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Abstract

In this work we analyze the effects of the conduction electrons on the hopping function between
two magnetic impurities located in the A sublattice in silicene placed in an external electric field. By
using the Schrieffer-Wolff transformation we analyze the dependence of the effective hopping on the
distance between the magnetic adatoms. By using particle number conservation, the spectrum for
different occupation numbers is studied for different values of the Hubbard parameter, the electric
field and the inter-impurity distance. We show that for half-filling an ionic to covalent ground state
transition and viceversa can be achieved for a specific electric field strength. Finally, we explore
the partition function and we study the average energy and average occupation as a function of
temperature, obtaining a pattern of Mott plateaus.

1 Introduction

Among 2D materials, silicene has many interesting properties as graphene and is a subject of experi-
mental and theoretical research due to its compatibility with the current Si-based electronic technology
(11, 12], 3], [4], 5], [6], and [7]). First-principles calculations have shown that the buckled-structure of
isolated silicene is more stable than the corresponding planar geometry of this material [8] and the two
interpenetrating sublattices displaced vertically due to the tetrahedral sps hybridization, opens an elec-
trically tunable band dispersion [9]. In turn, the large spin-orbit interaction allows the quantum spin
Hall effect to be experimentally accessible [10], which implies that silicene is very sensitive to external
electric and magnetic fields and shows remarkable subtleties in the De Haas-Van Alphen effect ([11],
[12] and [13]). Nowadays, quantum computing requires the realization of quantum bits, which can be
implemented via quantum impurity systems ([14], [15], [16]) such as magnetic adatoms and molecules
on surfaces or nano-structured gate-controlled devices that allow to combine usual electronics with
spintronics ([17], [18], [19] and [20]). On silicene, impurity atoms can be deposited at different sites,
where the most usual ones are the six-fold hollow site of the honeycomb lattice, on top of a silicon atom
and the two-fold bridge site of neighboring silicon atoms [21]. The presence of a magnetic adatom in
a metal has been successfully studied using the Anderson model ([22], [23]), which has recently also
been applied to studying magnetic moment formation in graphene and silicene ([24], [25]) and where it
has been shown that the coupling of an adatom to a 2D material results in a much easier formation of
magnetic moment due to the anomalous broadening of the electronic levels of the adatoms [26].
When two magnetic impurities are present little is known about the effect of the inter-impurity in-
teraction on the localized moments. Ab initio calculations show that the interaction between impurities
may lead to a subtle consequence in the formation of a local magnetic moment in 2D materials [27].
Considering a constant electron hopping between impurities, it has been found that the interaction be-
tween two impurities brings about a significant modification in the impurity self-energy, which pushes
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the impurity energy across the zero energy point, thus leading to the splitting of the impurity magneti-
zation boundary into three peaks. Given a fixed energy of some impurity, the magnetic region exhibits
an asymmetric behavior between the cases of positive and negative energy of the other impurity. Addi-
tionally the inter-impurity interaction tends to suppress the local magnetic moment on impurities (28],
[29]). By controlling the interaction between impurities via the adjustment of the chemical potential, a
weak repulsion has been observed when the two atoms reside on the same sublattice, while an attraction
of stronger intensity is noticed when they are on different sublattices [30]. It must be stressed that
considering a constant electron hopping between magnetic impurities is reasonable for specific fixed
positions but this assumption is only applicable for a fixed number of electrons. Motivated by the
lack of literature about the interplay of the effective tunneling between the magnetic impurities with
different occupation numbers, we present an analytical study of the distance-dependent hopping func-
tion between the two impurities in silicene with spin-orbit coupling and external electric field, which
allows us to map the emerging scattering terms onto an effective tunneling between the impurities. By
applying the Schrieffer-Wolfl transformation (SW), and solving a coupled equations for the coefficients
of the S matrix, we obtain the tunnelling between impurities for different occupancy numbers. We also
discuss the spectrum of the two-site Hubbard model with effective hopping between magnetic sites near
the Dirac point and for arbitrary distances between the magnetic adatoms. Furthermore, we analyze
the average number occupation for different temperatures where Mott plateaus are shown for specific
ranges of impurity distances. This work will be organized as follows: In section II, the two impurity
Anderson model (TIAM) in silicene is described and the SW transformation is applied. In section III,
the results are shown for different occupation numbers and a discussion is given. The principal findings
of this paper are highlighted in the conclusion.

2 Theoretical model

Our starting point is the tight binding Hamiltonian of the total system

H=Hgy + Hy + Hpyo (1)
where
A
Hg = —t Z ai'-"o.bj_’g + h.c+ ﬁ Z S(Vi]'a;saj_rs + Vijbjysbj,s) (2)

((i:3))8
+‘/22(a1,sa’ivs - bl,sbiys)
i,8

(i,3),0

The first contribution to Hg;; is the kinetic energy of electrons in silicene, the second term represents the
effective spin-orbit coupling with A = 3.9 meV for silicene (see [31]) and v;; = (d;xd;)/ |d;xd;| = £1,
depending on the orientation of the two nearest neighbor bonds d; and d; that connect the next nearest
neighbors d;; (see [32] and [33]) and the third term represents the application of an external electric
field perpendicular to the silicene layer, where V. = IE, is the electric potential and | = 0.44A is
the distance of each sublattice with respect to the middle of the buckling in silicene. azg(aiya) are the
creation (annihilation) operators acting in the sublattice A and b; - (bj,o) are the creation (annihilation)
operators with spin ¢ = %1 in the site ¢ of the A and B sublattices respectively and (i,j) indicates
sum over nearest neighbors and ¢ = 1.6eV. The second contribution to H comes from the Anderson
model describing two identical magnetic impurities with a single orbital of energy ¢y and Coulomb
repulsion U, Hy = €y Y. njo + UD npny, , where nj, = f}afh is the occupation number of the
J,o J
magnetic impurity and f} ,(f1,0) are the creation (annihilation) operators acting on the impurity sites
J =1, 2located in sublattice A of silicene. The third contribution to H is the hybridization Hamiltonian

of the magnetic impurities with the host lattice Hpyp, =V > (aTJJfJU + f}aaj,g), where R are
J=1,2;0



Figure 1: Geometry of silicene with two magnetic impurities (red dots) placed on the A sublattice.

the fixed positions of the two magnetic impurities. In figure 1, a top view schematic picture of the

silicene honeycomb lattice can be seen, where the two magnetic impurities are located in sublattice A.

Considering the Fourier transform of the creation and annihilation operators a; s = \;—NZe_ikRﬂ Ok,
Kk

—ikR,

and b; s = \/I—NZe iby - where N is the number of primitive cells, the Hamiltonian H becomes
k

1k
H="Y oxal bio+he + Zﬁ o (0l k.0 — b, ,bic.0) (3)
k,o k,o

+Hy + > (Vikal, , fjo + Vil pi.0)
Jk,o

3 6

where ¢ = —t) ™% and & = 3™ ™, where 61 = £(1,V/3,0), 62 = £(1,—+/3,0) and 65 = a(1,0,0)
i=1 i=1

are the next nearest neighbor vectors, whereasn; = —nz = a;, ng = —ng = ag andns = —ng = a; — az

are the six next-nearest neighbor hopping sites (see figure 1) that connect identical sublattice sites. In
the long wavelength approximation, ¢y = exe and & = —i3v/3, where ¢, = hopk, k = |k| =  /k2 + k2

and n = arctan(%). The coefficient Vi = Ve’

contains the dependence with the magnetic impurity
position. It is worth mentioning that, since the two inequivalent valleys in the monolayer silicene are
separated in the Brillouin zone by a large momentum gap, the intervalley scattering is neglected ([34],
[35] and [36]) and only one valley will be considered. The factor A, = oA — V. contains the spin-orbit
coupling and the application of an external electric field E, through the electric potential V,. We can
diagonalize H,;; by introducing the valence/conduction operators

o) = X o+ se g i) (4)
where XE:(,) = % and 51(;) = i(ekg —sA,), and where s = +1(—1) for the conduction (valence)

band. The eigenvalues of Hg; are €g,s = S€r, where €, = \/6% + A2. When we consider the two
valleys, A, depends on the valley index as A7 = noX — V. (see [31]). Is not difficult to show that

{cl(il7 cl(:,gjr} = ki 00/ 0551, where I is the identity operator and the Hamiltonian H in the new basis



reads
H= Z 5Ekack o ck o T Z (VJko ko—ffhr =+ VJIZ; f(gf]n) + Hy (5)

k,o,s Jk,o,s

where VL(]SI:U = XS')VJI(. In order to obtain the effective interaction between the magnetic impurities

sorrounded by random impurities, we can apply the Schrieffer—Wolff transformation ([37], [38], [39]).
By writing H = Hg + Hpyp and considering Hy = H,y + Hy as the free Hamiltonian and Hp,y, the
interaction, a unitary anti-Hermitian operator S can be obtained such that the unitary transformation
eSHe S of H reads

1
H’:eSHe*S=Ho+§[S7thb}+O(S2) (6)

The S operator is obtained in Appendix and reads

Z (A(flzg + Bgi)anJ—a)Cl((?TfJa — h.c. (7)
Jk,o,s

where the unknown coefficients Affk) and Bgiz are obtained through the equation [Hy, S] = Hpyp and
the solution is computed in Appendix and reads

—(s) —(s
% uv
A — _ VJke B _ _ Jko 3
Jka (€0 — S€ko) Jkgy (€0 — s€ko) (€0 + U — S€kq) ()

By computing % [S, Hhys|, the transformed Hamiltonian reads
H'=Hyy+ Hy + Hyy + Hyp + Hair + Hen + Hewen + Hhop 9)
where
b= S ARV, =Y VoL (4G, — BSGns o) Sl fie (10)
Jk,o,sk! s Jk,0,s
are corrections to the non-interacting Hamiltonian Hy,

()

Vi s (s’
Hgir = Z Z Jko Jko 1(<U) k/,L(nJ—G + o) (11)
Jk,o,sk’,s’
Vs ()t TE L o
(‘T(‘h = Z Z Jkg Jk (n]a —nj-— rr)ckbo- +VJk’7U ks/ ,—0o ko’ fJ ,,.fJ(r
Jk,o,s ks’
are the direct (spin-independent) and exchange interaction and
() (s
Ch = Z ZBJkaV;k’ ’k‘s’ —To' ko'TfJ O'fJO' + h.c. (12)
Jk,o,s ks’

is a pair-tunneling term. Finally,

Hip= > Vo (A% B ny ) fie + hee. (13)
J,J'#5.k,0,8

is an indirect hopping between the magnetic impurities. We can note that if A = 0, then X;j,) no
longer depends on o and then Hyg;, Hy, Hgir and Heyepn can be reduced to the well known results (see



eq.(7.122) to eq.(7.127) of [40])

i = Z ¢k)f¢k/ Z (Wkk - kknJ o )Is (14)
kk’,s,s’ Jk,o,s
1 , 1 ‘ ) o
Hie=5 > Jo@wn@d))  Haea=—35 Y J@havs) - @ o)
Jk,k’, s,s Jk, k', s,s"

where the coefficients Wlii), and Jl(i), read

(5) f(s)
LAY (Voo A% 4 750, 4% =3 Viu BS) + 75, B (15)

J=1,2 J=1,2

o
where wfj) = ( 1(‘;) and ¥j = (f 7 T) are the two-component spinor operators that remove electrons from

the conduction states and from the impurity. In the last equation, Jk'k, is the Kondo coupling which
allows for non-trivial effects in the static properties where a resonance in the local density of states at
the Fermi level appears [41]. In silicene, not much is known about the experimental spectral features of
the Kondo effect although density functional theory has been applied ([42], [43], [44] and [45]) showing
that silicene is able to form strong bonds with transition metals due to its buckled structure. The 4th
order expansion of the Schrieffer-Wolff transformation give rises to the RKKY interaction which can
be obtained as an effective exchange interaction induced by the hybridization of the two local magnetic
impurities with the conduction band. In this work, we will focus on the hopping term between impurities
that can be written in a more suitable form as

Hyop = (To fly foo + T} o 1) (16)

o

- Z {TJ(TQ*U + nl—cr)ffcrf?a + T: (nlfo + n27a)f;gfla

o

where
#(s) (s T7(8)  4x(s
TO‘(Rl - RQ) ~ Z(VlkaAék)o' + V2kaAll(<o?) (17)
k,s
77,k R>)
60 + A ) Z s
O ko
and
(@ ps) _ VU~ Uleo + Ao) + €oleo + 280) + €5y —itc.(Ry—Ra)
T B. = — 1 2 1
RQ) Zvlka 2ko N g (63 _ Eza) (U2 +2Ue + 6% — 6i0)€ ( 8)

are the amplitudes for the effective hopping of the magnetic impurities. A simple inspection of eq.(17)
and eq.(18) can be done by considering that in the vicinity of the Fermi level, k ~ kr ~ 0 then

2V2 - uv?

T, =—— T,=— 19
N 0= 8y) (0= By ¥ 1) (19)

where the signatures of the quantum-spin Hall phase to quantum-valley Hall phase transition appear
in the poles of T, and T,. The spin-polarized effective electron hopping between impurities obtained
generalizes the model considered in [28] and [46] used in graphene, where the hopping between impurities
is constant. In figure 2 the effective hoppings are shown as a function of V, for typical values obtained
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Figure 2: Effective hopping as a function of the electric potential at the Dirac point.

from DFT+U (see [48] and [49]) V = 1eV, U = 1eV and €y = 2eV for electrons near the Dirac point
where it can be seen that effective hopping is positive when both impurities are empty and is negative
when the impurities are occupied. The difference between the spin polarized hopping is larger for T,
due to an enhancement of the Hubbard parameter and this favours the formation of ferromagnetic or
antifferomagnetic order but this competes with the kinetic energy cost of single occupation of conduction
electron levels [47].

3 Results and discussions

In order to analyze the effective hopping between magnetic impurities as a function of the distance we
can consider eq.(17) and eq.(18) as a function of the distance between impurities

€ T

D
T,(r) = A) [ o 2
1) =5 le0+80) [ Gl e (20)

_ U [P w(eoleo+U)+ (2c0 + U)A, + €2 + A2) 7
To(r) ==+ 5 Jo(e
2Jo (g——A%)((e0+U)—e— A7)

d
h’UF) ¢
where D ~ 7eV is the cutoff in energy, r = |AR| is the inter-impuritiy distance, n = N/A is the areal
density of the host lattice and A is the silicene area, e = hvpk and Jo(x) is the Bessel function of the
first kind. Both integrals can be solved numerically and the dependence of T, and T, with r is shown

2
for particular values of €, U and V. in figure 3, where the dimensionless constant v = m(‘g—w)z ~ 0.24is

used for V' =1eV and A = \/TECLQ, where a = 3.86A. From eq.(16) we can note that the impurity positions
appear in T, and T, through terms that depend on V%o Voko which gives a R; — Ro dependence. In

turn, when the k integral is computed, the Fourier transform of m is obtained, which is
0 F o

isotropic in k space and consequently an isotropic spatial dependence of T, and T, is obtained. It
should be stressed that the expression of eq.(20) is valid in the long-wavelength limit for distances
larger than the lattice constant. In silicene a = 3.86A= 0.386nm. Then the limit of validity of eq.(20)
is r > 0.386nm. The relative distance between impurities is identical if both are in the A sublattice
or B sublattice. When both impurities are located in different sublattices, we must replace R; — Ro
by Ri — Ry + 6; in the results obtained, which implies that the plots of T,, and T, as a function of



are shifted by |01] when both impurities are located in different sublattices. There is a negligible spin
polarization in T, as a function of  when the impurities are not occupied but changes subtantially when
the Hubbard term becomes more relevant as it can be seen in figure (3 left). An interesting behavior can
be seen in the regions of 7 where T4 and T’ are zero because in these regions T+ = —T|, which indicates
that a particular spin effective hopping is energetically favored and this behavior is enhanced for higher
U. This result implies that the precursor of RKKY interaction allows a reversible switching between
ferromagnetic and anti-ferromagnetic exchange interactions, upon changing the impurity distances [50].
Moreover, the spin polarized distance dependence of the effective tunneling terms T, (r) implies that
the impurity spin-spin correlation function decays remarkably slower than the textbook expression
of the RKKY interaction, even for a finite bandwidth of the conduction band. By restricting the
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Figure 3: Effective hopping as a function of the distance r = |AR| between magnetic impurities. Left:
Hopping channel when the magnetic adatoms are empty. Right: Hopping channel when at least a
magnetic adatom is singly occupied.

Hamiltonian H' to the impurity sector Himp = Hy + H{} + Hpop, we obtain a two-site Hubbard model
with electron hopping between magnetic impurities induced by the host lattice. Each lattice site may
be either empty, occupied by an electron of spin up or down, or doubly occupied. The Hilbert space
of the two-site Hubbard model has a dimension of 2¢ = 16. Because [Himp, N] = 0, the full space H
decomposes as a direct sum of subspaces of fixed particle number, so that we can avoid 16 x 16 matrices
by working in sectors of fixed particle number. The most important sector is the 2-site model because
it describes half filling and the one-dimensional subspaces with N = 0 and N = 4 electrons have no
dynamics. For a detailed analysis, we can apply a projector II;p onto the single-occupancy sector for
the two local magnetic states

Mip =Y nig(l—nama)+ Y noo(1=n1n1)) =2 nyeny g =2 NigNag +4niynyynarna; (21)
o J,o o

which obey Il;p Himpllip = Himpllip. The projector II;p projects out states without one occupancy.
Similarly, we can define projectors onto sectors with double, tripe and quadruple occupation, as follows

Iop = nipniy(1 = 3(nar +n2y)) + nopnay (1 = 3(nir + nay)) + (nig + n1y)(neg + nay) + 6nigna nagna

(22)
II3p = niynay(ney + nay) + noyney(niy + nay) — 4nigng napngy
Iyp = nipni notng,
The set of projectors obey II;pIlp = I ;pds . In the one-electron sector the Himpllip reads
HimpH1P - Zeaf}gfjcr +Z(Tdffo'f2o +T;fgaf1z7) (23)
J,o o
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Figure 4: Spectrum of the two-site Hubbard model for single occupancy as a function of the distance
|AR| between magnetic adatoms.

where €, = € +T " is the effective on-site energy of the impurity and T = T,(0). The normalization
introduces a spin-dependent on-site energy. The eigenvalues of eq.(23) read

212
€0 — AU

2V2
1P) — ¢, +5|T,| = €0 + +s

o AL (24)

e

with s,0 = £1. The associated eigenvectors are |ps,) = \%(9 |o,0) 410, 0)). As it can be seen in figure
4, the lowest eigenvalue is ¢"") and the electron is shared between the impurities in a superposition
lo——) = \%(f [4,0) +10,1)). For large r, e+1£> = e(lp) and 7 = e<+15)>
to a degenerated ground state. The Himpllop in the 2-electron sector reads

which indicates a transition

Himpnzp = 2¢g Z NigN2s + (260 =+ L) Z NigN2—o + (260 +U+ L — f) Z njrngy (25)
o o J

+Z(T“’) D) (M- fly foo + 2o fly f20) +Z<T O — T3 (20 fly fro + 110 fy fro)

that decouples the parallel spin eigenstates with s, = £1 eigenvalues from the anti-parallel S, = 0
sector given by {|1,1), [{, 1), [14,0),]0, 1))} with total spin s, = 0 eigenvalues. The eigenvalues of the
spin-parallel sector are 6((72,52:11) =2(eg + Téo)) and do not depend on the distance between impurities
because parallel spins in different adatoms cannot tunnel due to the exclusion principle. The eigenvalues
of the S, = 0 spin sector read

€25:=0) (U T +4eo+2T0) + 2 \/(U )+ 4(’T<0) Tl +o ‘T(()) ) (26)
where L = T, T = 25 T%. For k ~0, ¥ — T* = 0 and
1 VAU +2 (e — Ay))
lime(25:=0) = _U + 2 z 27
357 SR P (7 Srap— @7
N
2 (€0 = Ag) (U +e0 — Ay)



From the last equation, when U becomes large, there are only two levels (e(ffzzo) and 6(_2,_52:0)) with
energy close to zero that have mainly covalent character at the Dirac point. For arbitrary values of k
the (%= energy levels are shown in figure 5 as a function of the inter-impurity distance for different
values of V. and for U = 2eV, where it can be seen that for V, = 0.6eV the ground state is degenerated
for critical r values and the two eigenvalues with 0 = —1 are no longer constant as a function of r. The

ef’_‘”:o) (_2’_‘92:(» eigenstates do not depend on the distance between impurities for V, < 0.6eV due
and ‘Tfo) — Tj‘ .

and €

The lowest level corresponds to an

to the negligible difference between ’TT(O) -1Ir

eigenstate

[620) = e [all1,4) + 11, 1) + [14,0) +10,10)] 28)
2(jaf’ +1)

where

TT<0> +T [ U—L+¢— e(_Qf s:=0)

7%+ T; )Tf‘” + T¢’ + ‘TT(O) + TT‘

(29)

The state ’qb(_25>> contains an admixture of the superpositions |1,1), |{,1), [1{,0), |0, 1)) whose rel-

2
({14 + (1) [o%)] and
2
’((Ti, 0+ (0,14 ‘¢(ff>>‘ is plotted agains r for different values of V, with V' = 1eV, ¢y = 1eV and

ative proportions are fixed by a(r) as it is shown in figure (6), where

U = 2eV. For a vanishing applied electric field, the state ’¢(,2JI:)> is mostly an ionic state and only
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Figure 5: Spectrum for double occupancy with total spin s, = 0 as a function of the distance for
different values of V, and U = 2eV, V = 1eV and ¢y = leV.

identical contributions are obtained for |[AR| — 0, where the local orbitals start to overlap at short
distances and form dimers [51]. By increasing V, to 0.3eV, a transition to a covalent ground state

‘¢(3‘f)> is obtained for the whole domain studied for r. When V, > 0.6eV the ground state returns

to the ionic phase and for V, = 0.6eV and for 2nm< r < 3.5nm we obtain a region where the ground
state is mostly ionic but it can be transformed to a covalent state by altering the local position of



one impurity. This critical behavior of the ground state with one electron per-site as a function of the
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Figure 6: Relative weights of the ionic and covalent states on the ground state with double occupancy
for different values of V, with U = 2eV, V =1eV and ¢y = 1eV.

applied external electric field is conducive to entanglement generation between localized states in the
impurities with a vanishing net magnetization with the specific Hamiltonian parameters used. This
entanglement is obtained when a free electron moving through the lattice impinges on two magnetic
impurities [52]. The 3-particle subspace is composed of states with two spins paired on a site and one

V,=2eV A=0.039%V =1V U=2eV

[. E(}l | e(i) | e(,al e@)

r(nm)
Figure 7: Spectrum of the two-site Hubbard model in silicene with triple occupancy.

spin unpaired. The basis for this space can thus be labeled by the position and spin of the isolated
electron, making it isomorphic to the N = 1 subspace [53]. In the triple-occupance sector, Himpllsp

10



reads

Hippllzp = 2(260 + U + R, )nipniynes + 2(260 + U + Ro)natne Nie (30)

+Z(T; - 272)"170n270fgo—f10 + Z(Ta - QTJ)nlfarmfarofZa
o o

where R, = Téo) + %Tfog — % and the eigenvalues read

e3P =2¢0 + U + Ry + 5T — 2T _,| (31)

By comparing with eq.(24), the renormalization of the on-site energy of the impurities acquires a U
and r dependence. The energy levels come closer to each other for large distances and the ground state
is given by ¢®P) as it can be seen in figure 7. This result is in concordance with the ground state of
the single-occupancy sector for the same parameters.The 4-particle subspace is one dimensional and
—=(0
the energy is €(*P) = 4eq + 2U + Z(%Téo) - T((, )) and does not depend on the distance. In order to
g
analyze the average occupation number, we can decompose the full Hilbert space ‘H as a direct sum of

subspaces of fixed particle number H = Ho ®@ H1 @ Ho ® Hs ® H4, the partition function can be written

4 ,
as Z = ), Z; where Z; = Zefﬁeg) and the average number occupation can be computed as
7=0 a

4
1 21+ 225 +3Z3 +4Z
_ - —BE, _ 1 2 3 4
Nave = 7 Ea Nye (32)

Dot Zi+ 2o+ Zs+ Zs

B=39%V~1 U=2eV Vz=2eV 1=0.03%V

4
pu=1leV
2
T 2 . u=2eV
&
< . pu=3eV
1, .
o pu=4eV
Vs i i ;i i i il
1 2 3 4 5 6
r(nmy

Figure 8: Average number occupation for the two-site Hubbard model for different temperatures g =
1/kT.

Figure 8 shows N as function of r for various values of Fermi level p and for 8 = 39eV~! which
corresponds to 7' = 300K. For u > 2eV the N,y shows clearly visible Mott plateaus at different values
of r. These plateus form a pattern with dips for 4 = 3eV and hills for 4 = 4eV, at those points in
r at which T} and T have opposite signs. Changing 3 washes out or sharpens the features discussed
above. These results are important for studying the Kondo regime of TIAM in silicene with spin-orbit
coupling. It has been shown that for a Hamiltonian with spin-flip symmetry, a competition between
antiferromagnetic (AF) and Kondo physics take place, but for large 5 and relatively small distances
between impurities, the AF splitting dominates and the local moment of the impurities is frozen and
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is independent of the distance. On the opposite end, for large distances, the AF gap allows the Kondo
regime to take place [54]. This analysis no longer holds because the precursor of the RKKY interaction
obtained in eq.(9) allows a certain set of Hamiltonian parameters and impurity configurations for which
the effective hopping is positive for one spin value and negative for the other. This unusual behavior
causes a twisted exchange interaction between adsorbed magnetic moments where the tunability of the
RKKY terms using a perpendicular electric field and varying the Fermi energy is possible [55]. Finally,
it should be stressed that the effective hopping obtained in eq.(16) implies that the distance between
impurities is critical for studying the formation of local magnetic moments as it has been done in [28] and

[29]. When the mean field approximation [22] is considered, we must replace Unqsn, = U Y €,n,, where

S
es = €0+ U (n_,) is the effective on-site energy of an impurity and where a constant term —U (nq) (ny)
can be dropped. Under this approximation, the impurity Hamiltonian Hry,, can be written as

H= ( fIT fh f;T fL ) X (33)
e+ Up (n1y) 0 Ty =T (ny) . 4 fir
0 e, + Uy (n1y) 0 Tf =T (n) fiy
TT — TT <n¢> 9 €+ UT <n2¢> 0 f2T
0 Tl, — T¢ <7LT> 0 €+ Ui <TL2¢> f2l«

where (ny) = (n1e) + (N2s), €0 = €0 — @ and U, = ¥ — TE,O). A simple inspection indicates that
the hybridization between the impurities contains contributions from the mean value of the occupation
numbers and these contributions are not taken into account in [28] and [29] (see eq.(8) and eq.(4)
respectively). In turn, for small values of r, Ty # T (see figure 3), which implies that, even without
considering the effects of the occupation numbers, the hopping channel between impurities is asymmetric
with respect to the spin. For example, with V' = 1eV, ¢y = 2eV, A = 39meV and V, = 2eV and
r = 0.3nm, T = 0.669¢V and T| = 0.685e¢V and for r = Inm, T} = 0.049e¢V and T| = 0.044eV. The
spin-asymmetric interaction between the impurities should modify the symmetry of the boundary of
the magnetic phase diagrams of figure 5 of [29].

4 Conclusions

In this work we have studied the effective hybridization between two magnetic impurities placed in the A
sublattice of silicene. By considering a perpendicular electric field and a spin-orbit coupling, we obtain
an effective hopping term between impurities by applying the Schrieffer-Wolff transformation. This
hopping depends on the distance between the magnetic adatoms and is different when these impurities
are empty or occupied. By restricting to the impurity Hilbert space, we study the eigenvalues and
eigenvectors of the impurity Hamiltonian for different occupation numbers and we show a non-trivial
dependence on distance. In particular, at half filling it is possible to find a set of Hamiltonian parameters
in which the spin polarized effective hopping has different signs for each spin indicating a privileged
spin channel scattering. In turn, a ground state transition from an ionic state to a covalent state
and viceversa is obtained by tuning the external electric field and for critical values it is possible to
obtain both ground states by altering the local position of the impurities. Finally, we study the average
occupation number as a function of the distance between impurities for different Fermi energies, showing
the formation of a pattern of Mott plateaus. These results are important for studying the formation of
local magnetic moments due to the significant change in the effective hybridization when the magnetic
adatoms are occupied or empty. The results obtained are useful to understand how to electrically control
the magnetic ground state in nanoelectronic devices based on silicene. 2D materials with buckling give
us a platform to design experiments to investigate by using scanning tunneling microscopy to locate
impurities on specific positions and then manipulating the hopping term between them by varying the
Fermi energy through a gate voltage.
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7 Appendix

7.1 S matrix computation

In order to obtain the matrix operator S we can consider the following ansatz for S

S = Z (AF]Slzg + BF]Sk)o.anU)Cl((i‘)ffJo' — h.c. (34)

Jk,o,s

where J = 1,2 indicates the magnetic impurity, k is the wave vector, s = +1 is the band index and
o is the spin index. The unknown coefficients Ajx and Bjx must be determined through the equation
[Ho, S] = thb- By writing S = Sl — SI then [S, Ho] = [Sl, Ho] + [Sl, I’Io]WL which implies that we only
need to compute [S1, Ho]. We can write Hy = Hg + Huy + Himp and by using [A, BC| = {A, B}C —

B{C, A} and CE(SG)T, c{ji}*cfj}] = —(5kkr(5w/633/01((5,2,1L7 the commutator [Sy, Hs] can be written as
[S1, Hot = = Y seno(AGY, + BSns—o0)el) 1o (35)
Jk,o,s
In turn, by using [fro,nye| = 055000/ frror and [fio,nyngy) = 055 frong—o we obtain for the

commutator [S1, Hy]

(1, Hol = Y eolAGly + B mo-o)eld fao + 30 UAS), + B ns ol fi (36)
Jk,o,s Jk,o,s

Collecting all the terms in [Hy, S| = Hpyp we obtain the following solutions for A(JSIZU and BS‘QU

7(s)
UVJka

—(s)
A(é) N VJko‘
€0 — S€ko) (€0 + U — s€ko)

— B(S)
Jko (6() _ S(fkg)

ke = —( (37)

This result is used in Section II.
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Highlights:

e Two magnetic impurities located in the A sublattices are studied in silicene subject
to an external electric field by applying the Schrieffer-Wolff transformation.

e Hopping terms between impurities are analyzed as a function of the distance
between them showing an oscillating dependence.

e The spectrum for different occupation numbers is studied for different values of
Hubbard parameter, the applied electric field and the inter-impurity distance.

e For half-filling ionic to covalent ground state transition are obtained for specific
electric field strength.

e Corrections to the mean field approximation are given in order to compute correctly
the formation of local magnetic moments in silicene.
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