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Magnetc states in the surface dimer model for adsorption
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For the electrons of surface dimer formed by adsorbed particle and substrate atom effects of the intra- and
interatomic Coulomb interactions are taken into account. Two cases are considered: adsorption of magnetic particle
on nonmagnetic substrate and adsorption of nonmagnetic particle on magnetic substrate. Analytical expressions for
the surface dimer magnetization are obtained for the regimes of weak and strong dimer — substrate coupling.
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The solid-state approach to model description of adsorp-
tion reduces to the problem of interaction between the local
state of an adsorbed atom and the continuum of substrate
states [1,2]. We refer to this approach as the standard
adsorption model (SAM). A more detailed description, the
model of a surface dimer (MSD), was proposed in [3,4]. The
adsorption system is presented in this model as a ,,sum®
of a surface molecule, which is formed by the adsorbed
particle and the nearest surface atom, and the rest of the
substrate. The cluster approach to adsorption is actually
not a new one (see, e.g., [5-7]) and is limited to numerical
calculations, while SAM and MSD provide an opportunity
to obtain analytical expressions. The roughness of the
obtained results is offset by the possibility to demonstrate
fairly easily the mechanism of the studied phenomenon by
identifying the parameters that govern certain characteristics
of it. This is the goal set in the present study, which is aimed
at determining the magnetization of a surface dimer upon
adsorption of a magnetic atom on a nonmagnetic substrate
(case A) and a nonmagnetic atom on a magnetic substrate
(case B).

Let us consider a free dimer consisting of a magnetized
particle and a surface nonmagnetic atom of the substrate
(case A) that are characterized by single-electron levels with
energies €5 and &s. The Hamiltonian of a free dimer in the
mean-field approximation takes the form

0o _ 0o
Hdim— § Hdim?
o

Hi%m = WeNss + WagNas — t(SF 8, +a)So)
— UaNaiNa; — GNgng. (1)

Here, U, is the intraatomic Coulomb repulsion of electrons
with opposite spins at the particle; G is the Coulomb
repulsion of electrons of the particle and the substrate
atom; t is the amplitude (energy) of electron transition
between the particle and the surface atom; ws = &5 + Gn,,

Was = €a +UaNa_s + Gng; Ngy = SES, and Ny, = afa,

are the occupation number operators for the atom and the

particle; o = (7, |) is the spin projection; s} (s,), as(as)

are the creation (annihilation) operators; ; Nas) = > Na(s)os
o

Ns(a)e = (Ns(a)e)» Nsa) = (Nsa))s (. - .) is averaging over the
ground state. The following Green’s functions correspond
to Hamiltonian Hgi”m:
—1
Gg‘(ys) (w) = Ja(s)o [1 — Jac (w)gs(w)tz} > (2)
where

' (@) =0 —ws +i07, g} (@) = © —way +i07,

w is the energy variable. Dimer levels defined by the
poles of Green’s functions (2) are o} =w, +R,,
Ry = /A2 +12, where  w, = (Wae +ws)/2  and
As = (wag - wS)/2

Let us now take the substrate into account. It is easy to
demonstrate, following [3,4], that the densities of states of an
epitaxial dimer (epidimer) p9™(w) and of its components
Pa(s)s (@) in the limit of weak dimer-substrate coupling

(IM'(w) < t) may be presented as

Pa(s)o (w) = Daip; ((‘)) + Di:pg_ (a))’

pIM(w) = pf (@) +p, (@),
Df = (1+A,/R,)/2,
1 I'(w)
Po(@) =2 O e A@PEiw)

Here, @'(w)=aV2?ps(w) is the
ening of local dimer levels o,

function of broad-

*,  while function

Alw) =V?P [ ps(0')(w — ') 'dew’ defines the shift of

these levels (ps(w) is the density of states of the substrate,
V is the matrix element of interaction of levels w} with the
continuum of substrate states, and P denotes the principal
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value). For further analysis, we need to specify the substrate
by setting function ps(w).

Let us consider adsorption on an Sp metal. Setting
ps(w) = pm = const (Anderson model [1,2]), we find
[(w) = 'm = 7V2pm and A(w) = Ay = 0. The densities of
states of epidimer components pgzs)g (o) are then the sum of
two Lorentzian profiles p (w) = I'm/7t[(w — w}F)? + T3]
with weight factors D [3,4]. At zero temperature, occupa-

EF
tion numbers N5, = [ pZ (w)dw (ef is the Fermi level of

the system). Thus, nk = (1/s)arccot|(w — er)/T'm] [3,4].
Let wus introduce epidimer occupation numbers
ndm — nt 4 nn,, ndM = 35" ndM and epidimer magnetiza-
o
tion m{;™ = nﬂ;{“ - nﬂq'fq and determine the conditions under
which mim £ 0. Setting es + ea +2G + Uy /2 =0, Ny =
= Nat + Nay, My =nNay —Na and  UZF =Ua(ng —
—1+my)/2, we obtain
2AT’1 = &3 — &s + G(ns - na) + U;;.

If ep =0, charge transfer between the epidimer and the
substrate is lacking. Therefore, Ny + N = 2 = nd™  Then
21171,1 = U;F and ZAT,l =& — & — ZG(na — 1) + U;g.

Let us consider the case when w, <0, w} > 0, and
|wF|/Tm > 1. Assuming that 1> |my| # 0, we then find

the following as a first approximation in small parameter
Lo/ |05

; 2Apa W
dim ~ 0aWoa
My /ma~ﬂ a),

Uarm (
(tz + A%a - 15%&1) 2+ A%a - 1‘7% (4)

where wo, and A, are equal to wa, and Az, at my = 0.
At t2 > A2 — wZ,, we have mliM/m, ~ UyI'm/at2. Since
Ua ~ t (see, e.g., [8,9]), we obtain mli™/m, < 1. The value
of m, is determined as

my = (1/a) [arctg(wai/l“m) - arctg(waT/Fm)] , (5)

where war,] =Ua(Na —1Fmy)/2 —Gna —&s.  Let us
assume that My < 1. At |[Wag|/Tm > 1 and wajwa; > 0,
we find
My ~ (1/a7) arctg(MalnlUa /w3y ),

which suggests that the fulfillment of inequality
ImUa/mw}, < 1 is the condition of existence of a nonzero
spin moment My. At |was|/Tm < 1, we find inequality
7l'm/Ua < 1. The latter inequality matches the solution
of the problem of a localized magnetic moment in a
nonmagnetic metal (see, e.g., Fig. 4 in [10] or Fig. 18.3
in [11] at X = 0.5); in other words, it agrees with the SAM
results.

Let us pass on to the limit of strong coupling between
a dimer and a metal sp substrate (I'y, > t). Generalizing
the results of [4], we obtain the following in the zeroth
approximation in t2/T'2, at ep = 0:

Ng(s)s = (1/m)arccot(was)s/T'm)s (6)

which corresponds to adsorption of a particle and a surface
atom that do not interact with each other. Thus, we
obtain MI™ ~ m,, where my is determined using Eq. (5).
Therefore, the dipole moment of a dimer (|mfi™|) decreases
from |mMEM/my| ~ 1 to [M@™/my| < 1 as we switch from
the regime of strong coupling to the regime of weak
coupling between a dimer and a metallic substrate.

It has been known since the early studies of Friedel and
Anderson [11,12], which formed the basis for SAM [1,2],
that an sp metal suppresses the spin moment of an impurity
atom. The obtained estimates suggest that this is also true
in MSD. However, in contrast to SAM, MSD provides an
opportunity to determine the induced magnetization of a
surface substrate atom without any additional calculations.
Unfortunately, these data on induced magnetization are
lacking in studies into the adsorption of individual magnetic
atoms [13-15] and monolayers [16] on a nonmagnetic
substrate. Note that adsorbed trimers of magnetic atoms
may act as nanomagnets [17].

Let us now consider case B: adsorption of a non-
magnetic particle on a magnetic transition metal (MTM).
Expressions (1) and (2) for a free dimer remain valid
in this case if we swap lower indices a and s of all
parameters. We use the Friedel model for density of
states pgo (w) of the d MTM band: py,(w) = 5/Wy at
|0 — wgo | <Wy/2 and 0 at |0 — wys| > Wy/2, where Wy is
the width of the d band and wy, is the center of the subband
for spin projection . Setting T'q = 57V2/Wy, one may
demonstrate easily [18] that the shift function of levels w} is
Ade = (Ta/7)In|f/f_|, where fi=w— wgy +=Wy/2.
Performing derivations similar to those made above, we
find the following instead of occupation numbers Ny in
the regime of weak coupling between a dimer and an MTM
substrate (I'q < t):

Ngo = (1/m)arccot((&;" — er)/Tq],

where @F = wF + Ags(w}). The final result is expres-
sion (4) with ratio mf!™/mg at the left-hand side and Ty,
Ua, woa, and Ags substituted with Ty, Us, wps, and Ags,
respectively, at the right-hand side. Likewise, expression (6)
with the same parameter substitutions is obtained in the
regime of strong coupling (g > t).

The effect of adsorption of hydrogen and oxygen on the
magnetic properties of an iron monolayer on Ir(001) was
studied in [19], and it was demonstrated that this effect
is significant. Unfortunately, the issue of magnetization
of H and O atoms induced by the substrate has not been
discussed. Thus, just as in [13-17] (case A), the issue of
induced magnetization was left out. This precludes one
from comparing the results of such studies directly to the
MSD results.

Thus, in the present study we took into account both the
interatomic Coulomb repulsion, which facilitates interatomic
charge transfer [4], and the intraatomic repulsion, which
induces spin polarization of a surface dimer. The obtained
results for metals may be generalized both to the case of
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bulk semiconductor (dielectric) substrates [2] and to the
case of two-dimensional graphene-like structures [3,4]. Of
note in this connection is the growing interest in studies into
the adsorption of magnetic atoms on graphene [20-22].
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