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Abstract  

In this work, the nearest neighbor distance between two deuterium atoms in an f.c.c. 
palladium lattice was estimated by taking into account the effect of an electronic 
screening cloud. The lattice was assumed to contain a deuterium atom at the nearest 
neighbor octahederal site to a vacancy, and the potential energy field experienced by 
another deuterium atom was constructed by a pair potential technique. In this 
resulting field, the SchrSdinger equation for another deuterium atom was solved, and 
the distance between two neighboring deuterium atoms was estimated. Our result for 
the distance was about 0.66 A, which is smaller than the molecular value of 0.74 A. 

1. In troduct ion  

Recently,  many workers  have shown considerable in teres t  in the deu- 
ter ium atoms in palladium, because it is suggested tha t  they are re la ted to 
cold nuclear  fusion [1, 2]. The theoret ica l  in teres t  in this problem is the 
neares t  neighbor  distance between deuter ium atoms, since the probabil i ty  of 
the deuter ium fusion reac t ion  being induced by a tunnel ing  effect crucial ly 
depends on it. There  are three  points to this problem. Firstly, deuter ium 
atoms produce strong per tu rba t ion  of the conduct ion  electrons and induce an 
electronic screening cloud. Secondly, the deuter ium atoms are so l ight  tha t  
they act  as quantum particles.  Thirdly,  the deuter ium atoms need enough 
space in the lat t ice to be able to approach each other.  Considering these 
points, we have studied deuter ium atoms in pal ladium and est imated the 
neares t  neighbor  distance between them. 

We considered the in terac t ions  between a deuter ium atom and the host  
la t t ice when the deuter ium is embedded in the host  f.c.c, pal ladium lat t ice 
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Fig. 1. The f.e.c, pal ladium latt ice con ta ing  a deuter ium a tom at the neares t  ne ighbor  0 site 
from a vacancy.  

which contains a deuterium atom at the nearest  neighbor octahederal  (O) 
site from a vacancy, as i l lustrated in Fig. 1. In this host  lattice, the vacancy 
supplies enough space for the embedded deuterium atom to exist at  the 
vicinity of included deuterium. The behavior of embedded deuterium as a 
quantum particle is described by the solution of the SchrSdinger equation. In 
this equation, the potential  energy field experienced by embedded deuterium 
is described by pair-wise interact ion between D - D  and D - P d  atoms. The pair  
potential  between embedded deuterium and included deuterium is evaluated 
from the direct coulomb interact ion and the non-linear screening effect term 
[3-5] which cancel the direct term. The screening effect considered here is 
the usual effect from normal electrons, while Jones et  a l .  [2] suggested a 
screening effect associated with quasiparticles of large effective mass. The 
pair potential  between the embedded deuterium and host palladium atoms is 
constructed using Pettifor 's pseudopotential  for 4d-transition metals [6, 7], in 
which it is assumed that  the 4d electrons move rigidly with the ion. 

2. D - D  pair potential 

We construct  the D - D  pair potential  VD_ D by applying density func- 
tional theory to a system in which two deuterium atoms are embedded in 
jellium at positions r 1 and r 2. The charge distr ibution around two deuterium 
atoms is approximated by overlapping the two electron densities. Each of 
them can be calculated using the K o h n - S h a m  method [3], which includes the 
parameter  rs. The Wigner -Se i tz  radius rs for Pd(4dl~ ~ is determined from 

4re r 3 = V [ N ~ .  free electron-like s-band occupancy N~ and atomic volume V by ~ 
We calculated the self-consistent charge density distr ibution and effective 
potential  around a deuterium atom in palladium jellium of r~ = 3.05 u which 
is determined from Ns = 0.84 [6]. The induced charge An(r), plotted in Fig. 2, 
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Fig. 2. Deviat ion of electron density around a deuter ium atom in pal ladium jel l ium from the 
mean density n o ,  normalized by no. 

plays an important  role in the interact ion between two deuterium atoms, 
because it cancels the direct coulomb interaction. The self-consistent effec- 
tive potential  Vef f (r  ) for electrons around the deuterium atom is wri t ten as 

Ve~(r )  = ~ ( r )  + Cxc(r) (1) 

where ~b~ and ~bxc are electrostat ic  and exchange-correlat ion potentials  re- 
spectively, and the results are plotted in Fig. 3. The electrostat ic  term is 
divided into the direct coulomb interact ion and electron-induced potential  
v , ( r )  as 

2 
4p~(r) = - -  + v~(r) (2) 

r 

In eqn. (2), the factor 2 of the first term on the right-hand side is caused by 
using the Rydberg unit, which is used throughout  this paper. 
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Fig. 3. Elect ros ta t ic  ~b s and  exchange-corre la t ion ~bxr potent ia l  experienced by electrons a round 
a deuter ium atom. 
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The change in energy due to the embedding of the two deuterium atoms 
is divided into electrostatic, exchange-correlation and kinetic contributions. 
The change in electrostatic energy is writ ten as 

f f  2Ap~(r) Api(r') AEe~(r~, r2) = 1 ~ dr dr '  (3) 
2i CJ I r - r'l 

where the summation is run over the two atoms and Api is defined as 
hpi (r) = An(r - ri ) -- g(r - r i). Integrat ing the g-function parts and regarding 
the two atoms as equivalent, eqn. (3) can be writ ten as 

2 f 2An(r-r1) f f  2An(r-rl)An(r'-r~) 
AEes(rl, r2) - i r  ~ - r2l 2 dr I r - r2l + dr dr' ir _ r, I 

(4) 

The second and third terms can be expressed using an induced potential  vs in 
eqn. (2) as 

2 
2vs(]rl - r2 I) + f dr An(r - rl)v~(r - r2) (5) AEe~( r l ,  r2)  Ir ~ - r2] 

The change in exchange-correlation energy is writ ten as 

A E x c ( r l , r 2 ) = f d r [ f x c ( n o + A n ~ + A n 2 )  

-i~=~ {fxc(no + Ani) - f x c ( n o ) } - f ~ ( n o )  1 (6) 

where Ani is the electron density induced by atom i and fxr is expressed as 
fx~(n) = e~c(n)n with e~c the exchange-correlation energy density. The expan- 
sion of f~c into the linear term of induced density reduces the expression of 
hEx~ to 

AEx~(rl, r2) = 2 fdrCxo(r - r 1)An(r - r2) (7) 

where r  is defined as ~bxr = v~c{n o + An(r)} - vx~(no) and Vx~ is defined 
as Vx~ = dfxc/dn. Since the kinetic energy of inhomogeneous electron gas is 
expressed as 

35 (37z2)2/a f dr(n(r))5/3 

the change in kinetic energy is obtained using the same procedure with eqn. 
(6), and is writ ten as [8] 

A E k i n ( r l ,  r2)  --  2 f drk(r  - r l )An(r  - r2) (8) 

where function k is defined as 

k(r - rl) = (37z2)2/3[{n 0 + An(r - r l ) }  2/3 - no 2/3] 
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Adding AEe~, AE~c and AEkin, the pair potential  between two deuter ium 
atoms is obtained as a function of separat ion r and is wri t ten as 

VD-D(r) = 2r -- 2v,(r) + f d r '  An(r'){v~(Ir - r '  l) + 2~bxc(Ir - r l )  + 2k( l r  - r ' l)  } 

(9) 

The first term describes direct coulomb interaction, the second describes 
interact ion between one nucleus and electrons belonging to another  nucleus, 
and the third describes interact ion be tween electrons belonging to one 
nucleus and another  nucleus. The third term is reduced by choosing the 
argument  as x = Ir - r'], and then VD_D(r ) is rewri t ten as 

= -  I Ii +r'dxx{vS(x)+2~xc(x)+2k(x)} (lO) VD_D(r ) 2r -- 2vs(r) + 2~r dr'r' An(r') -r'l 

The start ing points of our D - D  pair  potential  in eqns. (3) and (5) are similar 
to those of N~rskov [9], which are derived for H2 in copper and nickel using 
effective medium theory based on the density functional  formalism. 

The results of the calculat ion of VD-D in eqn. (10) are plotted in Fig. 4. 
From Fig. 4, it is seen that  three terms are cancelled at large values of r, and 
the second term causes the potential  well. This well is very shallow and its 
bot tom is broad and flat. 
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Fig. 4. D - D  pair  potential :  the  direct, 2nd and 3rd terms are the con t r ibu t ions  from each term 
of eqn. (4). 
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3, D - P d  pair potential  

Pet t i for  [6, 7] cons t ruc ted  the pseudopotent ia l  for 4d- t ransi t ion meta ls  
assuming  t h a t  d e lectrons move r igidly wi th  the ion and  conduc t ion  e lect rons  
respond to an  effective bare  pseudopotent ia l .  Therefore,  the screened pseudo- 
po ten t ia l  is wr i t ten  as 

1 
Yscr(r  ) = ~ e x p (  --qTFr)VRMT(r ) for r < r= (11) 

where  qWF, rc and  VRMT(r) a r e  the T h o m a s - F e r m i  screening  cons tan t ,  empty  
core pa ramete r  and  rigid muffin-tin poten t ia l  respectively.  The D - P d  pair  
potent ia l  is wr i t t en  as 

YD-Pd(r) = Ydir(r) "~- f a r '  An(r')Vscr(Ir - r 1) (12) 

where  re = 1.79 u [6, 7]. In eqn. (12), the second te rm describes the in t e rac t ion  
be tween the pa l lad ium atom and the induced  e lec t ron screen a round  the  
deu te r ium atom, the  first te rm describes the d i rec t  in t e rac t ion  be tween 
pa l lad ium and deu te r ium which  is wr i t t en  as 

2Z C 
Vdir(r  ) - - - - -  exp(--qTF r) - - -  exp(--qTFr){qwFr cosh (qWFr  ) 

r r 

--sinh(qWFr)} for r < r e  

and  

2Z C 
Vdi r (r) = - -  exp( - -  qwF r) -- -- exp( - qTF r) {qWF rr cosh(qwF r c) 

r r 

--sinh(qWFrc)} for r > r e (13) 

In eqn. (13), the first term is the in t e rac t ion  be tween nuclei  of  a deu te r ium 
and  a pa l lad ium a tom wi th  Z = 10, the  second te rm is the in t e rac t ion  be tween  
deu te r ium and the  4d electrons a round  the  pa l lad ium a tom and the fac tor  C 
is selected as l i m , , ~  V d i r ( r ) =  2N s exp(--qwFr)/r. Choosing  the  same argu- 
ment  as for eqn. (10), eqn. (12) is reduced  to 

VD_Pd(r) = Ydir(r ) 
r +  r '  

f f + -  exp(qTFr~) dr ' r '  An(r') 
r 

V-r1 

dxx exp( - qTFX) VRMT (X)O(X --  rc) 

(14) 

where  0 is the usua l  step func t ion  and  VRM T is wr i t t en  as 

VRMT(r) = t 2Z for r < R w s  

[VRMT(Rws) for r > R w s  
(15) 
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Fig. 5. D-Pd pair potential. 

where Rws is the Wigner-Sei tz  radius of the host ion. We used eqn. (14) to 
obtain the D - P d  pair potential  plotted in Fig. 5. A value of qwF = 0.895 a.u. 
was used in making calculations and was obtained as follows: 

q W F  = (4kF/TZ) 1/2 kF = (3~2n0)1/3 no = ( 4 ~ r s Z / 3 ) - i  

rs = 3.05 u 
n o =8.41 x 10 -3 u 
k F --6.29 x 10 -1 u 

4. The so lut ion  of  the  Schr~dinger  equat ion  for deuter ium 
in the  potent ia l  energy  field 

As outlined in Section 1, we consider the f.c.c, palladium lattice to 
include a deuterium atom at the nearest  neighbor O site from a vacancy to 
estimate the distance between an included deuterium atom at an O site and 
an embedded deuterium atom. The potential  energy field experienced in this 
latt ice by an embedded deuterium atom is described as 

~) ( r )  = V D _ D ( I r  - roc l )  --~ ~ ' V D _ P d ( [ r -  r n I) ( 1 6 )  
n 

where roe and r ,  are the positions of an O site and the n th  latt ice point 
respectively. In eqn. (16), the prime of the second term denotes tha t  the 
vacancy site is omitted from the latt ice summation. Rapid convergence in 
this latt ice summation is seen within the 8th neighbor lattice point from the 
vacancy, because of the screening factor exp(--qwfr) of VD_Pd in eqn. (14). 
The results are plotted in Fig. 6 along the x axis and in Fig. 7 for the x - y  

plane. Looking at Figs. 6 and 7, there is a shallow well of potential  caused by 
a minimum in VD-D as described in Section 3. If the deuterium atom could be 
trapped in the well, it would be very curious, because the distance between 
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Fig. 6. Potential energy field experienced by the embedded deuterium atom. The plot is along the 
x axis. 
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Fig. 7. Potential energy field experienced by the embedded deuterium atom. The plot is for the 
x - y  plane. 

the deuterium atom at the O site and the trapped deuter ium atom is about  
0.66 A, which is smaller than the usual distance between nuclei of the D2 
molecule (0.74 A). The behavior of the deuterium atom as a quantum particle 
is described by the SchrSdinger equation which is wri t ten as 

where M is the mass ratio of a deuter ium atom to an electron. 
The full three-dimensional calculat ions of eqn. (17) were done using a 

numerical  relaxat ion technique first presented by Kinball  and Short ley [10] 
and used by Puska  and Nieminen [11] outl ined as follows. For the ground 



1379 

state, a numerical  solution is obtained by i terat ive use of the next two 
equations: 

f'J' (18) 
~qh"  + 1 _ 6 + M d 2 ( r  - E n) 

and 

1 ~ ~ijkn{fijk -- (6 + M d 2 r  n} 
E n  = _ _  i j k  

M d  2 (19) 
Y. (~,,jh") 2 
ijk 

where the subscripts  enumerate  the mesh point, the superscripts give the 
order of i teration, d is the spacing of the mesh, and fijk is defined as 
f i j k  = $ i +  l , j , k  n -~- ~ i -  l . j . k  n "~- ~ i . j +  l . k  n "~- ~Ji, j -  l , k  n "~- ~Ji, jok  + l n "~- $ i , j , k - 1  a 

From this process, we obtained the t rapped solution of energy eigen- 
value E = 0.011 Ryd, where the origin of the energy is the bot tom of the 
potential.  The shape of the wave function plotted in Fig. 8 for the x - y  plane 
has a sharp peak at the potential  well. Therefore, the distance between 
included deuterium atom at the O site and the trapped deuterium atom is 
estimated to be 0.66 A. 

5. C o n c l u s i o n s  

The electronic screening cloud around a deuterium atom in palladium 
decreases the repulsive interact ion and produces a minimum in VD-D. This 
minimum causes the shallow well of the potential  experienced by embedded 
deuterium atoms in a palladium lattice, which contains a deuterium atom at 
a nearest  neighbor O site from a vacancy.  The t rapped solution to the 
potential  well is obtained and the nearest  neighbor D - D  distance is esti- 
mated to be 0.66 A, which is smaller than the molecular  value 0.74 A. 

Fig. 8. Wave funct ion of a t rapped deuter ium atom in the potent ia l  well. 
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Similar  ca lcu la t ions  were car r ied  ou t  by o ther  groups.  The resul ts  of 
Sun  and  Tom anek  [12] for H - H  distance,  which  is es t imated  from the 
cohesive energy  of  PdH2 as a func t ion  of H - H  separa t ion ,  is 0.94/~. The  
resul ts  of  W a n g  et al. [13] for the H - H  distance,  wh ich  is ca l cu la t ed  us ing  a 
first-principles pseudopoten t i a l  to ta l -energy  a p p r o a c h  a long  the [100] orien- 
ta t ion,  is 1.06/~ (2.0 a.u.). Wei and  Zunger  [14] also s tudied the  s tabi l i ty  of  
d ia tomic  h y d r o g e n  in f.c.c, pal ladium.  Thei r  resul t  for H - H  sepa ra t ion  a long  
the [001] d i rec t ion  is 0.95 A. The difference be tween  our  resu l t  and  the i r  
resul ts  may depend on the express ion for the H - H  in te rac t ion .  In this paper ,  
we cons idered  the f.c.c, pa l lad ium la t t ice  c o n t a i n i n g  a v a c a n c y  and  es t imated  
the D - D  separa t ion ,  while the above men t ioned  groups  [12-14] cons idered  a 
perfect  latt ice.  This  may  cause  the difference be tween  our  resu l t  and  the i r  
resul ts  for the D - D  separa t ion .  However ,  our  ca lcu la t ion  did no t  inc lude  the 
effects of  la t t ice  r e l axa t ion  a r o u n d  a vacancy ,  so a more  soph is t i ca ted  
t r e a t m e n t  may  show the s ignif icance of  this  point.  
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