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The chemisorption of hydrogen on ferromagnetic transition metals is studied self-consistently
with use of a spin-dependent Anderson-Hubbard Hamiltonian. The electronic structure of the crys-
tal is treated with the Bethe-lattice method. The present treatment differs from previous ones in
that the dominant effects of the change in occupancy of the substrate orbitals are taken into ac-
count. The consequent modification of the substrate Hamiltonian leads to the result that the chem-
isorption energy changes very little with the change of the magnetization of the substrate. This
finding agrees with recent experimental evidence that a magnetic phase transition has no influence
on the catalytic activity.

I. INTRODUCTION

The chemisorption of hydrogen on transition metals is
one of the most studied processes in surface science. One
reason is that atomic hydrogen is directly involved in
many chemical reactions at surfaces important in ca-
talysis. Also, hydrogen is the simplest adsorbate„serving
to test the general trends and mechanisms of chemisorp-
tion.

One of the most interesting problems is how hydrogen
chemisorption affects the surface magnetization, and how
the energy of chemisorption changes with substrate mag-
netization. A number of experimental studies addressed
the second question, beginning with the observation of
Hedvall fifty years ago, ' of a "magneto-catalytic effect."
Among the recent studies where different activation ener-
gies were observed in paramagnetic and ferromagnetic
states is a change of the hydrogenation of ethylene over
Ni-Cu alloys. Similarly, Shanabarger reported different
activation energies above and below the Curie temperature
Tc in the isothermal desorption kinetics of Hz on poly-
crystalline Ni films. Also, Kaarmann et al. ~ found that
the desorption rate of atomic hydrogen from Ni(110) is
lower for the magnetized (8 =0.1 T) than for the demag-
netized surface. There is, however, strong evidence in the
studies by Ertl and collaborators ' that the change of
chemical activity at the Curie temperature is caused by
carbon impurities. Their measurements with rigorously
clean surfaces produced no anomaly at Tc for decomposi-
tion of NH3 on Ni, or for dissociative hydrogen adsorp-
tion on Ni(111) and Ni(110). Moreover, they revealed
that if the surface was not clean enough spurious amounts
of carbon were on the surface which dissolved into the
bulk at Tc. Since carbon is a strong poison, its presence
below Tc decrease catalytic activity.

Although the methods of magnetizing the surface were
different in Refs. 5 and 6 than in Ref. 4, where the field
was applied, the result of these two works dealing with
the same system clearly are contradictory. In particular,
in Ref. 4 the difference of activation energies in the mag-
netized and demagnetized states was shown to decrease
with the increase of carbon coverage.

The activation or reaction energies studied experimen-
tally are all related to the energy of chemisorption. The

question whether the chemisorption energy is changed
upon magi(etization has not been addressed yet by first-
principles methods, although the state of the art LSDA
(local-spin-density approximation) calculations are cap-
able of providing a reliable answer. To give an estimate of
the accuracy of LSDA we refer to Weiner and Davenport
who obtained a cohesive energy of 3.2 eV per H atom for
p(1 &1) monolayer of H on Hi(001), which is approxi-
mately 0.5 eV larger than the experimental value. For
comparison, spin-unpolarized calculations of Umrigar and
Wilkins using the local-density-approximation (LDA)
method for seven-layer slabs, consisting of five layers of
Ni with a layer of H on each side, gave a chemisorption
energy 3.61 or 3.42 eV, depending on an exchange-
correlation potential used. In the same calculations, the
chemisorption energy for the center hydrogen position is
0.32 eV lower than in the top position. This is in marked
contrast with the generalized valence-bond calculations of
Upton and Goddard, who obtained a 148 eV difference
of chemisorption energies between the same positions.
The large difference between the last two calculations can
probably be attributed to inaccuracies of the generalized
valence-bond (GVB) model (as inferred from discussions
on Cr and Mo dimers). '

In this paper we will study a hydrogen chemisorption
using a self-consistent Anderson-Hubbard Hamiltonian.
The Anderson-Hubbard Hamiltonian" has well-known
deficiencies. The most important is not taking fully into
account the role of s electrons' ' which, as was indicated
by ultraviolet photoelectron spectra (UPS), might be im-
portant for the binding of H on Ni. ' ' Part of the spin-
polarization effects, such as the s-electron-mediated
Ruderman-Kittel-Kasuya- Yosida (RKKY) interaction,
are lost in this model. However, this method is capable of
accounting for d-electron spin-polarization effects. Such
effects clearly show the inadequacy of using doubly occu-
pied spin orbitals (traditionally employed in the majority
of textbooks and experimental papers), arising from the
use of unpolarized quantum-chemical methods. Also, the
method allows for treatment of a large class of different
systems, and for explaining trends in the chemisorption
energies of hydrogen on transition metals. In this respect,
the method is similar to other simple calculational models
of varying degrees of sophistication, such as the jellium
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model, ' ' effective medium approach, ' and the methods
of Varma and Wilson' or Baetzold and Shustorovich.

Spin polarization effects were studied by Bell and
Madhukar, ' Kranz, and Oles and Chao. s In particu-
lar, Moran-Lopez and Falicovi solved the Anderson-
Hubbard Hamiltonian (the model obtained by including
Coulomb interactions on crystal atoms in the Newns
model), in the Hartree-Fock and Bethe-lattice approxima-
tions, and concluded that the energy of chemisorption
changes substantially upon the change of magnetization.

In this paper we use essentially the Moran-Lopez and
Falicov formalism, but with a very important extension.
We treat self-consistently not only the occupation num-
bers of the hydrogen and the substrate d states directly
coupled to the hydrogen, but also the rest of the d orbitals
at the substrate surface.

Our results show a very weak dependence of the chem-
isorption energy on the magnetic parameters of the sub-
strate, which is in agreement with the experimental results
of Ertl and collaborators. Also, contrary to the prediction
of Ref. 24, the magnetic moment on the substrate is signi-
ficantly reduced, in better accord with the experimental
observations of Landolt and Campagna and the theoreti-
cal "first principle" calculations of Weinert and Daven-
port.

IE. FERROMAGNETIC SUBSTRATE

To describe a ferromagnetic metalhc substrate, we use
the Hubbard Hamiltonian

tij ci aHj, acr+ ~ Uapci abaci abaci pt.ci pt . ~

i;a,P

where the t;j=t are the hopping integrals between two
neighbor sites i and j, o is the spin index, U p

——U are in-
trasite Coulomb interactions, a and P are orbital indexes
(a,P=1,2, . . . , 5), and c;, , and c; are creation and
annihilation operators in a Wannier space. It is assumed
here that all five d bands are degenerate and have the
same occupation in the bulk. Although great effort has
been devoted to the studies of the Hubbard model, 27 '9

the exact properties of its ground state are not known for
two- and three-dimensional systems. The s states are only
partly accounted for. It is assumed that they can be di-
vided into two groups: (i) those within the energy range
of the d bands with a width roughly 5 eV, and (ii) those

beyond this range, which constitutes the rest of the s band
extending over roughly 10 eV. The group (i) s states hy-
bridize with the d states, forming an effective d band and
contributing a part of the s electrons to this band, as re-
flected by nonintegral d-band occupation n in Table I.
The s electrons are also implicitly taken into account by a
drastic screening of otherwise large Coulomb interaction
U.

In the unrestricted Hartree-Pock (UHF) approximation
the Hamiltonian (1) can be rewritten in the form"

8 =g g gt c;,~, +U(n, )n. ;
i a,o j

—U(n;, )(n;, ) (2)

where (n; ) denotes the total number of electrons of spin
o at site i, and o is the spin index opposite to o. All oc-
cupation numbers in this approximation must be self-
consistent. This means that the average number of elec-
trons with spin o at each site i calculated by use of the
Hamiltonian (2) must be the same as that which is put
into this Hamiltonian. Using the Bethe-lattice
method ' ' it has been shown that, depending on the
scaled Coulomb repulsion ( U/W), where W is half of the
d-band width, and on the electron concentration n, the
ground state can correspond to a Pauli paramagnet, a fer-
romagnet, an antiferromagnet, or a ferrimagnet. Since the
Hartree-Fock approximation and most of its improve-
ments are far from exact, the above statement is subject to
an uncertainty shared by the majority of models of in-
teracting electrons with short-range interactions. The
(n; ) can be different for spina t and & and they are in-
dependent on the site index i In the fe.rromagnetic case
(ni ~) =n, whereas in the paramagnetic case (n; ) =n
This relatively crude assumption that the surface atoms
have the same occupation numbers as the bulk atoms
comes from the Bethe-lattice approximation, and it is
made to decrease the number of parameters in the self-
consistent scheme.

The self-consistency of the Hamiltonian (2) can be writ-
ten now as the following set of equations:

EF
no, = I p~(co)dco, (3)

TABLE I. Input parameters used in the calculation of the properties of three substrates in their
paraxnagnetic 4,

'PM) and ferromagnetic (FM) states„and self-consistent values of occupation numbers
n;, magnetic moment p, and Fermi level EF. In all cases the half of the bandwidth K =2 e~.

Case

bcc Fe PM
FM

fcc Fe PM
FM

fcc Ni PM
FM

0.760
0.760

0.760
0.760

1.016
1.016

7.7
7.7

7.7
7.7

9.4
9.4

0.770
0.958

0.770
0.968

0.940
0.996

0.770
0.582

0.770
0.572

0.940
0.884

0.000
1.881

0.000
1.980

0.000
0.531

3.902
3.935

3.967
3.925

6.390
6.435
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5
p (co)= ——ImGO 0 . (c0;n-) (4)

is the density of the states at site i and for spin o at ener-

gy c0. G; J@ is the Green's function of the spin-o elec-
tron connecting sites i and j and orbitals a and P, respec-
tively. The Fermi energy EF is chosen in such a way to
keep the total number of electrons

constant.
In the Bethe-lattice approximation, the diagonal one-

particle Green's function Go 0 . has the following form:

1
Go 0 (co;.n )=-

6) —E,o —Ztg

where eo = Un, z is the topological factor which

represents the number of nearest neighbors in the Bethe
lattice for each site, and

(7)

where y is the transfer matrix, 2s which describes the
properties of the whole crystal, and, in particular, defines
the position of the band region. Henceforth na and
n =5n a will refer to the pure crystal, and n, n will
represent the system in the presence of the adatom-lattice
interaction.

III. CHP.MISGRPTION MODBI.

Using the ideas of Anderson and Newns, " we can
now introduce a hydrogen atom into the Hamiltonian by
including a hopping integral t, . Following Ref. 24 we
may write the chemisorption Hamiltonian in the UHF ap-
proximation as

H =H + g (E, + U, ( n, ))c,'~, -

+ta(cacrco, l +cao, i c a)aaUa &nai & &nal& ~

where U, is the intra-atoxnic Coulomb interaction energy
of the hydrogen atom, whereas the hopping integral t,
connects the adatom electronic states and one orbital of
proper symmetry (labeled 1) of the substrate atom at site 0
only (see Ref. 24).

A schematic picture of an adatom near metalhc surface
is presented in Fig. 1. The hybridized d and s states form
roughly a 5-eV band. The work function is of approxi-
mately the same size. The atomic level of hydrogen,
—13.6 eV, lies well below the bottom of the d band.
Neglecting the adatom-crystal interaction, if the second
electron is added to the adatom it wiII have an energy
E, + U, . In the case of hydrogen, E,+ U, is the negative
of the electron affinity, which is about 0.7 eV. This level
lies above Et;. To include a polarization effect due to the
neglected core electrons (and part of the 4s states) of the
transition-metal atoms, we will use effective E, and U,
values. The choice of these parameters will be discussed

FIG. 1. Schematic picture of noninteracting hydrogen near a
transition-meta1 surface.

in the next section.
Before we write down the equations for the Green's

function, which we shall use to derive formulas for the
number of electrons, we would like to make some com-
ments: The Hamiltonian (8) can be written in the form

H =H, +H'(t. ),
where H'(t, ) =0 for t, =0. It may appear that

H'(t, )=t, g(c, co l +H.c.),

but this is not the case. ' For t, =0
0HO=Hm( iaa= i,,aa)+Eacaa aa ~ (10)

+ QU(bn )co aco a+U, (bn, -)c,~,

—U(&n, &(n, &
—(n', &&n', ))—U. (n. , ) &n„),

where bn~ =n~ —n~ and An, ~=n, ~ —n, ~. There are two
cases here —n„=1,n, =O or n„=O, n, =1—and both
will be taken into account.

where o = t when the direction of the adatom spin is the
same as the direction of the magnetic moment of crystal
atoms, or alternatively cr = l when the directions are oppo-
site.

%hen we turn on the interaction between the adatorn
and the ferromagnetic substrate, the occupation numbers
for the electrons will change both at the hydrogen and at
the substrate atoms for all five orbitals. The change will
produce an additional "impurity" inside the crystal. '

However, we may expect that the change should decrease
with increasing distance between the site 0 and given site
I',. In our approximation we restrict ourselves to the case
when only the change in the number of electrons at the
adatom and at the site 0 substrate atom is taken into ac-
count. Then H' can be written in the form

r

H = g ta(caaco la+CO lacQO')
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Using Dyson's equation for the perturbation H', one
can find

(12)

where a=2, 3,4, and 5, and E, =g, + U, (n )
eo=U(n ), and e =U(n ). The transfer matrix y is
still the same as that which was defined by Eq. (7) (i.e., it
still depends only on the parameters n, not on n or
n, ~}

There are two important facts which should be com-
mented on here.

(i} The transfer function y has not been changed by
the adatom, since the perturbation is local and does not
affect the whole crystal. This means that the position of
the band region is still the same as without the hydrogen
atom. It follows from the formulas 3.2 through 3.8 in
Ref. 24 that y depends on the adatom-crystal occupa-
tions n; in whole system after the chemisorption. This
assumption is not warranted even for a monolayer of hy-
drogen, and certainly not for a single H atom; rather it
corresponds to the presence of a macroscopic number of
hydrogen bulk impurities. Also, for the single adsorbate
atom, the Fermi energy and the work function will not
change upon the chemisorption. The situation is different
for fmite coverage of an adsorbate, since a polarization of
the adsorbate may consequently change a work function,
and positions of bands and localized states relative to the
vacuum level.

(ii) While it seems that hopping integral t, connects an
adatom with the orbital 1 of the atom at site 0 only, the
other four orbitals of that atom can indirectly participate
in the charge transfer with the adatom because of the
Coulomb interaction U in the Hamiltonian (2) of the crys-
tal.

In Eq. (12) Green's functions 6, , (co) and Goi oi. (co)
have the same residues. In the case of these functions,
following the conclusion in Ref. 11, we may have a max-
imum of two localized states for each spin (one below and
the other above the band, corresponding to bonding and
antibonding states, respectively). Since Go o . (co),
a=2, 3,4, 5 have different residues than 6, , (co) and
Goi o&.~(oi} functions, we may obtain new (up to four} lo-
calized states for certain values of t, and other parame-
ters. We indeed find this to be the case in the calculations
presented below&. Due to the more complicated electronic
structure in the present theory it is not possible to obtain
completely analytic results.

IV. SCHEME OF CALCULATIONS

A. Choice of input parameters

The role of input parameters in our model is similar to
these in semiempirical quantum chemistry methods, such

as CNDO/2 (complete neglect of differential overlap) for
example. It is widely recognized that the internal con-
sistency of such theories demands that the basis wave
functions not be interpreted as free-atom orbitals.

Below we give the motivation for the choice of t, U, t„
U„and E,. For Fe me use the same parameters as
Moran-Lopez and Falicov in order to compare the pre-
dictions of two methods. For all systems W', the half
bandwidth is chosen to be 2 eV. %ith these parameters
for the pure ferromagnetic substrate the width of d band
agrees within 2% with the values taken from Watson and
Bennet —a whole bandwidth of 5.73 eV for Fe and 4.64
eV for Ni. Since we do not calculate the work function,
but instead treat it as an input parameter, me have chosen
the energy difference between the zero crystal level, when
U=0, and the hydrogen atomic level as fixed. This
causes the change of the position of the hydrogen atomic
level with respect to the vacuum of at most 0.05 eV upon
changing the magnetization of the substrate (as seen in
Table I), which causes a negligible error.

With reference to the calculations of the properties of
the ferromagnetic substrate, one cannot expect full inter-
nal consistency using the Hubbard model in the UHF ap-
proximation. HF theory consistently overestimates the
tendency toward the magnetic instabilities due to the
neglect of other correlation effects. To compensate for
this one should use, instead of U, a smaller renormalized
value U,ff, given by

U,rf = U(1+ U/y)

where y is of the order of the bandwidth. Our values of
U ff=0.76 eV for Fe and U,if ——1.016 eV for Ni agree
very well with U =0.9 eV for Fe and U = 1.32 eV for Ni,
based on the first-principles calculations and used by Hub-
bard in his model of a randomized exchange field. Ex-
perimentally, for transition metals it is possible to deter-
mine the Coulomb interaction between two holes on the
same site from the Auger spectra. However, the two-
hole onsite Coulomb interaction is not quite the Hubbard
U, particularly for partially filled d bands. In determin-
ing the parameters related to the hydrogen atom, one ex-
pects the one-body picture to be even less valid than for
the substrate. For the noninteracting hydrogen U, calcu-
lated with exact ls functions (when only one electron is
present) is 17 eV. However, U, determined from affinity
equals 13.6—0.7=12.9 eV. The presence of metal screen-
ing will cause a further decrease of U, . The classical im-
age effects of Lyo and Gomer, and Einstein er al. lead
to an estimate of U, of being as low as 6 eV. However,
the classical image calculations strictly hold only at large
distances from surface. Also, that estimate refers to U,
as the energy difference between the antibonding and
bonding energy levels upon chemisorption, U,h,m. Al-
though one is allowed to use a renormalized U due to
unaccounted effects (neglected core electrons and partly
4s states of transition metal atoms), one should not use
U,&, as a parameter U in the Hamiltonian to avoid
double-counting effects. To describe the adsorbate, as in-
put parameters we use U, /8'=5. 16 for all cases (the
same value as used by Moran-Lopez and Falicov as a
compromise between the atomic value 12.9 and U,h,m

——6
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eV) and E, /8' = —3.0 for bcc and fcc Fe, and

E,/8'= —l. l for Ni. These values E, correspond to the
atomic hydrogen level with respect to the vacuum, when
the experimental values of the work functions 4.5 eV for
Fe and 5.15 eV for Ni are used. We neglected a shift of
E due to unaccounted polarizations, since otherwise t„
the adatom-surface coupling parameter, cannot be related
to the adatom distance from the surface in a simple way.
In our calculations all energies are chosen relative to the
energetic scale of the Hamiltonian (8) (zero energy corre-
sponds to the center of the band in case of zero occupa-
tion number of the substrate).

Bare values of the integrals t„t, U, and U, may be
calculated using their formal definitions. The second
quantization operators introduced at the beginning of this
paper are related to nonorthogonal basis sets. This was
not important in our calculations since we have never
used the anticommutation properties {in nonorthogonal
basis):

[ can ~ cpu l = [caa ~ cper' I =0,
[c~~,c~ I =5~~$~p ——500 f P~(x)gp(x)d x .

The nonorthogonality becomes explicit in the definitions
of the integrals t, and t. Any one-particle operator, de-
fined by use of field operators in second quantization
scheme as

T = J 4 (x)T(x)4(x)d x,
may be rewritten in a nonorthogonal basis in the form

(13}

where the summation goes through the whole nonorthogo-
nal basis set. In most calculations using model Hamil-
tonians nonorthogonality is not accounted for. We will
present our results as functions of the coupling j&arameter
r, . We have verified using Slater-type orbitals" that re-
stricted Hartree-Fock method gives r, /8'= l.6—1.8 eV
(in agreement with the estimate of Newns") for the exper-
imentally relevant H-Ni distances 1.75—1.90 A. For hy-
drogen on an Fe system we are not aware of any experi-
mental determination of H-Fe distances. Taking the same
range of distances 1.75—1.90 A in on top geometry we ob-
tained /rW=1. 1 —1.4. It is worth stressing that one
would ultimately like to use the occupation dependent
values of t, and U„beyond the Hartree-Fock scheme.
Using formula (6} and Eqs. (3), (4), and (5), we present in
the Table I the values of the magnetic moment and Fermi
energy obtained for three systems. The input parameters
correspond, approximately, to bcc Fe, fcc Fe, and fcc Ni
in their paramagnetic and ferromagnetic states. For cal-
culations of chemisorption energies, we use the values of
the occupation numbers n~ and the Fermi energies as in-
put substrate parameters.

B. Self-consistency scheme

In the presence of the adsorbate the equations for self-
consistency can be written in the following form:

N[E(n )]=n, cr=L, t, (14)

~here now both X and n are three component vectors

na-c X,(n )

n = noi. , N(n )= Noi(n —) (

4&~;~ Np (n-)

where a=2, 3,4, or 5 and

G, , (co;n-)dc@,

Goi Oi. (N;n )dc@ (16)

Go 0 . (co;n-)da),

where G is described by Eq. (12). The equations are cou-
pled and nonlinear. Note that in case of the pure crystal
we need to solve only one such nonlinear equation [see Eq.
(3)], since all orbitals are described by the same equation.
Now the adatom is described by the first component of
the Eq. (14), the orbital 1 of the site 0 atom (which is
directly connected to the adatom) is represented by the
second component of the vector equation, and orbitals
2—5 are represented by the third component, respectively.
It is worth noting that in previous calculations only oc-
cupations of adatom and orbital 1 of the site 0 substrate
atom were determined self-consistently. When neighbor-
ing atoms of the site 0 are taken into account, the set of
self-consistency equations will become yet more difficult.

V. NUMERICAL RESULTS

The following results have been obtained from the nu-
merical solution of the Eq. (14) for t, /WG[ 0, 2.]The
three main cases have been taken into account: (1) "fer-
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3
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-20 . SPIA UP

SPIA CIOWA

-3.0
0.0 0.5 1.0

t,/w
2.0

FIG. 2. The position of the localized states as a function of
t, /8' for the "ferromagnetic" case of bcc Fe. Solid lines indi-
cate spin-up states, and dashed lines spin-down states. The
thick solid line is the Fermi level, whereas two pairs of thin
straight lines 4,'solid and dashed) correspond to the boundaries of
the bands for spin up and spin down, respectively. The shaded
region shows the occupied states.
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romagnetic" case of chemisorption —when the initial (at

r, =0) polarization of the hydrogen electron spin is the
same as the magnetic moment of the lattice, (2) "antifer-
romagnetic" case—when the polarization of the spin is
opposite to the magnetic moment of the lattice, and (3)
"paramagnetic" case—hydrogen chemisorption onto
paramagnetic phase of the crystal.

In presenting numerical results, first we will analyze in
detail the bcc Fe system. For the other two systems, fcc
Fe and Ni, only the main results will be given, since they
show trends similar to bcc Fe.

A. Position and spectral density of states

In our model, only that part of the substrate s states
which hybridizes with the d band was taken into account
by specifying a total number of electrons within the ener-

gy range of the d band. Since the rest of the s band was
neglected, for finite t, one can obtain localized states
which fall outside the band. One may obtain positions
and spectral density of localized states from Green's func-
tions, as discussed in Sec. DI. For any type of Green's
function, depending on the number of zeros of its denomi-
nator, in general, one can find for each spin two, one, or
no localized states. An inspection of Eq. (12) reveals two
different denominators of the Green's functions for each
value of the spin variable. Hence, in theory one can ob-
tain up to eight localized states. In practice, for physical
values of the input parameters, we observed up to six lo-
calized states for the ferromagnetic case and up to four lo-
calized states for the antiferromagnetic and paramagnetic
cases. For fixed values of the other parameters, the num-
ber of localized states depends on a value of t, corre-
sponding to the adsorbate-surface distance. In addition to
the localized states related to the s orbital of the hydrogen
and the 3d-orbital 1 of the site 0, compared to Ref. 24 the
novel feature of our method is the appearance of new lo-
calized states associated with the orbitals 2—5 of the site 0
atom (see Fig. 2), resulting from including these orbitals

in the self-consistency scheme. The discontinuities in the
slope of the all shown quantities at certain values of t, are
related to the splitting of the adsorbate and substrate lo-
calized states from the bands.

In Fig. 2, we present the position of the localized states
as functions of t, /W for the ferromagnetic case. The
thick solid straight Bne is the Fermi level, ~hereas two
pairs of thin straight lines (solid and dashed) correspond
to the boundaries of the bands for the spin-up and the
spin-down electronic states. Solid lines show localized
state positions for spin-up states, and dashed lines
represent spin-down states. Figures 3 and 4 present the
positions of localized states for the antiferromagnetic and
paramagnetic cases.

To get a better understanding of the adatom-substrate
interaction, the local density of states (LDOS) is presented
for t, /8'=0. 4, 1.0, and 1.3 both for the adatom [Figs.
5(a), 6(a), and 7(a)] and the substrate atom [Figs. 5(b), 6(b),
and 7(b)] in the antiferromagnetic case. In these figures
the short-dashed line corresponds to the LDOS of orbital
1 at site 0 directly interacting with the adsorbate; the
long-dashed line represents LDOS of all other d orbitals
together; and the thin solid line represents the total LDOS
for the site 0 atom. The thick solid line represents the
Fermi level, and the shaded region indicates the occupied
states. The right-hand and left-hand parts of the figures
correspond to up and down spins, respectively. The spec-
tral weights of the localized states are given.

The localized states have a profound effect on all prop-
erties of the system As seen from Fig. 5 for a small value
of t, /W =0.4, corresponding to the adatom far from the
surface, only majority-spin (relative to the lattice magneti-
zation) adatom continuous states develop. Contrary to the
r, =0 case, shown in the inset of Fig. 5, bands become
asymmetric. Two discrete substrate states, nonexistent at
t, =0, appear. For t, / W = 1.0, in addition to the
majority-spin adatom continuous states, minority-spin
continuous adatom states also develop. The bonding
minority-spin level begins to show at the bottom of the
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FIG. 3. The position of the localized states as a function of
t, /W for the "antiferromagnetic" case of bcc Fe. The labeling
is the same as in Fig. 2.

FIG. 4. The position of the localized states as a function of
t, /8' for the "paramagnetic" case of bcc Fe. The labeling is
the same as in Fig. 2.
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FIG. 5. The local density of states I,'LDOS) on the substrate
atom (a) and on the adatom (b) for the "antiferromagnetic" case
of bcc Fe with t, /8'=0. 4. The thick solid line signifies the
Fermi level, and the shaded region marks occupied states.
Right-hand and left-hand parts of the figure correspond to up
and down spins, respectively. The short-dashed line corresponds
to the LDOS of orbital 1 at site 0. The long-dashed line
represents the LDOS of all other d orbitals together, and the
thin solid line represents the total LDOS for the site 0 crystal
atom. The inset in the right comer displays the shape of the
pure crystal band.
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FIG. 6. The same as Fig. 5, but for t, /8'= 1.0.

continuous band as scen in Fig. 6. The orbital l on the
substrate is affected and is about to split. This splitting is
completed at r, /W=l. l. As seen from Fig. 7, a peak at
the top of the spin-down bands suggests the splitting of
the localized state for slightly larger values of t, .

B. Mechanism of adsorbate-surface interaction
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%e will now discuss the two major facts determining
the mechanism of H-substrate interaction in this model.

3
0.0- 0.228

Nonapplicability of spin unpolarize-d

perturbation theory
—2.0

Due to the presence of Coulomb interactions, both on
adatom and substrate the process of bonding cannot be
descr1bed 1n terms of the 81IDple spin-unpolarized second-
order perturbation-theory results, the mainstay of cherni-
cal thinking, which states that two interacting levels pro-

4.0 3.0 2.0 1.0 0.0 1,0 2.0 3.0 4.0

I gr" ~j'.. )

FIG. 7. The same as Fig. 5, but for t, /8' = 1.3.
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duce a lower-lying bonding molecular level and a higher-

lying antibonding molecular level. Instead, one must dis-
tinquish between spin-up and spin-down states, as will be
discussed for the antiferromagnetic case. The localized

bonding minority-spin hydrogen state does not lower its
energy upon switching on t, . One can see this by analyz-
ing the denominator of Green*s functions G, , (co) and

Goi, o&;a(~)

(t0 —E, ) to —e — Ice —co —[(co—so) —4(z —1)t, ]'~
I t, —.

2(z —1)

Outside the band, when (co —so)~&&4(z —1)t„zeros of
the above expression are given by

(co E, )(—co e) —t, =0—. (18)

This corresponds to the secular equation for the following
two-level Hamiltonian:

zy cF
LL~j g

ta

For small values of t, [4t, g (s —E } ] the eigenvalues of
this equation are

e& ———,
' IE, +s +[(E,—s )2+4t, ]'~

I

2 tg+ +
(e —E, )

(20}
s2 ———,IE, +e —[(E, —s )'+4t,']'~')

2' Eo'
(s —E, )

approximately the same, and spin polarization plays a
small role. Then, with the further increase of t, both lev-
els go down, and the standard chemical interpretation
holds. With the change of terminology the above analysis
holds also for the ferromagnetic and paramagnetic cases.
For the paramagnetic case for t, /W & 1.4 spin-
polarization plays no role.

The energy difference between the two lowest-energy
states (having the opposite spin polarizations) can be con-
sidered as U,h, , and this quantity reflects the screening
of 3d transition-metal states due to the presence of hydro-
gen. This quantity decreases with the increase of t, and
for large enough t, becomes very small. It is also worth
mentioning that a correct position of the lowest hydrogen
level cannot be obtained by using a standard self-
consistent restricted HF calculation (RHF). For a system
like HMn(CO)z the RHF prediction of an energy of the
lowest a~ hydrogen level is not in agreement with the ex-
perimental results. Similar problems appear in the
description of Ni(C3H5)2, ferrocene, and other systems.

Since E, =E,+U, (n,~), then for small t„
U, (n, -) &2t, /(e —E, ),

and consequently sz&E, . This cannot happen for unpo-
larized calculations in which the term U, (n, -) does not

apear. The binding comes about due to two facts: (i)
There is a net decrease of the band center of gravity, and
(ii) what was for t, =0 the affinity hydrogen level be-
comes the majority-spin bonding state. This state ac-
quires fractional occupation once the level is below the
Fermi surface. (Also, the lowest state has an occupation
number slightly smaller that 1 since, in general, the in-
tegral spectral density for this state decreases. ) The
majority-spin state is virtual while within the band and
shifts down with the increase of t, . The decrease of the
chemisorption energy, due to the occupation of this level

by electrons initially at the Fermi level, partly compen-
sates the reverse effect related to the upward movement of
the localized bonding minority-spin level. A correlation
diagram explaining this mechanism is presented in Fig. 8.
It is worth noting that once these two levels begin to con-
verge, which happens for t, /%=1.5, above the experi-
mentally relevant values of t, for Fe, their occupation is

3.0

2.0 .

10"

—10.

-2.0 .

FIG. S. Spin-dependent correlation diagram for H interacting
with a transition-metal surface. The band of a given polariza-
tion is replaced by an effective level at the center of the band.
In the range of t, /8' ~ 1.6 for bcc Fe ( t jS'=1.0 at the dia-

gram) the lowest hydrogen level moves up upon the chemisorp-
tion.
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2. Redistribution of density of states

Since we consider a single adsorbate atom, the position
of the bands and the exchange splitting are fixed. The
Dyson's equation preserves the normalization, so the in-
tegrated density of states is not changed with a change of
the coupling t, This refers to any state of a given spin in
the absence of spin-fhp interactions in the Hamiltonian
(11). Consequently, the occupation of the majority (spin-
up) bands and minority (spin-down) bands is determined
by two factors: the change of the shape of the bands, and
a division of the derisity of states between the band contri-
bution and the contribution from the localized states. The
increase of LDOS of the orbitals 2—5 at the bottom of the
spin-down band, and at the top of the spin-up band, illus-
trates the important mechanism of the substrate demag-
netization, due to the indirect couphng of adsorbate with
these orbitals. Note that this mechanism prevails over the
reverse trend for the orbital 1 as seen in Figs. 5—7.
Equally important is a distribution change of the density
of states (equal to the occupation numbers) for the local-
ized states below the Fermi level, whose positions were
shown j.n Fig. 3. This is illustrated i5 Fig. 9. The total
occupation of the lowest (spin-down) localized state, on
the adsorbate and the substrate, is almost constant as a
function of t„and is approximately equal to 1. However,
the occupation number on the substrate increases at the
expense of the occupation number on the adsorbate. Once
the second localized state„which is reversely polarized
with respect to the lowest state, sphts off the band, its to-
tal occupation number increases and tends to 1 for large
t, In th.is limit, corresponding to the restricted Hartree-
Fock case, the occupation numbers for both states become
equal, both on the adsorbate and on the substrate. For
t, =1.3, the total occupation number of the localized
states below the Fermi level nt~ (n, +nm=}t~=1.8 in-
creases significantly compared to the t, =0 case, when
nt~ ——l. Since this correlates with the corresponding de-
crease of the continuous density of states for the level 1 at

site 0 (see Figs. 5—7},this mechanism is important for the
increase of the chemisorption energy. The main part of
bonding comes from localized states.

C. Charge transfer, magnetization,
and chemisorption energy for hydrogen on bcc Fe

From the present model, one in principle could calcu-
late the charge and spin densities. The space density of
charge can be calculated if we include nondiagonal ele-
ments of the Green's function G;J (to). It turns out that
111 a nonorthogonal basis set of wave functions Pk(x),

p (x)= —Im f dco f d'x'5'(x —x')G (x,x', to)

= g Pk(x)Skt 'pt P'(x) . (21)
k, l, m

Here pI is density matrix in the atomic orbital basis

pt = —Im f de Gi, (to), (22)

Skl= X k X ~X

is the overlap matrix.
The charge transfer to the adatom is at the expense of

the substrate. Most of it is from the first layer. Due to
the very limited size of the quasimolecule we used, expli-
citly taking only the first layer, our method of embedding
the quasimolecule though the Bethe-lattice approach does
not allow us to determine the spatial distribution of the
charge outside the quasimolecule. Therefore we do not at-
tempt here to determine the dipole moments and the work
functions, restricting ourselves to site charge transfer and
magnetization.

The electron chemisorption energy can be calculated
from

hE= g f (to Ey)p, , (co)d—a) (E, Es)— —

01U'

06-

(o) .

+ g f (co—EF)[po, (oi) —pp . (co)]do)

—U, (n„)(n„)—U[(not )(no, ) —(ntoi, )(noo, )] .

(23}
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FIG. 9. Occupation numbers for the localized states below
the Fermi level, whose positions are shown in Fig. 3. Solid lines
indicate spin up states, and dashed lines spin down (minority-
spin relative to the substrate), the lowest-energy states.

Equation (23) neglect partly the effect of 4s electrons on
the transition-metal atoms and a polarization of the core
electrons due to the hydrogen. In Figs. 10—12 we show
detailed results for bcc Fe. We start with the magnetic
moment of the adatom. p, =n„n„,the atom below at-
site 0, pa=no, no„and—the total magnetic moment of
the quasimolecule consisting of the adatom and the sur-
face atom at site 0, p„t=p,,+po (Fig. 10). The ferromag-
netic, antiferromagnetic, and paramagnetic cases are
represented by the solid, long-dashed, and short-dashed
lines, respectively. As me can see, the paramagnetic ease
has a nonhero magnetic solution in the range 0&t, & t«,
t /W = 1.4. The ferromagnetic solution becomes unsta-
ble at t~ =1.45 (at the point which terminates the solid
hne}. The solution flips to the antiferromagnetic case for
t, (t This feature of.a very small difference between
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FIG. 10. Magnetic moment of the adatom IM„ the atom
below ~, and a quasimolecule p„,for bcc Fe. "Ferromagnetic, "
"antiferromagnetic, " and "paramagnetic" cases (defined in the
text) are represented by solid, long-dashed, and short-dashed
lines, respectively.

t~ and t~ is maintained for all cases we investigated.
In Fig. 11 the charge transfer is presented. Figure 11(a)

shows hq, =n, —1, the net charge at the adatom; Fig.
11(b) presents bqo no n——(n =—7.7), the net charge at the
atom below, whereas Fig. 10(c) shows the total net charge
at the quasimolecule, 6» =hq, +b,qo. The labeling of the
lines is the same as in Fig. 10. We can see in both Figs. 9
and 11 that, for the ferromagnetic case at t, l8'=1.05,
there is a sharp change in all these quantities. As seen in
Fig. 12, the chemisorption energy is very weakly depen-
dent on the magnetization of the substrate.
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FIG. 11. The charge transfer on the adatoxn hq„atom below
hqQ, and on the quasimolecule hq„„in units of the number of
electrons for bcc Fe. The meaning of the lines is as in Fig. 2.

D. Comparison of the results of the present model
with other theoretical results and experimental data

Due to the weak dependence of the Hamiltonian on the
topological factor z (-z'~ ) the results for fcc Fe (z = 12)
are qualitatively very similar to these for bcc Fe (z =8).
We present here only the charge transfer (Fig. 13) as an
example.

We conclude the presentation of the numerical data
with fcc Ni in Figs. 14—17, showing the magnetic mo-
ment (Fig. 14), charge transfer (Fig. 15), the local density
of states of the adsorbate and substrate atom (Fig. 16),
and the dependence of chemisorption energy on the cou-
pling t, (Fig. 17). In general the trends of behavior of the
described properties for fcc Ni are similar to these of bcc
and fcc Fe, although the values of the corresponding
quantities are different.

For all systems studied, the dependence of the chem-
isorption energy on the magnetization state of the sub-
strate is very weak. This result is in sharp contrast with
the prediction of the Moran-Lopez and Falicov calcula-
tions. Allowing the polarization of all d orbitals in our
method, absent in the previous calculational scheme,
might be partly responsible for the difference. The other,
more important source of the discrepancy between the two
calculations is related to the definition of the transfer
function y (t0) given by Eq. (7). In our calculation
scheme, y (co) does not change upon the hydrogen chem-
isorption. It physically means that a single hydrogen
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FIG. 13. The charge transfer on the adatom hq„atom below

hqo, and on the quasimolecule hqtot in units of the number of
electrons for fcc Fe. The meaning of the lines is as in Fig. 2.

FIG. 15. The charge transfer on the adatom hq„atom below

hqo, and on the quasimolecule hq„„in units of the number of
electrons for fcc Ni. The meaning of the lines is as in Fig. 2.
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FIG. 16. The local density of states on the substrate atom {a)
and on the substrate atom {b) for the "antiferromagnetic" case
of fcc Ni with t, /$V = 1.0. Labeling is the same as in Fig. 5.
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atom cannot change the position of the band, so it does
not move with respect to the vacuum.

For Fe and Ni hydrogen behaves as acceptor. The
value of the charge transfer to hydrogen calculated by us
for Ni ( -0.1 —0.2e} is consistent with the value

hq, =0.16e obtained by Newns" in his original paper.
Our charge transfer for Fe {-0.3e) is larger consistent
with the trend observed by Newns, that the charge
transfer decreases with the increase of the occupation of
the d band. One consequence of the assumption that only
d states of the transition metal are directly involved in

binding might be too large a charge transfer to the hydro-

gen atom. In cluster calculations of H on Ni, including 4s
states of Ni, Blyholder obtained a charge transfer of less
than O. le, but it is not clear what is the effect of finite
size of a cluster on charge transfer.

The magnetic moment of the substrate atom is signifi-
cantly decreased upon chemisorption on ferromagnetic Fe
in the relevant range of the coupling parameter
t, /W =1.1—1.4. For Ni the effect exists, but is less pro-
nounced in the relevant range of the coupling parameter
i, /8'=l. 6—1.8. For this system, at t, /W=1. 7, the
chemisorption energy agrees very well with the experi-
mental value —2.7 eV. The demagnetization obtained in
our calculations is smaller then experimentally observed2~

and calculated by Weineert and Davenport for a mono-
layer coverage. It is to be expected that the demagnetiza-
tion of the crystal atom in the presence of the single ad-
sorbate atom is smaller than for a monolayer. It is also
worth noting that in the previous calculations, using the
Newns-Anderson-Hubbard model, no decrease of mag-
netic moment in the first surface layer was obtained, and
our demagnetization mechanism comes from taking into
account the other four 3d orbitals in the self-consistency
scheme.

Due to the fact that the 4s states are only partly ac-
counted for in our model, we do not expect quantita-
tive reproduction of the experimental photoelectron peaks.
We do, however, get for Ni the main chemisorption-
induced peak at 6.1 eV below the Fermi level for
t, /8'= l.7, compared to the experimental value of 5.8 eV
for Ni(111).'~'5 The history of this peak illustrates how
difficult it is to study hydrogen on Ni. In contrast to an
initial interpretation that it is H-Ni bonding level at room
temperature, ' ' Himpsel et al demonst. rated that it is
instead an enhancement of transitions from an sp-type
bulk Ni band. That would suggest that hydrogen forms a
broad resonance with metallic states, rather than a splitoff
level. However, very recently Eberhardt, Plummer, and
collaborators showed the existence of the hydrogen de-
rived sphtoff state at low temperatures. They suggest that
this state may not be observed at room temperatures be-
cause H is in invisible subsurface site. These facts em-
phasize the limitations of a zero-temperature description
of materials at finite temperatures. We are not aware of
any photoemission studies of hydrogen on monocrystal
Fe.

VI. CONCLUSIONS

In this paper we extended the Moran-Lopez and Fal-
icov model of hydrogen chemisorption on Fe and Ni. As

0.0

0,0 0.5 1.5 2.0

FIG. 17. The chemisorption energy in units of 8' as a func-
tion of t, /W, for fcc Ni. Labeling is the same as in Fig. 2.
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the main result of our calculations, we find that the chem-
isorption energy does not depend very much on the mag-
netization state of the substrate, in agreement with recent
measurements of Ertl and collaborators.

Our model is relatively simple. The most important
limitations are the following: (1) the fact that 4s states in
the transition metal are taken into account only implicitly
(by using the screened values of the Coulomb interaction
U due to 4s electrons, together with nonintegral occupa-
tion of the 3d band); (2) the Bethe-lattice approximation,
which does not describe real metal surfaces properly; (3)
the Hartree-Fock approximation; and (4) the T=O tem-
perature limit. Nevertheless, several correct qualitative
predictions of this model (demagnetization of the surface
upon chemisorption and negative charge transfer to hy-
drogen) support the main findings of this work.

One of the main findings of the present paper is that
the restricted Hartree-Fock approach is inadequate in lo-
cating the hydrogen derived peak. An upward shift of the
lowest hydrogen level, caused by an increase of the occu-
pation of the reversely polarized spin states, and the ener-

gy decrease of the second (hydrogen affinity} level, calls
for a spin-polarized correlation diagram. The present
model is amenable to extensions such as including a finite
temperature and phonon coupling. Usually in an ab initio
approach, the T =0 description serves to determine pa-
rameters which are then fed to a model siinpler than ours
(e.g., the Heisenberg spin model) to find the finite tem-
perature behavior. At this stage most of the advantage
of using ab initio methods is lost. That is why we think it
is still useful to study model Hamiltonians in the theory
of chemisorption.
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