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Abstract

The formation of the localized magnetic moments is studied in
a single-layer graphene sheet due to the presence of a quantum dot in
one of the sublattices of the graphene sheet. The strong on-site Coulomb
interaction and the spin flip terms have been considered to calculate
the conductance using the Landauer formalism. The bare splitting of
the levels and the Coulomb interaction generate the multiple
conductance peaks and are crucial in determining the boundary
between the magnetic and the non-magnetic states. A strong chemical
potential dependence of the above phase boundary and also the
conductance values are evident.

Key words: graphene; Graphene, Adatoms, Conductance, Magnetic
moment, Anderson model.

1. INTRODUCTION

A considerable amount of work has confirmed that the linear
dispersion of the two-dimensional massless quasiparticles in graphene
gives rise to unusual properties suitable for nanoscience and
nanotechnological electronics. This two-dimensional allotrope of
carbon with the sz hybridization state is distributed in a hexagonal
lattice formed by two interpenetrating triangular sublattices, A and
B. Moreover, as a two-dimensional Dirac fermion system, it presents
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an unconventional and interesting electronic behavior. For instance, a

minimum conductivity of about e€’/h, an anomalous quantum Hall

effect and a nonzero cyclotron mass M, described by E=mV? are

highly eminent.

Impurity states are regarded as important contributors to the
unusual and singular properties of graphene. The effect of the
impurities on the electronic and magnetic properties of single-layer
pristine graphene has been widely dealt with in the context of
spintronics. The magnetic moment formation is due to the presence of
the transition-metal atoms envisions their application in spintronics
and nanocatalysis. Moreover, magnetic impurities could envisage the
creation of local spins in graphene including the possibility of opening
a gap. Adatoms in graphene plays a special role as they can be
tailored into graphene with atomic precision in order to create new
many-body states that do not appear in pure graphene [1,2].
Furthermore, the electrical sensitivity to adatoms make its use viable
as a single-molecule detector [3]. A systematic first-principles study of
transition metals from Sc to Zn, including nonmagnetic adatoms Cu
and Au, embedded in graphene has also been performed [4].

Magnetic adatom introduced in a metal has been successfully
studied using the Anderson model [5,6], which recently has been
applied also to study adatom in graphene [7,8,9,10]. Depending on the
relation between the constitutive parameters of this model, the
adatom orbital can be empty, single or doubly occupied. The electron-
electron interaction in the adatoms within the mean-field scenario
demonstrate a very different picture in graphene when compared to
ordinary metals [7,8]. However, the above mean-field treatment fails
to incorporate strong correlations in the adatoms. It is essential to
consider calculations beyond mean-field to include the above
correlations.

In the present work we study the formation of the local
magnetic atoms due to the presence of adatoms in pristine graphene
utilizing two approaches in the Green’s function formalism. The first
we consider the correlation without including the spin-flip terms
whereas the second contemplates the spin-flip terms in the transport
behavior.
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2. THE MODEL

The model Hamiltonian of graphene with a strongly interacting
impurity hybridized with a sublattice of graphene is written as

H=H;+H;+H, (1)
where Hqg is the tight binding Hamiltonian of the graphene, H | is the

impurity Hamiltonian and H, is the hybridization of the adatom

localized states with the graphene conduction electrons.
The tight binding Hamiltonian of graphene is given by

His=—t > [al(R)b,(R;)+H.c.] ©

(i.j)o
where the operator a_(R;)[b, (R J)] annihilates a state with spin o
at the position R;(R;) on the sublattice A(B), <i,j> stands for

summation over nearest neighbors and the parameter t is the nearest
neighbor hopping energy. In momentum space, we have

Ho =ty [gK)al b, +# (b2, ]  ©
k,o

where  g(k)=> "% (£1=123), with & =a(k/2++3/2y),
6, =a(x/ 2-3/ 2y) and d,=-aX are the nearest neighbor

vectors, and a 1is the interatomic distance. Diagonalizing the
Hamiltonian (3) one generates two bands ¢, (K) =+t|#(K)|, which can
be linearized around the Dirac points K at the corners of the Brillouin

zone: &, (K+q)U £ve |q|, where vy =3ta/2 is the Fermi velocity of

the Dirac electrons. Hence the Hamiltonian H;; can be written as

Hip =Y [2.(K)el 0+ (d] b, | @
k,o
The impurity Hamiltonian is described by
H, =Y &,f/f +Unn, (5)

where f isthe creation operator of a state with a spin o =4 of the

impurity, n = f f_ is the occupation number operator &, is the
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energy of the adatom electron, and U is the Coulomb interaction due
to the double occupancy of an energy level in the adatom.

The hybridization of the impurity orbital with an atom of the
subspace B of graphene is given by

)

where Ny and V,, denote the number of atoms in the sublattice B and

Vbabka f,,+H.c, (6)

the hybridization interaction between the adatom and that sublattice,
respectively.

3. THE FORMALISM

The formation of a magnetic moment depends on the occupation of the
two spin states of the impurities. The localized moment is formed

when n, #n, . The self-consistent calculations of the density of states
in the presence of the hybridization V,  is performed for the
determination of the occupation of the impurities. The occupation of
the impurity level can be determined by

n, = =" doA,, (@0 (@), @
27—

where the spectral function is given by
A, (@) =-23G} (o). (8)

In order to probe the single-particle properties, it is essential to
measure the tunneling of the electrons. The adimensional differential
conductance can be calculated in terms of the spectral function which
1s given by

G/G, =) j doA,, (0)[n: (@) —ne (@+eV)] ©)

To calculate the conductance G and the magnetic moments, it is

essential to calculate the spectral function A;_ (W) using the equation

of motion technique in the Green function formalism. The single
particle  retarded Green function of the f electrons

isGR (t) =-ig(t) <[ fr ), f (t)]> Due to the strong interactions, it
is essential to treat correlations properly as the motion of the
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electrons hopping and, thereby, the current through the dot will be
correlated, reason by which a mean-field approximation would
becomes inappropriate. Hence, the iteration of the equation of motion
generates two new terms [11]. Terms like

FR((N1,G,) Tt =t) ==i0t —t)([n; .G, (), T, ()]) and
FR((n,d,) f, t=t) ==i0—t)([nd,, (1), f,(t)])  appear, given

rise to a new type of correlation, corresponding to a spin-flip term
between the conduction and the adatom electrons. In the first
moment, the intricate correlation functions will be neglected but in
the second part of our calculation, we shall deal with these terms in

detail. The Fourier transformed GfRCr (w) has two resonances — one
ate; , weighted by the probability 1—<nf0,>, and the other at

&, +U , weighted by the probability <nfa> . Hence, we can write,

1-(n,- n;-
G} (o) = ) n.z) . (0
_(‘)fcr_EO(w) a)_(‘)fO'_U_ZO(w)
where
2 2 2
zo(a)):—%{wln('a);—lejHﬂwlH(D—Ia)l)},(11)

D is a high-energy cutoff of the order of the graphene bandwidth
chosen according to the Debye prescription [7]. We assume also that
1l D, where the band effects does not depend on the above cut-off.
Remembering that the above calculations represent the tunneling of
the o electrons, neglecting the spin-flip contributions. In the
following part of the section we calculate the conductance and the
densities utilizing the spin-flip terms. It is important to note the
following relations [12] before we proceed into our calculations.
Y -0

{11 (t)e (e, (1), £ (0)} 0
{Cza (t) 5 (t)ce (1), 1) (0)} 0
{els (e (1) £, (1), 11 (0)) = e fen (05)x{ . (1) £, (0)}-

Hence, considering the spin-flip terms, we can write G} (W) as

12)
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Gf, (@) = e
to 06, -5, (0) Uz, (o)
= (o) (0-0, ~U-%,(0)+%,(0)
* Uz, (o) v

X

The self energies X, for @ =12, due to the tunneling of the electrons,

can be written as

V.2 A A
Z — ba a a
() ZNBZK: 00y, 0, +0.(K) @0, 0, +0(K)
(14)
_ A _ A
00, +0,,~0,(K) @0, +0,,—0_(K)

where Ay, = A =1and A, = f;(¢,(K)) and A, = fy(e.(K)).

The equation of motion solution of Eq. (10) and Eq. (13) for

G?g(a)) are employed to calculate the magnetic moments and the

conductance via the Landauer formula. We observe a chemical
potential dependence of the magnetic regions and occupation in both
the cases.

4. RESULTS AND DISCUSSION

In this section, we present densities and the conductance of the
impurity coupled with B sublattice of the graphene layer. The

dimensionless hybridizations for o =T,4 are given by r,=av 62 | D?.

For sake of numerical calculation, the graphene is represented by the
bandwidth D=7.0eV [7] and the interatomic spacing a=0.14 nm

EUROPEAN ACADEMIC RESEARCH - Vol. VIII, Issue 2 / May 2020
536



H. O. Frota, Angsula Ghosh - Correlated adatom in graphene: a mean field
theory study with spin-flip interaction

[13]. It is important to note that all the parameters are written in
terms of the bandwidth D, unless stated otherwise.

In Fig. (1) we exhibit the occupation N, as a function of
chemical potential g in wunits of D, forU=0.5, T=0.01,
[y = =0.01 and the following values of ¢, and & respectively:
(0.2, 0.2) (solid line), (0.2, 0.25) (dashed line), (0.2, 0.3) (dotted line).
Fore , =¢&,,, no magnetic moments are formed and n,=n .
However, for N, #N, we observe the prominent magnetic regions as
seen in the figure. The magnetization is maximum in the bare level
spacing A =g, —&, firstly between &, and ¢, and thereafter
between & ,+U and ¢, +U. The corresponding nature of the
dimensionless conductance with u for the same parameters as the

above demonstrates two peaks for & ,=¢, situated at &, and
&,y +U . For n . #n, , we observe four peaks which depends on &,
&,, and U. As &, changes, the position of the first (third) peak at
&y (&, +U) remains unaltered, whereas the position of the second

(fourth) peak suffers modification. The suppression of the peaks is
discernible. The suppression of the peaks follows from the dependence
of the DOS of each level on the occupancy of the other level. The
dependencies on the spin-dependent couplings are studied in Fig. 3.

As T'y remains unchanged the conductance for o =T remains
unaltered, whereas the increase in I'| decreases and widens the

conductance value. In Fig. 1(d), the temperature effect can be
observed in the conductance values. The height of all the four peaks
decreases with temperature as both the up-spin and the down-spin
level are coupled in the same manner to graphene. The height of the
first two peaks are [J1/T, whereas the second two peaks gets
modified by the Coulomb interaction.
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Figure 1: (a) Occupation N_ as a function of chemical potential xin

units of D, for U=0.5, 7=0.01 I'y =I"') =0.01 and the following values
of £,+ and &, respectively: (0.2, 0.2) (solid line), (0.2, 0.25) (dashed

line), (0.2, 0.3) (dotted line). Dimensionless conductance G/ G, vs u
for (b) the same parameters as in (a), (¢ U=05, T=0.01,
£,4,=02,¢6,=03 and I'; =I") =0.01 (solid line), I'; =0.01 and
[', =0.05 (dashed line), I', =0.01 and I') =0.1 (dotted line) (d)
U=05,¢,=02,¢,, =03, I =T, =0.01 at T =0.01(solid line),
0.02 (dashed line), 0.03 (dotted line), 0.05 (dashed-dotted line).

The conductance G/G, is plotted in Fig. (2) for U =0.5,
,=001,Ir,=01, ¢,=02, &, =03 at T=0.01(solid line), 0.02
(dashed line), 0.05 (dotted line) and 0.06 (dashed-dotted line). Unlike
the three peaks at &, and &, +U that decreases with T, the peak
at &, +U increases with temperature after an initial decrease with

T. At even higher temperatures, all the peaks fall because of the
depletion of the amplitude of N'-(W). The increase at medium
temperatures could be attributed to a stronger interaction between

o ={ electrons and graphene.
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Figure 2: Conductance as a function of chemical potential in units of

D, for U=05 T,=001,T, =01, &,=02,¢,=03 at

T =0.01(solid line), 0.02 (dashed line), 0.05 (dotted line), 0.06
(dashed-dotted line).

The calculations of the occupation of the adatom atom as well
as the dimensionless conductance taking into account the spin-flip
terms are obtained from Eq. (13). The spin-flip terms not only modify
the position of the peaks and the magnetic moments formation but
also modifies to a great extent the dimensionless conductance values.
In Fig. (3), the variation of the occupancy of the impurity electrons
and the corresponding conductance are demonstrated with the change
in &, in (a) and (c) and that with U in (b) and (d) respectively. We
observe the shift in the peaks as we vary the two parameters and are
in accord with our prior calculations.

Fig. (4) shows the relative change in the value of the four
peaks owes it to the spin-flip terms where both I', and I'| plays a
considerable role unlike Fig. (1), where the spin-flip terms were
ignored. Moreover, the width of the peaks also change as they are

proportional to I' .
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Figure 3: Occupation N, as a function of chemical potential x in
units of D, for T=0.01T, =T, =0.01. (a) U =0.5, and the following
values of ¢, and ¢, respectively: (0.2, 0.2) (solid line), (0.2, 0.25)
(dashed line), (0.2, 0.3) (dotted line); (b) &, =&,, =0.2, U =0.3(solid

line), U =0.4 (dashed line) and U =0.5(dotted line); (c) dimensionless
conductance G/GO versus p for the same parameters as in (a); (d)

dimensionless conductance G/GO versus pand for the same

parameters as in (b).

0

G/G

0.0 0.2 04 0.6 0.8 1.0
wD

Figure 4: Dimensionless conductance G/G, versus u forU =0.5,
T=001, ¢£,=02, ¢,=03 and I',=I; =001 (solid line),
[''=0.01 and I') =0.05 (dashed line), 'y, =0.01 I') =0.1 (dotted

line).
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The temperature dependencies of the conductance values are
demonstrated in Fig. (5). The considered values of the parameters are

,=001,I,=01, ¢,=02, &, =03 at T=0.01(solid line), 0.02

(dashed line), 0.03 (dotted line), 0.05 (dashed-dotted line) and 0.07
(dashed-double-dotted line). The height of the peaks decreases
substantially with the increase in temperature. The increase in the
relative distance between the third and the fourth peaks compared to
that of Fig. (2) eliminates the anomalous nature of the fourth peak.
Thus the temperature tends to decrease the conductance values with
the increase in temperature.

0.2 04 0.6 0.8 1.0
wD

Figure 5: Conductance as a function of chemical potential in units of
D, for U=0.5, G =0.01,G—=0.1, ef_=0.2,ef—=0.3 at 7=0.01 (solid line),

0.02 (dashed line), 0.03 (dotted line), 0.05 (dashed-dotted line) and
0.06 (dashed-double-dotted line)

5. CONCLUSION

In summary, we study the effect of the strong on-site interaction of
the quantum-dot interacting with a sublattice of single-layer
graphene. The correlation effects on the conductance values have been
considered through a iterative process in an Anderson model. The
presence of the four peaks in the conductance peaks could be
explained in terms of the bare-energy-level spacing and the strong
Coulomb-interaction energy. The temperature dependencies of the
conductance peaks demonstrates an overall decreases in its value. The
height of the conductance peaks also decrease with the inclusion of
the spin-flip terms.
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