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The Effect on Meta l -Meta l  B o n d s  of Increased  Concentrat ion  of 
Hydrogen  in H a f n i u m  Dihydr ide  
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A tetragonal unit cell of hafnium dihydride is formed at a composition of HfI-I~.sT. Each metal 
atom has 12 Hf atoms as its neighbors, 8 at a distance 3.289=t=0.002 /~ and 4 at 3-461+0.002 /~; 
they constitute short and long metal-metal bonds respectively. _As the concentration of hydrogen 
atoms is increased, the dihydride structure exhibits anisotropic changes; a 0 increases and Co decreases. 
It  is shown that the anisotropUarises from the additional metal-gas bonding, which strengthens 
the short and weakens the long' metal-metal bonds. 

Introduction 

Hafnium dihydrides formed in the composition range 
of HfH:.sT_~.:0 crystallize in a deformed fluorite-type 
tetragonal structure contracted along the c axis. As 
the concentration of hydrogen increases, the symmetry 
of the face-centered tetragonal unit cell remains the 
same but its lattice parameters change; a 0 increases 
and c o decreases. The volume of the unit cell also 

• q 

increases. This paper presents experimental evidence 
of these changes and their relation to metal-metal 
bonds in the dihydride. 

Experimental procedure 

The samples were prepared by heating and outga~sing 
the metal in an evacuated quartz tube at 1100 ° C. 
The temperature was then lowered to 1000 ° C. and a 
measured volume of purified gas was admitted into 
the tube at a known pressure. The volume of gas was 
in excess of the theoretical absorption for the dihydride. 
Most of the absorption of gas took place at 700-800 ° C. 
The sample HfH:.gs was cooled from 750 ° to 350 ° C. 
at a rate of 2.5 ° C. per min., annealed at 350 ° C. for 
24 hr. at a decomposition pressure of the dihydride, 
and then cooled to room temperature in the furnace 
in 1½ hr. 

The sample RfH~a0 was cooled from 750 ° to 350 ° C. 
at a slow rate of about 0"4 ° C. per rain., annealed at 
350 ° C. for 48 hr., cooled further to 225 ° C. at the 
above rate and then cooled in the furnace in 1½hr. 
The gas pressure in the tube during cooling from 350 ° C. 
to room temperature varied from 170 to 150 mm. 
The hafnium deuteride sample was prepared the same 
way as ItfH2.:0. The deuterium gas used was 99.5% 
pure and was obtained from Stuart Oxygen Company. 
Compositions of the samples were calculated from the 
weight of the metal and the volume of the observed 
hydrogen. 

Results 

The tetragonal structure of hafnium dihydride, as 
reported previously (Sidhu & McGuire, 1952), is 
isomorphous with that  of zirconium dihydride (Rundle, 
Shull & Wollan, 1952a, b; H~gg, 1930). When the 
axes of the face-centered tetragonal cell are trans- 
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Fig. 1. Body-centered tetragonal unit cell of HfH 2 structure. 

formed to body-centered tetragonal, the unit cell 
(Fig. 1) contains 2 I-I_fH~ with: 

m :  0,0,0; ½,½,½. 
H: 0,½,~; 0,½,~; ½,0,¼; ½,0,~. 

The positions of hafnium atoms were determined 
from X-ray powdered patterns, and those of deuterium 
or hydrogen from neutron diffraction patterns (Fig. 2). 
The calculated and the observed relative intensities 
for X-ray and neutron scattering are given in Table 1. 
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Fig. 2. (a) X- r ay  diffract ion p a t t e r n  of H i D j  ( C o K a  rad ia t ion ;  camera  d iamete r  114.6 ram.). 
(b) Low-angle  por t ion  of n e u t r o n  diffract ion p a t t e r n  of HfD 2. 

T a b l e  1. Calculated a n d  observed X - r a y  a n d  neu t ron  
d i f f rac t ion  relative in tens i t ies  ( I / Io)  f o r  H f D  2 

X-rays  Neutrorm 

Md I lIo* I lIo 
(B.-c.t.) (Calc.) (Obs.) 

101 100-0 vs 
110 37-4 s 
002 13-1 m 
200 12.8 m 
112 20-7 m +  
211 29.3 s 
202 11.8 m 
103 11-5 m 
220 4.7 w 
301 8.7 m - -  
3 1 0  8.7 m - -  
0 0 4  2.2 ~w 
222 8"9 w +  
213 18.3 m +  
114 10"7 m 
312 22.8 m +  
321 15.6 m 
204 20.0 m +  
303 35.6 s 

IIIo II lo . 

(Calc.) (Obs.) 

47.4 45 
0.6 
0.2 

56.0 56 
100"0 100 

30-2 34 
13.6 12 

v = very ;  s = s t rong;  m = m e d i u m ;  w = weak.  
B.-c. t .  = body-cen te red  te t ragonal .  

* X- ray  diffract ion intensi t ies  were calculated by  using 
a tomic  scat ter ing factors  of Hf  only;  n e u t r o n  diffract ion 
intensit ies were calcula ted by  using sca t te r ing  ampl i tudes  of 
bo th  Hi  and  D;  the  intensit ies were no t  corrected by  tempera-  
ture  factor.  

F o r  a c y l i n d r i c a l  s a m p l e  t h e  i n t e n s i t i e s  w e r e  c a l c u l a t e d  
f r o m  t h e  f o l l o w i n g  e q u a t i o n s :  

F o r  X - r a y s ,  I Qc [F l em l + c ° s ~ 2 0  
s i n  2 0 cos  0 " 

F o r  n e u t r o n s ,  I oc IF[era 
s in  ~ 0 cos  0 " 

T h e  n e u t r o n  s c a t t e r i n g  a m p l i t u d e  fo r  h a f n i u m  w a s  
c a l c u l a t e d  f r o m  t h e  o b s e r v e d  i n t e n s i t i e s  of  d i f f r a c t i o n  
p e a k s  a n d  w a s  f o u n d  t o  b e  a p p r o x i m a t e l y  + 0 . 9 7  × 10 -12 
c m .  I t  w a s  b a s e d  o n  t h e  s c a t t e r i n g  a m p l i t u d e  of  d e u -  
t e r i u m  as  0-65 x 10 -12 c m .  

X - r a y  d i f f r a c t i o n  p a t t e r n s  o f  I-HH1.gs a n d  HfH2a0 ,  
(F ig .  3) s h o w  a m a r k e d  c o n t r a s t .  T h e  i n t e r p l a n a r  
s p a c i n g s  ( T a b l e  2) of  p l a n e s  of  h i g h  l i n d i c e s ,  s u c h  as  

T a b l e  2. D i f f r a c t i o n  data f o r  H f H l . e s  a n d  HfH2.10 

HfHI.0S HfHa.10 
hkl . ,, . ,, 

(B.-e.t.) d (A) I / I  o d (A) I / I  o 

101 2.72 vs 2.71 vs 
1 1 0  2.45 s 2.46 s 
002 2.199 m 2.181 m 
200 1.732 m 1.737 m 
112  1.637 m + 1 . 6 3 3  s 
211  1 . 4 6 0  s 1 . 4 6 6  s 
2 0 2  1 . 3 6 1  m 1 . 3 5 9  m 
103 1.351 w +  1.344 m - -  
2 2 0  1.223 w 1-230 w 
301 1.116 m 1.121 m 
3 1 0  1 . 0 9 3  m - -  1 . 1 0 2  m - -  
0 0 4  - -  - -  1.C91 vw 
222 1-069 vw 1-072 w +  
213 1.065 m +  1.062 m 
114 1.004 w 0"997 w 
312 0.979 m +  0.982 m 
321 0"937 m 0-941 m 
204 0.928 m 0.924 m-}- 
303 0.906 s 0"906 s 

(002),  (103),  (004),  (204),  e t c .  a r e  c o n s i d e r a b l y  de-  
c r e a s e d  a n d  t h o s e  o f  h i g h  h k  i n d i c e s  a r e  g e n e r a l l y  
i n c r e a s e d .  T h e  s t r u c t u r e  c o n s t a n t s  c a l c u l a t e d  f r o m  t h e  
d i f f r a c t i o n  d a t a  o f  t h e  t w o  h y d r i d e s  a n d  of  h a f n i u m  
m e t a l  a r e  g i v e n  i n  T a b l e  3. 
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Fig. 3. X-ray diffraction pattern of hafnium dihydrides (Co Ka  radiation; camera diameter 114-6 mm.). 

Composition 

Hf 

Table 3. Structure constants o f  Hf,  HfH1.gs and HfH2.1o 

Structure Lattice parameters 

Hexagonal a 0 -~ 3.198±0-003 A 
c o - -  5 - 0 5 5 ~ 0 . 0 0 3  A 

Co/a o = 1"581 

Interatomic distances (A) 

About Hf: 
6 t t f  at 3.198±0.003 
6 H f  a t  3 " 1 3 1 ± 0 . 0 0 3  

Volume of Calculated 
unit cell density 

(I0 -~ era. a) (g.cm. -s) 

44"77 13"25 

H f H l . o S  T e t r a g o n a l  a o = 3-461±0.002 .~ 
c o ---- 4.395+0-002 A 

cola o -~ 1.270 

About H: 
4 Hf at 2"050±0.002 

About I-If: 
8 H at 2.050±0.002 
8 Hf at 3.289±0.002 
4 H f  at 3.461±0.002 

52-65 11.39 

HfHs.m Tetragonal a o == 3 .478 -1 -0 .002  A 
c o = 4 .361 -4 -0 .002  A 

c o / a  o = 1 .254  

About H: 
4 I-If a t  2.053 ~ 0.002 

About Hf: 
8 H at 2"0534-0.002 
8 Hf at 3"287±0.002 
4 Hf at 3.478-~0.002 

52-75 11.37 

D i s c u s s i o n  

In  the  crys ta l  s t ruc ture  of ha fn ium meta l  (Table 3) 
each a tom is sur rounded by  12 like a toms,  6 a t  a 
dis tance 3-198 )~ and  the  o ther  6 a t  3.131 A~ The 
m e t a l - m e t a l  bonds are essential ly of the  same length.  
I n  the  lat t ice of ha fn ium dihydride,  each meta l  a tom 
is also sur rounded by  12 like a toms,  bu t  in this case 
8 hafn ium a toms  are a t  3.289 )~, the  d is tance  of neares t  
approach of m e t a l - m e t a l  a toms,  and  4 ha fn ium a toms  
a t  3.461 A or a 0 in the  (001) plane. These give rise to 
short  and long m e t a l - m e t a l  bonds respect ively in the  
H f H  2 s t ructure .  I n  addi t ion each meta l  a tom is sur- 
rounded by  8 hydrogen a toms  t h a t  are located in the  
f la t tened t e t r ahedra  of me ta l  a toms  equidis tant  f rom 
4 hafnium.  

As the  uni t  cell is formed a t  HfH1.87 , all no rmal  sites 
for hydrogen  a toms do no t  seem to be occupied. 
Absorpt ion of addi t ional  hydrogen  in samples pre- 
pared by  long anneal ing and  slow cooling a t  sufficient 
gas pressure forms addi t ional  H I - H  bonds. These 
bonds appa ren t ly  dra in  electrons f rom the  m e t a l -  
me ta l  bonds in the  (001) plane, thus  weakening the  

Ac7 

la t te r  and  causing an increase in a 0. On the  other  hand  
there  is general  s t rengthening of the  short  bonds;  
t hey  ei ther decrease or remain  pract ica l ly  the  same 
in length.  As a resul t  there is a fu r ther  compression 
of the  s t ruc ture  along the  c axis, causing a decrease 
in c 0. The increase A a o and  the  decrease A c o are 
re la ted  by  the  expression:  Aa o -- ½(Co/ao)[-ACo[. 

Thanks  are due to J .  C. McGuire for prepar ing  the  
dihydr ide  samples and  D. D. Zauberis  for mak ing  the  
X - r a y  diffract ion pa t te rns .  I am indebted to I ) rs  
R.  E.  Rundle  and  W. H.  Zachar iasen for helpful dis- 
cussions of the  paper .  
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