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DESCRIPTION OF THE HYDROGEN-METAL INTERACTION 

BY A MORSE POTENTIAL FUNCTION 
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the Lawrence Radiation Laboratory and 
the Department of Nuclear Engineering 

University of California 
Berkeley, Calif6rnia 94720 

Abstract 

UCRL-19675 

The interaction between hydrogen atoms adsorbed on the 
surface or dissolved in theinterstice~ of a metal and the 
atoms of the host crystal is, represented by a pairwise 
additive Morse potential function. This interaction is 
summed over, all metal atoms surrounding the hydrogen atom. 
Interactions betwee~ hydrogen atoms are not. considered. 
The three force constant~ of the potential function are 
determi~ed from three experimental valu~s of the hydrogen
metal system: the heat of solution, the heat of adsorpti6n 
and the activation energy for bulk migration. Relaxation 
of the metal lattice surrounding the dissolved hydrogen and 
reconstruction of the surface metal atoms next to the adsorbed 
hydrogen are cons~dered in the calculation. The potentials so 
determined ar~ long range- metal atoms many lattice constants 
distant from the hydrogen ato. contribute to the binding and 
the metal atoms clo~est to a dissolved hydrogen atom are 
repulsive. Four metals are treated: BCC iron and tantalum, 
and FCC nickel and copper. For each metal, two surface 
planes are investigated. Although both tetrahedral and 
octahedral interstitial sites were tested as solution sites, 
only occupancy of octahedral sites satisfied the interaction 
energies upon which the calculation is based. Knowledge 
of the potential function permits other characteristics 
of the hydrogen-metal interaction, such as the activation 
energy for surface migration and the vibration frequency of 
dissolved hydrogen, to be computed. Agreement of these 
calculated properties with experimental data is satisfactory, 
but not quantitative. The extreme sensitivity to crystal 
structure (BCC or FCC) and the assumption that the nature 
of the binding of surface hydrogen is the same as that of 
bulk hydrogen lim~t the utility of the pairwise model to that 
of an interpolation scheme - as a means of utilizing known 
characteristics of the hydrogen-metal system to estimate 
parameters not experimentally available. 



I. INTRODUCTION 

Characteristics of the interaction of hydrogen with the 

regular lattice of a metal are investigated analytically. 

The metal-hydrogen interaction is represented by summation 

of a central pairwise potential functi6n ov~r all the metal 

atoms surroundin*a hydrogen ~tom in or on the lattice. 

The pairwise potential is assumed t~ be the Morse function. 

This function is applicable to the interaction of the two 

hydrogeti atoms 6f thehydr6gen m91~cule (1) and it has also 

~een applied to the binding properties of the metal lattic~ 

(2). The Morse potential (restricted to nearest neighbor 

interactions) has also been utilized to predict the equation 

of state of metals (3). 'This ~tudy seeks to determine whether 

the mix~d case of the metal~hydrogen system can be satis

factorily analyzed by the same type of potential function. 

An investigation similar in many aspects to the one undertaken 

here has been rep6rted b~ Goodman (4)~ who used a Lennard~ 

Jones 6-12 interatomic p~tential to investig~te the binding 

of v~rious adsorbed s~ecies on turigsten and nickel. Johnson 

et al (5) used a cubic potential to investigat~ the properties 

of iron and,yanadium; While Goodman's study was ~oncerned 

solely with surface interactions~ and the calculations of 

Johnson et al dealt only with bulk properties, the present 

work examines both surface and bulk interactions of hydrogen 

and the host metal. 

The calculation does not purport to be a fundamental 

r~presentation of the nature of the hydrogen-metal bond. 

In fact, th~ notion of central pairwise additivity may not 
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be applicable to such systems (4);~amm and Sch~idt (6), 

for example, have been able to explain the structure of 

hydrogen adsorbed on the (100) pla~e of tungsten on the 

basis of nearest neighbor bonds between the hydrogen atom 

arid the d electrons of the metal. The present calculation 

should be viewed as an interpolation scheme - as a method 
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of utiliiing thre~ relati~elyeasily,obtainablecharacteristics 

of the binding in ~ metal-hydrogen system to deduce other 
, , 

features of,the system which are not experimentally avail-

able. In order to perform such a function, it is necessary 

to be able to ~es~ribe th~ energy of a ,hydrogen atom at Various 

locations in or on the crystal. Only the pairwise interaction 

model with an adjustable-parameter interaction potential 

provides a sufficienily complete calculational framework 

for this purpose. 

Three experimental parameters of the hydrogen-metal 

system are employed t~ deduce the three force constants 

in the Morse potential function: 

q, (r) (X-ren (1) 

where q,(r) iS,the potential energy between the two atoms 

separated by a dist,ancer and r e , m, and D are the force 

constants (re is the equilibrium separation of the two atoms 

and D is the en~rgy of the, interaction at the equilibrium 

separation distarice). K~owledge of th~ inteiatornic potential 
. , . 

" , 

function perrnits,'ca'lculation of properties of the hydrogen-
, . 

metal system other than the three used to determine the force 

constants. The v.alidity of the method is assessed by 
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comparing the predicted properties to available measurements. 
. . . 

Auxili~ry features of the intera~tion, such as relaxation 

~f the host atoms aro~n~ a dissolved hydrogen atom and 

reconstruction of the surface asa consequence of hydrogen 

adsorption, cannot at this time be verified by comparison 

with experiment. 

Severaladdiiional assumptions concerning the behavior 

of hydrogen in the metal lattice are: 

(1) Hydrogen is dilOte in the metal; H - H inter

actions either i~ the inierior or on the surface 

of the metal are neglected. In concentrated 

solutions"this iriteraction must be considered 

(7,8). Th~ dis~olution eq~ilibrium is assumed 

to follow Sievert's law, whith implies hydrogen 

in atomic for~ in the bulk. 

(2) The dissolved hydrogen behaves as a three dimensional 

Einstein oscillator in the interstitial site of 

the BCC or FCC lattice in which it is located. 

This model has been discussed by Ebisuzaki 

and O'K~efe(9) and applied to the solution and 

diffusion of hydrogen in nickel by Ebisuzaki, 

Kass,· and 0 'Keefe (10). The assumption of an 

Einstein oscill~tor appears to be satisfactory for 

FCC metals, but is on somewhat tenuous grounds for 

BCC metals (9). Nevertheless, it is assumed here 

to apply to hydrogen dissolved in both types of 

cubic structures. 
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(3) Dissolved hydrogen may reside in either the 

tetrahedral or octahedral interstices of the 

cubic lattices. No assumption concerning this 

point {s ~ade; the cglcul~tions are performed fo~ 

both types of equilibrium sites. 

(4) Binding of hydrogen on the surface is of the 

same type as that in the bulk. 

(5) The m~asuredheats of adsorption refer to poly

crystalline material with unidentified surface 

structure. In order to perform the calculations, 

the exposed surface plane must be specified. 

The (100} and (110) planes of the Bee lattice 

and the (110) and (111) planes of the FCC lattice 

have been considered here. In each case, the 

heat of adsorption is assumed to apply to .the 

surface face under c~nsideration. 

(6) The diffusional jump is assumed to be from one 

equilibrium site to another via the other type 
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of interstitial site (~.g., octahe~ral-tetrahedral

octahedral). The difference between the energy 

of the hydrogen atom in octahedral and tetrahedral 

sit~s is the activation energy of diffusion. 

There is some support for this idea from other 

studies of migration of interstitial impu~ities 

in Bee lattices (5,11), As shown in Figure 1, the 

straightlinewpath between octahedral sites in 

. the Bee lattice passes through the tetrahedral 

interstitial site at the midpoint. 
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However, the ~ctahedral-tetrahedral-octahedral 

path in ~he FCC lattice 1s n~t ~ straight line, as 

shown in Fig. 1 (the tetrahedral site shown is at the 

(1/4,1/4,1/4) position). Nevertheless. the 

hydroge~-metal di5tance -iri the tet~ahedral site 

(13 a/4, where a is the lattice constant) is 

larger than the hidrogen-metaldistance at the 

midpoini of a st~aight line jump between two 

octahedral sites (a/I8), so that the path shown 

in pii. 1 is n~t unreasonable. The diffusion 

-of hydrogeh 'in nickel has been shown to be in 
: <j 

satisfactory agreement with octahedral-tetrahedral-

jump (10). 

The following aspects ot the hydrogen-metal interaction 
r 

are considered: 

(1) the zero point energy of the dissolved hydrogen. 

(2) relaxation of the host lattice about the diss~lved 

and adsorbed hydrogen atoms. 

(3) the difference between the separation of the surface 

layer of ~etalatoms and the adjacent layer, and 

the bulk planar separation. 

Four metals are considered: BCC a-iron and tantalum 

and FCC nickel and copper. The parameters of the Morse 

function for the metal-metal interactions have been taken 

from the calculations of Girifalco and Weizer (2). The 

complete set of input parameters for the calculations are 

shown in Table I. The lattice constaht at room temperature 

is shown in the secorid column. The force constants for" the 

metal-metal interaction are in columns 3-5. The sixth 
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column contairis the calculated reiaxation of the surface 

layer obtained from the forc~ constants sh6wn in the preceding 

col umns (12). The quantity P is .the difference between 

the calculated positiori of the surface plane and the 

position the surfa~e would have if th~ bulk interplanar 

spacing were mairitain~d to the ~urface. 

The three parameters of the hydrogen-metal interaction 

which were used in the ~alculations are sho~n iri the last 

three columns. Xa represents the binding energy of atomic 

hydrogen on the surface, Xs represents the heat of solution of 

atomic hydrogen and Xd is.the ~ct{vation ~nergy for bulk diffusion. 

A survey of the available literature indicates general accord 

(to within one o~ two kcal/~ole) on all of thes~ values 

except for the activation energy for diffusion of hydrogen 

in tantalum. TheNMR measurem~nts of Pedersen et al (13) 

on hydrides with_hydrogen content exceeding TaHO. l yield 

a value of 1.6 kcal/mole. The classic permeation experiments 
- . 

reviewed by Chandler and Walter (14) yield larger values. Although 

the activation energy from permeation experiments may be 

f.alsified by the existence of a rate-controlling surface 

step, the activation energy in concentrated H-Ta solutions 

may reflect H-H interactions. On balance, we have selected 

the 14.0 kcal/mole result of Klyachko (15), since it was 

obtained by experiments more closely reflecting the high 

temperature, dilute solutions to which the present calculations 

apply. 

Parameters of the hydrogen-metal system used to check 

the reasonableness of the calculations were: 



"., 

(A) Surf~~e diff~si~n activation energy 

(B) Effect of surface plane on the hydrogen binding 

energy 

(Cl Th~ ~ibrational partition function for motion of 

the adsorbea hydrogen perpendi cular to the surfac·e 

(D) Pre~eiponential factor of the solubility (entropy 

of solution) 

(E) The internal ~ibration frequericies of hydrogen 

in nickel and copper 

(F) The effect of "the lattice type on the solubility 

parameters (the solubility of hydrogen in both 

BCC a~Fe and FCC y~Fe has been measnred) 

7 



II. ANALYSIS 

A. Heat of Solution 

The ground state is the perf~ct metal lattice arid free 

hydrogen atoms at rest. The dissolved state is the hydrogen 

atom in its lowest vibrational state at the ~enter of an 

octahedral or tetrahedral interstice. The nearest and next 

nearest metal atom neighbors are allowed to ~elax. The 

energy released up~n adding a hydrogen .tom to the solid 

is given by: 

- l1E s 
(2) 

where V is the potential energy of the hydrogen atom in s 

the- relaxed solution site.' l1E is the increase in the pots . 

ential energy of the metal atoms surrounding the hydrogen 

atom due to relaxation~ v is the vibratiorialfrequency s 

of the hydrogen ~tom irt the equilibriu~ solution site. 

The last term is the zero point ene~gy of the dissolved 

hydrogen atom. 

B. Binding Energy of Adsorbed Hydrogen Atoms 

The adsorbed hydrogen atom is assumed to be in its 

ground state with re~pect to vibration perpendicular to 

the surface on the surface site which maximizes the binding 

energy. The adsorption sites were taken to be those deter~ 

mined by Goodman (4) for each surface"plane considered. 

The positions of the adjacent metal atoms and the distance 

of the hydrogen atom above the surface are adjusted to 
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maximize the bi~dipg energy. The energy released on placing 

a free hydrogen atom o~ the surface is: 

1 -
Xa = -v (z ) - AEa -- hv a eq 2 a (3) 

where V(i ) is the ~oienti~i energy of the hydrogen atom' a eq . 

at its equilibrium adsorption dist.nce z and 6E a is the . eq 

energy~equired ~~.recons~rtict the surface. The third 

term on the right is the zero point enetgy for vibration 

of the hydrogen atom perpendicular to the surface. v a 

is the frequency of this mode of vibratiori. The lateral 

binding is assumed weak arid the zero point energy of these 

vibrational modes is assumed to be riegligiblej 

c. Act{vation Ener~jfor Bulk Diffusion 

The activati~nenergy fdrdiffusion is: 

(4) 

whereVd is the potential energy of the hydrogen atom in 

the interstitial positi~n chosen as the migration barrier 

and 6Ed is the increase in lattice potential energy due to 

relaxation of the metal atoms about the hydrogen ato~ in 

this site. Transition state theory suggests that the right 

hand side of Eq(4) should contain another ierm reflecting 

the zero point energies in the. equi~ibrium and activated 

9 



states. Ebusizaki et al (lO) have shown that this additional 

term is of the form: 

where vtis the frequency of t~e two vibrational modes 

perpendicular to the migration path in the activated state. 

t· . 
If v = v , the bracketed term in Eq(S) is always positive. s 

However, 

measured 

for hydrogen in nickel, Ebusizaki et al Uo) have 

t v /vs = 1.7 •. In this case, the bracketed term 

is negative and Eq(S) adds ~1 kcal/mole to the ri~ht hand 

side of Eq(4). This correction is approximately 10% of the 

energy of migration. Since the correction term of Eq(S) 

may be either positive brnegative and sLnce it appears 

to be small compared to the remaining terms in Eq(4), 

it has been neglected bere. The tieatment of diffusional 

migration energy is thus similar to that used by Burton 

~nd Jura (16) and Huntington (17). 

D. Potential Energyof.Hydrogen in the Bulk Metal 

The potential energies V , Vd and V are obtained s a 

by summing the inter~ction potential bet~een the hydrogen 

atom and a metal atom over all metal atoms in thelattice~ 

To simplify this procedure, the infinite sum is approximated 

by a finite sum over ~40 individual metal atqms closest 

to the hydrogen atom and an integral representing the 

interaction with the metal atoms at larger distances. The 

sums are accomplished by dividing the nearby metal atoms 

10 
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into spherical shells in· which ~he metal .atoms are equidistant 

from the central hydrogen atom. 

"The characteristits of these shellsfoi the two int~rstitial 

sites in the two cubic lattices considered are shown in 

Table 2. The cut~off distance is chosen midway between the 

last shell of atoms included in the sum and the next shell 

furiher out. Beyond the cut~off distance, the central hydrogen 

is considered to interact with a continuum of atom density 

equal to that of the solid. Iri seeking the maximum energy 

configuration, shells 1 and 2 are permitted to relax radially 

by factors of ql andq2 respectively. The potential energy 

of the hydrogen atom, in the interstitial site is: 

N CIO 

V = \ n.cjl(q.r~) L 1 11 

i=l 12 
+ 4wy'rcjl(r)dr 

c 

(6) 

In this formula, V refers either to Vs of Eq(2) or Vd of 

Eq(4)~ N ii the number of shells over which the Sum is 

carried (N=6 for BCC and 3 or 4 for FCC), and n. is the 
1 

number of atoms in ~hell i. o r. is the hydrogen~metal 
1 

distance of an atom in unrelaxed shell i, shown in the last 

column of Table 2. q. is zero for i>2. 
1 

The function cjl 

is the Morse potential of Eq(l). The last term in Eq(6) 

represents the contribution of the continuum atom dist-

ributionatdistancesgreater than the cut-off r to the c 

total interaction energy. y is the number of atoms in 

the unit cell of the metal (2 for BCC, 4 for FCC). 

E. Potential Energy of Hydrogen on the Surface 

The potential energy of a hydrogen atom at a distance 



z over a particu1arsur£ace· site is determined by a sum 

over hemispherical shellso{ equidistant ~etal atoms plus 

a continuum contribution: 

v (z) 
a 

= ~. n . ·ifl ( r . )' + 2 7T Y L]. ]. 
i=l 

co 

The origin of the spherical coordinate system used 

(7) 

in the integratiori is directly berieath the adsorbed atom 

on the surface plane which w~uld exist in the absence of 

separation of th~ ouie~ mosi layer of metal atoms. z 

is the distance of the adatom above this plane, r is the 

radi~l distance from the origin to a point in the ~ontinuum 

and II is the cosine of the polar angle referred to the axis 

perpendicular to the surface a~d passing through the origin. 

The number of shells over which the sum is carried is chosen 

to give a cut-off radius r as close as possible to that 
c 

used in the computation of the interaction energy in 

the bulk. In general, the f~rst term on the right of 

Eq(7) includes one half as many metal atoms (~20) as the 

corresponding internal sum. Because of the lower degree 

of symmetry of the lattice below a hydrogen atom on 

the surface compared to a centrally placed hydrogen atom 

in an interstitial site, a larger number of shells are 

required. For the BCC(IOO) and (110) surfaces and the 

FCC(llO) surface" the shells were structured in accord 

with Figs. 1 and 2 of Goodman's paper (4). There are two 

potential adsorption sites in the FCC(lll) face. The adatom 
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. . -:': ..... . ': '. 
. .'. 

nestle~'inthe crevic~~fot::nied by thr,~esurface',metal atoms. 
, , ' ," . . . . . 

However, there may or';'~ay n,ot be a metal atom directly 
',' ~ ' . 

• ,,~ ••• J • 

beneath the' Cidsoibed?tom'(these two situations are 

depected as the B ,an'dt>~ite,s in Fig. 2 7 a of ref. 18). 
. '. .~. ':,' .' 

Our calculat iOlls inditaie:only af ew percent difference 
" ':, J. .... :: 

in the binding ener'gy ,:onthese' two slteswiththe "e" site 

(no metalatomdire~tlybelo'w,the adsorbed hydrogen)' slightly 

; 
" " 

...... : 

...... '. 

, -;. 

\ , 
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mor~ tightly bound. ~This site was taken.as the adsorption 

site. 

The foregoing considerations refer t6 the perfect 

crystal surface. To these calculations were added the 

separation of the entire outer layer of metal atoms from 

the buik and the relaxation of the metal atoms close to the 

adsorbed hydrogen atom. The configuratians of the surfaces 

for the four cases conside~ed is showri in Fig. 2. On the 

BCC(IOO) surface, the metal atom directly beneath the 

adatom is permitted to move vertically and the nearest 

neighbor metal atoms on the surface may relax radially and 

vertically. On th~ BCC(llO) surface, only radial and ~ertical 

relaxation of the nearest neighbor atoms on the surface 

is allowed. Relaxation on the FCC(llO) surface is equivalent 

to that on the BCC(ldO) face. The three surface atoms 

closest to the adsorbed hydrog~n atom on the FCC(III) 

adsorption site relax radially and verticalli. The three 

atoms in the next layer may relax in a radial direction 

These relatively restricted degrees of relaxations 

were designed to keep the calculations tractable yet still 

provide a qualitative estimate. of the significance of surface 

reconstruction. 

The shell distances r i in Eq(7) are functions of the 

hydrogen adsorption distance z. If the atoms cotisid~red 

are subject to relaxation or if the shell contains surface 

metal atoms, r. also depends on the outer· layer spacing P, 
1 . 



and the relaxation parameters sl,s2' and s3" 

. " . 

F. Lattice Relaxation Energies 

.The energy required for lattice relaxation about a 

hydrogen atom iri the solution si~e or in the activated 

site (AE or AE
d

) is a function of the relaxation the 
s . 
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nearest and next-nearest neighbor shells surrounding the hydrogen 

atom (ql and q2) and the Morse potential force constants 

for the metal-metal interaction. Following Burton and Jura 

(19), only radial relaxation i~ allowed;Th~ interaction 

energy between the N shells in which discrete atom positions 

are considered and between the discrete atom shells and 

the continuum is: 

N 

Es (ql'q2) = L Eli (ql) + El2 (ql ,q2) + E1c (ql) + 

~=1,"'2 

N L EZi (q2) + E2c (q2) 

i=2 

(8) 

Interactions between atoms whose positions do not change 

during the relaxation process are not included in Eq(8) since 

these cancel out in computing AE . 
5 

E .. is the interaction energy between atoms in shells 
J~ 

i and j and is given by: 

E .• =\cp(r .. ) , 
J~ L ~J 

.(j = 1,2) 



where the summation runs over all bonds between atoms 

in shell i and shell j. For the self-energy of a single 
. I 

shell containing n i atoms, there are 2 ni(ni-l) bonds. 

Between two different ~hells, there are n.n. 
1 J 

bonds. r .. 
1J 

is the distance between a pair of atoms in the i and J 

shells, and is a function of the relaxation parameters 

The Morse potential function in Eq(9) 

utilizes the force constants appropriate to the metal under 

consideration (Table 1). 

ElC and E2c denote the interaction energy between 

shells land 2 and the continu~m beginning at the cut-off 

distance rc' 

containing n. 
J 

The ener~y of interaction between shell j 

o atoms at a distance g.r. from the hydrogen 
] ] 

atom and the continuu~ i$: 

E. (q.) 
J c J 

o } 1/2 . 
2r(q.r.)~ ]d~ 

J J 

. 2 
+ r 

(j = 1,2) 

where ~ is again the metal-metal potential function, 

and r are taken from the last column of Table 2 and c 

~is the cosine of the polar angle in the spherical 

coordinate system with origin at the hydrogen atom. 

The suitability of this method for determining 

o r. 
] 

(10) 

r~laxation energies was tested by computing the energy of 

sub1imination of the perfect metal lattice. In this test, 
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the shells were construct~d around a central metal 

atom and the sublimation energy computed by~ 

t.E b = su (11) 

where.n. and r. are th~ ~u~ber of atoms in the ith shell 
l' 1 
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and the distance of thi~ shell from the central atom respectively. 

These parameters were taken fro~ the compilation of tef. 20. 

The cut-off distance was taken mid-way between the Nth and 

the (N+l)th shells. For N=8, the computed sublimation 

energy was within a fra6tion bf a percent of the value 

used by Girifalco and Wiezer (2) to determine the force 

constants shown in Table 1. Fot N=4, the number of discrete 

atom~ considered in the lattice sum was ~40, as in the 

hydrogen-metal calculations. In this case, the computed 

sublimation energy w.s within 3-4% of the correct value. 

This magnitude of error introduced by the continuum approx-

imation to the lattice sum is con~idered acc~ptable for the 

calculations here. 

Thus, for specified values of the first and second 

shell relaxation factors, the increase in the energy of the 

metal lattice surrounding the hydrogen atom is given by: 

(12) 

The energy requited to ieconstructthe surface, t.E , a 

is computed in an entirely analogous fashion, with the surface 

relaxation parameters 51; 52' and 53 replacing ql and ~2' 



G. Vibration Frequencies 

The vibration frequency of the inte~stitial hydrogen 

atom is determined by averaging out the angular dependence 

of the interaction eriergybetween th~ hydrogen atom 
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slightly displaced from its equilibrium position and the metal 

atoms in the N sur~ounding shells. This procedtite forces 

the potential well to be spherically symmetric. The angle-

averaged potential bet~eena hydrogen atom at a distance 

p from its equilibrium position a~d on~ of the atoms of 

shell i at a distance q.r~from the center of the cell is 
1 1 

given by: 

~i(P) 
, 0 2 0 }1/2 

(q.r.) - 2p(q.r.)~ ]d~ 
, 1 1 " 1 1 ' 

(13 ) 

The total potential energy of the hydrogen atom in the off-

center position is: 

v (p) 'J()02 2Jl 2 
+ 2ny r dr .[(p 

r -1 c 

2 
+, r 1/2 

2pr~) ,]d~ 

(14 ) 

In Eqs(13) and (14), • refers to the hydrogen-metal interaction 

potential. 

The energies computed by Eq(14) fit the parabolic form: 

V(p) - V(O) (15) 

to within a few percent for displacements up to 1}5 of a 

lattic~ parameter. The vibration frequency was determined 

-.I, 



from the value of KS obtained by fitting yep) according 

to Eq(lS): 

1/2 
_1 (KS)" v - -. - . 

. S 21T m 

wher~ m is the mass of the hydrogen atom. 

(16) 

The frequency of perpendicular vibra~ion of an adsorbed 

hydrogen atom, va,was determined by fitting V (z) of Eq(7) . a 

to a parabola about the equilibrium adsorption di~tance 

z eq 

H. Determination of the Force Constarits 

The problem contains the following unknowns: 

(a) The force constants m, r e , and D of the hydrogen

metal Mo~se potent~al function. 

(b) The bulk relaxation parameters qls and q2s f6r 

the solution $ite and qld and q2d for the activated site. 

(c) 

(d) 

The equilibrium adsorption distance z . . ' eq 

The surface relaxation parameters 51' 52' and 

Sufficient equations to determine these parameters 

are obtained by using Eqs(2) -(4) and the requirement that 

at equilibrium, the interactiori energies must be a maximum. 

Applying the latter condition to the heat of ~olution 

expressed by Eq(2): 

avs 
aq. 

JS 

a6E 
+ __ s 

aq. 
JS 

= 0 , (j = 1,2) (17) 
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Since the zero point energy term in Eq(2) is small 

compared to the other terms, its variation with the 

relaxation parameters is neglected. 

For the activated site th~ equilibrium condition is: 

=0 ('j = 1,2) (18) 

The surface binding energy is maximized with respect 

to the adsorption distance: 

av . 
a 

az- = 0 at z = z eq 
(19 ) 

In ,obtaining this equation from Eq(3) the effect of the ' 

rel~xation energy,of the lattice, 6E a , ~nd the zero point 

energy, ~ hv a , both 6fwhich are small compared toVa(z), 

have been neglected. 

The surface binding energy is maximized wi.th respect 

to the surface relaxation parameters: 

av . a 
as:-

~ 

aL\E + __ a 
as. 

~ 

= 0 ., (i = 1,2,3) (20) 

Eqs(2) - (4) and (l7) - (20) constitute a set of 11 

algebraic equations tb be solved for 11 unknowns. The 

solution was effected num~rically on a digital computer. 

Each of the metals in Table 1 was investigated. In each 

case, solution was attempted for the octahedral solution 

site-tetrahedral activated site and the reverse situation. 

20 

'oi. 

.,. 



~I ,: 

\ 

'For a specified meta.1ahd'a,'particula.r solution site, two 

adsor~tion plan~swere ~onsidered .. These planes are shown 

in Fig. 2 for the two lattice types. 

'. ,: 

.... ; 

... ~ 
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I I 1. CALCULATED FORCE CONSTANTS AND RELAXATIONS 

Solutions were obtainable only for the co~bination 

of an octahedral soiution site and a tetrahedral activated 

site. In no case did the a pri6ri' choice of the tetrahedral 

solution site yield a set of force constants which ~ould 

repr6duce the input interaction energies of Table 1. 

The results of the computations for the octahedral solution 

site are shown in Table 3. 

E~cept for tantalum, solutions were obtained for both, 

of the low index surface planes considered as adsorption 
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sites in each of t~e cubic structures. The choice of adsorption 

plane had a minor effect on the c~mputed force constants. 

Again excepting tantaium, the hydrogen-metal interaction 

potentials are longer 'range [(re)H-M > (re)M-M] and broader 

(mM_H < mM_M) than the host metal interaction parameters 

(compare Tables I and 3). Fig. 3 illustrates the Fe-H Morse 

potential and the Fe:Fe potential, taken from referen~e 2, 

as well as the positions of the first six shells, of equidistant 

atoms surrounding the central atom. It can be seen that the 

first two shells of the Fe-H interaction are repulsive rather 

than attractive. Qualitatively, the reason for this behavior 

lies in the relative magnitude of the heats of solution 

and adsorption and the assumption that the metal-hydrogen 

forces in the bulk and on the surface ar6 of the same type. 

Table I shows that in all cases the heat of solution is 

smaller than the hydrogen binding energy on the surface. 



Yet in the bulk, the hydrogen atom is surrounded by an 

infinite sea of metal atoms, while on the surface only a 

semi-infinite volume of metaiatoms are available to bind 

the hydrogen. The only way that surface binding can be 

stronger than bulk binding when there are only half as 

many atoms with which to interact is for a substantial 

part of the bulk inte~action to be non-binding (i.e. 

repulsive). Although the hydrogen-metal distances in 

an interstitial site are fixed by the lattice geometry 

(excluding relaxation for the moment), the surface hydrogen 

atom need only move away from the surface to escape the 

repulsive interaction characteristic of the interatomic 

distances separating the dissolved hydrogen atom and the 

first two interior shells. In the Fe-H case, the repulsive 

component of the first two shells is just cancelled by the 

attraction of the next four shells, and the entire heat 

of solutio~ is due to interaction of the hydrogen atom with 

the continuum of metal atoms beyond the cut-off distance. 

Since the pairwise model used here results in 

interaction forces of quite long range, it is easy to see 

why hydrogen in the octahedral site is more stable than in 

the tetrahedral site. In the FCC lattice, the nearest 
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neighbors to a hydrogen atom in a tetrahedral site are 

significantly closer to the hydrogen atom than in the octahedral 

configuration. Consequently, the first shells· are even more 

strongly repulsive in the tetrahedral case than in the o~ta

hedral case. The situation is not so clear cut in the Bec 

lattice. In the unrelixed configuration, the two metal atom~ 
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constituting th~ first shell of the BCC octahedral interstice 

are closer to the c~ntral hydrogen atom than are the four 

metal atoms of the first shell of the tetrahedral site. 

However, the relaxation of the octahedral first shell is 

considerably greater than that of the tetrahedral first 

shell (since in there are only two atoms in the former 

and four in the latter). The net result is that -in the 

Bce lattice, the first two shells of the octahedral site are 

somewhat less repul~ive in nature than the first two 

shells of the tetrahedral site. Consequently, the binding 

energy is great~r in the octahedral site. 

Although Table 3 indicates that the computed force 

constants are relati~ely insensiti~e to the adsorption 

face, the effect of lattice type is very marked. The 

heats of soluiion and adsorption of the hydrogen-iron 

and hydiogen-nickel systemi are very close, which suggests 

similar H~metal interaction ~~tentials (the difference 

between the bulk migration energies is ih the ~irection 

expected from the geometrical c~nside~atioris discUssed 

in the precedirig paragraph). Yet Table 3 shows a distinct 

difference in the shapes of the Fe-H and Ni-H potential 

functions. Th~ latter is ~ven longer range and broader than 

the Fe-H potential. Because of this difference, and 

because of the closer packing of the FCC lattice compared 

to the BCC structure, the hy~rogen atom in the nickel 

interstitial site interacts with many more metal atoms 

than in iron. Consequently, to give roughly the same 

binding en~rgies, the bond energy, n, is appreciably less 

il 

'~ 
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for the Ni-H interaction than the Fe-H interaction. This 

exaggerated influ~nce of the crystal structure (which is 

even more dramatically illustrated by the computed difference 

in solubility of hydrogen in a ~nd y iron) is a defect 

in the pairwise model applied to such systems. Fromthe 

previous arguments, this effect of structure would probably 

remain if other forms of the potential function were ri~ed. 

It is a general feature of the 'model that the larger 

the bulk migrat{on ~nergy, the sh6rter range are the computed 

potentials. This is es~ecially striking in comparing 

the Fe-H and Ta-H results. In the latter instance the 

equilibrium separatiDn, r , is even smaller than that of e 

the Ta-Ta potential functibn. However, because X > X in a s 

in the Ta-H system, the first shell surrounding the hydrogen 

atom in the octa~edral site is still repulsive. In the 

FCC lattice, the computed potentials are quite long range 

~espite migration energies of ~9 kcal/mole. This is a 

reflection of the much smaller H-metal distance in the 

tetrahedral site than in the octahedral site for the FCC 

of lattice compared to the BCC lattice. Shorter range Ni-H 

or Cu-H forces would have required even larger migration 

energies. 

Table 3 shows that the relaxation of the metal atoms 

in the octahedral site of the BCC llttice is large; the 

first shell is displaced outward by ~20% and the second 

shell contracts by 3% in the case Df tantalum and expands 

by 2% in the case of iron. The relatively short iange 
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potential in ihe Ta-H system is similar to the potintial employed 

for the Fe-C system by Johnson et al (5), and the ~elaxations 

of theoctahedial site~ surrotinding the impurity atom are 

also similar in magnitude. In addition, th~ relaxations 

of the first two sh~lls of the ociahedral site surrounding 

~ dissolVed carbon atom were found to be ~adiall~ symmetric. 
\ 

In the Fe-C, Fe-Hand Ta-H sys~~ms, the sphetical configuration 

adjacent to the impurity atom is deformed intti" a prolate 

spheroid. Relaxation of the tetrahedral site in the present 

case is different from that in the carbon-iron an~lysis 

of Johnson et al (5). Although the maximum tirst shell 

tetrah~dral relaxation of 11% is of the same order of 

magnitude as that calculaied for the "hydrogen solute 

considered in this study, the Fe,..C tetrahedral site 

relaxation was not of the purely radial dispiacement type. 

Because of the longei range and greater width of the 

computed potentials in the FCC systems considered here 

compared to the BCC lattice, the forces on the ~earest 

neighbors atoms are not as great in the former. Hence, 

the relaxation of the interstitial sites in the FCC cases 

are less than in the BCC systems. 

Table 3 shows that t~e disruption of the surface by 

the adsorbed hydrogen is small. In all cases the surface 

atoms which are nearest neighbors to the adsorbed hydrogen 

atom are displaced radially outward and downward in the final 

configuration. When three degrees of relaxation are allowed, 

the displacements do not exceed 2% of a lattice constant. 

",I 
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The larger displacements in the BCC(110) case are probably 

due to the fact that only' two degrees of relaxation were 

allowed. Th~lari~st energy of s~rface relaxation is ~3 

kcal/moi~which is small comp~red to'the adatom binding 
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energy. Similarly, the zero point ene~gy for adatom vibration 

perpenditular to the surface is small. The equilibrium 

adsorption distances are between ~ and ! of a lattice 

constant. Although not shown in Table 3, sizeable variation 

of the first layer separation distance (P of Table 1) 

produced only' minor changes in the computed force cons~~nts. 

The zero point energy of vibration of the dissolved 

hydrogen constitutes~15% of the heat of solution for the 

BCC metals and about 7% for the FCC metals. 
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TV. " COMPARISON WITH "OTHER MEASUREMENTS 

A. Ac"t"ivationEnergy "for Surface" MTgration 

The mea~urement of interest here is the ratio of the 

activation eriergy for surface migration to the binding ,energy 

.in the adsorption site, which is denoted by Q. This parameter 

has been determined by Gomer and co workers to be 0.22 

for hydrogen on tungsten (21) an~"O.11 fo~hydrogen on 

nickel (22). In ~alculating the surface migration energy 

from the potential functiois, the migration sites wer~ taken 

to be those utilized by Goodman (4); fo~~he FCCClll) 
, .' . . . 

surface, the migration site was assumed to be the location 

midway over the line joining two surface metal atoms. 

Because of the similarity of tantalum and tungsten 

and their very nearly equal hydrogen binding energies, the 

experimental H-W resulismay b.~ co~pared to the H-Ta cal-

culations. Only the (110) su~face yfelded a solution for 

the potential func:tion in the H-Ta "system. The Q value 

computed for this face of tantalum was 0.16, compared to the 

0.22 experimental value for hydrogen on tungsten. 

Although experimental measurements of Q are not avail-

able for the surface diffusion of hydrogen on iron, the 

calculations were performed for both the (100) and (110) 

faces. The corresponding Q values were 0.16 "and 0.06 

respectively. As expected, binding is much more uniform 

on the close packed (110) plane than on the rougher (100) 

plane, and thesurfac~ ~igrati~n energy is lower on the former 
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(20). These Q valuisfor iron are similar in magnitude 

and direction to thoSe calculated by Goodman (4) for hydrogen 

on tungsten using ~ 6~li poteritial function. 

For FCC nickel, the calculated Q value is 0.04 for the 

(lOa) fate. This is significantly smaller th~n the experimental 

value of 0.11. Howeve~, the exp~riment~l obs~rvation oi 

a lower value of Q for an FCC crysial fa~e compared to a 

BCC surface is reflected in the cal·~tilations. The caltulated 

binding energy on the migration site for the FCC(lll) face 

was negative by ~l kcal/mole compared to the binding energy 

on the selected adsorption site. This means that the sites 

cho~en as adsorption and migration positions should have 

been reversed. The energy difference between these two 

sites, however, is very slight (~2% of the binding energy). 

The FCC(III) surface is a gbod illustration ~f Ehrlich's 

description of a metal surface as one~ver which the hydrogen 

atom interacts conti~uously, with minor perturbations in 

the binding energy at adsorption sites (23). 

The Q values for hydrogen on copper were essentially 

equal to those for hydrogen on nickel. 

B. Effect of Surface Plan~on th~HydrogenBi~dingEnergy 

It appears to be a general rule that binding of adatoms 

is weaker on close packed planes than on rougher ones (21,24). 

In each of the cubic crystal syst~ms investigated here, one 

of the two surfaces was the close packed plane (the (110) 

plane in the BCC structure and the (111) plane in the FCC 

lattice). 

In the BCC system, the difference between the binding 



energy of hydrogeri on the (IOn) and (110) planes was 6% 

of the binding energy for iron and 40% for tantalum. On 

the BCC(IOO) surfaci, the 'adatom' c~~ adju~t its positio~ 
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abovet~e surface to maximiie the 'interaction energy ~ith the 

four equidistant surface nearest neighbor metal atoms 

(see Fig. 2}. On the BCC{116) surface, howe~~r, the f6ur 

surface metal atoms adjacentt~ the adsorbed atom are not 

equidistant from thel~tt~r.' Consequently, the hydrogen-

metal interaction cannot be optimized' as efficiently ai 

for the (100) surface, and binding is weaker on the (110) 
~ ~ ~ ,~ 

. plane. As expected, the shorter range and narrower H-Ta 

interatomic potential accentuates this structural effect. 

The effect of surface orientation is much less pro~ 

nounced for the FCC system than for the BCC structure. 

The calculated hydrogen-metal forces are longer range and 

the substrate metal is more densely packed in the former. 

These two factors decrease the importante of the immediate 

environment of th~adatDm; a larger portion of the surface 

binding energy is d~e to the more distant atoms. The 

difference in the hydrogen binding energy on the (110) 

and (111) planes of the FCC lattice is 3% of the binding 

energy for both nickel and copper. 

Assuming that the adsorbed hydrogen atom behaves 

as a two-dimensional ideal gas, the rate constant for atom 

evaporation can bedete~mined from the principle of detailed 

balancing (23). The rate constant so calculated is inversely 

I' 
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proportional to th~ partition function for adatom vibration 

perpendicular to the surface, which is: 

(21 ) 

Hickmott (25) has measured the rate of desorption of . . 

hydrogen atoms from tungste~. The experimental rate constant 

suggests a partition function j~ .~ 1.'3. Taking tantalum 

as a stand-in for tungsten and using the vibration frequency 

v computed by the method described in Sec. II-G, a value a . 

of jJ. of 1.2 is computed for a temperature of 1000°1(. Both 

experiment and calculation suggest that on the refractory 

metals, the adsorbed hydr~gen is very nearly in its ground 

vibrational state. 

D. Pre-exponential Factor in the Solubility 

The Einstein oscillator model used to describe the 

behavior of hydrogen in an interstitial site in the metal 

forms the basis of the Fowler-Smithells solubility expression 

(26) : 

.c (22) 

where c is the concentration of dissolved hydrogen in atoms/cm 3 , 

P2is the pressure of molecular hydrogen gas in dynes/cm 2 , 

and D is the dissociation energy of molecular hydrogen 



0.03 kcal/mole). 

Th~ pre~exponen~ial fictor So may be written as: 

(23) 

where j2 t is the ~otational partition function for ro . 

molecular hydrogen gas, Ws is the number of spin states 

available to the electron brought into the metal with the 

hydrogen atom and ns is the number of solution sites per 

unit cell (12 and 6 for the Bee tetrahedra1and octahedral 

sites,respectively; Sand 4 for the FCC tetrahedral and 

octahedral sites, respectively). Al is the thermal wave 

length of the hydrogen atom: 

h (24) 

° at T = 1000ok, Al ~ O.55A. js is the partition functiori of 

the dissolved hydrogen. For the Einstein oscill~tor model, 

(25) 

The internal vibration frequency, v , is obtained by the 
s 

methods of Sec.II~G. The temperature dependent quantities 

in Eq(23) were evaluated at lOOOoK, which represents an 

average temperature of the solubility measurements. Table 

4 compa~es the measured and calculated values of the pre-

exponential factor SO' The calculated values are all lower 
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than th~ eiperimental ones. Thi ~is~repancies are probably 

due to the neglect of ihe excess eritt6py of mixing, which 

arise~ from th~change in vibration frequency of the metal 

atomS adjacent t6 the dissolved hy~rogen and the stored 

energy in the elastic continuum resulting from relaxation. 

Huntingtoti et al(Z6) have calculated an exce~s entropy of 

O.Bk foT', a copper interstitial in copper; this provides 

a factor of ~2increase in the pre-exponential factor of 

the solubility.' 'IncI'usion;.o'f.the excess entropy in the 

hydrogen solubility expression of Eq(23) undoubtedly would 

have driven the calculatedcvalues closer to the experimental 

ones. 

E. Internal Vibration Fre'quencies 
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Comparison of th~ solubilities of hydrogen and deuterium 

in the same metal pe~mits 'the internal vibration frequency 

of hydrogen in th~'metal to be determined ~). Stich 

~xperiments have been performed on nickel and copper; they 

yield values of the vibrational energy level spacing hvs 

of 2.7 and 3.1 kcal/mole for hydrogen in nickel and copper 

respectively (~. The calculations here yield 2.3 and 2.2 

kc~l/mole respectively. 

The calculated vibrational level spacings in the Bee 
metals are significantly larger, being 3.9 and 7.2 kcal/mole 

for hydrogen in iron and tantalum, respectively. There are 

no di rect I y comparabl e experi.ment al val ue s . Sakamoto (27) 

has measured the vibration frequency of hydrogen in the 



tetrah~dral site of the £ace~centered tetragonal lattice 

of TaHo. 7 by neutron diffraction. His result corresponds 

to an energy lev~l spacing of 3.3kcal/mole. 

F. ' 'HtdrOgen'SOI ubilityiny-Tr'on 

The param~ters of the hydrogeri-iron Morse po~entiai 

shown in Tabl~ 3 were deter~ined from the Bee structure of 

a-iron. This potential ftinctiori was utiliz~d to calculate 

the heat of solution of hydrogen in FCC V-iron. The 

octahedral site was assumed to be the solution site and 

an estimated value of the lattice constant of y:"'iron at 

300 0 K was utilized in order to keep the calculation on the 

same basis as that for a-iron. The calculated heat of solution 

is 56 kcal/mole. Experimentally,'the heat of solution of 

hydrogen in y~iron is essentially equal to the 45 kcal/mole 

value for a-iron ~). The pairwise model calculation fails 

rather clearly on this point. This f~ilure is more significant 

than, say, the five-fold difference between calculat~d and 

experimental solubilities in copper ihown in Table 4. The 

prediction of the heat of solution in V-iron involves only 

the potential function itself and is not obscured by unknown 

effects such as the excess entropy of solution which may 

account for some of the discrepancies in the figures in 

Table 4. 

In the case of the ~isp~rity between the H-F~ and 

H.."Ni potential functions discussed in Sec. III, essentially 

similar binding en~igies yielded different potential functions. 

Here, the situation is one in which the same potential function 

, , 

.t, 

., 
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yields significantly diffeierit binding energies for two 

diffeient crystal str~ctures of the same met~l. The reason 

is again itructural and can be seen by examining the contri-

but ions to Xs according tti Eqs(2) and (6). The zero point 

energies are approximately equ~l for the two mcidifications 

of iron. When the same potential funciinn that gives the 
. . 

host lattice relaxation~nergy of 34 kcal/mole in a-iron 

is applied to y-iron, the rel.xation energy is £ound to be 

24 keal/mole. As in the case of theBCC form, the sum in 

Eq(6) foi FCC iron contributes ~Q to the binding energy 

and the continuum coritributions are ~ppioximately the 

same for the two phases. Thus for the estimated y-iron 

lattice constant of 3.5951 at 300 o K. the major part of the 

diffe~ence in hydrtig~n binding in the BCC and FCC lattices 

is due to the difference in the relaxation energies of 

the metil atoms around the dissolved hydrogen in the two 

cases. 

The heat of solution computed from Eqs(2) and (6) 

for a specified potential function is the difference between 

energy terms comparable in magnitude to the heat of solution 

itself. Such a calculation is quite sensitive to small 
I 

errors in the computation of each term and to the input 
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parameters. For example, a 1% error in the estimated lattice 

constant of y •. iron produces a 2kcal/mole change in the 

heat of solution. 

The same sensitivity (and failure to obtain quantitative 

agreement) was observed by Jo~nson et al (5) when their Fe-C 



potential function deter'mined from th.e properties of carbon 

in a-iron was applied t~ predict the int~raction energy 

of orthorhombic Fe
3

C. 

.. ' 

I 
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"V .NEARE'STNETGHBOR INTERACTIONS ONLY 

The results of Tamm and Schmidt (6) suggest that ad'sorbed 

hydrogen bonds only to adjacent metal ato~s (on the (100) 

face ~f ~ungsten at least). To simulate this type of bonding 

(retaining ~the Morse potential function), the entire set 

of calculations were rerun with only nearest nelghbor 

interactions permittid~ In the btilk this amount~d to 

restricting interacti~ns.to the first two shells Df the 

BCC octahed~al site and th~ first shell of the other three 

interstices (see Table 2).' On the surface, the hydrogen 

atom was permi~ted t~ intera~t only with t~e metal aioms 

s h 0 w'n in th e s k etc h e S 0 f Fig. 2 ( e x c e p t for the FCC ( 11 1 ) 

face, ~h~re thi three ato~s in ihe second layer were 

replaced by a single atom directly beneath th~ adatom -

the B site was used instead of the C site). All other 

,aspects of the ~alculation were the same as in the case 

that h~drogen was permitted to interact with all surrounding 

atDms. 

No solutions were found for the set of input hydrogen-

metal interaction energies shown in Table 1. Bulk migration 

energies much larger than those shown in the last column 

o~ Table 1 would have been required to produce reasonable 

potential functions. The nearest-neighbor-only restraint 

renders the computation completely dependent upon the 

structure and distances of the metal atoms adjacent to the 

hydrogen atom. This extre~estructural sensitivity is 
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greatly mitigated by al~oKip~ longer range interactions, 

which ~asdone in th~ ~rigirial computatibns. The intermediate 

restraint employed by·johrison et al(5) offo~cingthe 

potential to go to zero at ~6me ~oint betwaen the second 

and th~~d shells was not atfempted~ 

~" 
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VI~' CONCLUS'lONS 

, Th.e compu ta tional.method of ut iIi zing three p arumet er s 

of "tlte hydrogen-metal interacti~n to infcir bther characteristics 

of the systemusingt~e pair~lse ad~iii~e ~orse ~o~ential 

ttinction as a vehicle provides iaiisfactory qualit~tive 

results: It is in adequat~~nier~oration technique for 

estimating so~e hard-ta-measure feai~i~s of t~e hydrogen

metal system. ~tiFine 'structure" ,such as the relative 

magrii tude of the internal Vibration:: fr~q\lenci es in' Copper 
. . 

and riitkel di~cu~sed ·inSec.IV~~, is '~ot faithfully" 

'reproduced. The'metho'd is e'xcessiv.ely· sensitive" to the 

structl:,ire of the bulk "crystal, ;but i no".! toth~ adsc>i'ption 

face to which 'th~Csurface ~inding~nergy i~ ass~med to 

re fer. 

The method is applicable only to dilute solutions. 

The pairing of hydrogen atoms in the metal, which has 

recently been shown to be important even at quite small 

hydrogen concentrations (2S), is ignored. The actual 

state of dissolved hydrogen is not considered. Although 

hydrogen isbeliev:ed tobe ionized in metals (9), this 

fact affects the present calcul,ations only in the rather 

inconsequential choice of the electron s~in factor in 

Eq(23). However, the long ~ange of the potentials computed 

in"this siudy (binding is due in la~ge part to interaction 

of hydrogen with metal atoms many lattice constants distant) 

. ',~: 

•••. >. 
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'TABLE 2,' 

SHELLS FOR COMPUTING LAT~ICE SUMS~FOR DISSOLVED'HYDROGEN 
,( ~ I • 
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8 
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The ratio of the distance of closest appro~ch to the l~ttice 
constant i~ 1'312 for'the BCC la-ttice 'and l/n'for the FCC lattic'e. 
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TABLE 3 

RESULTS - OCTAHEDRAL SOLUTION SITE (all energies in keal/mole) 

-
Netal H-Netal Foree.Constants .! Internal Relaxation Surface Relaxation 

I I Oetahed:ral I Tetrahedral I 

I r /a Site . , Site Sl 52 s· flEa I I m D 3 
I e ql q I fiE ! ql I q2 flEd 
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2 5 i 
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1
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[ 
I 

I 

I 
I 

Zeq/a 

0.58 

0.73 

0.45 

0.64 

0.80 

0.62 

0.78 

+:
vv 

-
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I 
........ ·-16:·· ...... I· 3 ·(d· / 2)2 .:'1 Sa x .1.Q . ., .atnmscml .. ynes em· 

METAL CALCULATED a EXPERIMENTAL b 

Fe 11 20 ± 2 

Ta 4.8 4.9 ± 0.3 

Ni 8 30 ± 3 

Cu 8 40 ± 3 

a . 
These are average values fnr the two surface planes considered 

for each metal. The spin term in Eq(23) was assumed to be 
unity. 

btaken from the compilation of ref. 9 and J.D. Fast, 
Interaction of Metals and Gases, Vol. I, Academic Press 
(1965). The tantalum average also includes the measurement 
of ref. IS. The error indicates the spread among the 
sources used in obtaining the averages. 
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FIGURE CAPTIONS 

'Octahedral-octahedral migration paths via the 

tetrahedral site 

Surface configurations after adsorption (distances 

in units of the l~ttice constant) 

47 

The iron-iron interaction potential (2) and. the hydrogen

iron interaction potential. Posit~ons of shells 

surrounding central atom are marked. The shell 

positions in the Fe-H system' are for the octahedral 

site. Shells I and 2 of the Fe-H system are in the 

relaxed configuration. 
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LEGAL NOTICE 

This report was prepared as an account of Government sponsored work. 
Neither the United States, nor the Commission, nor any person acting on 
behalf of the Commission: 

A. Makes any warranty or representation, expressed or implied, with 
respect to the accuracy, completeness, or usefulness of the informa
tion contained in this report, or that the use of any information, 
apparatus, method, or process disClosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for damages 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission II. 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the, 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any inforI1)ation pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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