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Abstract—Throughout the Newns—Anderson model, the chemisorption process for atom-like semiconduc-
tor spherical quantum dots on pristine pure graphene was investigated. The physical solutions for occupation
of the energy levels of quantum dots are magnetic for all normal distance values away the graphene sheet, but
nonmagnetic near the graphene sheet, according to self-consistent solutions. The consequences of all asso-

ciated parameters are also considered.

Keywords: Anderson impurity, quantum dot, graphene, chemisorption

DOI: 10.1134/51027451022060076

INTRODUCTION

Device miniaturization has been a major priority in
both basic and applied research in recent decades.
Understanding the tiniest magnetic units, consisting
of several atoms or a single atom, is a critical first step
in this approach. Magnetic nanostructures on insula-
tors [1], semiconductors [2] and metals [3, 4] have
been extensively studied; the discovery of graphene
gave the opportunity to investigate a new substrate
with intriguing electrical properties [5—7]. Monolayer
graphene exhibits linear energy dispersion with mass-
less Dirac fermions, which opens up new possibilities
for spintronic devices. Only a few studies have been
published [8—10], and the magnetic characteristics of
a single magnetic adsorbent on graphene have yet to be
explored experimentally.

The relationship between the atomic structure,
electronic, and magnetic states is one of the most
important aspects of the physics of nanostructures.
Interatomic interactions were determined using a vari-
ety of empirical and semi-empirical potentials [11].
These reduced mathematical equations for represent-
ing interatomic forces resulting from quantum
mechanical interactions are known as analytic func-
tions of potential energy.

Graphene is a honeycomb-structure of carbon
atoms that forms a 2D conductive nanomaterial [12,
13]. Its structural and chemical stability, as well as its
unparalleled optical and electrical properties, make it
beneficial for a variety of applications [ 14—18].

The ability of a substance to accept a negative
charge determines the direction of electron transmis-
sion. Since the discovery [19, 20], the transport prop-
erties of graphene have been the focus of active
research [21—24]. When the chemical potential is
tuned in close proximity to the Dirac point, the most
amazing results are obtained. When potential impuri-
ties are added to ballistic graphene at the Dirac point,
it conducts better [25—27]. The most plausible reasons
limiting electron mobility are “strong” impurities that
cause resonances near the Dirac point (“midgap
states”), which can be used for graphene functional-
ization. Some scatterers give as possible realizations
the concentration dependence of conductivity [28]
with vacancies, adsorbed atoms, molecules, or impu-
rity clusters [29, 30]. Hydrogen atoms, which can be
added to a graphene sample in a controlled manner,
are an excellent example [31, 32].

At sufficiently high impurity concentrations, the
interplay of the symmetries prevents quantum local-
ization at the Dirac point [33] and generates a quan-
tum critical regime of charge transfer. In this regime,
graphene conductivity is expected to be constant,
depending on the distribution of adatoms among dis-
tinct sublattices of the graphene crystal [34].

Quantum dots are tiny particles of matter contain-
ing several dozen of electrons. They are often electri-
cally characterized in a two-dimensional electron gas
at the GaAs—GaAlAs heterostructure interface. It is
important to remember about quantum dots that they
can be considered as solid impurities [35].
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The binding of quantum dots to a graphene is
known as chemisorption and refers to chemically
strong bindings, as opposed to physical sorption,
which refers to a weaker bond that can only be sus-
tained on graphene at low temperatures. Chemisorp-
tion requires large amounts of energy on a chemical
scale, and chemical processes are often associated
with bond breakage [36—40]. The electronic structure
of quantum dots outside graphene is required for the
description of the chemisorption bond on graphene.

There are two main lines of research in this work.
The first is the computation of the density of states of
pure perfect graphene, broadening and quantum shift
as a function of energy and normal distance between
the adsorbed quantum dot and graphene. The second
step consists in the self-consistent calculation of occu-
pation numbers and quasi-energy levels on the
adsorbed quantum dot.

THEORETICAL ASSUMPTIONS

There are two different important approaches to
the chemisorption process, the first of which involves
all calculations of the electronic structure. The second
is to create simple models that describe only basic
physics, such as the time-independent chemisorption
on graphene, depending on the spin of the adsorbed
quantum dot, as described by the Anderson—Newns
model [41—45].

In our model for a chemisorbed quantum dot on
graphene, the following physical characteristics are
taken into account: all parameters are related to the
adsorbed quantum dot on graphene. The quantum
effects of coupling are expressed by the expanding
chemisorption function and quantum shift, and then
by the electronic structure of the system.

Anderson’s model [46] describes a single quantum
dot as two energy levels with a local interaction that
results in a hybridization with a graphene sheet, allow-
ing resonance tunneling. Coulomb barriers separate
the energy level of a localized quantum dot (QD) from
graphene. The hybridization function ¥(d) determines
the strength of the interaction. The intra-dot Cou-
lomb energy U separates the spin down level from the
spin up level. There Hamiltonian of the system con-
sists of three components:

H = Hop + Hg + Hyy, (D
Hop = Y Egoller + Ungonag )
[¢)
Hg =Y B, 3)
ko
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Hygp = > (W3l 'd® + VT ald®"), 4)

ko

where the Hamiltonian Hgp describes an isolated

quantum dot, Ej, is the energy level of spin up
(+0)/spin down (—0), the second term in eq. (2)
accounts for the local Coulomb repulsion U on the

dot, ngot represents the occupation number of energy

levels of the quantum dot: nS,, = d°'d° and d°7(d°) is
the creation (annihilation) operator of an electronic
state on quantum dot. The Hamiltonian H describes

pure perfect graphene, ¢, T(cf ) is the creation (annihi-
lation) operator of an electronic state with the wave

vector k and energy E, on a graphene sheet. H,y,
describes the coupling interaction between the

adsorbed quantum dot and graphene, V,° is the
hybridization potential, which is given as a function of
the normal distance d by the formula:

V(d) = Vyexp(—ad), ®)

where Vj, is the hybridization strength at d = 0 and o, is
the controlled parameter, we assume that the adsorbed
quantum dot hybridizes at the top of the carbon atom.

The complexity of the problem is related to the
twofold occupancy U of the adsorbent, which for sim-
plicity is often taken as a constant. From the adsorbent
perspective, graphene reduces the electrical mobility
of the adsorbent. As a result, the confined electrons
create their self-energy > (E,d), which is proportional
to the energy of the system and normal distance [47]:

pG(E)

(E—-E) +i\

S(Ed) =V (@)

The real part of self-energy correlates with a quantum
shift, which is a change in the energy level:

ReY (E.d) = A(E.d) = |V (d) wa@. 7
(E—-EY +

The decay rate, i.e., broadening, of an energy level is
determined by the imaginary component of the self-
energy, which is given by:

Im(E.d) = A(E.d) = -/ (@) npg (E).  (8)

while pg (E) is the density of states of pure perfect
graphene [48]:
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0 E < -3¢
_Po < E<—t
E

2

E)=PUE t<E<: -2 9
P (£) r|| Po (1+21n3)t()
Po? t< E <3t
E
0 E >3

where # = 2.8 eV [49, 50] is the hopping energy of the
nearest carbon atoms of graphene, the width of the
valence (1) and conduction (7t*) bands is 3¢, and the
energy of the Dirac point £ = 0 (Fermi level).

Due to the electron—electron interaction AE, the
energy levels of the quantum dot shift towards each
other as it approaches the graphene sheet [51]. The
following equation describes the image interaction
between electrons in the quantum dot and graphene:

2
AE(d) = —%—, (10)
(d) 4(d +d,)
where d,, denotes the closest approach of the graphene
sheet. The energy level of the quantum dot can now be
written as:

Egs (E,d) = &40 + Unjn (E,d) + AE(d), ~ (11)

where ¢4, denotes the quantum energy level of the
non-adsorbed quantum dot and ny, is the occupation
number given by [52]:

3t
jpi" (E,d) f (E,T)dE.

=3t

ooy (E.d) = (12)
Here p;° (E,d) is the density of states on the adsorbed

quantum dot, and f(E,T) is the Fermi distribution
function for the graphene sheet:

fET) =—L1 (13)
1+exp (LJ
kyT

kg is the Boltzmann constant; 7 is the temperature.

However, the density of states associated with each
quasi-energy level of spin ¢ (—0) is a Lorentz distribu-

tion centered at Ej,, (Ed_;) as:

pgot (E’d)
1 A(E,d)

T(E - ES, (E.d) - A(E.d)) + A (E.d)

(14)

CALCULATIONS AND DISCUSSION

All equations in the previous section are solved
numerically, and it is important to remember that
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Fig. 1. Density of states (DOS) of pure perfect graphene:
(a) over the width of the valence (i) and conduction (1*)
bands; (b) in the strong regime near the Dirac point.

Egs. (11) and (12) are self-consistently solved. At the
initial temperature 7= 300 K, the Fermi—Dirac statis-
tic is used to fill the electronic level. All functions
explaining the chemisorption for any spherical atom-
like semiconductor quantum dot on a graphene sheet
are included in the self-consistent solution using the
Anderson impurity model. The quantum shift and
hybridization function are determined as a function of
the energy of the system for each d.

Figure 1 shows the density of states ps(£)) for a
pure perfect graphene sheet. The classical image shift
AE (d) in Eq. (10) and the hybridization potential V(d)
in Eq. (5) are functions of the distance d = 20—0 A. The
values ¥, = 0.85 eV and o. = 0.018 A~! were substituted
into Eq. (5) and various values of d, were used in
Eq. (10). When the quantum dot approaches the
graphene sheet, its energy level shifts due to the polar-
ized charge resulting from the self-inductive field on
the graphene sheet.

Notably, when approaching the graphene sheet,
the wave functions of electrons in the dot and
graphene interfere with each other, which leads to the
appearance of transitions through a potential well
between the dot and graphene. Thus, the there is a
broadening and quantum shift of the dot level. Figure 2
shows the quantum hybridization function (broaden-

No. 6 2022
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Fig. 2. Hybridization of the energy levels of graphene: (a)
over the width of the valence () and conduction (7t*)
bands; (b) in the strong regime near the Dirac point.
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Fig. 4. Distance dependence of the occupation numbers
ngot (solid line) and ngfjt (dashed line) of the quasi-energy
level of an adsorbed quantum dot.

ing A(E,d)) and Fig. 3 shows the quantum shift

A(E,d)) as a function of energy at d = d,. Attached
directly to the carbon atom of the graphene sheet, at
the site and at the top of the site, it is placed at d, = 3.5 A
directly above the graphene sheet.
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Fig. 3. Quantum shift of the energy levels of graphene: (a)
over the width of the valence () and conduction (7t*)
bands; (b) in the strong regime near the Dirac point.
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Fig. 5. Distance dependence of the position of the quasi-
energy levels Egot (solid line) and Eg;’t (dashed line) of an
adsorbed quantum dot.

Solving the problem of Coulomb repulsion in terms
of a formula and distance dependence is one of the dif-
ficulties that has strained researchers, and is some-
times neglected or generally considered a fixed value
in order to accurately describe the charge exchange
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Fig. 6. Distance dependence of the total charge number N
(dashed line) and magnetization M (solid line) of the
adsorbed quantum dot/graphene.

process between the dot and graphene. Therefore,

€40 = 1 €V, measured with respect to Fermi level and
the value of Uis chosen to be 1.5 eV.

The variation of the occupation number n5, as a
function of distance is shown in Fig. 4. It shows that
the physical solution minimizing the energy of the sys-

tem is always unique for which g, is greater than n,.
This is consistent with the results presented in Fig. 5

since Eg., lies lower than E,.

The total number of electrons at the quasi-energy

levels of quantum dot N = ng,, + ny, (Fig. 6) shows
that 0 < N < 1. To study the magnetic behavior on the
adsorption system for a quantum dot/graphene, it is

useful to calculate the magnetization M = ng,, — nyy,
as shown in Fig. 6. Since the self-consistent solution is
magnetic for all Z values, the magnetization will be
dominant for all d > 1.3 A.

The density of states p.° (E,d) on the adsorbed
quantum dot at d = d,, as a function of distance and
temperature is drawn in Figs. 7 and 8. It includes the
broadening of the quasi-level of the adsorbed quantum
dot due to the hybridization with the electron sea in

graphene. These figures show that

pe (E,d) = p,° (E,d) are identical or the self-consis-
tent solution is magnetic for d =d,, (i.e., d = 0) at both
temperatures (500 and 2000 K), but at a distance from
graphene (d = 15 A) they are nonmagnetic; i.e.,

pe (E,d) # p,° (E,d). Table 1 highlights these results
regardless of the differences between the height of the
peaks in the two figures. The influence of temperature
on the occupation number and the quasi-energy level
of the adsorbed quantum dot is also considered; these
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Fig. 7. Localized density of states (DOS) of the adsorbed
quantum dot/graphene system (d = 0) at: (a) 500; (b) 2000 K.

effects are depicted in Figs. 9 and 10 and summarized
in Fig. 11, as well as in Table 2.

The reasons for this similarity are the features of a
single quantum dot adsorbed on graphene (in [53]
charts of the matching densities of states for several

Table 1. Energy at the peak position estimated from Figs. 7
and 8 explaining the symmetry of the localized density of
states at different distances and temperatures

Energy, eV
d=0 d=15A
T,K ngot n;(?t Egot Ed_gt
500 0.151 0.151 —0.672 0.672
1000 0.185 0.185 —0.672 0.672
2000 0.235 0.235 —0.638 0.638
Vol. 16 No.6 2022
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Fig. 8. Localized density of states (DOS) of the quantum
dot located at a distance of 15 A from graphene: at: (a) 500;
(b) 2000 K.

examples are given), and the most essential attribute is
a pseudogap with the Dirac point in the center. The
appearance of the main sharp low-energy maximum

Table 2. Spin-independent occupation numbers and quasi-
energy levels on a graphene sheet (d = 0) and exchange solu-
tion distances at various temperatures for an adsorbed
quantum dot/graphene

LS Ejor Mot en
200 0.218 0.126 1.9
300 0.222 0.129 1.6
500 0.238 0.140 1.1
750 0.263 0.156 0.8
1000 0.287 0.172 0.7
1500 0.328 0.199 1.0
2000 0.361 0.221 1.8
2500 0.388 0.240 2.3
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Fig. 9. Spin-dependent occupation numbers as a function
of distance for the adsorbed quantum dot/graphene at 300
(line 1), 750 (line 2), 1000 K (line 3): (a) over the entire
distance; (b) near the graphene sheet.

for an isolated quantum dot is due to this aspect of the
spectrum of single-sheet graphene. The second attri-
bute of the graphene density of states, namely, the
existence of maxima at the pseudogap boundaries,
also leads to extra side maxima. As a result, all features
of density of states of the adsorbed system are
explained by the electronic structure of graphene.

CONCLUSIONS

The adsorption of atom-like spherical semicon-
ductor quantum dots on a perfect pure graphene sheet
has been studied using a model Anderson—Newns for
chemisorption, or so-called magnetic impurity model,
due to the growing interest in studying all cases of
graphene (perfect, pure, decorated, etc.) and its use in
many applications. In the process of chemisorption on
graphene, the quantum dot magnetization (net
charge) is not always zero, as follows from magnetism.

It has been found that, due to the weak interaction
strength, both the occupation numbers and the quasi-
levels are in a nonmagnetic state at distances greater
than d,,, while they are in a magnetic state at distances
smaller than d_,, i.e., in strong regime. The calculated
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Fig. 10. Spin-dependent quasi-energy level as a function of
distance for the adsorbed quantum dot/graphene at 300
(line 1), 750 (line 2), 1000 K (line 3): (a) over the entire
distance; (b) near the graphene sheet.
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Fig. 11. Temperature dependence of the spin-independent
occupation number nffm (dashed line) and quasi-energy
level Egy (solid line) on the graphene sheet for the
adsorbed quantum dot/graphene.

values of n_y, are small on the graphene sheet, which
indicates the presence of a charge exchange process,
while the values of ny, and their corresponding quasi-
energy levels E . increase with the increase in tem-
perature as a result of the participation of new energy
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levels above the Fermi level in occupation numbers,
since this is the exchanging point and the transforma-
tion of solutions also depends on temperature.
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