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occupy both tetrahedral sites along the [111] direction, 
forming the " T  + T structure" of Pd4H2, also with a = 
0.5. For e~ = 1 we can either occupy the O site to form 
the NaC1 structure of PdH or occupy one of the T sites, 
to form the ZnS structure of PdH. For c~ = 2 it is pos- 
sible to occupy all the T sites, forming the CaF; struc- 
ture, or occupy one T and one O site to form the LiAs 
like structure of PdH=. Finally, for eL = 3, occupation 
of all three interstitial holes (2T + O) forms the BiF3 
structure of PdH 3 (see Ref. 15 for further description of 
these crystal structures). We calculated the formation 
energies of all of these structures; Fig. 1 shows the re- 
sults. We find the following. 

(i) h E  is negative for all but the LiAs and BiF 3 
structures of PdH2 and PdH3, respectively; if formed, 
these two compounds would disproportionate, releasing 
their GE's  thermally, as recently suggested? 6 

(ii) AH~,< 0 is a necessary but not a sufficient 
condition to imply local stability of structure e~. For ex- 
ample, the CaF 2 structure of PdH= has a higher AH than 
PdH + 1/2 H2(g) (a point denoted in Fig. i by an asterisk 
on the dashed tie-line); hence, despite its GH,~ <0, if 
formed, it, too, will decompose into these components, 
releasing the corresponding heat I6 (Fig. 1). 

(iii) For (x _< 1, the system shows preference for 
occupation of O over T, since T has a shorter Pd-H 

distance (V'3 a/4) relative to that for O: (a/2). On the 
other hand, for larger ~x (e.g., oL=2), we find that the 
system prefers occupation of two T sites over occupation 
of O + T, since the H-H distance is shorter in the latter 
case, leading to a stronger H-H repulsion. This is con- 
sistent with experimental observations.~V 

(iv) Hydrogen occupation of the T site is accom- 
panied by a large lattice relaxation. Indeed, the calcu- 
lated lattice constant for PdH in the zincblend structure 
(4.17 *) is about 0.11 ~ larger than that for PdH in 
NaCI structure. In a rigid lattice, the T-site formation 
enthalpy dE-/T is 0.23 eV higher than the O-site value. 
Allowing for lattice relaxation lowers this value to 0.13 
e V .  

(v) The diffusion path between the O and T sites 
passes through a barrier located near the a(1/3,1/3,1/3) 
position. The rather small barrier value we find ( -0 .3  
eV) is consistent with the rapid diffusion ~s of H in Pd. 

The pertinent physics here is that as c~ increases 
from the dilute limit, the coupling between the H and 
the Pd atoms lowers the hydrogen-induced H-Pd bond- 
ing states, thereby stabilizing the system. However, fur- 
ther increase in e~ lowers the hydrogen- induced 
antibonding states below the Fermi energy, causing des- 
tabilization. The H-induced lattice dilation of the host 

also contribute to destabilization. This self-limiting process 
controls the maximum amount of incorporable hydrogen 
at equilibrium. 

Our study indicates that the equilibrium H-H dis- 
tance in PdH,~ up to a =  3 (> 1.73 ,~) is much larger than 
the free-space value, despite that H is effectively screened 
in fcc Pd. 

Diatomic H 2 in Pd. We next inquire whether there 
exists a metastable phase of H 2 dimer in Pd with a smaller 
Req than the free-space value. We model this system at 
~x = 0.5 by an octahedrally centered H2 molecule inside 
an fcc cube with interatomic separation R and orientation 
~ .  Varying R at aeq = 4.00 A (close to the calculated 
equilibrium lattice constant) for the orientations ~ = 
[111], [001], and [110] we find the Born-Oppenheimer 
energy curves E[aeq , 9 ,  R] shown in Fig. 2. The basic 
results are as follows. 

(i) Octahedrally centered diatomic H2, kept at its 
gas-phase internuclear separation R~q[H2(g)], is unstable 
by as much as -1 .5  eV with respect to disproportiona- 
tion into Pd (S/ + H2 for all principal orientations (Figs. 
1 and 2). 

20 t 

~--. 1.0 

r ,  

8 0 - -  
x 
W 

-1.0 

.':'~(1/4,1/4,1/2)ai 
f i 

-i ll-/ r - . 

'," ~ [110]_~': / 
.! 

gas,- / \ .... 
~hase~ '-..." --88. 55j Tj1 0 0 1 355.32 Tc2.201Tm1 1 1 rg/F14 8c0 Tw(--eq) Tj1 ET
BT3 Tr1 0 0 1 401.76 341.76 Tm1 1 1 rg/F0 8.88 Tf0 Tc0 Tw81 Tz(, ) Tj60.24 0 TD1 1 1 rg0 Tc0 Tw(i ) Tj Tm1 1 1 rg1 Tzr.080 Tc0 Tw(i ) Tj Tm1 1 1 rg1 Tzr6 Tz(, ) Tj6080 Tc0 Tw:i i  ,  - :  

[ 

I 
! 

1 

i t 

/ 
/ 
I 

I 
I 

I 
I 

I 
I 

I 
I 

// dist. 
k [111] ~ pd(S)+H2(g ) 
5 l l ' ,  / 

~ a h e d .  1 \, ,. Energy surface j 
of octahedrally j 

a(1/a,1/3,1/3) centered H 2 
in fce Pd I 

__I 

a( 1/4,1/4,1/4)=T 

0 110 210 3:0 410 5.'0 6.-a-0 
Half H-H separation (a.u.) 

Fig. 2. Calculated excess energy of the octahedrally cc._ntered Hz mol- 
ecule in fcc Pd at a~q=4.00 ,~ for three orinetations G as function of 
the H-H distance. 
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(ii) A few local minima exist in the energy surface, 
corresponding to metastable molecules. However, all are 
characterized by H-H internuclear separations at least 
0.2/~ larger than the free-space value (denoted as "gas- 
phase eq. dist" in Fig. 2). 

(iii) The H 2 is stablest in the [111] orientation. A 
molecule in any other orientation would spontaneously 
reorient to [111]. 

(iv) At this position, the molecule will sponta- 
neously dissociate into two isolated T sites (separated by 
a distance ~/3a/2 = 3.5 A, see Fig. 2), thereby lowering 
the energy to the value 2z2x/-/r = - 0.44 eV/2H ( - 0.54 
eV if the host lattice is relaxed). Subsequently, these 
atoms could penetrate the O-T diffusion barrier and re- 
lax to the O sites, releasing 2zSJ/~ - 2z2xH o = 0.36 
eV/2H (see Fig. 1). Hence, while bringing two hydrogen 
atoms together in free space to Req [Ha (g~] emi t s -4 .7  
eV/2H, bringing two octahedrally dissolved H's to the 
same distance in Pd requires investment of - 2 . 4  eV/2H. 

We identify the electronic origins of the instability 
of H 2 in Pd as follows: dissolving small amounts of H 
in Pd stabilizes the system principally because the energy 
lowering associated with the formation of deep Pd-H 
bonding states near the bottom of the valence band over- 
whelms the energy increase associated with volume ex- 
pansion and with a slight lowering of the yet empty 
antibonding states. On bringing closer together two ini- 
tially isolated and screened H atoms inside Pd, the stable 
Pd-H bonding state is gradually destroyed and replaced 
by the weaker H-H interaction, which forms a bonding 
(' '  '~lg'') and an antibonding ( " Z l u " )  state. 19 The H-H 
bonding state lies at about 13 eV below EF and is sep- 
arated from the antibonding state by a "molecular gap" 
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