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Abstract—The Anderson—Newns model for the adsorption of atoms onto metals is generalized to the case of
the presence of an external transverse quantizing magnetic field. Analytical expressions for the density of
metal states in the external magnetic field are obtained. Analytical expressions for the density of adatom states
are obtained in the approximation taking only the change in the density of substrate states into account. The
charge exchange between the adatom and the metal is studied. The dependences of the density of adatom and
transition-charge states on the magnetic field are studied for different values of the interaction constant. An
analytical expression for the density of substrate states perturbed by adsorption is obtained.
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INTRODUCTION

The study of the adsorption of atoms and molecules
onto the surface of different metal and semiconductor
structures is the most important problem of condensed
matter physics and, in particular, surface physics [1].
Such interest is due to several reasons. One of them is
the fact that adsorption can cardinally change the
energy spectrum of the adsorbent (open the energy
gap; change the work function, the surface conductiv-
ity, and the magnetic properties; affect the spectrum of
surface plasmons; etc.) [2—4]. Thus, it becomes possi-
ble to obtain the desired characteristics of different
structures using adsorbed atoms and molecules. The
adsorption of atoms and molecules affects especially
significantly the properties of low-dimensional struc-
tures [5—12], because the surface effects dominate
over bulk ones.

The degree of influence of the adsorbate on the
characteristics of the adsorbent depends strongly on
the concentration of adsorbed particles (the degree of
coverage) [3]. However, variation in the degree of
adsorbate coverage is not the most convenient way
of affecting the substrate in a controllable manner.
This is related to technical inconvenience. It is more
convenient to use an external field (electric or mag-
netic one) for this purpose. Moreover, in the case of an
applied field, it is possible to vary the properties of
both the adsorbate and the adsorbent. Such consider-
ations make the study of adsorption in the presence of
external fields important. In this report, we make an

effort to solve such a problem using an approach based
on the model Anderson Hamiltonian.

ANDERSON-NEWNS MODEL
FOR ADSORPTION ONTO A METAL

One of the widespread analytical models of
adsorption onto a metal is the Anderson—Newns
model [4—19]. This model is based on the following
Hamiltonian:

H= zg(p) C;GCkG + Eazai;aic
p.c ©

(1

V +

+ Qajanaa; + —Z:(cp(,ai(T + h.c.),
JN =

where E, is the energy of an atom electron in the state
|ac5>; 3 is the intra-atomic Coulomb repulsion of elec-
trons with opposite spins, ¢, (c,) is the operator of
creation (annihilation) of substrate electrons in the
state |po); p is the quasimomentum of the substrate

electron, a;. (a;,) is the operator of creation (annihila-
tion) of an adatom electron, V is the hybridization
potential (in this paper, we follow an approximation in
which this quantity is independent of |po)); N is the
number of substrate adatoms, and o is the spin num-
ber. Next, we restrict ourselves to one spin state. Using
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Hamiltonian (1), we obtain the expression for Green’s
function (GF) of the adatom:

6 ~(0-5,-A@)-T.(@). @
where g, = E, + 8<a;ac>’

T, (o) =’ p(o), 3)
Aw) = ipwjrc (0')do' /(0 - ') 4)

is the half-width and the function of the quasilevel
shift, respectively, and p(w) is the density of the sub-
strate states (DoS). The sign of P means integration in
the sense of the principal value. In the Anderson—
Newns model, the density of metal states is approxi-
mated as follows:

p(®) = p, = const. (5)

In the general case, the energy-independent density of
states corresponds to a two-dimensional electron gas
with a quadratic spectrum. Indeed, for the element of
the phase volume of such a gas, we have

dnspdp _ ™™ */EJ— 4tmSdE (¢
(2nh)? (2nh)? (2nh)?

whence we obtain the expression for the density of
states

dV =

mS
Po="73> (7)
Th’
where S'is the area of the considered region of the two-
dimensional gas and m is the effective electron mass.

In the adopted approximation, we have

A(®) =0, T (0)=T,=n]V’p, (8)

GENERALIZATION
OF THE ANDERSON—-NEWNS MODEL
TO THE CASE OF THE PRESENCE
OF AN EXTERNAL MAGNETIC FIELD

If an external magnetic field that is perpendicular
to the substrate surface is applied, then the character-
istics of the substrate and the adatom and the processes
of exchange between the substrate and adatom are
changed. The main changes in the adatom—substrate
system can be formulated as follows: (i) the density of
substrate states changes under the action of this field,
(ii) the energy quasilevel of paramagnetic adatoms
(alkali, transition, and rare-earth metals) is split (the
Zeeman effect), and (iii) the removal of spin degener-
acy leads to a change in the Coulomb repulsion
between electrons with opposite spins (the third term
in Hamiltonian (1)).
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The problem in the second item can be omitted
under well-known stipulations. That is, it can be
assumed that the Zeeman splitting is small in the case
under consideration. The third item contains a very
important effect, which requires separate consider-
ation within the framework of macroscopic theory.
The presence of the magnetic field leads to the fact
that the expression for the quasilevel contains the
exchange interaction. The latter is related to the fact
that additional repulsion between electrons appears,
because the directions of their spins are the same as the
result of the effect of magnetic field. In this paper, we
take only the first point into account.

Aswas mentioned above, the metal substrate is rep-
resented in the form of a two-dimensional gas with a
quadratic spectrum in the Anderson—Newns model.
In the presence of a external quantizing magnetic
field, the energy spectrum of electrons is quantized
and has the form

E,, =vho.(n+1/2), )

where o, = eH / mgc is the cyclotron frequency, m, is
the cyclotron mass, H is the strength of the magnetic
field, c is the velocity of light in free space, and v is the
band subscript: v = +1 corresponds to the conduction
band, and v = —1, to the valence band. In our model,
it is assumed that the valence and conduction bands
are equivalent to each other completely. To determine
the density of states, it is necessary to know the spec-
tral function, which in this case is defined as follows:

A, (o =— 5 -8 o-F,,), (10)
(0= =0 )
where s = 0*. The density of states is
plo . (11)
(©) z (0— Env) (0—E, ) +s

In actual practice, summation must be performed up
to a certain level n, corresponding to the boundary of
the band of allowed energies. The energy correspond-
ing to n, in metals is usually much higher than the
Fermi energy, therefore we can pay no attention to the
numerical value of n,, because the last is absolutely not
important for the considered problem. The main thing
is that n, must be much higher than the Fermi level.
The &-like spectral function corresponds to the lack of
damping in the system (s = 0%), i.e., to the case of free
particles. However, there is always quasiparticle damp-
ing in a real system. Moreover, the adsorbed layer of
atoms is an additional source of quasiparticle scatter-
ing, which also leads to their damping. Therefore, we
set s =I"#0. In addition, each Landau level is charac-
terized by the degeneracy factor defined as the ratio of
the area of the considered sample (S) (perpendicular
to the magnetic field) to that of the region in which

there is quantization ((r/;;, where /;; = (hc/eH )1/ ?isthe
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Density of states, rel. units

|
—0.05 0
Energy, eV

Fig. 1. Density of states of electrons of the metal surface
layer in an external magnetic field. The solid line corre-
sponds to H = 10 T, and the dashed curve, to H =20 T. The
density of states is given in p,.

magnetic length). Thus, the degeneracy factor for
each Landau level is

u = SeH /nch = Smo,/th = pyho,.

Finally, we have the expression for the density of
states

pOhQ% c I
plo)=F—=e > ———— (12)
n n:O,v:il( _E”,V) +T
Here and hereafter, we set m, = m_and I’ = 0.001 eV,
where m, is the free electron mass. For such parame-

ters, we have ho, ~ 1073H eV, in this case, the mag-
netic field in this expression is given in tesla. Figure 1
shows the density of states (12) for different strengths
of the magnetic field. It can be seen that the density of
states is Lorentz contours, whose width is obviously
determined by I'. For the shift function, we have

o0

A(0) = poho, |V|2 Z

n=0,v=%1

o-E,,
(co(—E )? +)r2' 1

Figure 2 shows the dependence of the reduced shift

function A (o) / po|V|” on the energy variable. It can be
seen from this figure that the shift function is strongly
oscillating. The last is related to the presence of the mag-
netic field and also to the fact that the distance between
levels is very small in ordinary metals. As H — 0, we have
p(®) = pyand A(w) — 0; i.e., we arrive at the model of
an infinitely wide band (formula (8)).

JOURNAL OF SURFACE INVESTIGATION. X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 8

677

2_

=
x

S

.
L)

L O S S S O S N
£ A R B R A
s e
ER SR A R A SR
Y0 ,
o LA ' VoY e E
~ T R -
O R S S A
R L R T
R A S S R
—_H=10T
-~ H=20T . .
0.1 ~0.05 0 0.05 0.10
Energy, eV

Fig. 2. Shift function of the adatom quasilevel in an exter-
nal magnetic field.

It is also possible to take the spins of substrate elec-
trons into account. In this case, the energy spectrum of
the substrate must be written in the form

E,, =vho,(n+1/2)+ %

The last expression can be rewritten as
E,, = vhon,

in this case, each value with # # 0 occurs twice, and
that with n = 0, once. In other words, the density of
states with n# 0 is given by the same formula (12), and
it is two times smaller for n = 0.

The model used here can also be generalized to the
case of adsorption onto semiconductors [20] and
alloys [21, 22] in the general case.

DENSITY OF ADATOM STATES
AND THE TRANSITION CHARGE

The density of adatom states is determined by the
imaginary part of Green’s function (2)

1 1 I
o) ==-ImG, () == < . (14)
pa( ) TC a( ) TE(O)—ga—A((D))2+r§

Using (12), (13), and (14), we obtain the density of
adatom states with a positive quasilevel energy for dif-
ferent values of the magnetic-field strength and for dif-
ferent values of the hybridization potential (Fig. 3).
Figure 4 shows the analogous dependences for an ada-
tom with a negative quasilevel energy. The density of
adatom states differs from zero most significantly for
energies close to g,. The last is obvious, because the
atom under consideration contains one electron with
the energy ¢,. If there is no interaction with the sub-
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Fig. 3. Density of adatom states with a positive quasilevel energy €, = 1 eV for different values of magnetic-field strengths and

hybridization potential.
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Fig. 4. Density of adatom states with a positive quasilevel energy €, = —1 eV for different values of the magnetic-field strengths

and hybridization potential.

strate, the density of states is, naturally, the & function
with the argument ® — g,. The most interesting con-
clusion that can be made from Figs. 3 and 4 is the fol-
lowing. As the magnetic field decreases, the quasilevel
broadening decreases and the peak height increases for
€,- This demonstrates that an increase in the magnetic
field leads to a decrease in the interaction between the
adatom and the substrate. The last can be easily under-
stood from the following consideration. As the mag-
netic field increases, the distance between neighboring
Landau levels increases. Naturally, this leads to a
decrease in the number of Landau levels under the
Fermi level. A decrease in the levels means a decrease
in the number of electrons participating in the ada-
tom—substrate coupling.
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The adatom occupation number is defined in the
standard way [2]:

Er
n, = jpa (0)do, (15)
-€

where Ef is the Fermi energy and & is the width of the
allowed energies of the valence band. Here we con-
sider the general laws of adatom charge variation if
quantities, such as the hybridization potential and the
adatom quasilevel energy, are varied. The most impor-
tant quantity determining the nature of adsorption is
the transition charge, which is equal to the induced
adatom charge and defined, obviously, as Ag =
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(@)

(1—n,)e, where e is the electron charge. Figure 5 shows
the dependence of the transition charge on the adatom
quasilevel energy.

e 2
x o
1

N

When plotting the curves in Fig. 5, we set § = 5 eV
and Ep = 1¢eV. It can be concluded from Fig. 5 that the
transition charge is small for €, < Er and approaches
unity for ¢, > Fr. This can be explained by the fact
that all levels below the Fermi level are occupied by
electrons, and, as a result, the electron belonging to
the adatom cannot make the transition to these levels.

The opposite case occurs for energies €, > Eg. It can
be seen from Fig. 5 that the dependence of the transi-
tion charge from the magnetic field is rather weak.
This can be explained by the fact that, in ordinary met-
als, the distance between the Landau levels is very

—

Charge of the transition, electron
(=] o O O o O O
N W A wm N

—3-2.5-2-1.5-1-050 05 1 1.5 2 25 3
Quasilevel energy, eV

small and electrons with energies on the order of 1 eV 0.9 - (b)
barely “perceive” it. It is also interesting to note that, —H=10T
for large interaction constants (Fig. 5¢), the transition 0.8 == H=20T
charge depends almost linearly on the adatom quasi- 7 [ ey

c

level energy.

foN

ADSORPTION-INDUCED VARIATION
IN THE DENSITY OF METAL STATES

Obviously, the electronic structure of the metal
changes in the case of the adsorption of atoms onto
this metal. Here we consider the problem of adsorp-
tion-induced variation in the density of substrate L

Charge of the transition, electron
© o o © o o o
— [\ W I (9]

states. For Green’s function of the perturbed substrate 3 .24-18-12-06 0 06 1.2 18 2.4 3
onto which the atomic layer with the concentration n Quasilevel energy, eV
is adsorbed, using the Dyson equation, in the first ©
approximation, we obtain 0.8 -
— H=10T
= 1 L - H=20T
G = Gy + FG"Z VGV G (16) 0.7
o 0.6 I,=4eV

c

where the summation is taken over all adatoms, N, is
the total number of sites in the adatom lattice (N, = N
in the case of the 7T type of adsorption where the ada-
tom is located just above the substrate atom), and Gj; is
Green’s function of a single adatom. Note that we
neglect possible interactions between adatoms (direct
and indirect electron exchanges, dipole interaction,
and so on). The last are, generally, responsible for very
important phenomena in both the adsorbate and L
adsorbent [4, 18, 19]. We assume below that one sub- 23 24-18-12-06 0 06 12 18 24 3
strate atom corresponds to one adatom. Taking into
account that the function G;= G, is independent of the
adatom location in the adatom lattice and that V,; =V,
we obtain

0.5
0.4

031

0.2

Charge of the transition, electron

0.1

Quasilevel energy, eV

Fig. 5. Dependence of the transition charge on the adatom
- 5 quasilevel energy for different values of interaction con-
G,=G,+nV°G,G,G,. (17) stants and magnetic-field strength.
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Before we perform summation over the wave vec-
tor, we note that

G = 1
(G.) (0—-E,, zs)2
__of__ 1 |__96G,
oo\o—E,, —is o0
Then
i)=Y G (@) =6(0) -1 6 (). a8
o

nv=tl

Finally, for the density of states, we have

p(0)=n"'ImG(w)

=p(w) -V’ Im(%)(n_1 ReG () + ip(oo))) (19)

x (ReG, (0) +inp, (»)),
where
(0~ &, — A(0))p, (@)
(o)
ReG’ (o) = A(w)/V?.

Finally, for the density of states, we have

o) ®

DISCUSSION AND CONCLUSIONS

To calculate the atom charge, two characteristics of
the adatom must be known: the quasilevel energy and
the hybridization potential, which depends on the type
of adatom and adsorption. In analogy with [8, 9], we
determine the quasilevel energy using the relation [3]

g, =D —I+e/an, Q1)

where @ is the substrate work function, /is the adatom
ionization potential, A is the average distance between

ReG, (0) =

B

B(®) =p(0) —nV’p, ()

P t(o-¢, —A(®)) o
x [%ReG(m) + (o) o

the adatom and substrate surface, and ez/ 4\ is the
intra-atomic Coulomb repulsion. We found the ion-
ization potentials of various atoms in [23]. The quan-
tity A is usually found using various approximations of
the substrate surface structure or from experimental
data. The hybridization potential can be found in the
same way as in [8, 9] using the Harrison bond-orbital
method [24, 25]. For example, for the adsorption of
alkali metal atoms onto s and p substrates, the s and
p orbitals play the main role, and, consequently, the
following formula can be used:

_n (22)
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where the subscripts / and j mean the respective states
of the adatom and the substrate atom, which partici-
pate in the hybridization (i, j = s, p), oo = 1, o is the
type of bond (the ¢ or © bond) between the adatom
and graphene, m;, is the characteristic interaction
constant, and m, is the free electron mass. If these
parameters are used, it is possible to quantitatively cal-
culate the adsorption characteristics of particular
atoms. However, we here are interested in qualitative
effects, which are studied above rather thoroughly.
And the calculations for particular atoms are interest-
ing if there are experimental data on the problem
under study. Unfortunately, the last are unknown to
the authors, and, consequently, the quantitative calcu-
lations at this stage will be useless in some sense.

The phenomena considered here are also interest-
ing for another reason. The authors of [26—28] pro-
posed an analytical model of epitaxial graphene, in
accordance with which it is represented in the form of
adsorbed C atoms forming a hexagonal structure. This
model was then developed in [30—38]. All the results
of our work can be applied to the case of epitaxial
graphene formed on a metal surface.
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