hexag- 

onal  s i n g l e  Laves phase s t r u c t u r e  and l a t t i c e  parameters as determined 

by Compton and ~ a t t h i a s ~ .  

A sequence o f  s teps f o r  t h e  hydr ides  p r e p a r a t i o n  was fo l lowed,  

i n c l u d i n g  (1) ou tgass ing  o f  the  s t a r t i n g  sample a t  about  5 0 0 ' ~  i n  

vacuum o f  approx imate ly  t o r r ;  (2)  r e a c t o r  w i t h  u l t r a h i g h  p u r i t y  

hydrogen a t  about  30 atrnospheres and a t  room temperature u s i n g  a con- 

v e n t i o n a l  h i g h  pressure s t a i n l e s s  s t e e l  r e a c t i o n  o f  cons tan t  v o l u m e .  

Each sample was kep t  i n t o  t h e  h i g h  p ressure  system f o r  about  36 hours;  

(3) the  hydrogen c o n c e n t r a t  i o n  o f  t h e  severa1 hydr ides  was determined 

by u s i n g  t h e  i d e a l  gas law, f rom t h e  i n i t i a l  and f i n a l  hydrogen p ress -  

ures,  t h e  work ing temperature and t h e  known volume o f  t h e  a p p a r a t u s ;  

( 4 )  a f t e r t h a t , e a c h h y d r i d e w a s r e m o v e d f r o m t h e r e a c t o r  a n d  t h e  

arnount o f  absorbed hydrogen was deterrnined aga in  by the  rnethod o f  mass 

d i f f e r e n c e  between t h e  h y d r i d e  and t h e  corresponding paren t  compound. 

The x - r a y  d i f f r a c t i o n  and magnet i za t ion  measurements on each h y d r i d e  

were c a r r i e d  o u t  immediate ly  a f t e r  t h e  hydrogenat ion procedure i n  o rder  

t o  p reven t  a g a i n s t  any t a k e  o u t  o f  hydrogen t h a t  cou ld  o c c u r  i f  t h e  

hydrogenated samples were exposed t o  ambient atmosphere. 

F i n a l l y ,  AC magnetic s u s c e p t i b i l i t y  da ta  were taken u s i n g  a 

conven t iona l  20H biphase impedance b r i d g e  and t h e  magnet izat ionmeas-  z 
urernents were performed between 1.5 and 50K i n  magnetic f i e l d s  up t o  

12 KGauss w i t h  a t ype  Foner v i b r a t i n g  sample rnagnetorneter. 



3. RESULTS AWD DISCUSSION 

F ~ Q .  1 (a-b) shows p l o t s  o f  AC suscep t i b i l  l t y  Xac, as a func- 

t i o n  o f  temperature i n  zero appl led magnetlc f i e l d  f o r  HoRu, (1 -a), 

ErRu, ( I -b)  and t h e i r  respect ive hydrides. As may be seen from the f i g -  

ures, sharp peaks c h a r a c t e r i s t i c  o f  paramagnetfc t o  ferromagnetlc t ran-  

s l t i o n  occur i n  both the compounds and the correspondlng hydrldes.Fur- 

thermore, these data c l e a r l y  show t h a t  the  magnetic t r a n s l t i o n  tempera- 

ture, Tc, decreases l n  the hydrldes as compared w l t h  T o f  the associ-  
C 

ated parent compounds. S im i l a r  fea tures  were a l s o  observed i n  a l l  i n -  

t e r m e t a l l i c  compound-hydride couples under d lscussion here. 

I n  order  t o  ldent  l f y  the exact na ture  o f  the observed t r a n -  

s i t l o n s ,  we have a l s o  made magnetizatlon measurements as a f u n c t l o n o f  

both the teinperature and the app l ied  magnetic f i e l d  f o r  a11 the parent 

compounds and hydrldes we have selected t o  inves t iga te .  F i g . 2 ( a - b )  

showstypical A r r o t t ' s  p lo t s10  (M, VS.  H/M isotherms) f o r  HoRu, ( 2  - a )  

and HoRu2H3 (2-b) obtained by measuring the magnetization as a func- 

t l o n  o f  the app l ied  magnetic f i e l d  up t o  near ly  12KGauss f o r  severa1 

temperatures above and below the magnetic t r a n s i t i o n  t e m p e r a t u r e .  

A r r o t t ' s  p l o t s  were constructed f o r  a l l  the samples s tud ie  and the 

reciproca1 rnagnetic susceptl b i  1 i t i e s  X - l ,  i n  the 1 i m i  t o f  zero appl ied 

f ie ld,were given as a f unc t i on  o f  temperature by the in tercepts  on H/M 

a x i s  when extrapolated t o  M,=o. P lo t s  o f  X-' versus t e m p e r a t u r e  f o r  

ErRun, DyRu2 and t h e i r  hydrides as obtained from t h e i r  c o r r e s p o n d i n g  

A r r o t t ' s  p l o t s  are  displayed i n  f i g s .  3 and 4. The f u l l  l i n e s  are l eas t  

square f i t s  o f  Curie-Weiss Law t o  the data w i t h  e f f e c t i v e  m a g n e t i c  

moments y o f  (9.5 2 0 . 2 ) ~  per Er ion and (10.7 I 0 . 2 ) ~ ~  per Dy ion.  
e f B 

The yef values f o r  a1 l the charged and uncharged samples were  f o u n d  

indent lca l  t o  those pred ic ted f o r  the Hund's r u l e  ground s t a t e  o f  the 

associated rare  ear th  ion w i t h i n  the experimental e r r o r .  In  t ab le  1 a re  

summarized the uef values and the magnetic t r a n s i t i o n  temperatures de- 

termined foi- the (RE) Ru, compounds and correspond ing hydrides we have 

invest igatet i  together w l t h  the data obtained f o r  GdRu, and GdRu,H, by 

Jacob e t  alS7. We would I i k e  t o  remark a t  t h i s  po in t  t h a t  a11 T values 
C 

t h a t  we measured f o r  the i n t e r m e t a l l i c  parent compounds are  i n  pe r fec t  

agreement w l t h  those prev ious ly  reported by Wilhelm and ~ i l l e n b r a n d " .  

I n  order t o  check the correctness o f  our measurements, wehave 



F i g .  1 - AC magnetic suscept i b i  I i t y  vs .  temperature f o r  ErRu, ( a ) ,  

HoRu, (b) and the i  r correspond ing hydrides. 



Fig.2 - A i r o t t ' s  p l o t s  ( M ~  vs  H,,/M) f o r  HoRu, (a) and HoRu,H, ( b ) .  



Fig.3 - Inverse rnagnetic s u s c e p t i b i l i t y  as a f u n c t i o n  o f  temperature 

f o r  ErRu, and ErRu2H3. 

I 

F ig .4  - Inverse  rnagnetic s u s c e p t i b i l  i t y  as a f u n c t i o n  o f  temperature 

f o r  DyRu2 and DyRu2H3. 



Table 1 - Ferromagnetic Cur ie  ternperature and effect iveMagneticMornent 

o f  t h e  (RE)Ru2 compounds and t h e i r  t e r n a r y  Hydr ides.  

(a) Jacob sit aZ. r e f  . 7. 

Cornpound/Hydr i des 

a1 so invest . igated the  rnagnet i c  p r o p e r t i e s  o f  GdRu2 and GdRu2HJ u s  i n g  

t h e  A r r o t t ' s  p l o t s  rnethod and t h e  r e s u l t s  we g o t  (see t a b l e  1) were 

q u i t e  s i m i l a r  t o  those publ ished e lsewhere7.  The f i n a l  e x p e r i m e n t a  1 

p o i n t  t h a t  needs t o  be rernarked i s  t h a t  t h e  shapes o f  t h e  m a g n e t i c  

isotherrns f o r  severa1 ternperatures above and below T s t r o n g l y  suggest 
C 

t h a t  a11 the  hydr ides  d iscussed here o r d e r  f e r r o m a g n e t i c a l y  l i k e  t h e  

parent  cornpounds. Th is  f e a t u r e  i s  conf i rmed by t h e  C u r  i e - W e i  s s  be- 

hav iour  o f  the  rec ip roca1  s u s c e p t i b i l i t i e s  as a f u n c t i o n  o f  ternpera- 

t u r e  ( w i t h  p o s i t i v e  T 's) as shown i n  f igs ;  3 and 4 .  

As has been p o i n t e d  o u t  p r e v i o u s l y ,  the  (RE)Ru, c o r p o u n d s ,  

w i t h  R E  r e p r e s e n t i n g  Gd, Tb, Dy, Ho and E r ,  were found t o  r e a c t  w i t h  

hydrogen t o  forrn new species,  the  t e r n a r y  (RE)Ru,H, hydr ides .  Inspec- 

t i o n  o f  the  data g iven  i n  t a b l e  1 makes i t  c l e a r  t h a t  hydrogen uptake i n  

Te (K) uef . (uB/ ion)  



i n  t h e  s e r i e s  ( R E ) R U ~  leads t o  a  r e d u c t i o n  i n  t h e  magnetic t r a n s i  t i o n  

temperature T T h i s  remarkable behaviour  may be u n d e r s t o o d  b y  r e -  
C' 

c a l l i n g  t h a t  t h e  main source o f  magnetic o r d e r i n g  i n  these s y s t e m s  i s  

t h e  i n d i r e c t  exchange i n t e r a c t i o n  between RE ions,as d  i s c u s s e d  i n  t h e  

i n t r o d u c t o r y  s e c t i o n ,  s ince  Ru i s  a  nonmagnetic t r a n s i t i o n  element. The 

exchange i n t e r a c t i o n  g iven  by the  r e l a t i o n  (1) p o l a r i z e s  the  conduct ion 

e l e c t r o n s  and t h i s  p o l a r i z a t i o n  propagates outward from t h e  c e n t r a l  

RE i o n  i n  a  damped o s c i l a t o r y  way. I f ,  however. the  conduc t ion  e l e c t r o n s  

p o l a r i z a t i o n  i s  no- van ish ing  i n  amp l i tude  a t  the  s i t e s  o f  ad jacen t  r a r e  

e a r t h  ions,  an exchange c o u p l i n g  between them r e s u l t s  and, as a  conse- 

quence, the  system can o r d e r  m a g n e t i c a l l y .  Conduct ion e l e c t r o n s  a r e t h e n  

fundamental t o  understand t h e  magnetic p r o p e r t i e s  o f  r a r e  e a r t h  systems 

s i n c e  they mediate the  RKKY i n t e r a c t i o n  I -e s p o n s i b l e f o r  magnet i co rder ing .  

From the  r e l a t i o n s  ( I )  and (21, and n o t i n g  t h a t  J ~ N  ( E F ) ,  i t  f o l l o w s  

t h a t  a  reduc t  

a c t i o n  i n  the  

Both p r o t o n i c  

count  f o r  the  

p r o t o n i c  mode 

on i n  T i m p l i e s  a  weakening o f  t h e  RE-RE exchange i n t e r -  
C 

hydr ides ,  as compared w i t h  t h e  hydrogen f r e e  c o m p o u n d s .  

(H+) and a n i o n i c  (H- ) model s  have been proposedll t o  ac-  

severa1 observed p r o p e r t i e s  o f  m e t a l l i c  hydr ides .  I n  t h e  

e l e c t r o n s  f rom t h e  hydrogen s i t e s  a r e  t r a n s f e r e d  t o  the  

band s t a t e s  i n  the  hydr ide ,  whereas i n  the  a n i o n i c  model e l e c t r o n s  a r e  

t r a n s f e r r e d  f rom t h e  band s t a t e s  t o  the  hydrogen t o  form H-anions.There 

a r e  exper imenta l  evidences suppor t ing  b o t h  models. We b e l i e v e  t h a t  o u r  

r e s u l  t s  presented i n  t a b l e  1  a r e  qual  i t a t i v e l y  c o n s  i s t e n t  w i  t h  t h e  

a n i o n i c  model and t h a t  t h e  weakening o f  t h e  exchange c o u p l i n g  r e s u l t s  

f rom a  decrease i n  the conduc t ion  e l e c t r o n s  p o l a r i z a t i o n  due t o  a  r e -  

d u c t i o n  o f  the  conduct ion e l e c t r o n s  c o n c e n t r a t i o n .  a n d  " ' E U  

~ g s s b a u e r  rneasurements on GdRu,H,, GdRh,H,7, EuRh,Hx a n d  EuPdHx12 

suppor t  t h i s  idea.  Indeed, bo th  the  isomer s h i f t  and t h e  a b s o l u t e  va lue  

o f  t h e  h y p e r f i n e  f i e l d  were found t o  inc rease  i n  a l i  t h e s e  h y d r i d e s  

r e l a t i v e  t o  the  corresponding paren t  compounds, c o n s i s t e n t  w i t h  t h e v i e w  

t h a t  charge t r a n s f e r  takes p l a c e  toward t h e  hydrogen atoms. 

I t  s h o u l d  be kep t  I n  mind however t h a t  much more e x p e r i m e n -  

t a l  r e s u l  t s  a r e  needed t o  a s c e r t a i n  whether t h e  a n  i o n i  c  c o n c e p t  i s  

w i d e l y  a p p l i c a b l e  i n  hydr ides  o f  i n t e r m e t a l l i c  compoundsjust as 

i n  e lementa l  r a r e  e a r t h  hydr ides  o r ,  on t h e  o t h e r  hand, i f  t h e  (RE 

d iscussed here  a r e  o n l y  marg inal  examples o f  i t s  v a l i t y .  Problerns 

i t  i s  

W x  
a r e  



+ encountered f o r  ins tance  i n  app l  i c a t i o n  o f  t h e  H and H- models f o r  

(RE)B,H~ hydr ides  when t h e  B element c a r r i e s  a magnetic moment  a s  

u s u a l l y  occurs  w i t h  Fe, Co and Ni compounds. E l e c t r o n  s p i n  resonance 

and magnet i za t ion  exper iments a r e  a t  t h e  p resen t  i n  progress i n  o u r  

l a b o r a t o r y  i n  an a t tempt  t o  shed some more 1 i g h t  on t h e  i n t e r e s t  i n g  

problem posed by t h e  somewhat c o n t r a s t  i n g  magnet i c  behaviour  o f  t h e  

r a r e  e a r t h  i n t e r m e t a l l  i c  hydr ides .  
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Resumo 

Resultados experlmentais de susceptibilidade magnética AC e 
magnetização DC obtidos a baixas temperaturas entre 1.5 e 50K em al- 
guns h dretos metãl icos do tipo (RE)Ru2~, (~E=diversas terras raras) 
são apresentados e discutidos. Todos os compostos intermetál icos inves- 
ti gados da série (RE)Ru,, não hidrogenados, ordenam-se ferromagnét ica- 
mente. Após absorção de hidrogenio a ordem magnética é retida, porém, 
com ocorrência de uma significante reduçao da temperatura de Curie 20s 
hidretos correspondentes. Este efeito, induzido pela h i drogenaçao, 
é discutido em termos de um enfrequecimento da intera~ão de troca 
RE-RE nos hidretos quando comparada ãquela nos compostos metil icos não 
hidrogenados. 


