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Recent progress in the theoretical description of hydrogen impurities in metals, as described by the jellium
model, and their interaction mutually and with vacancies are described. In addition to giving a detailed
account of the author's contribution, the paper presents new results for the spectra of the hydrogen-induced
states. These show for single interstitial hydrogen a doubly occupied bound state, while substitutional
hydrogen has an atomic resonance in the conduction band. In both cases the state is situated just below the
"local bottom of the band, " as defined by the clean-metal effective potential at the impurity site. When two
such states interact, both the bonding and the antibonding molecular orbitals get filled except at the lowest
metallic densities, and a repulsive hydrogen-hydrogen interaction results. Spin-polarized 6 self-consistent-
field calculations of the impurity excitation energies are presented. The results compare well with the one-
electron binding energies of the bound states and with the excitation energies calculated by Vinter. The
hydrogen impurity spectra presented can therefore be expected to represent approximately experimental
excitation spectra of interstitial and substitutional hydrogen in free-electron-like metals.

I. INTRODUCTION

Hydrogen impurities in metals have been the sub-
ject of a large number of experiments, including
studies of heats of solution, ' diffusion properties, '
and interactions with defects. ' Progress in the
theoretical description of the electron structure of
hydrogen in metals has been slower. This is be-
cause a complete theory must take into account
both the local nature of the strong interactions
with nearest neighbors as well as the extended na-
ture of all electron states within the metal conduc-
tion band and do this in a self-consistent way. The
model calculations made so far have typicnlly em-
phasized one of these aspects at a time.

Recently, cluster calculations started to appear
in which only the hydrogen impurity and the near-
est neighbors are included in a molecular self-
consistent -Xn -multiple -scattering (SCF -Xo!-MS)
Calculation. This approach emphasizes the local
effects, and the hope is that convergent results
will appear as the cluster size is increased. The
drawback of a method like this is that the screen-
ing by the conduction electrons is not described
properly. On the other hand, the effects of, e.g. ,
the more localized d electrons in trensition metals
should be incorporated reasonably in this way.

Most efforts so far have been put into the other
extreme, the jellium nzodel, in which the ion cores
of the metal are smeared out to an infinite positive
background. In this model, primarily the (screen-
ing) effects of the free-electron-like conduction
electrons are accounted for, so it is most ap-
propriate for describing such simple metals as
Na, Mg, and Al. Model calculations of this kind
do have qualitative bearings for transition metals

too, however, in establishing the effect of the sp
conduction electrons on the impurity.

It should be stressed that the true impurity prob-
lem involves other effects, e.g. , interactions with
core and d electrons and effects due to lattice re-
laxation. In the free-electron-like metals, where
the ion-coze contribution to the total potential is
small relative to the impurity-induced potential,
the electron structure can be expected to be rela-
tively well described in this model. The total en-
ergy, on the other hand, is a delicate balance be-
tween many competing effects, and, e.g., in the
free-electron-like metals the ion-core contribution
should be taken into account. Attempts have been
made to include the ionic pseudopotential lattice in
a perturbative way. '" For the coherence of the
presentation, however, the present paper deals
only with the pure-jellium results.

The first, self-consistent calculations of the non-
linear screening of a proton, which include ex-
change and correlation through the local-density
approximation, ' have been made by Popovic and
Stott' and Almbadh et al.' Since then a number of
groups have published similar results. ' " Kxten-
sions to systems where the hydrogen is trapped in
a vacancy have also been made. "'" Such other
impurities as He ' " I.i, ' ' and F and Ne, ' have
also been treated within the jellium model.

In the Sec. II the main results of the hydrogen
calculations will be briefly reviewed. They have
primarily been concerned with the induced elec-
tron density (screening charge) and interaction
energy at different jellium densities. In the pres-
ent work this is completed with a presentation of
the impurity-induced density of states &D(e),
which provides a basis for an understanding of the
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FIG. 1. Induced density 4n re p(r) for hydrogen xn

jellium for re =2.07 corresponding to Al: (a) compared
with that of free hydrogen-and hydrogen in a jellium
vacancy; ~v) ecompo' ~v) d composed into bound-state and screening-
charge contributions.

impurity -induced electron structure. The char-
acteristics of &D(e) for an isolated as well as a
vacancy-trapped hydrogen impurity are shown and
used as a starting-point for a discussion of the ex-
tent to which the impurity-. induced electron struc-
ture depends on the local environment. The rela. —

tion of &D to the true excitation spectrum is also
discussed. Spin polarized &SCF (change in self-
consistent total-energy) calculations of the excita-
tion energy of the bound impurity electrons are
presented and compared with the excitation energy
extra. cted from &D and from more advanced cal-
culations, including a, nonlocal energy-dependent
self-energy (Sec. IV).

In Sec. V the preliminary results of Ref. 15
for the effect'of the conduction electrons on the
intera, ction between two hydrogen impurities are
completed and discussed on the basis of the
changes in the induced density of states as two hy-
drogen impurities approach each other.

First, however, in See. III abrief summary is
given of the density-functiona, l forma, lism, includ-
ing the local density approximation. The present
method for the numerical handling of the problem
is also described. For a, full presentation of this,
the reader is referred to the original papers by
Gunna, rsson a.nd Hjelmberg" and Hjelmberg. "

II. JELLIUM-MODEL RESULTS FOR INDUCED DENSITY
AND ENERGY

For convenience, a few central results of the
jellium model for the hydrogen impurity problem
a,re summed up in this section. The impurity-in-
duced electron density is a central quantity in the
description of the impurity-induced electron struc-
ture. In the jellium model it is spherically sym-
metrical, fully described by its radial part
4&x'&p(x). In Fig. 1(a) the characteristic behavior
of this quantity is shown for jellium parameters
corresponding to Al (x, =2.07). The density pa-
rameter x, is defined by the average conduction-

In the fi re, theelectron density p, .'p, = —, rr, . In

induced density is compared with that of a, free
hydrogen atom. It is seen that, apart from the
Friedel oscillations for large x, the induced density
also departs from that of free hydrogen in the re-
gion close to the proton, where a further buildup
of charge takes place. This is observed quite

enerally and the enhancement inerea, ses with de-
creasing r, (increasing p,).' " This trend is found

again when the proton is moved from the bulk of
the metal to a vacancy. In jellium, a va. cancy is
modeled by taking out a Wigner-Seitz cell of the
positive background. As shown in Fig. , h1 a the
buildup decreases in accordance with the fact that
the conduction electron density is lower here. ""

Owing to the pileup of cha, rge, the proton is
screened out very efficiently. The screening
length is as small as 0. 6 a.u. and almost inde-
pendent of r, .' This is in contrast to the linear
screening length and shows that a nonlinear calcu-
lation is necessary for the strong proton potential. '

Although such experimental energies as the heat
of solution can be accounted for properly only by
having the interaction with the ionic cores and pos-
sible relaxation effects included, the part due to
the impurity-conduction-electron interactions has
a certain interest, particularly its dependence on

In Table I, therefore, the jellium energies
EH defined as the energy of hydrogen in jellium
minus the energy of the pure-jellium substrate are
collected.

In addition to the general agreement between the
results of several different groups, Table I shows
the general feature that EH increases with decreas-
ing r, for x, in the metallic range. In Ref. 11 this
increase was correlated with the increase in
charge pileup or eontraetion. It is therefore not
surprising that the decrea, se in charge buildup ob-
served, when moving the hydrogen impurity from
the bulk into an existing vacancy (see Fag. 1, xs

accompanied by a decrease in energy. Actually,
the interaction with the conduction electrons alone
gives a substantial attraction of the hydrogen atom
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TABLE I. Comparison of energies for hydrogen in jellium at different r$ by different au-
thors. The energies should be compared with the local spin-density value of 13.39 eV for the
free hydrogen atom.

7$ Almbladh et al.
EH (ev

Manninen et al. Zaremba et al. Present work

2.07 (Al)
2.65 (Mg)
3.93 (Na)

12%3
-14.2
-15.0

-12.7
-14.3

12 3
-14.1
—15.0

-12.1
-14.4
—15.0

V.„(r) = V,„,( r) + 2p(r),
( )j»»1( XC

The effective one-electron potential V,«consists
of the external potential V,„„the average electro-
static potential, and a potential V„,(r), which de-
scribes the exchange and correlation effects. For
V„, the local- (spin-) density approximation is
used, " This is justified by the success of this ap-
proximation in describing systems as different as
atoms and molecules and clean metals, "which ex-
hibit the localized as well as the extended proper-
ties of the impurity-in-metal problem. In this ap-
proximation the ground-state energy is given from
p(r) by'

to the vacancy, except for those metals with very
low conduction-electron density (Na, Cs, etc.)."

Finally, all existing calculations show that a
shallow doubly-occupied bound state exists for x,
in the metallic region. ' " This implies that hy-
drogen in metals should be regarded as a screened
H ion. However, the possibility of the existence
of a spin-unrestricted solution with only one bound
electron has not been examined. We will return to
this question in Sec. IV.

III. THEORETICAL METHOD

A. Kohn-Sham scheme

In solving the complicated many-body problem of
an impurity in a metal, the density-functional for-
malism of Hohenberg, Kohn, and Sham'" is used.
Here the & electron problem is converted into &
Schrodinger-like one-electron equations, which
must be solved self-consistently [I omit spin in-
dices for simplicity; atomic units (Ry) are used
unless otherwise stated]:

v'y, (r) -+ V.„(r)y,(r) = e, y((r),

p( )=Q l4 ( )I',

Both V„, and the exchange-and-correlation energy
density e„, have been taken from Ref. 20.

G(r, r', r)=G'(r, r', r)+ ffG'(r, r", r)

x nv, ~q(r")

x G(r", r', e)dr", (3)

Equation (3) involves the impurity-induced effec-
tive potential &V,« ——V,« —V,'«. From &G = G
—G', &p and &D can be found directly:

1
&p(r) = —— eF

dt Imn G( r r E)" (4)

and

ED(r)= ——f dr)rrdG(r, r, r) .

From &p(r), && can be found through Eq. (2).
Now the method exploits the fact, that owing to the

screening by the conduction electrons, ~p and
~V,«are almost totally localized within a region
(here chosen as a sphere of radius R) centered at
the impurity. This has two implications: First,
if we choose a finite basis set ((p„]»which is ap-
proximately complete in the region of interest, we
need only the projection of AG onto f(p„f» to get the
induced density &p(r):

B. Green's-function method

In the present problem the quantities of interest
are the impurity -induced density hp( r) = p( r)
—p'(r), density of states &D(c)=D(e) -D'(e), and
energy hE = E -E' (a, superscript 0 is used to de-
note a pure-metal'value). Instead of solving Eq.
(I) directly for the P, 's, we solve the equivalent
Dyson equation for the Green's function G:

pCC

E =rl r, —f v„. , ( )p(r)d + v, „,(r)p( )dr
&p(r)=--

77 «OQ

I' Im&G( r, r', (.')P
«I «r '=r

p(r)p(r') d
ir —rrf e„,(p( r)) p(r)dr.

(2)

N eF

P f (p„(lrrrrG p„. )dr
nn'

(6)
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where P is the projection operator P(r, r')
=Q„y„(r)y„(r') .Second, the Dyson integral
equation (2) reduces to

PGP =P'G P +PG PhV, f f PGP (7)

value /. An expression like this can be fitted to
the calculated values just inside the sphere radius
R, and c,(e) and q, (e) can be determined. Then
&D" can be found as

because terms like PG'PnV, «(1 P)GP, PGO(1

P)-AV„, PGP, and PG (I P)-&V,«(1 -P)GP are
small and might be neglected. '"'

Equation (7) can be expressed as a matrix equa-
tion of dimension &

&~ = G~+ G~ &~~~i,~~~ ~ (6)

where A denotes the matrix elements between the
local basis functions y„. Like Eq. (1), this equa-
tion must be solved self-consistently. In each
iteration 4p(&) and thereby &V,«can be found
through Eq. (6). When convergence is reached,
&E is obtained from Eqs. (6) and (2).

Because of the infinite extension of the wave
functions in the metallic system, 4G itself is not
as Ioca1ized as 4p. This means that AD(e) cannot
be obtained directly from &G» but &G„will give
the local induced density of states

&D~(e) = ——Tr(im& G„).

Such a relation exists for any angular momentum

This quantity projects out the part of the density of
states with weight within the sphere of radius R.
It is particularly useful if further projections are
needed as, e.g. , for H„where the antibonding
(Z„) states near the molecule are of great inter-
est. However, ~D does depend on 8, though the
important structure is included in &D, as will
be discussed later. In the spherically symmetric
cases. the contribution &D""(e) to &D(e) from out-
side the perturbed sphere can be found and added.
This is because the asymptotic behavior of

I/nl mbG(r-, r, e) is known in this case. For
v er (r= r ) large"

1
( ) ( )

sln[2v er+ 7)((e)]

&D" (e)= ——Im&G(r, r, e)4nr dr
g W

(1O)

= Q 2 m [c,(e)/We]cos [2Weft + q, (e)] .
t

C. Basis functions

The virtue of the present method is that it is in
principle quite general. No assumptions about,
e.g. , spherical symmetry have been made. It is
therefore possible to handle an impur ity like H, .
Neither has anything been assumed about the
metallic host, the effects of which are included
through O'. In the present work the jellium model
has been used and G' is simply the free-electron
Green's function. For impurities in a jellium
vacancy the free-electron G' is still used and a
calculation is made for a vacancy with and without
the impurity to get the impurity-induced quantities.
However, other models of the substrate are possi-
ble, as, e.g. , in the chemisorption calculations, ""
where a semi-infinite jellium model is used.

The price paid for the generality and calculation-
al simplicity of the method is that we have had to
make the two approximations behind Eq. (7).
Since they both hinge upon the completeness of the
finite basis set, the validity of Eq. (7) can always
be improved by increasing &, the number of basis
functions. The applicability of the method there-
fore depends on whether a basis set can be found
small enough to make the problem tractable.

It has appeared that 8-10 radial functions of the
type

It„(r)= g c„„r"e- + g c„',r'e

in connection with spherical harmonics with l
values up to 2 are sufficient to get convergence
both in the atomic as well as the molecular im-

TABLE II. Basis-set parameters and total-energy correction (see text) in absolute numbers
and relative to the calculated total energy. The correction for H2 is shown for a range of H-H
distances (RA).

Impurity
R (a.u. )

8

Basis set
o.' (a.u.)

1
P (a.u. )

0.5

Correction
(eV) (%}
0.15 1.1

H2 (Rp=1.0 a.u. )

H2 (Rp=1.2 a.u. )
H2 (Rp =1.4 a.u. )
H2 (Rp=1.7 a.u. )

H2 (R, =2.0 a.u. )

1.69 0.15
0.21
0.40
0.58
0.72

0.5
0.7
1.3
1.9
2.3
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purity ca,ses. In the latter case the ba.sis func-
tions are centered at the molecular midpoint. To
avoid systematic errors due to the finiteness of
the ba, sis set, the calculated &E for the impurity
in jellium has been corrected by the difference
found between the results of the present method
for an isolated H atom and H, molecule, and those
of accurate atomic and molecular local density
approximation calculations for these simple sys-
tems. 20

In Table II the corrections are shown for the
two basis sets used in the calculations. In both
cases the corrections are seen to be relatively
small. The error in the H, calculations increases
with R„ the internuclear distance, indicating that
the one-center expansion becomes worse the fur-
ther away from the center. the density and poten-
tial peaks. This means that the results for large
A, must be interpreted with some care.

In both cases reasonable changes in the basis-
set parameters (shown in Table II) induce only
small changes in the tota, l energies. For a further
discussion of the validity of the method, the reader
is referred to Ref. 17. Here I will only point out
the good agreement with the results of the other
methods mentioned in connection with Table I.

metals presented in Sec. II are supplemented with
data, for the induced density of states.

Figure 2 shows the induced density of states for
H in AI-jellium (x, =2.07). Both the total (0 D")
and the s (I = 0) pa, rt (b D, ) of the local induced
density of states are shown. It is seen that almost
a].l the structure is due to the z part ~Q, . Fur-
thermore, ~ D, is compared with &D„where the
nonloca, l correction of Eq. (10) has been added. It
is seen that the prime effect of including &D," is
that the oscillatory behavior is reduced and only
the antiresonance in the bottom of the band survives
as a 1/v'e divergence as e —0. Therefore, the in-
formation contained in &D, and &D is the same:
The extra electron connected with the shallow
bound state is screened out primarily by the con-
duction electrons with the lowest energy, i.e., in
the bottom of the band. Because these electrons
have a long wavelength, the screening cloud is
very extended [see Fig. 1(b)], the extremely ex-
tended bound electrons are screened out complete-
ly, and only the localized, hydrogenlike induced
density survives, as shown in Fig. 1(b). This be-
havior of ~ DL, ~D, , and ~ D, is typical for hydro-
gen in jellium at metallic densities.

Also the position e~ of the bound state relative to
the bottom of the band varies little on an absolute

IV. SINGLE IMPURITY

A. Induced density of states

In this section the earlier published results for
the induced density a,nd the energy of hydrogen in
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FIG. 2. Local (&D ), s part of the local (AD ) in-
duced density of states, and s-part (&D~) of the total
induced density of states for hydrogen in jellium for
r~ =2.07 corresponding to Al.

FIG. 3. The s-part of the induced density of states
for hydrogen in jellium vacancy for w~ =2.07 corres-
ponding to Al.
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scale. The general trend is that E~ increases with
increasing x,." Hydrogen impurities in jellium
must therefore be regarded as heavily screened
H ions. The reason why e~ does not vary much
on 3n absolute scale relative to that of free H is
that when e~ is small, even a small change in e,
will alter the asymptotic behavior of the bound-

I 1/2state electron density, which behaves like e
substantially. Therefore even a very effective
screening will only change e~ a little.

B. Divergence for e ~ 0

While the large positive values of ADL(e) seen
for small ~ are due only to the shallowness of the.
bound state, the divergence noted for &-0 is al-
ways seen in nD, (e). This effect, which was also
noted by Inglesfield and Pendry" for He impurities,
is due to the fact that for any potential of finite ex-
tent, the zero-order phase shift q, (e) behaves like
av e + nonfor e-'0, where n is the number of bound
states and a is a positive or negative constant; de-
pending on-whether or riot n is zero. " Since the
phase shift is related to the induced density of
states through"

2 aq, (e)

this gives

LD,(e)-(a/v)e '~' for e-0.
In accordance with the above, a is seen to be nega-
tive in Fig. 2, where a bound state exists.

C. -Hydrogen in vacancy

conduction band. A similar picture holds for other
adsorbate affinity levels. " A further example is
the H, antibonding resonance discussed in Sec. V.

The correlation between conduction electron den-
sity, the charge pileup and- the energy of an im-
purity when going from bulk jellium to a jellium
vacancy, as mentioned in Sec. IIB., is another
example of the importance of the local environ-
ment.

The local dependence of the electron structure on
the environment must be related to the very small
screening length A. found in the nonlinear calcula-
tions (cf. Sec. II). Because A, is small compared
with, e.g., the radius of a, vacancy, the impurity
feels only the host-electron density p'(0) and ef-
fective potential V,ff (0) in the middle of the vacan-
cy, while it cannot see the rest of the host. V.ff(0)
then serves as the local energy zero and &~ is de-
termined relative to Vefr(0) by p'(0). As discussed
in Sec. IIIA, the absolute position of e, relative to
V,p(0) is not very sensitive to changes in p (0) due
to the large extension of the state.

One might have expected at least the position of
the very extended H -like state to depend on a
larger part of the environment. This is not so,
though, because ~D is totally determined by ~V,ff
and thereby by &p [see Eqs. (3) and (5)], which is
much more localized. This also means that in a
more realistic model for the metal, one where the
ion-core contributions are taken into account,
these only influence 4D and thereby e~ to the extent

~ that &p is affected. For free-electron-like metals
this effect is expected to be small, as noted in
Sec. I.

The opposite situation is illustrated in Fig. 3,
where nD, is shown for hydrogen in an Al (r,
=2.07) vacancy. Here the e-0 divergence is pos-
itive, due to the fact that no bound state exists in
this system. Instead, an almost completely filled,
rather broad resonance is observed in the conduc-
tion band.

It is interesting to note that the resonance is pos-
itioned just below the effective potential V,~, in the
middle of the clean vacancy (see Fig. 3). The
same effect is seen for other x, values. This
means that apart from the above-mentioned ten-
dency of &~ to follow the bottom of the band when

r, is varied, it also follows the "local bottom of
the band" when going from bulk jellium to a vacan-
cy. This is also seen when a hydrogen impurity is
moved out through the surface. " It suggests that
even in these cases the hydrogen should be re-
garded as essentially a screened H ion with an en-
ergy level displaced by approximately the free-
atom affinity from the local bottom of the band.
The level is then broadened when it lies within the

TABLE III. Excitation energies of the hydrogen-in-
duced bound state in jellium at different ~,. One-electron
and &SCF results of the present work are compared with
the excitation energies calculated by Vinter (Ref. 28).
(See text. )

I~bi+ ~z (ev)
Present work Vinter ASCF

2.07 (Al)
2.65 (Mg)
3.93 (Na)

11.7
7.2
3.6

11.6

3.5

9.0
7.3
3.8

D. Connection with excitation spectrum

The induced density of states of the Kohn-Sham
scheme has no direct physical meaning. It should
primarily be regarded as an aid in understanding
the electronic structure, as illustrated in this and
the next section. It is, however, tempting to inter-
pret the induced density of states as an impurity
excitation spectrum. Vinter" investigated this
question for hydrogen and helium in jellium. Using
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the ground-state induced densities of the present
work, he calculated the excitation spectrum from
a nonlocal, energy-dependent self -energy. The
resulting spectra for hydrogen are very close to
the induced-state densities of the present work, as
illustrated in Table III, where the binding energies
(relative to the Fermi level) of the hydrogen-in-
duced bound state are compared. The success of
the one-electron theory must be attributed to the
large extent of the bound-state density (small re-
laxation of final state), since no such agreement
was seen for the tighter bound helium states. "
In order to assure that the H -like spin-comPen-
sated solution is really the ground state, spin-
unresh"icted calculations have been performed with
only one bound electron. This H-like solution was,
however, always found to have a higher total ener-
gy than the one with two bound electrons. The
total-energy differences of these two self-consis-
tent solutions are included in Table III (&SCF).
This difference also measures the energy needed
to promote one of the bound electrons to the Fermi
level, and again good agreement with the one-
electron result is found except, perhaps, at the
highest density, though the trend is reproduced.

On this basis the induced density of states curves
of Figs. 2 and 3 can be regarded with some confi-
dence as typical excitation spectra of interstitial
and substitutional hydrogen in jellium, 2nd accord-
ing to the arguments in Sec. IVC thus in free-
electron-like metals. Furthermore, we can ex-
pect to be able to estimate the absolute position of
the hydrogen-induced peak in the spectrum from
our knowledge of the "local bottom of the band" at
the impurity site.

V. 82 IN JELLIUM

A. Binding energy

The interaction between two hydrogen impurities
in a free-electron-like metal can also be studied
in the jellium model. This is done by embedding
an H, molecule in jellium 2nd then study the binding
energy E~(RO) and spectrum as a function of the H,
bond length R, . Here E~(R,) is defined as twice
the energy of H in jellium minus the energy of H,
in jellium. In Fig. 4, Es(Ro) is shown for H, in
vacuum and in low-(Na) and high- (Al) density
metals. " Already in low-density jellium the bind-
ing energy is substantially reduced and the equi-
librium distance is increased. The curvature and
thereby'the H-H vibrational frequency are also re-
duced. At higher density the interaction is totally
repulsive. We therefore expect the hydrogen-
hydrogen interactions to be repulsive in most
metals.

I
i

I I I I
)

I I I I
)

I

e 0
CO

UJ
I

Na (r5 = 3.93)

1.0

Ro (a.U. )

2.0

FIG. 4. Binding-energy curves for free hydrogen and
hydrogen in jellium for r, =2.07 and 3.93, correspond-
ing to Al and Na, respectively.

At r, = 3.93 there is a tendency towards a dis-
sociation barrier. This is also seen at other x,
values. Due to the smallness of the effect and the
increased numerical uncertainty at large Rp v31-
ues it is, however, hard to judge whether or not
it is a real effect.

I

I

I
I

I
(

r, = 2,07 r5 = 3.93

0.1 0.1
b, O&(~) (eV )

FIG. 5. The Z and Z& parts (see text) of the local
induced density of states for free H2 and H2 in jellium
for r, =2.07 and 3.93, corresponding to Al and Na, res-

pectivelyy.

B. Local density of states

An understanding of the reduced H, binding in
metals can be obtained by. looking at the local in-
duced density of states for H, (R, = 1.4 a.u. ) at
different x, values. In Fig. 5 I show for simplicity
only the E (m=0) part of &D~. In vacuum, the
usual picture appears: The two is hydrogen states
interact to give an even (Z, ) bonding and an odd
(Z„) antibonding state. Because the latter lies
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above the vacuum level, it shows up as a reso-
nance. The strong binding in free H, is then a
consequence of the fact that only the bonding state
is filled. For the other x, values in Fig. 5, ~~
is more complex. A bonding-type (even) bound
state is retained, but the mixing of even and odd
states blurs out the structure above the bottom of
the band. ~D~~ has been resolved into its partial-
wave components. In Fig. 5 the p part is repre-
sented by dashed curves. It shows for all x, val-
ues a pronounced resonance structure just above
the bottom of the band. Since these p states are
odd, the P resonance can be regarded as part of
the antibonding H, resonance. It is seen that the
decrease in binding energy is completely corre-
lated with the filling of the antibonding resonance.
At Al density, where it is completely filled, the
interaction resembles the He-He interaction.

On this basis the hydrogen impurity-. impurity
interaction in free-electron-like metals can be de-
scribed in the following way: As two hydrogen im-
purities approach each other, the two shallow H—
like bound states (see Fig. 2) split up into a bond-
ing and an antibonding state (resonance). Since
the position of the antibonding resonance relative
to the bottom of the band is approximately inde-
pendent of x„ the resonance gets filled except for
the very lowest densities (smallest Fermi ener-
gies), and the interaction becomes repulsive. The
extra electrons connected with the antibonding
resonance are screened out by primarily spher-
ically symmetrical distorted plane-wave states
near the bottom of the band. This is similar to
the single-impurity case where the extra bound
electron was also screened out by an antireso-
nance in the bottom of the band (see Fig. 2). The
antiresonance in the s part of 4D~~ can be regarded
as a reminiscence of that in Fig. 2, broadened be-
cause of interactions.

VI. SUMMARY

The description of the electron structure of hy-
drogen impurities in metals as described by the
jellium model is completed with a presentation of
the hydrogen-induced density of states. These
spectra have two functions.

First, they can provide a basis for an under-
' standing of the electron structure of the impurity

in question. For single hydrogen the apparent
conflict between the existence of a very shallow
H -like bound state and an induced density, which
is even more contracted than that of free hydrogen,
is resolved by realizing that the electron is
screened out primarily by the long-wavelength
conduction electrons in the bottom of the band.
The repulsive H-H interaction found in most
metals is also understandable from the H, -induced
density of states: the antibonding H, molecular
orbital is filled at normal metallic densities.

Second, the spectra for single impurities are
shown to represent the true excitation spectra
quite well. This is done by comparing the one-
electron bound-state energy parameter with spin-
polarized ~SCF calculations and with the many-
body calculations of Vinter. " The fact that the
hydrogen-induced structure is shown to follow
closely the local bottom of the band, so that the
bound state found for hydrogen in bulk jellium is
turned into a resonance in the middle of the con-
duction band for hydrogen in a vacancy, suggests
that interstitial and substitutional hydrogen in
free-electron-like metals can be distinguished ex-
perimentally by their excitation spectra.
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