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The method of linear combination of atomic orbitals has been utilized to perform a
first-principles calculation of the electronic states of a hydrogen defect in a nickel cluster.
The Coulomb and exchange potential for a perfect crystal is curve fitted using a superpo-
sition of functions centered about each atom. These functions are then placed at each of
the atoms in the cluster to construct the cluster potential. Results are presented for pure
nickel clusters consisting of a central atom with five surrounding shells of atoms (79) and
with three shells of atoms (43). The five-shell results compare favorably with a perfect
crystal density of states and with other cluster calculations. Mulliken population analysis
is utilized to examine the surface states. A calculation of the electronic states of a central
hydrogen atom surrounded by three shells of nickel atoms (38 Ni atoms) is performed.
The density-of-states results are compared with the density of states corresponding to a
perfect crystal of nickel hydride and with other cluster calculations.

I. INTRODUCTION

The electronic structure of perfect crystals has
generally been computed with the use of methods
which take advantage of the translational symme-
try of the crystal. In such situations one may re-
quire that the wave function obey Bloch’s theorem
and reduce the size of the secular equation to
manageable proportions. Many of the interesting
problems of solid-state physics occur, however, in
situations where this translational symmetry breaks
down. Examples of this include interfaces, the sur-
face of solids, and locations of impurities or de-
fects. An application of the method of linear com-
binations of atomic orbitals (LCAO) which has
achieved a great deal of success recently upon im-
purity and defect problems, is to model the en-
vironment near the defect using a cluster of atoms.
This cluster method has achieved accurate results
in ab initio calculations of the electronic structure
of F-center defects,"”? impurity defects,>* and
amorphous materials.>® .

An important distinction needs to be made, how-
ever, between two different types of cluster calcula-
tion. One method uses the infinite crystal poten-
tial as the starting point for the defect calculation
and alters this potential in the region near the de-
fect to account for its presence. This is a cluster
calculation only in the sense that the basis set is
constructed using linear combinations of orbitals
which are centered about the atoms near the de-
fect. This is, therefore, a cluster in its basis set but
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not in its potential. It has the advantage that since
the potential has the same long-range behavior as
that in a perfect crystal, one does not have to wor-
ry about any surface effects destroying the bulk en-
vironment which should prevail in the region near
the defect. One difficulty associated with this
technique is that one must ensure that the cluster
basis set is orthogonal to all occupied states within
the crystal. This is not as difficult in practice as it
seems to be at first since one need only orthogonal-
ize to the bulk functions near the defect which
overlap strongly with the cluster basis functions.

It can become particularly cumbersome for metals,
however, since their free-electron behavior causes
the defect functions to overlap strongly with a
large number of the bulk states.

It is possible for this free-electron behavior to be
used to advantage. The main purpose of the previ-
ous inclusion of the infinite crystal potential was to
prevent the surface of the cluster from affecting
the electronic states of the defect. The short
screening depth of metals which results from the
high mobility of the free electrons would indicate
that one might achieve bulk behavior within metals
after penetrating a few angstroms into the crystal.
This is the basis of a second type of cluster tech-
nique which appears to provide an accurate
method of obtaining the energies associated with
defects in metals. This technique uses the assump-
tion that the environment external to the cluster
will be screened from regions of the interior by the
free electrons on the surface and. that the interior
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region will consequently behave essentially as a
bulk crystal. Evidence of the validity of this as-
sumption will be provided using comparison of a
perfect-crystal bulk density of states with five-
shell-cluster results on nickel. Having shown the
validity of this assumption we will then present a
self-consistent calculation of the energy of a hydro-
gen atom embedded within a nickel cluster.

II. STRUCTURE AND POTENTIAL

Since, for the present work, the primary objec-
tive of the cluster calculation is to provide a host
for the hydrogen impurity which has the same
properties as the bulk crystal, we placed the nickel
atoms in the normal lattice (fcc) arrangement
which exists in the bulk nickel crystal. We will be-
gin with a discussion of a pure nickel cluster, in
which the origin was centered upon a nickel atom.
The cluster was constructed using a central atom
with up to five shells of neighboring atoms. Each
shell consists of the family of atoms which can be
generated by appropriate point-symmetry opera-
tions (rotations and/or reflections) on any one of
the elements of the shell. Thus, the first shell con-
sists of all nearest neighbors to the central atom
and all those rotationally equivalent to the one at
ag/2(1,1,0). Similarly, shell two consists of all
points rotationally equivalent to the one at
ay/2(2,0,0), shell three consists of all points rota-
tionally equivalent to the one at ay/2 (2,1,1), shell
four consists of all points rotationally equivalent to
the one at ay/2(2,2,0), and shell five consists of all
atoms rotationally equivalent to the one at
a0/2(3,1,0). The value of the lattice constant a,
was taken as the bulk value of 3.52 A. The elec-
tronic charge density used to represent the
Coulomb and exchange potentials was obtained
from the spin-unrestricted self-consistent band-
structure calculation of Callaway and Wang.” In
order to reduce the complexity of the calculation,
we chose to neglect spin polarization and average
the spin-up and spin-down states. One would,
therefore, expect our results to resemble an average
of the spin-up and spin-down results of Callaway
and Wang.

The Coulomb potential was obtained from a
curve fit of the tabular value of the self-consistent
perfect-crystal charge density. This fit was per-
formed using functions centered on each of the
atoms as they would occur in a perfect crystal.
The form of the Gaussian functions which were
placed upon each atom is
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r= a;exp(—Bir?) , (1

1
where the a’s and B’s are the linear and nonlinear
curve-fit parameters given in Table I. With this
expression, the charge density for the cluster is

p(P)=3 f(F—Rv), )
R,
where f is an atomiclike charge density defined in
Eq. (1) and the summation is over all lattice points
in the cluster. The Coulomb potential is then
given by the conventional expression

l

V(E)= —&—— dr', )
| T—

where the integration is over all space. The double
integrals involved in the matrix elements of V(r)
in the secular equation can be easily reduced to er-
ror functions.! Similarly, according to the local
exchange approx1matlon, using the Kohn-Sham
value of , the tabular exchange potential was fit-
ted using Gaussian functions on the atoms of the
crystal exactly analogous to Eq. (1). The form of
the exchange potential is then

V(D)= 3 fo(F—Rv). 4)

v

The linear and nonlinear curve-fit parameters for
this are also given in Table I. The integrals for the

TABLE I. Curve-fit parameters for the nickel clus-
ter.

Charge density

Linear Nonlinear
0.134 588 0.328 909
0.775242 1.24687
9.49777 2.64701
269.853 35.6253
3679.69 591.016
7797.15 4361.43
3137.64 35000.0

Exchange interaction

Linear Nonlinear
0.141949 0.130581
0.350478 0.315762
1.65587 1.22845
5.03009 23.8237
14.1480 645.009
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secular equation corresponding to V,(r) are three-
center integrals of Gaussian functions and are ana-
lytic. From these fits one has analytical functions
which will give the proper perfect-crystal potential
if they were placed upon each of the nickel atoms
within the crystal. This should yield the same
Coulomb and exchange potential as in the bulk
crystal if the cluster is sufficiently large.

It is interesting to examine the accuracy of these
curve fits and their effect upon the electronic ener-
gies. To study this point we have performed an
energy-band-structure calculation for nickel using
the standard Fourier techniques while deriving the
Fourier coefficients from the same charge density
that was curve fitted to get the direct space results.
A comparison of the results of these two tech-
niques for various points in the Brillouin zone is
found in Table II. The good agreement of these
results indicate that our curve fits are accurate
enough to produce adequate results for the energy
bands.

III. BASIS SET

It has been shown in previous work that one can
form an atomiclike basis set which will adequately
describe the energy bands of a crystalline solid.?
This technique involves contracting the single
Gaussian basis set to form these orbitals, using the
eigenvectors resulting from a perfect-crystal band-
structure calculation as combination coefficients.
The nonlinear parameters for the single Gaussians
were taken from the atomic Hartree-Fock calcula-
tion of Wachters.” The basis functions for the cal-
culation were constructed from the y-point
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(E:0,0,0) solutions to the band-structure calcula-
tion which would correspond, in the free-atomic
case, to the 1s, 2s, 2p, 3s, 3p, 3d, and 4s states.
The linear and nonlinear parameters for each state
along with its irreducible representation can be
found in Table III. Following the LCAO method,
these atomic basis functions were then assigned to
each of the atoms of the cluster to form the basis
set for the calculation. To reduce the size of the
secular determinant, the functions within a given
shell of equivalent atoms were combined in
correspondence with the irreducible representations
of the octahedral group, since the rotational sym-
metry of the fcc lattice is preserved in the cluster.
We further employed the technique of orthogonal-
ized linear combination of atomic orbitals which
has had recent success in application to SiIIL.>
This involves orthogonalizing the basis set to the
core states. A minimal basis set consisting of 3d
and 4s atomiclike functions made orthogonal to
the 1s, 2s, 3s, 2p, and 3p atomiclike functions was
constructed to determine if it had the variational
freedom to represent the lower conduction bands of
nickel. A comparison of the energies of the lower
conduction states using this minimal basis with
that obtained using the full atomic basis is found
in Table II. We determined on the basis of this
good agreement that the minimal basis set was
adequate.

IV. NICKEL CLUSTER

We calculated the electronic states of a nickel
cluster consisting of a central atom and five sur-

TABLE II. Comparison of direct space-integration techniques with Fourier space-
integration techniques for the energy bands of a perfect crystal of nickel. Investigation into
the effect upon the energy bands produced by orthogonalizing the 3d and 4s functions to the

1s, 2s, 3s, 2p, and 3p atomiclike functions.

Single Gaussians Atomic Orthogonalized to core

Direct Fourier Fourier Fourier

Iy —0.441 —0.443 —0.443 —0.443
| Y —0.230 —0.231 —0.231 —0.231
I'p —0.194 —0.194 —0.193 —0.193
X —0.300 —0.307 —0.291 —0.291
X, —0.169 —0.170 —0.166 —0.166
X; —0.287 —0.289 —0.282 —0.282
X —0.162 —0.159 —0.159
L, —0.306 —0.309 —0.309 —0.309
L, —0.231 —0.232 —0.232 —0.232
—0.168 —0.166 —0.166
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rounding shells of neighboring atoms. The previ-
ously described potential and LCAQO basis set were

assigned to each of the atoms. The density of

states (DOS) for this cluster is presented in Fig. 1.
The plot is presented as a histogram with the verti-

cal axis in arbitrary units corresponding to the
number of states within an energy bin of width
0.005 hartree.

Since the five-shell-cluster results correspond to
a finite number of atoms (79) the density of states
should contain surface as well as bulk states. It is

interesting to investigate these surface states.

There are several criteria for their identification.
One way to test if a state associated with a particu-
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FIG. 1. Full density of states for a five-shell, 79-

atom nickel cluster.

TABLE III. Parameters defining transformation from Gaussian to atomic basis set.

1s 2s 3s 4s Nonlinear
0.000002 0.000 108 —0.001 592 0.079 689 0.130176
—0.000 148 —0.007900 —0.376 180 —0.189834 0.918 169
0.000768 0.076 833 —0.959973 —0.423260 2.394 17
—0.007 323 2.14193 1.694 55 0.572 429 8.594 00
0.085 595 3.54087 2.32574 0.696 224 20.3712
2.968 61 —1.57267 —0.813 144 —0.228222 59.2587
11.5979 —6.49236 —2.61199 —0.781217 138.023
18.4070 —7.03226 —2.84406 —0.827086 341.805
17.8700 —6.054 35 —2.33438 —0.687908 920.488
13.3509 —4.17146 —1.62839 —0.473 567 2761.96
8.688 35 —2.69006 —1.03227 —0.302985 9627.67
5.14848 —1.567 85 —0.607 356 —0.177 154 41997.9
2.764 33 —0.845 689 —0.325316 —0.095257 284878.0
2p 3p Nonlinear
0.000 808 0.199436 0.672 528
—0.009079 1.506 30 1.71031
0.426 812 3.19825 4.11625
7.498 36 —1.66722 9.928 48
29.7115 —13.6969 22.3874
58.2962 —24.3113 53.1703
71.0145 —28.4243 138.311
64.5665 —24.8606 423.403
49.1666 —18.8644 1774.18
3d Nonlinear
0.293 731 0.486 409
2.66193 1.57433
15.1723 4.63951
41.8572 13.7169
71.0710 48.9403
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lar atom was properly screened from the outside
(vacuum) environment would be to examine the
convergence of the Hamiltonian matrix elements as
the contributions to the potential from neighboring
atoms are included in the summation. One might
expect bulk behavior to occur for atoms which
have a sufficient number of neighbors for this con-
vergence to occur. To investigate this we studied
the convergence of single-center Hamiltonian ma-
trix elements as a function of the contribution
from neighboring atoms to the Coulomb and ex-
change energies. Both 3d-3d and 4s-4s integrals
were studied. We found 95% of the Coulomb 3d-
3d and 89% of the 4s-4s to be accounted for by
the single atomic site about which the functions
were centered. By including contribution from the
twelve nearest neighbors to the atom one could
essentially account for all of the Coulomb potential
in both cases. The matrix element of the exchange
potential, however, does not converge as quickly.
The single-atom contribution to exchange was 65%
for the 3d-3d case and 58% for the 4s-4s case. We
found in both cases, however, that the inclusion of
the nearest neighbors converged the integrals to
within 97% of their final value. It is difficult to
study the convergence of the multicenter integrals
of this form. However, one would expect by their
nature that they would converge more slowly than
the single-center ones. One might, therefore, say
that the minimum condition for bulk behavior, as
far as the electronic energies are concerned, is to
have an atom surrounded by its nearest neighbors.

There is another problem, however, with general-
izing this to the statement that the wave function
of an electron for an atom which is surrounded by
all its nearest neighbors would behave the same as
in the bulk. This is, of course, due to the fact that
in the bulk crystal the wave function is coupled to
an infinite-crystal wave function while in the case
of a cluster the wave function must be of finite ex-
tent. One might say that the convergence of the
matrix element is a necessary but not sufficient
condition for bulk behavior and that the absolute
minimum configuration for bulk states is to have
an atom surrounded by its nearest neighbors. For
this five-shell cluster, the atoms in the outer shell
have six of their twelve possible nearest neighbors.
The atoms in the fourth shell have seven nearest
neighbors, while those in the third shell have nine
nearest neighbors. This might suggest surface
behavior for shells four and five with the identity
of shell three uncertain.

Another technique, which has been used for the

identification of electron states with specific atoms,
is Mulliken population analysis.!® Using this
method it is possible to identify the fraction of the
contribution to a particular state which corre-
sponds to a given shell within the cluster. One
may, therefore, identify surface states as being
those which have a large percentage of their elec-
tronic wave functions arising from atoms near the
surface of the cluster. The local density of states
(LDOS) corresponding to those electrons whose
wave functions were at least 70% associated with
the outer shell is given in Fig. 2(a). We chose the
value of 70% as one which might reasonably
denote localization of the wave function at the sur-
face. On the same figure [2(b)], we show the den-
sity of states corresponding to wave functions con-
sisting of 55% from the outer shell. Comparison
of the two plots indicates that, except for a few
high-lying states above the Fermi level, the peak is
not broadened appreciably. Applying the criteria
that surface states should display a sharp LDOS
and that they should be spatially localized, a frac-
tional population of at least 55% appears a reason-
able condition for identification of a surface state.
In Fig. 2(c), we display the LDOS for those states
for which there is a combined population in shells
four and five of at least 55%. Although the num-
ber of states has increased appreciably, the energy
distribution has not broadened. This would indi-
cate that our identification of shells four and five
as together constituting the cluster surface is sup-
ported.

It is interesting to now examine the effects of re-
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FIG. 2. Local densities of states for the surface of a
five-shell nickel cluster. (a) All states with an overlap of
at least 0.70 on shell five. (b) All states with an overlap
of at least 0.55. (c) All states for which there is a com-
bined overlap of at least 0.55 on shells four and five.
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laxing the localization requirement and of includ-
ing more shells in our surface LDOS. Those states
with populations greater than 35% in the outer
two shells is displayed in Fig. 3(a). It is not appre-
ciably different from the 55% minimum popula-
tion requirement of Fig. 2(c), an indication that
states associated with the inner shells have little
overlap with the surface states, i.e., that the surface
states are orthogonal to those in the rest of the
cluster. As we include the third shell [Fig. 3(b),
55% combined minimum population], however, we
pick up new structure at lower energies which
broadens the peak. This broadening comes from
atoms which have nine of their twelve possible
nearest neighbors. Our identification is that they
are essentially bulklike. Those states that we iden-
tify as being surface in nature, therefore, occur in a
narrow energy range near the Fermi level.

The DOS corresponding to those states remain-
ing after the removal of surface states in Fig. 2(c)
is plotted in Fig. 4 together with the bulk density
of states for the infinite crystal calculation of Cal-
laway and Wang. Our results are compared with
their computation of the density-of-states results
for the majority spin carriers instead of their total
density of states. Since our total density of states
did not include the effects of spin polarization, it
was thought that this comparison of states would
be more useful than with their total density of
states. This comparison is valid under the assump-
tion that the major effect of spin polarization is to
cause a rigid shift between the spin-up and spin-
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FIG. 3. Local densities of states for a five-shell nick-
el cluster surface. (a) States with a minimum overlap in
shells four and five of at least 0.35. (b) All states with a
minimum population of at least 0.55 in shells three,
four, and five.

down states. Their curve is aligned with ours so
that the Fermi levels are coincident. The agree-
ment between the bulk results of the two calcula-
tions is seen to be good in light of the different ap-
proximations to the starting potential.

Our five-shell-cluster results may also be com-
pared with other cluster treatments of nickel.
Messmer and co-workers!! have performed calcula-
tions of the electronic states of a cluster, consisting
of a central atom surrounded by a single shell of
nearest neighbors using the Xa scattered-wave
method. The Xa calculation was performed self-
consistently using a muffin-tin potential, while our
calculations used the self-consistent Hartree-Fock
bulk potential of Callaway and did not require the
muffin-tin approximation. The density-of-states
results, for 13-atom clusters, however, are very
similar to ours. We compare the DOS for their
13-atom cluster with that for our own 79-atom
cluster in Fig. 5. Although the general features are
the same, the fine structure is not evident in the
Xa calculation. The sharp peaks at —0.13 hartree
have been identified by us as surface states. When
these are removed, the discrepancy is even
stronger. This is indicative that a 13-atom cluster
is probably too small to achieve a significant de-
gree of bulk screening.

E,

DENSITY OF STRTES

Sy Al

0. 30 -0.20 -0.10 0.00
ENERGY (0.u.)

FIG. 4. Comparison of nickel densities of states.
Upper curve: infinite crystal DOS for majority spin
carriers of Callaway and Wang (Ref. 7). Lower curve:
bulk density of states from a five-shell, 79-atom cluster
for which the surface states have been removed. Ep
represents the Fermi level of both of the plots.
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FIG. 5. Comparison of nickel-cluster densities of
states. Upper curve: full, one-shell cluster from Mess-
mer et al. (Ref. 11). Lower curve: full, five-shell clus-
ter from the present work.

V. HYDROGEN IN NICKEL

Having established that the internal region of a
sufficiently large cluster is essentially equivalent to
the bulk crystal, we now have a convenient host
environment for the examination of the electronic
behavior of impurities in metals. To preserve the
rotational symmetry of the nickel cluster we cen-
tered the origin upon the hydrogen atom, situated
at an interstitial position. A three-shell, 38-atom
nickel cluster was then constructed about the inter-
stitial site, placing nickel atoms at the following lo-
cations:

(a) Shell one—all atoms rotationally equivalent
to the one at a(/2(1,0,0).

(b) Shell two—all atoms rotationally equivalent
to the one at a4/2(1,1,1).

(c) Shell three—all atoms rotationally equivalent
to the one at ay/2(2,1,0).

It was judged that this configuration was sufficient
to screen the central site from the vacuum environ-
ment.

Since the origin of the center of rotation of this
cluster is different from that of the previously de-
fined five-shell cluster, one might expect a dif-
ferent density of states from that produced by an
equivalent number of atoms with a different center
of rotation. If one were truly in a bulk crystal,
however, a shift in origin should not affect the
density of states. Agreement between the density

(a) (b)

DENSITY OF STATES

-6.!0 -0.30 -0.20  -0.10 -0.30 -0.20  -0.10  0.00

.00 -0.40
ENERGY (a.u.)
FIG. 6. Nickel-cluster densities of states. (a) Three-
shell, 43-atom cluster, centered on a nickel atom. (b)
Three-shell, 38-atom cluster centered on an interstitial
site.

of states for clusters corresponding to different
centers is, therefore, a necessary condition for the
clusters to behave as bulk. One should expect that
these two different clusters would give very similar
density of states. The density of states correspond-
ing to a 38-atom pure nickel cluster, centered
about an interstitial site with that of a 43-atom
cluster (three shells) centered on a nickel atom are
presented in Fig. 6. One sees that there is excellent
agreement between the two results, everywhere ex-
cept at the top of the band where the surface states
reside. This agreement is, of course, a necessary
requirement for the clusters to have a bulk nature.
To evaluate the properties of a hydrogen impuri-
ty in nickel, it is necessary to add to the potential
of the previously described 38-atom nickel cluster,
the nuclear, Coulomb, and exchange contributions
for the hydrogen atom. This was done in a
manner similar to the way in which the nickel-
cluster potential was constructed. As a first ap-
proximation, the charge density corresponding to a
free atom of hydrogen was placed at the central in-
terstitial site of the cluster. This charge density
was treated as a difference between the hydrogenat-
ed cluster and the charge density of the pure nickel
cluster. It was curve fitted using Gaussians, with
the added constraint that the total charge corre-
sponding to the fit of the difference be one elec-
tronic charge, forcing the fit to preserve the charge
neutrality of the cluster. We found that the region
near the hydrogen atom was the only part of the
cluster which was significantly altered by the pres-
ence of hydrogen and that an acceptable fit could
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be obtained using Gaussians centered on the hydro-
gen atom. The form of the Gaussian functions
placed upon the hydrogen atom is the same as Eq.
(1). The exchange potential was approximated by
curve fitting the difference between the exchange
potential corresponding to a nickel cluster with hy-
drogen impurity and one corresponding to the pure
nickel cluster. Since this difference is a result of
the additional charge associated with the impurity,
it is a localized function and can be fitted using
Gaussians centered on the hydrogen atom. The
form of the Gaussian functions placed on the hy-
drogen atom is also the same as Eq. (1).

This calculation was then iterated to self-con-
sistency according to the following procedure. The
eigenvectors from the previous iteration were used
to construct the charge density for all regions
within the hydrogenated cluster. This charge den-
sity was compared with the original charge density
corresponding to the pure nickel cluster and it was
again found that significant difference from this
pure nickel charge density occurred only in the re-
gion near to the hydrogen atom. We, therefore, fit
this charge-density difference using functions cen-
tered about the hydrogen. Since the difference in
charge density was localized the difference in the
exchange potential was also localized and could be
fitted using Gaussian functions centered about the
hydrogen atom. The Gaussian fits of the charge
density and exchange potential resulted in the
proper modifications to the pure-nickel-cluster po-
tential required for the next iteration. The linear
and nonlinear parameters for the Gaussian coeffi-
cients of the self-consistent Coulomb and exchange
potential are given in Table IV. Self-consistency
was achieved at the end of four iterations. The
density-of-states results for a self-consistent hydro-
genated cluster may be found in Fig. 7(a). They
may be contrasted with the density of states of an
equivalent pure nickel cluster in Fig. 7(b). If one
compares these two plots it is found that the main
effect of the addition of the hydrogen is to intro-
duce a state at —12.95 eV and to shift upward the
states at the bottom of the Ni band.

Energy band-structure results have been obtained
for nickel hydride by Switendick.'> Comparison
can be made of our density-of-states results with
those of the nickel hydride perfect crystal. Two
major differences in the structure should lead to
differences in the density of states. The first
difference is a result of the fact that our finite
cluster will have both surface and bulk states in
the DOS plot. We used the Mulliken population-

TABLE IV. Curve-fit parameters for hydrogen.

Charge density

Linear Nonlinear
—0.002 822 0.100000
0.172514 0.299 587
—0.596 331 0.499 542
1.658 34 0.998 613
—1.81081 1.50492
0.852651 2.43715
0.052 580 18.0696

Exchange interaction

Linear Nonlinear

0.898717 0.299 324

—2.84544 0.499 865
7.450 18 1.00029
—10.5170 1.508 42
5.74135 2.00336
—0.347493 4.04971

0.048 792 13.0023

analysis technique described previously to remove
those surface states which were at least 55% asso-
ciated with the outer shell (shell three) from our
density-of-states plot. The second difference is
that nickel hydride corresponds to a much higher
concentration of hydrogen in the nickel crystal
than we construct in our calculation of a single hy-
drogen atom in a 38-atom cluster. One might ex-
pect that the first-order effect of this difference
would be that the additional hydrogen atoms
would interact with each other to broaden the peak

(a) (b)
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FIG. 7. (a) Three-shell, 38-atom nickel cluster with a
hydrogen atom occupying the central, interstitial site.
(b) Same cluster without hydrogen impurity.
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we obtain at —12.95 eV. This is indeed the case
as one observes in our comparison with his results
(Fig. 8). Notice that there is good agreement be-
tween the two plots and that the essential features
are the same aside from a broadening of the lower
peak.

Calculation of the electronic structure of a hy-
drogen atom embedded within nickel clusters has
been performed using the Xa scattered-wave
method by Messmer et al.'* They performed two
calculations—one for a hydrogen atom surrounded
by four nickel atoms in tetrahedral coordination
and a second for a hydrogen atom surrounded by
six nickel atoms at the normal bulk structure loca-
tions. They provided density-of-state information
solely for their four-nickel-atom cluster. A com-
parison of the DOS of their hydrogenated four-
atom cluster with our hydrogenated 38-atom clus-
ter is found in Fig. 9. These two results are com-
pared by equating their Fermi energies. The quali-
tative features of the two calculations are in agree-
ment. The appearance of a low-lying state and the
shift upward of the lower conduction-band state
with the introduction of hydrogen is also found in
their work. Our nickel bands are, however, wider
than theirs and the position of the lower
hydrogen-induced energy state is farther below the
Fermi energy. The wider bands appear with the
inclusion of additional atoms as evidenced by the
density of states for the Xa atom cluster in Fig. 5.
We also did not observe a shift in Fermi energy as-
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FIG. 8. Comparison of hydrogenated nickel bulk
densities of states. Upper curve: NiH bulk calculation
of Switendick (Ref. 12). Lower curve: 38-atom cluster
with surface states removed and single hydrogen atom

occupying the central, interstitial site. Er represents the
Fermi level of the cluster.

sociated with the addition of the hydrogen atoms
to the Ni cluster which was described in the four-
and six-atom-cluster work. This is another indica-
tion that our 38-atom cluster was essentially bulk-
like since the presence of a hydrogen atom should
not affect the bulk Fermi energy in a nickel crys-
tal.

The primary effect of the presence of the hydro-
gen atom is to interact with the state at —9.96 eV
corresponding to the bottom of the conduction
band to produce a lower-energy state at —12.96 eV
and a higher state at —8.82 eV. It is interesting to
investigate, using Milliken’s population analysis,
the character of this lower-energy state. It corre-
sponds to the I'; or 4, irreducible representation
and therefore has full rotation symmetry about the
hydrogen atom. Its constituents are 42% of s-type
functions about the hydrogen atom, 44% 4s func-
tions, and 14% 3d functions from the nearest-
neighbor nickel atoms. There was a negligible con-
tribution from nickel atoms at outer shells. Since
according to the spin-restricted Hartree-Fock-Slater
method, each electronic state must be occupied by
two electrons, one may consider that the one elec-
tron associated with a free hydrogen atom has been
reduced to about 0.84 when the hydrogen is in
nickel. This result gives some quantitative justifi-
cation for the picture of hydrogen entering a nickel
crystal essentially as a neutral atom and not ioniz-
ing. A plot of the difference in the electronic
charge density between the pure nickel cluster and
the hydrogenated nickel cluster is found in Fig. 10.
The plot is along the (1,0,0) direction toward the
nearest-neighbor nickel atom. A plot of the free-
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FIG. 9. Comparison of hydrogenated nickel cluster
densities of states. Upper lines: central hydrogen atom
with four neighboring nickel atoms in tetrahedral coor-
dination (Ref. 13). Lower lines: full 38-atom cluster
with centrally located hydrogen impurity.



26 ELECTRONIC STRUCTURE OF A HYDROGEN IMPURITY IN ... 4387

HYDROGEN CHARGE DENSITY
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FIG. 10. Upper curve: difference in charge density
between hydrogenated and pure nickel cluster. The ori-
gin is at the central interstitial site. Lower curve: free-
atomic charge density from a 1s hydrogen electron. Plot
is in atomic units.

hydrogen charge density is also provided in the fig-
ure (lower curve) for comparison. Notice that
there is a great deal of similarity between the two
curves, the primary difference being at the origin,
near the proton, giving further justification to the
neutral hydrogen picture for hydrogen in nickel.

The primary difference between the two curves
of Fig. 10 is in the region near to the proton. The
difference charge density appears to be less sharp
in this region than the neutral-atom charge density.
One might wonder whether we included enough
variational freedom in our charge-density functions
to represent a sharp feature like the free-hydrogen
charge density. If we had not, one could argue
that the difference between the two curves is a re-
sult of the lack of variational freedom. To investi-
gate this point we performed a linear curve fit of
the free-atom charge density using the Gaussian
functions of Table IV. The only difference be-
tween the free-atom charge density and the fit oc-
curred in the region from the proton out to a ra-
dius of 0.06 a.u. Since this region represents a
very small fraction of the volume for which the
curves in Fig. 10 differ, we concluded that this
difference was a physical effect and not a numeri-
cal artifact.

VI. CONCLUSION

It has been previously indicated that small met-
allic clusters provide an environment which ap-
proximates that of the bulk crystal.'! Our work
demonstrates, however, that a cluster of at least
three shells of atoms is required to obtain quantita-

tive agreement with bulk calculation. Using the
LCAO technique with direct-space integration one
can conveniently handle these larger clusters and
use them as a model for the investigation of the
properties of defects in metallic solids.

Mulliken population analysis provides a useful
tool in the identification of the surface states of
the cluster, although it is not as easy to identify
these states in a metal as it is in insulators. The
surface states do seem to occupy a narrow band
near the Fermi level.

The hydrogen-defect calculation agrees with a
qualitative picture of the hydrogen atom going into
the nickel crystal as a neutral atom and not appre-
ciably ionizing. The energy level associated with
the hydrogen atom occurs at —13.0 eV which is
not far from the free-hydrogenic value of —13.6
ev.

The absolute position of the Fermi energy for
the cluster is shifted by 0.4 eV to a value of —3.3
eV as the cluster size increased from a central
atom plus two shells to a central atom plus five
shells. An even more drastic shift in the Fermi en-
ergy occurred upon removal of states associated
with the cluster surface (see Fig. 4). The Fermi
level for Fig. 4 corresponds to a value of —4.6 eV
and compares favorably with the experimental
work function of about 5.2 eV.!* However, since it
appears that the absolute position of the Fermi lev-
el is very sensitive to the cluster size and to the
identification of surface states within the cluster,
we would not place a lot of significance to this
favorable agreement.

The LCAO method, using direct-space integra-
tion techniques, seems to be a convenient approach
for studying metallic clusters. It allows the evalua-
tion of all the matrix elements analytically subject
to the local exchange approximation. No approxi-
mation of the form of the potential is necessary to
conveniently perform the calculation. It is compu-
tationally tractible to use this method to study
clusters of the size of hundreds of atoms. The
technique seems to be particularly useful in appli-
cation of defects in metals, since the bulk proper-
ties in a metal can be achieved by using clusters of
about 40 atoms.
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