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First-principles self-conairtent total energy calculationr for variour 
confiyratimm of atomic and diatoiic hydrogen inaide fee palladium have 
been carried out to clarify some of the solid state aspects of the 
physics of dennre hydrogen in metals. We find t&t the stability of the 
system is controlled by the relative pomition of the hydronen-induced 
&tibondinr( level with-rempect to thd Fermi energy. biahic 11 in 
crystalline palladium is ahown to ban but metartable local minims f ore 
internuclear separation are yet larger than that of the isolated I12 
molecule. 

Recent cl&s of’ observation of room-tear 
perature (“cold”] nuclear fusion in deuterated 

*trannition metal electroder(l,2] have rekindled 
interest in the physics of denme douteri- atoms 
in the field of metallic electrons and trans- 
ition atoms. Of recent interest here is the 
Born+ppenheimet eneqy rurface S(P) of two 
deuterium atoms at a dirtance 8, since both the 
vibrational uavefunction 6(D) of diatomic deu- 
teriu 
Al6(R=O) Ii 

etermining the fusion rate[3] 4 = 
] and the tunneling barrier penetra- 

tion factor131 S depend sensitively on B(R). 
Previour ertiutea[3] of A and B assumed the 
free s~aco form[4] of II(R) of Saseour Ii2 [bound 
at P l q = 0.74 A by S(S,q) - 4.1 eV/tH; because 

the electronic E(R) ia independent of the 
imotope 11s effects, the dircurrion belou 
applies equally to H and D]. Since the equilib- 
riu dimtance P 
is too large 9% 

for the isolated H2 molecule 
grant sufficient tunneling 

events[3], various solid-state Rep- shortening 

mechanism uera rou%t. It war hoped, for 
example, that the uirtence of a metal lattice 
(e.g. fee Pd] in which deuterium is embedded 
could grant a large Coulomb rcreening effect, 
hence, substantially reduce the WD tunneling 
dimtance and enhance the fusion rate[5]. 

Some recant theoretical studies have 
addressad thir quartion. Sun and Tomsnek[ 61 
investigated the binding energy versus the 
nearest-neighbor H-H distance dH_ 

a 
in the con- 

centrated limit of an hypothetica 
using a first-principles 

PdH2 crystal 
preudopotential 

approach in a Gaussian basis ret. Based on a 
billiard-ball modal, they armmed that for this 
H/Pd ratio, the octahetrafly centered H2 dimer 
vi11 be aligned along the [OOl] fee direction. 
For this particular configuration they found 
that the cohesive energy her a local minimum at 
a dH_H value which ir about 0.2 A larger than 
that of gareour Hz: the formation enthalpy AH = 
1.34 eV/2H was positive. Using an emperical 
ef feet ive-medium theory; Chriateneen et al. 17 1 
likewire found that in a metallic matrix the 
short renge part of the H-H interaction in more 
repulsive ttun in free apace, hence, dH_H is 
1onSer . 

In an attempt to further clarify some of 
the solid state aapectr of cold furion[l,2] and 
to gain a better understanding of metal hydride 
ryrtam in general, ue have ured first-principles 
self-consistent total energy methods within the 
local denrity formalirm[8] to l ystsmatically 
predict tba atability of varioum periodic 
arrangsmentr of atomic and diatomic hydrogen in 
fee palladium. Thin approach, implemented by 
the all-electron full-potential semirelativistic 
linearized augmented plane wave (LAPW) 
mathod[9], includes interelectronic Coulomb[S] 
and exchanSccorrelation[8b] interaction@ and 
provides an accurate rolution to the electronic 
SchrUdinger problem for a rtatic periodic atomic 
configuration (It] of the combined Pd + H 
system. We s&y various orientations of H2 in 
fee Pd, finding that [ill] is the stablest; a 
molecule in any other orientation will 
spontaneously reorient along (1111. However, ue 
find that in this orientation the ryrtem can 
further louar itm energy by dissociating into 
two H atoms each at a tetrahedral interstitial 
rite, leading thereby to a yet longer H-H 
l eparation. Subrequent penetration of the dif- 
fusion barrier (0.3 eV] leads then to an euo- 
thermic hopping into the octahedral ritar. 
Bringing two such octahedrally poritioned H 
atoms to the equilibrium internuclear separation 
of an isolated H2 molecula requiter iovestmnt 
of 2.4 eV/PH; the sams reaction in the gas phare 
emitm 4.7 eV/2H. 

In the present study ve have used ten 
special k-points for Brillouin sane integrations 
in the &c structure and their equivalent[lO] 
Points for the other structures. Since ve 
explore rather short internuclear distances, 
small (s 0.37 A) muffin-tin radii are needed for 
describing the potential near hydrogen sites. 
Reducing the convergence error to below 0.1 eV 
hence required large barir retr C-170 basis 
functions per Pd atom, corresponding to a 
kinetic energy cut-off of 21 By) end correepond- 
ingly large sets of potential and charge density 
components f-204 Ry). The formation enthalpy 
par H atom of a Pd-H structure with a hydrogen- 
to-palladia atom ratio a=H/Pd ir;defined as 

327 
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AH[PdHu] = i E[PdHu]- ; E[Pd(s)]- +[H2(gl],(l) 

where g indicates gas and I indicates solid. In 
the abaencc of carpeting reactions, negative 
(positive) AH denotes thermodynamic stability 
(instability) towards disproportionation into 
metallic Pd and gaseous H . 

PWBE COWSTIN~18: a or pure fee Pd we find 
an equilibrium lattice constant a 

eq 
03.85 h and a 

cohesive energy of E =5.05 eV (3.95 eV if 
treated non-relativist&ally). The binding 
energy curve for the free H2 molecule is calcu- 
lated in a simple cubic supercell geometry with 

lattice constant a = 4.00 A where H2 is centered 
at the cubic rite. At this lattice constant the 
coupling between H2 molecules is negligible. 
Thir gives a molecular diarociation energy of 
4.73 eV/pair at the calculated equilibrium 
internuclear distance of 0.769 al the vibra- 
tional energy is hw = 0.54 eV, all in reasonable 
accord witb experiment and previous calcula- 
tions[ll]. [We find that an even larger cut-off 
energy -400 Ry for the charge density and poten- 
tial-is required. to: tonverge the dissociation 
energy of free H2 to within 0.1 eV. However, 
since a large part of this convergence error is 
cancelled in calculating the energy difference 
corresponding to the formation enthalpy of Bq. 
(I), a smaller cut-off energy was used in other 
calculations]. 

Our results for the relative energies of 
various PdHe structures are depicted graphically 
in Fig. 1, where two reference energies are 
shown for convenience. 

DIWTg II III PD: We model the small-a 
(dilute) limit by placing an H atom at the 
octahedral (01 center of a cubic fee Pd unit 
cell (a = 0.25, Pd4H, denoted as SC in Fig. 1). 
The calculated octahedral formation enthalpy AH 
I -0.28 eV/H is exothermic; it is in fair 
agreement with the observed formation enthalpy 
of1121 --0.14 to -0.16 eV/H. Examination of the 
electronic structure in this dilute limit 
reveals a simple physical picture, consistent 
with previous studies:[l3-15) the attractive 
potential of H+ pulls to lower energy those Pd 
wavefunctions which have an al r-try about 
the octahedral site (the “interstitial insertion 
ruleu[l61), forming bonding H-PI states near the 
bottom of the valence band, centered at EP - 
7.9 eV. This lowering of the energy of the 
states of pure Pd stabiliees the system. Cn the 
other hand, the small volume expansion (calcu- 
lated to be AV - 1.7 f0.2 cm3/g-atom of H for 
a<11 and the lowering of the H-induced aati- 
bonding states with respect to .tha Fermi energy 
EF both destabilize the system. The balance is 
attractive for low a because the antibonding 
states are essentially unoccupied. Dilute 
hydrogen in Pd is found to be over-screened by 
the Pd electrons relative to atomic hydrogen, 
forming a negative ion “H-“‘. The charge 
transfer from Pd to H is found to be 5 0.1 e/H 
for a<l. However, the presence of a large 
number of pd valence electrons m&e the charge 
surround the H atom in the hydride much larger 
than in free space. Despite this, the nearert- 
neighbor.H-8 distance (B2.75 Al is considerably 
larger than for the covallent free-space mole- 
cule. 

BICBER a’s AWD OIUB?BED PWABI?B: The fee 
structure of Pd [with Pd at the (O,O,O) posi- 
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Pig.1: Calculated formation enthalpies AH(PdH,) 
with respect to Pd(s) and l/2 H2(g) or Pd(s) + 
H(g). Solid circles: #table phases; open 
circles: unstable phaser . The notation Pd,H, at 

the bottom refers to compound name (stoichi- 
metry), whereas the npbolr SC, yx. refer to 
their structures (see text). The results for 
a-O.5 (except the y phase) are calculated at 
fixed lattice constant (a4.00 a), others are 
calculated at their rerpective equilibrium 
values. 

tion] has two tetrahedral (T) interstitial sites 
[at a(l/4,1/4,1/4) and a(3/4,3/4.3/4)jit;nd] : 
single octahedral (0) interstitial a 
a(1/2,1/2,1/2)], all empty in pure Pd. Partial 
or full occupation of these sites by H leads to 
a number of possible ordered phases. For a = 
0.5 we can occupy, in an ordered fashion, half 
of the 0 sites by hydrogen, forming the 
obrerved[l7] low-temperature tetragonal y phase 

Pd4B2 of space group 141/amd, or Diz. Altqr- 

natively, one can occupy both tetrahedral sites 
along the [ill] direction, forming the “T+T 
structure” of Pd4H2 also with a = 0.5. For a = 

1 we can occupy either the 0 site to form the 
UaCl structure of PdH or occupy one of the T 
sites, to form the ZnS structure of PdH. For a 
- 2 it is possible to occupy all the T sites, 
forming the CaF2 structure, or occupy one T and 
one 0 site to form the LiAgSi-like structure of 
PdH2. Finally, for a = 3, occupation of a11 
three interstitial holes (2T + 0) forms the BiF3 
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rtructure of Pdtl3 (see Ref. 18 for further 
description of these crystal structures). We 
calculated the formation energies of all of 
these structures; Pig. 1 shows the results. We 
find that 

(i) AH is negative for all but the LiAASi 
and BiF3 
tively; 

structures of PdR2 and PdH3 respec- 
if formed, these two compounds would 

disproportionate, releasing their AR’S 
thermally, as recently sugSested[l9]. 

(ii) AHa< 0 is a necessary but not a 
sufficient condition to imply local stability of 
structure.a. For example, the CaF2 structure of 
PdH2 has a highqr AH than PdH + l/2 H2(S) (a 
point denoted in iiS. 1 by an asterisk on the 
dashed tie-line), hence, despite its AHa <O, if 
formed, it too will decompose into these com- 
ponents, releasing the corresponding heat[l9] 
(FiS. 1). 

(iii) For a 5 1, the system shows prefer- 
ence for occupation of 0 over 1, since T has a 
shorter PI-R distance of ( fl a/4) relative to 
that for 0: (a/2). On the other hand, for 
larger 0 (e.g. a-21, we find that the system 
prefers occupation of two T sites over occupa- 
tion of 0 + T, since the H-H distance is shorter 
in the latter case, leading to a stronger H-R 
repulsion. This is consistent with experimental 
observations[20], but is in contradiction with 
the results of Ref. 7, where it was found that 
the LiAASi-like structure is stabler than the 
CaF2 structure. Our result also suggests that 
the_ PdH2 geometry used in Ref. 6 (an [OOll- 

~::~~::“,~~l~nst~~~t~~ ~~tha~~~~~de:p2H: 

considerably higher, than the CaF2, arrangement 
(At!=-0.40 eV/2H) at the same composition. 

(iv) Hydrogen occupation of the T-site is 
accompanied by a large lattice rilaxation. 
Indeed, the calculated lattice constatnt for PdR 
in the zincblend structure (4.17 A) is about 
0.11 i larger than that fdr PdH in NaCl ’ struc- 
ture. In a rigid lattice, rho T-site formation 
enthalpy AHT is 0.23 -eV higher than the 0-site 
value. ‘Allowing’ for lattice relaxation lowrr 
this value to 0.13 eV. 

(v) The diffuiion; path -between 0 and T 
passes through a barri& located near the 
a(1/3,1/3,1/3) position. The rather small bar- 
rier value we find (“0.3 eV) is .consistent with 
the rapid diffusion(211 of H in Pd. 

The pertinent ‘physics here is that as a 
incteases from the dilute limit, the coupling 
between the H and Pd atoms lowers the hydrogen- 
induced H-Pd bonding states, thereby stabilizing 
the system. However, further increase Of 0 

lowers the hydrogen-induced antibondi,ng states 
below the Fermi energy, causing destabilixa- 
tion. The H-induced lattice dilation of the 
host also contribute to destabiiixation. This 
self-limiting process controls ’ the maximum 
amount of incorporable hydrogen at equilibrium. 

DIA’IUIUC II2 IY PD: We next inquire whether 
there existr a metastable phase of H2 dimer in 
Pd vi th smaller Req than the free space value: 

We model this system at a = 0.5 by .an _Octa-: 
hedrally-centered H2 molecule inside an fee cube 
with interatomic separation R and orientation 
G. Varyiag R at at = 4.00 i (the calculated 

eiuilibrium lattice constant of Pd4H2 in T+T 
structure) for the orientations G = (1111, 
[OOl], and [llO], we find the i&i-Oppenheimer’ 
energy curves- S[at , $9 R] shown in Fig. 2. 

I 

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

I I I 

1.0 2.0 3.0 4.0 5.0 6.0 

Half H-H separation (a.u.) 

Fig.22 Calculated excess energy of the octahe- 
drally-centered H2 molecule in fee Pd at at=4.00 
A for three orientations G as function of the 
H-H distance. 

I 

The basic results are: 
!i] Octahedrally centered diatomic H2, kept 

phase internuclear separation 
r:,[Hlt(S,]‘E unstable by as much as -1.5 eV 

with respect to disproportionation into Pd(s) + 
H2 for a11 principal orientations (Figs. 1 and 

2). 
(ii) A few local minims exist in the energy 

surface, corresponding to rtastable mole- 
cules. However, all are characterized by H-H 
internuclear separations larger than the free- 
space value (denoted as “gas phase eq. diet” in 
Fig. 2). 

(iii) Our reSulta for the [OOl] orientation 
(Req*.95A, AHa1.3 eV/ZH) are very similar to 

those of Ref. 6 [R = o.gbA, AHo1.34 eV/2H) 
even though they arg’calculated at different H 
concentrations. However, we find here that the 
B 
h 

is stablest in the [ill] orientation, not in 
t e [OOl] orientation postulated in Ref. 6. A 
molecule in any other orientation would spon- 
taneously reorient to (1111. This indicates 
that the effective R-H repulsion in Pd 
increases[7] with the local charge density. 
This mechanism[7] also explains the local 
msximum at (l/3, l/3, 1/3)a (Fig. 2). 

(iv) At this position, the molecule will 
spontaneously dissociate into two isolated T 
sites jaeparated. by asdiitance &a/2 - 3.5 A, 
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ree Fig. 21, lowering thereby the energy to the gap E is even sssrller. The significant point 
value 2AHT v -0.44 eV/2H f-0.54 eV if the host here it that this molecular gap is srller than 
lattice ia relaxed). Subsequently, there atoms 
could penetrate the G-T diffusion barrier and 

the Fermi energy, hence even the antibonding H-H 
state is occupied. This ir the principal reason 

relax to the 0 riter, relearing 2AHT - 2AHo = for the system’s instability at high hydrogen 

0.36 eV/SH (see Fig. 1). Hence, while bringing content and for the formation of the H2 mole- 

two hydrogen atoms together in free space to cule: the molecule necks to diroociate to avoid 

R,,[R,(g)l emits - 4.7 eV/2H, bringing two octa- population of its antibonding &ate. It is this 
electronic mechanirm (not the internuclear 

hedrally dissolved H’s to the same distance in 
Pd requirer invest-t of -2.4 eV/2H. 

repulrion which is effectively screened for H2 

We identify the electronic origins of the 
inside Pd) which ir the origin of the inrta- 

instability of H2 in Pd as follows: Dissolving 
bility of the embedded molecule. 

small amounta of H in Pd atabiliser the system 
Clearly, none of the equilibrium structures 

principally because the energy lowering arroci- 
shown in Figs. 1 and 2 are conducive to cold 

ated with the formstion of deep Pd-W bonding 
fusion, rince the equilibrium H-H distance in Pd 

states near the bottom of the valence band over- 
is considerably larger than that of the free 

whelme the energy increase arsociatid with 
molecule (Pig. 2). Consistent with other 

volume expansion and with a alight lowering of 
studies[6,7], equilibrium fusion rates must be 

the yet empty antibonding states. On bringing 
enormously rmeller than what was previously[3] 

closer together initially isolated and 
thought. 

two 
Use[3,4] of free H2 potential to erti- 

screened H atoms inside Pd, the increased H-H 
mate fusion probabilities inside Pd would seem 
unreasonable. We conclude that there are no 

coupling forms a bonding (“&g”) and an anti- 

bonding (“~lu”l l tatea[22]. The H-H bonding 

state lier at about 13 eV below EF and is eepa- 
rated from the antibonding state by a “molecular 
gap” 4. In the free molecule, Eg is -10 eV. 

In the Pd hort, where the odd (u) and even (g) 
state are rcteened by Pd valence electron, the 

spectacular aolid state effects (e.g., enhanced 
effective masses 1 which would significantly 
reduce[S] Reo. 

-1 
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