
Dilute Magnetism in Graphene

Frederico Sousa
frederico.sousa@ist.utl.pt
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Abstract

In this work we study magnetic phases in graphene doped with adatoms. We assume an s-d
interaction between the impurities spins and the spins of the electrons from the host material. We then
apply variational mean field theory to this problem to determine the critical temperature associated
with two different magnetic phases: one-lattice ferromagnetism and antiferromagnetism. For impurities
concentrations of 10%, we found critical temperatures of 145 K for the former and 527 K for the latter
case, using a coupling constant of JS = 3 eV. We found that a small amount of anisotropy greatly
affects the critical temperature, even generating a critical concentration in the one lattice ferromagnetic
case. Using a recursive method to determine the Green Function we study the effect of disorder from
temperature and adatom position on the density of states for both magnetic phases. Finally, we apply
our model of one lattice ferromagnetism to try to explain the experimental results of Hwang et al. [4].
Keywords: graphene, magnetism, adatoms, disorder

Introduction

Since its first isolation in 2004 by Geim and
Novoselov [6], graphene has been seen as a won-
der material, sparking the interest from both the
theoretical and the experimental point of view. Its
honeycomb lattice formed by carbon atoms is the
stage for a great number of physical phenomena due
to the massless nature of the charge carriers. These
carriers suffer very little scattering, resulting in bal-
listic transport, and posess a high spin relaxation
length. For this reason there is a lot of effort being
put into using graphene in spintronics. However,
being a carbon based material, graphene displays
a very weak magnetic response, with the absence
of a ferromagnetic phase at low temperatures [10].
The focus is then generating a magnetic behaviour
by altering graphene. It has been shown that the
introduction of adatoms in graphene can generate
localized mangetic moments [12]. In these cases,
disorder becomes a main protagonist: the adatoms
position disorder can change the magnetic tendency
from an antiferromagnetic to a ferromagnetic phase
[9] The relative position of the impurities with re-
spect to the sublattices they are placed on also af-
fects the magnetic response. The interaction be-
tween adatoms is ferromagnetic when they are in
the same sublattice and antiferromagnetic when not
[11].

Our work is focused on adatom-doped graphene,
with an s-d interaction between the adatoms and
the electrons in the host. The s-d interaction can

be obtained from the Anderson model for an im-
purity as a second order perturbation effect. Our
goal is to study magnetic phases created by this
interaction and see how they are affected by differ-
ent parameters, such as coupling constant intensity,
anisotropy, adatom disorder and adatom concentra-
tion. We do this by analysing the critical tempera-
ture associated with the phases. To understand how
the underlying electronic system is altered in these
magnetic phases we look at the density of states
(DOS), looking for gaps and how they evolve with
different parameters. We will test the applicability
of our theory by applying it to a specific case done
by Hwang et al.. In their work graphene doped with
sulfur has been shown to open a gap near the Fermi
level that could be the effect of magnetic ordering
of the impurities [4].

The s-d Hamiltonian
The impurities are placed above the graphene lat-
tice and we assume that they do not distort it so
the electrons in the lattice can still be described by
the usual Tight Binding Hamiltonian:

HTB = −t
∑
R,δ,σ

a†R,σbR+δ,σ + h.c. (1)

where t ≈ 3eV is the hopping coefficient, σ is
the spin label and δ are the displacement vectors
that connect first neighbours. The operators aR
(a†R) and bR (b†R) are the electronic annihilation
(creation) operators for the two different sublattices
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(A and B) acting on the unit cell with position label
R. We add now impurities usig the Anderson Model
[1]. In this model the impurities are described using
two additional terms. One is the energy for the
electrons in the impurity orbital:

Hd = εd (nd↑ + nd↓) + Und↑nd↓ , (2)

εd is the energy of the impurity orbital and U the
repulsive energy between electrons in that orbital,
with number operator ndσ.

Lastly we have the hybridization term that allows
for the electrons to hop on and off the impurity
orbital:

Hhyb =
1√
V

∑
kσ

(
Vdkc

†
kσdσ + Vkdckσd

†
σ

)
. (3)

This term is responsible for the coupling between
the creation/annihilation operators for the conduc-
tion electrons and for the d-electrons of the impu-
rity. We see that, in the absence of hybridization, it
should be energetically favourable for the system to
have only one electron in the d-orbital if εd+U > 0
as long as εd < 0 (which we shall assume). The
hybridization will allow the electron from the or-
bital to change places with one from the conduction
band, furthermore, if Vkd is not too strong (and we
can treat it as a perturbation) there will always be
one electron on the atom. However, the spin of
that electron may change with each exchange. This
whole dynamic, when we take it as a perturbation
leads to the s-d interaction:

Hsd = −J
∑
l

Sl · s (Rl) , (4)

a spin-spin interaction between the conduction
electrons spins, s, and the impurities spins, Sl lo-
cated at site l. We take the coupling J to be con-
stant and treat the impurities spins as classical vari-
ables, meaning S � 1. The Hamiltonian that we
use is then:

H = −t
∑
R,δ,σ

(
a†R,σbR+δ,σ + h.c.

)
− J

Nimp∑
i=1

Si · s (Ri)

= HTB +Hsd.
(5)

We can take this analysis one step further if we
consider two consecutive interactions between the
conduction electrons and two impurities. In doing
so we can write an effective interaction between the
impurities, driven by the conduction electrons: this
is the RKKY interaction. In the case of graphene
it decays with the distance between impurities r as

(1 + cos [∆k · r]) /r3. A downside of using this ap-
proach is that we lose information about the elec-
tronic system. Since the study of the effect of the
adatoms on the electrons of the host is one of our
main concerns, we use instead the s-d Interaction
in our model.

Recursive Method for the Green Function

Barring a few exceptions like full adatom coverage
and zero temperature, the Hamiltonian (5) calls for
a numerical approach, since disorder becomes a ma-
jor factor. One disorder source, adatom position,
is closely connected to the fact that we are now
dealing with a finite system, with d unitary cells in
each direction and N = 2d2 sites. For small sys-
tems one can simply use exact diagonalization and
get the energy spectrum of the system, but for big-
ger systems this becomes really expensive in terms
of computational resources (the number of opera-
tions and memory required scale as N2). The re-
cursive method for the Green Function (GF) is an
alternative that requires a lot less memory and is
much faster. This method computes the local GF:
Gr(E) = 〈r| (E −H)

−1 |r〉 as a continued fraction
made possible by writing the Hamiltonian in a tridi-
agonal form. In the tridiagonal basis {u0, u1, ...un}
we can write H as:

H|un〉 = an|un〉+ bn|un−1〉+ bn+1|un+1〉. (6)

The coefficients an and bn are computed itera-
tively. We start by choosing an initial normalized
state |u0〉 with which we get:

a0 = 〈u0|H|u0〉. (7)

The next state u1 is determined by applying H
to u0, removing the contribution from a0, and nor-
malizing the result. The norm is precisely b1:

b1|u1〉 = H|u0〉 − a0|u0〉. (8)

From this point on the iteration ensues. Having
the nth state, we calculate the diagonal element an
as the expected value of the Hamiltonian in that
state 〈un|H|un〉 and the next state |un+1〉 is simply:

bn+1|un + 1〉 = H|un〉 − an|un〉 − bn|un−1〉. (9)

The normalization condition for un+1 fixes
|bn+1|2. We choose the bn to be positive real num-
bers.

With the an and bn coefficients we can use the
properties of tridiagonal matrices to compute the
GF relative to the state |u0〉 using a continued frac-
tion form:
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G0(E) =
1

E − a0 −
b21

E − a1 −
b22

. . . −
b2N−1
E − aN

. (10)

The coefficients an and bn converge to assymp-
totic values a∞ and b∞, so we can use a terminator
t(E) to calculate the continued fraction:

t(E) =
b2∞

E − a∞ − t(E)
. (11)

Solving for t(E) and keeping only the solution
that assures that t(E)→ 0 as E → 0 we get:

t(E) =
E − a∞

2
−

√(
E − a∞

2

)2

− b2∞ . (12)

In some cases the coefficients an and bn converge
not to one single value but they alternate between
two different ones: aA, aB , bA and bB . This is
indicative of a two energy band system with a gap.
In this case it is still possible to find an expression
for the terminator.

Having computed the GF we can get the lo-
cal DOS (LDOS) for the state |u0〉, ρ0(E) =∑
i |〈u0|i〉|2δ (E − Ei) using:

ρ0(E) = − 1

π
lim
η→0

Im {G0(E + iη)} . (13)

The LDOS measures the contribution of the state
|u0〉 for the whole energy spectrum of the sys-
tem, it is related with the total DOS by: ρ(E) =
1
N

∑
i ρi(E), summing over all the Hilbert space

sates {|i〉}. We avoid the sum (and calculation of)
over all LDOS by choosing a stochastic initial state:
|u0〉 =

∑
i φi|i〉, with randomly distributed vari-

ables φi. A statistical average over the resultant
”stochastic LDOS” would yield the total DOS. If,
however, the system studied is sufficiently large we
only need to do one realization, since the system is
self averaging.

Variational Mean Field Theory
One of our goals is to determine the critical tem-
perature for different magnetic phases. To do that
we use Variational Mean Field Theory, where we
approximate the system by a mean field descrip-
tion with a variational parameter. By relating
this parameter to some physical quantity (mag-
netization for example) and analysing the depen-
dance of the free energy , F , on it, we can study
the stability of different regimes. The main bas-
tion of this approach is the Bogoliubov Inequality:

F ≤ FMF + 〈H − HMF 〉MF . The subscript MF
refers to the mean field description of the system,
HMF , the mean field Hamiltonian that is used to
calculate the average 〈· · · 〉MF . The equality hap-
pens when HMF = H.

We treat the impurity spins Si as classical vari-
ables (S � 1). Doing this, the problem becomes
a single particle problem for the graphene electrons
under the effect of a (disordered) potential created
by the impurities. For each spin configuration of
the classical spins, we can solve exactly the elec-
tronic system. So we can integrate out the electrons
and derive an effective Hamiltonian for the classi-
cal spins, Heff . It is this effective Hamiltonian that
will be treated within mean field theory. To obtain
the effective Hamiltonian we start from the grand
canonical partition function:

Z =

∫
d[S]Tr e−β(HTB+Hsd−µN̂) (14)

where µ is the chemical potential, N̂ is the to-
tal number operator, T is the temperature and
β = 1/kBT . We are integrating over all possible
spin orientations: d[S] = dΩ1dΩ2 · · · dΩNimp . We
compute the trace over the electrons states getting:

Z =

∫
d[S]

∏
n

(1+e−β(En(S)−µ)) =

∫
d[S] e−βHeff

(15)
where have defined the effective Hamiltonian:

Heff = −kBT
∑
n

ln
(

1 + e−β(En(S)−µ)
)
. (16)

The energy levels En(S) depend on the spin con-
figuration of the adatoms and are obtained using
exact diagonalization. We could also evaluate the
sum using the DOS, ρ(E) =

∑
n δ (E − En), ob-

tained by the recursive method:

Heff = −kBT
∫
dEρ(E) ln

(
1 + e−β(E−µ)

)
.

(17)
We found that this method introduces a larger

statistical uncertainty than the exact diagonaliza-
tion, which, in some cases would make the free en-
ergy analysis impossible.

Now we have to decide on the mean field descrip-
tion we will use. Since we are interested in magnetic
phases we shall use a simple model that includes the
effect on an impurity on site i of the remaining ones
as a mean magnetic field, hi:

HMF = −
Nimp∑
i=1

hi · Si. (18)
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We are interested in magnetic phases where the
direction of the impurities spins depend, at most, on
the sublattice they are in, so hi is constant in each
sublattice. We can relate h to the magnetization
for each sublattice (A and B) mA,B , defined as:

mA,B =
1

NA,B
〈
NA,B∑
i=0

cos θA,Bi 〉MF = coth y − 1

y
,

(19)
with y = βhS and θi the angle between the im-

purity spin and h. With this we know that when
all the impurities spins are aligned, m = 1, and in
the paramagnetic phase, m = h = 0, giving us two
limits for this order parameter.

To determine the critical temperature we com-
pute the free energy, at some temperature and
adatom concentration, for different values of m.
Since we are dealing with disorder we do, for each
point m, an average over 1000 disorder realizations.
We then fit that set of points to a polynomial:

F = a(T )m2 + b(T )m4 + c(T )m6 . (20)

Doing this for several values of T we can ex-
tract the crtitical temperature Tc using the condi-
tion a(Tc) = 0.

The mean field approach is an approximation to
the exact Hamiltonian (5), so we can have a sit-
uation where the system has an ordered magnetic
phase, with a finite Tc, within mean field theory,
that is not present for the exact Hamiltonian. One
way we can probe the exact results is using the
Mermin-Wagner Theorem [5]. An ordered mag-
netic phase in our mean field approach breaks the
continuous rotation symmetry and, in light of this
theorem, is ruled out at finite temperatures. We
must stress, however, that due to the 2D nature of
graphene the s-d interaction coupling is expected to
be anisotropic, on physical grounds. One possible

source for the anisotropy is the fact that, appart
from the s-d interaction induced by the magnetic
character of the adatom, it has been demonstrated
[7] that it should also lead to spin-orbit like terms
which break the SU(2) rotation symmetry of the
electron spin. It has been shown that 2D long range
order at finite temperatures is stabilized even for a
small amount of anisotropy [8]. Moreover, taken as
an example, the Heisenberg model with long range
interaction decaying as 1/rα, the Mermin-Wagner
theorem proves the absence of long range order at
finite T only if α > D + 2 [3], D being the dimen-
sionality of the system. Even though we cannot
generally demonstrate that the effective interaction
between magnetic impurities is long range, in the
limit where RKKY model applies we know that the
interaction should decay as 1/r3, which is below the
critical α = 4 in 2D. Even though stronger condi-
tions exist for oscillatory interactions [2], we note
that, for the case of graphene, these oscillations do
not lead to a change of sign of the coupling.

Results

We studied two different magnetic phases: one lat-
tice ferromagnetism, with the impurities on only
one of the sublattices and antiferromagnetism with
impurities in both sublattices. We found that the
recursive method introduces a larger statistical un-
certainty to the results, which would tamper with
our ability to study the differences in free energy.
For this reason we used exact diagonalization with
d = 32 to compute the free energy points needed
for the determination of the critical temperature.
To analyse the DOS we used the recursive method
with d = 1000.

One Lattice Ferromagnetism

In Figure 2 is depicted te critical temperature for
three different cases. In full, the isotropic case,
with JzS = J‖S = t, shows no critical concentra-
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E/t

0.2

0.4

0.6

DOS
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Down

(a) T = 0 , x = 50%.

-3 -2 -1 1 2 3
E/t

0.1

0.2

0.3

DOS

Up

Down

(b) T = 0 , x = 15%.

Figure 1: DOS at T = 0 for two different concentrations. For x = 50%we get the expected result with
gaps of value JS for each spin projection. At lower adatom concentrations the states become more
uniformly distributed as the gaps decrease.
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tion. For concentrations bellow 10% the critical
temperature is under 100K. Since Mean Field
Theory tends to be an overestimation, this value
should in fact end up being even lower. The value
of the coupling JS obviously affects the critical
temperature and is dependant on the impurity
species used, with higher values resulting in higher
Tc. The dotted line refers to the anisotropic case
with Jz > J‖ where the critical temperature in-
creases and becomes less linear. This non linearity
is also present for Jz < J‖ (dashed line) but in
this case Tc decreases to the point of the system
now having a critical concentration. In this case,
at T = 0, the system undergoes a quantum phase
transition as we increase x.

J∥ J = 1

0.0 0.1 0.2 0.3 0.4 0.5
x

100

200

300

400

500

600

T(K)

Figure 2: Critical temperature for one-lattice fer-
romagnetism. The full line represents the isotropic
case and it shows a linear behaviour. The dashed
and dotted lines are for two different cases of
anisotropy, Jz < J‖ and Jz > J‖, respectively. In
these cases the critical temperature is greatly af-
fected, not only in terms of its value but also by
becoming non linear.

In the ferromagnetic phase the two spin projec-
tions are not degenerate. When the ipurities have
a preferred direction, one spin projection will, on
average, gain energy interacting with the classical
spins while the other will lose energy. At T = 0 the
system displays only a spin-resolved gap that de-
creases for lower x. For full single lattice coverage
this gap is JS and centered in ±JS/2. This gap
decreases for lower values of x, as shown in Figure
1.

In order to predict how the spin resolved gap
would decrease with the impurity concentration we
can think that as the concentration decreases, the
effect of the coupling constant gets diluted over ev-
ery site, so we can recover the result for a transla-
tional invariant system using a modification of the
coupling: JS → xJS. In Figure 3 we see that the
results follow that tendency, although the agree-
ment is not total. For high impurities concentra-
tions the gap is lower than the predicted by this
simple model. Both methods agree for concentra-

tions below 20%.

Δ=2xJS

0.0 0.1 0.2 0.3 0.4 0.5

0.0

0.2

0.4

0.6

0.8

1.0

x

Δ
/t

Figure 3: Spin resolved gap ∆ at T = 0 for dif-
ferent concentrations. The line represents the value
expected using a model where every site is occupied
but with a weakened coupling.

Since there is never an overlap between the gaps
in each spin projected DOS, the total DOS displays
a pseudogap, a region of energies where there is a
depletion of states.

Looking at Figure 4 we see that, for T > 0, the
gaps of each spin projection are no longer present,
since Lifshitz tails effectively close the gaps. Both in
this case and the T = 0 case, there is always a region
in energy where the electrons spin polarization is
not balanced. This is particularly true around the
Dirac energy, which means that any kind of electron
doping will be polarized. In fact, since the states
that form the Lifshitz tails are localized, we expect
charge carriers to be 100% spin polarized in the
pseudogap region. It is also worth mentioning the
assymmetry observed for each spin projected DOS.

One Lattice Paramagnetism
In the paramagnetic regime, since the impurities
spins are randomly oriented, there is no overall en-
ergy gain or loss for either spin projection, hence
the degeneracy. In this case, much like the clean
graphene case, the DOS vanishes linearly at E = 0,
so we can define an electron velocity near the Dirac
points, and compare it with the clean case. We get
for x = 0.5 a velocity of 0.66v and, for x = 0.15,
0.85v(v being the electron velocity near the Dirac
points for clean graphene). For x = 0.05 we get
a velocity of 0.94v, so we can actually infer a re-
lation for the eletronic velocity in this regime of
low concentrations: vpar ≈ (1 − x)v. So electrons
near the Dirac points move slower when we include
adatoms with their spins randomly orientated. We
keep in mind however, that we are not considering
the scattering of electrons in the adatoms, which
should further slow the movement of electrons on
the lattice.
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(a) T = 0.72Tc x = 0.5.
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(b) T = 0.82Tc x = 0.15.

Figure 4: DOS at finite temperature bellow Tc for different impurity concentrations. Temperature effects
destroy the gaps in the spin projected DOS, creating Lifshitz tails. For high values of x the spectrum for
each spin is highly assymetric.

x=0.5

x=0.15

-3 -2 -1 1 2 3
E/t

0.1
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0.3

DOS

Figure 5: DOS in the one lattice paramagnetic
regime for x = 0.5, in red, and x = 0.15, in blue.

Antiferromagnetism

In Figure 6 it is shown the critical temperature as
a function of the impurity concentration x.

0.0 0.2 0.4 0.6 0.8 1.0
x

1000

2000

3000

4000

T(K)

Figure 6: Critical temperature for antiferro-
mangetism.

For the calculations we used JS = t. This case
displays similar features to the one-lattice ferromag-
netism, also predicting no critical concentration.
The values of critical temperature however are one
order of magnitude greater.

Full Coverage Antiferromagnetism

In the antiferromagnetic case the two spin projec-
tions are degenerate. This happens because, since
impurities in different sublattices tend to align in
opposite directions, electrons with one spin projec-
tion will gain energy in, say, sublattice A and lose
energy in sublattice B. Since the same happens for
the electrons with the other spin projection (with
the roles of sublattices A and B reversed), the two
spin projections are equivalent.

At T = 0 we get the expected gap centered at
the Dirac Point, with value 2JS, as shown in Fig-
ure 7 (a). If we increase the temperature, but keep
x = 1, we can isolate the effect of spin orientation
disorder. The gap decreases significantly, with Lif-
shitz tails smoothing its edges, and the states get
much more uniformly distributed along the whole
energy spectrum, erasing the singularities.

Partial Coverage Antiferromagnetism

Now we keep T = 0 and study the effect of adatom
position disorder. In Figure 8 it is shown the DOS
for x = 0.8 and x = 0.1. Immediately we see that
the energy gap decreases, although it is present at
any concentration. For high impurity concentra-
tions there are some structures that develop right
next to the gap. These merge with the Van Hove
singularities at x ≈ 0.5. Increasing the temperature
also destroys these features.

To understand the origin of these states let us go
back to the full coverage case at T = 0. The en-
tire lattice is covered with impurities whose spins
are oriented either up or down, depending on the
sublattice they are located at. It is this full cov-
erage that is responsible for the gap between −JS
and JS. If we remove a few impurities from the
lattice, the gap should suffer only a slight perturba-
tion. Additionally, these missing impurities create
local states withmidgap energies that start off as
delta-like peaks in the DOS. Lowering the concen-
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x=0.8

x=0.1

-3 -2 -1 1 2 3
E/t

0.10

0.30

0.20

DOS

Figure 8: DOS in the antiferromagnetic regime for
x = 0.8, in red, and x = 0.1, in blue, at zero tem-
perature.

tration broadens these sates and they eventually get
included in the bands as the gap decreases.

We can make an analysis similar to the one for
one latice ferromagnetism, spreading the effect of
impurities over all sites, so we get for the gap,
∆ = x2JS. In Figure 9 we can see how this model
matches up with the results. As soon as we leave
the full coverage case there is a steep decrease of
gap relative to the x2JS line. This is due to the
states already mentioned that are created in that
energy region. As the concentration decreases the
approaches start to yield similar results. This is
especially evident for concentrations under 10%.

Paramagnetic Phase

Above the critical temperature, the imppurity spins
are all randomly oriented. The fact that now we
have impurities on both sublattices, leads to a finite
DOS at E = 0, as shown in Figure 10, in stark
contrast with the one lattice case. As we lower x
the DOS in that point decreases. Below x ≈ 0.10
we no longer have the required numerical resolution
conclude whether the DOS is still finite or not.

Δ=x2JS

0.0 0.2 0.4 0.6 0.8 1.0

0.0

0.5

1.0

1.5

2.0

x

Δ
/t

Figure 9: Energy gap at T = 0 for different con-
centrations. The line represents the value expected
using a model where every site is occupied but with
a weakened coupling.

-3 -2 -1 1 2 3
E/t

0.10

0.05

0.15

DOS

Figure 10: DOS in the paramagnetic regime for x =
0.75 with impurities on both sublattices. The DOS
is finite at E = 0.

Sulfur Decorated Graphene

In this section we will try to bring our model closer
to experimental values and see if it can be used to
understand some of the results obtained by Hwang
et al. in their work concerning sulfur decorated
graphene [4]. They report a sulfur concentration of
x ≈ 0.1 and perform ARPES and magnetotransport
measurements. Their main findings for graphene

-3 -2 -1 1 2 3
E/t

0.2

0.4

0.6

0.8

DOS

(a) T = 0 x = 1.

-3 -2 -1 1 2 3
E/t

0.05

0.10

0.15

0.30

DOS

(b) T = 0.73Tc x = 1.

Figure 7: DOS for the full coverage antiferromagnetic phase at zero temperature (no disorder) and 0.73Tc.
Notice how singularities and band edges get smoothed out due to temperature disorder.
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0.0 0.05 0.10 0.15-0.05-0.10-0.15
E/t

0.005

0.010

0.015

0.020

0.025

0.030

DOS

Clean μ=0.116

0K μ=0.099

17K μ=0.099

28K μ=0.099

35K μ=0.099

Figure 11: Close up of the DOS around the pseudogaps for several different temperatures. The chemical
potentials were determined with an electronic density of 0.75× 1013 cm−2.

with S can be summarized as follows:

• Depletion of states at EF which depends on
temperature;

• Magnetoresistance compatible with magnetic
hysteresis.

We should note that S atoms are not expected
to be magnetic. However, in this case, there is a
finite charge transfer from graphene to the S atoms
that is measured experimetally and which, accord-
ing to DFT calculations [4], is reponsible for the
formation of a magnetic moment of 0.63µB per S
atom. Moreover, according to the same DFT cal-
culations, a possible position for the S atoms is be-
tween the top graphene layer and the buffer layer
(a carbon layer with the same structure of garphene
but without the π-bands due to strong hybridiza-
tion with the SiC substrate). When the buffer layer
and graphene are Bernal stacked, the two sublat-
tices of the top graphene layer are no longer equiva-
lent: one sublattice has buffer layer C atoms below,
while the other sublatice occurs at the buffer layer
hollow position where the S atoms sit.

Under the setup just presented, our model for
one sublattice ferromagnetism may be seen as an
adequate starting point. This model explains qual-
itatively the two main experimental observations of
Ref. [4], which we have itemized above. Regarding
the magnetoresistence, and assuming that a ferro-
magnetic state develops as predicted by the present
theory, the resistance should be maximized when
the applied magnetic field reaches the value of the
coercive field. In this situation the misalignement
between the magnetization of different magnetic do-
mains is maximum, so electron scattering by impu-
rity spins is also maximum. This explains the two

peaks observed in Fig. 4D of Ref. [4] at the two
opposite values of the coercive field.

We now turn to the depletion of states seen at
the Fermi level. This result was interpreted in Ref.
[4] as a signature of the opening of a gap at the
Fermi level. This interpretation is hard to justify
because of the lack of a nesting vector in the system,
assuming the S atoms are randomly distributed,
which is the relevant situation experimentally. In
the present theory, the system does not open a true
gap, but a pseudogap at the Dirac point, which
could also explain the depletion of states near the
Fermi level that is observed experimentally. In Fig-
ure 11 we show the evolution of the pseudogap with
the temperature.

What is happening is the following: the pres-
ence of the impurities creates a gap in the spec-
trum for each spin direction, one at positive ener-
gies and another at negative energies, so there is
a point where one of the spin DOS gets highly su-
pressed, creating this depletion of states relative to
the clean graphene layer. The point where the de-
pletion starts (half the value of the pseudogap) gets
closer and closer to zero as we increase the temper-
ature. This is the effect of disorder destroying the
spin resolved gaps. As we get closer to the Dirac
point we see a region where the DOS is enhanced
compared to the pristine case, in the latter case
the DOS vanishes linearly whereas with impurities
there is always a contribution from one of the spin
projections.

We next try to see whether in the present theory
there is any depletion of states around the Fermi
level when the impurities are added. To determine
the Fermi level we need to fix the electronic den-
sity. The reported number was n = 0.9× 1013cm−2

for the clean graphene. Once the sulfur impuri-
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ties are added Hwang et al. measure a change in
the Fermi wave vector due to a charge transfer be-
tween the sulfur atoms and the graphene system.
Because of this charge transfer, the electron den-
sity in graphene is lowered to n = 0.75× 1013cm−2.
The obtained chemical potential is µ ' 0.099t, with
no significant change with temperature as indicated
in Fig 11. This represents a shift of 53 meV of the
Fermi level, in good agreement with the expermien-
tal value 67 meV. Looking at Figure 12 we see a
clear depletion of states with respect to the clean
case (thus the negative value), consequence of the
shifting of the Fermi level towards lower energies.
This observation agrees with the experimental find-
ing. Moreover, we also see a temperature dependent
depletion of states, where higher values of depletion
occur as the temperature is lowered. This happens
because the Fermi level is located at the edge of
the pseudogap, whereas for higher temperatures it
is already outside that region. This finding is again
in agreement with the experimental result. In the
present theory such depletion has no relation with
a gap opening at the Fermi level.
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Figure 12: Difference between the DOS at the Fermi
level for the sulfur doped graphene and the clean
graphene at different temperatures, with the re-
ported decrease in charge carriers, n = 0.75 × 1013

cm−2.

Conclusions
Using a simple mean field model, we were able
to determine the critical temperature, along with
its dependance on impurity concentration, for the
cases of one lattice ferromagnetism and antiferro-
magnetism. We found that a small amount of
anisotropy can significantly alter the result, both
quantitatively and qualitatively, introducing non
linearity and a critical concentration in one lattice
ferromagnetism. These features are absent in the
isotropic case.

Using a recursive method to obtain the Green
Function we computed the DOS for both magnetic
phases. In one lattice ferromagnetism, at zero tem-
perature, there is a spin resolved gap that develops
just below (for spin parallel to the mean magnetic
field) and over (for spin anti parallel to the mean

magnetic field) the zero energy level, sharing E = 0
as a gap edge. There is thus always a region where
charge carriers are completely spin polarized. Due
to the localization of tail states this shoul still be
true even when the temperature is increased. On
the other hand, in the antiferromagnetic phase, the
system does show a gap. We were able to see how
temperature smoothes the DOS and closes the gap
of the system.

We used our theory to try and understand the
results pertaining to sulfur decorated graphene ob-
tained by Hwang et al.. The shift of the Fermi
level was correctly predicted when accounting for
charge transfer between the graphene layer and the
impurities. We were also able to obtain a deple-
tion of states near the Fermi energy. The origin of
that depletion, however, in our case is not an en-
ergy gap, it is simply due to the chemical potential
shift and to the changes in the DOS induced by the
adatom ordering as the temperature is lowered. The
discrepancies between our results and the reported
ones can stem from the simplifications of our theory
that disregards any effects the adatoms might have
on the lattice structure or the fact that our model
assumes only one sublattice coverage.

Although the results here obtained concern only
to the case of single layer graphene, our methods
can easily be applied to any 2D material. It is only
a matter of adapting the Hamiltonian to the prob-
lem of interest. Other 2D materials such as the
transition metals dicalchogenides or the case of flu-
orinated graphene are good targets for an analysis
of possible magnetic phases.
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