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he peculiar low energy electronic ex-

citations in graphene' trigger unusual

transport properties® and drive pro-
mising (and flourishing) carbon-based
technologies.>~® On the other hand, mag-
netic nanostructures based on carbon, are
particularly attractive for future applications
in spintronics.® ° A few experiments sug-
gest the existence of magnetic states in
graphite'®'" and graphene,'? but to date,
unambiguous evidence of intrinsic magnet-
ism in graphene remains elusive.'* One
possible reason related to the difficulty of
detecting magnetic states graphene and
carbon-based nanostructures lies on the
fact that hydrocarbons of high spin are
known to be highly reactive, avid to be
passivated by surrounding species.'* On
more fundamental grounds, the electronic
ground state of semimetallic graphene is
close to an interaction-driven insulating
antiferromagnetic state.'® Indeed, these un-
derlying antiferromagnetic correlations pre-
vent the magnetic moments or spin text-
ures, even if they develop, from ordering in
a collective ferromagnetic state, thus hin-
dering any manifestation in standard mag-
netization measurements.

Structural disorder such as monovacan-
cies or sp>-type defects have been theore-
tically predicted to induce local spin pola-
rization'® '8 and, in certain circumstances,
promote long-range magnetic ordering. Hy-
drogen functionalization is, for instance, a
possible way to tune electronic properties
and magnetism in graphene. Attempts to
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ABSTRACT Spin-dependent transport in hydrogenated two-dimensional graphene is explored
theoretically. Adsorbed atomic hydrogen impurities can either induce a local antiferromagnetic,
ferromagnetic, or nonmagnetic state depending on their density and relative distribution. To describe
the various magnetic possibilities of hydrogenated graphene, a self-consistent Hubbard Hamilto-
nian, optimized by ab initio calculations, is first solved in the mean field approximation for small
graphene cells. Then, an efficient order N Kubo transport methodology is implemented, enabling
large scale simulations of functionalized graphene. Depending on the underlying intrinsic magnetic
ordering of hydrogen-induced spins, remarkably different transport features are predicted for the
same impurity concentration. Indeed, while the disordered nonmagnetic graphene system exhibits a
transition from diffusive to localization regimes, the intrinsic ferromagnetic state exhibits
unprecedented robustness toward quantum interference, maintaining, for certain resonant
energies, a quasiballistic regime up to the micrometer scale. Consequently, low temperature
transport measurements could unveil the presence of a magnetic state in weakly hydrogenated
graphene.

KEYWORDS: disordered graphene - quantum transport - metal—insulator transition -
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turn the carbon sheet into an insulating
material by hydrogenation (graphane) have
recently been reported,’®™?' but spin-de-
pendent features remain to be explored in
this context. In general, the connection bet-
ween possible underlying defect-induced
magnetic order in graphene and its trans-
port signature is largely unexplored. In this
paper, different transport properties are
found to directly depend on the nature of
the underlying magnetic state of hydroge-
nated graphene, as predicted by means of a
combined approach of a self-consistent
spin-dependent Hubbard Hamiltonian with
a computationally order N transport method.
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Disordered antiferromagnetic and nonmagnetic states
are demonstrated to be sensitive to localization effects
in the low temperature regime and high defect density,
whereas a complete suppression of quantum interfer-
ences is observed in the ferromagnetic state for similar
hydrogen concentrations.

RESULTS AND DISCUSSION

Electronic structure calculations of hydrogenated
graphene supercells are performed using ab initio
techniques, together with a single s-orbital first-neigh-
bor tight-binding model, where the Coulomb interac-
tion is treated in the mean field approximation by
means of a Hubbard-like interaction (see Methods).
The chemisorption of a hydrogen (H) atom on top of a
carbon (C) atom changes the local sp*-configuration
and can be simulated in the tight-binding approach by
removing the functionalized carbon site.?? This broken
sublattice symmetry gives rise to resonances near the
Dirac point®® which spin-polarize when the Coulomb
repulsion is included in the calculation. The resulting
magnetic moments are located over the surrounding
graphene with a varying degree of localization which
depends on the relative position with respect to the
edges of graphene or to other impuirities.

In the following, systems containing two vacancies
(two hydrogen atoms) per supercell, are considered to
enable the correlation of the magnetic moments of
both defects. Such a correlation eventually leads to a
local magnetic ordering which can be either antiferro-
magnetic if the magnetic moments are counter-polar-
ized (Figure 1, right panel) or ferromagnetic if they are
copolarized (Figure 1, left panel). The first investigated
magnetic correlation consists in removing two lattice
sites in each supercell, one on each sublattice. The total
spin (S) of the ground state of a bipartite lattice is
obtained by the straightforward application of Lieb's
theorem?* which relates the total spin of a bipartite
lattice to the difference between sublattice sites (25 =
Na — Ng). As Ny — Ng =0 for the AB case, Lieb's theorem
predicts either a nonmagnetic (NM) or an antiferro-
magnetic ground state (AF-AB from hereon), both with
S = 0. To explore the effect of varying the hydrogen
concentration, different supercell sizes are investi-
gated (see insets in Figure 1). The distance between
hydrogen atoms was decreased while reducing the
supercell size.

Lieb's theorem also predicts a ferromagnetic ground
state (S # 0) when the two sublattices present an
uncompensated hydrogenation. Zhou et al* sug-
gested a semiconducting graphene with one sublat-
tice fully hydrogenated (also known as graphone).
Although the selective hydrogenation of the A (or B)
sublattice of a graphene sample is a challenging task,
disorder-driven hydrogenation such as ripples in sus-
pended graphene or surface effects in deposited
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Figure 1. Local spin (s) versus the distance on the x-axis (x)
for vacancy (or hydrogen) concentrations n, = 0.2, 0.4, and
0.6% in the ferromagnetic (left panel) and antiferromag-
netic (right panel) cases. Red (blue) dots correspond to spin
up (down) electrons. Insets: Top-view projections of the
local spin densities.

samples could give rise to slightly uncompensated
lattices, favoring a ferromagnetic ground state. To
explore possible intrinsic ferromagnetic transport re-
sponses, we therefore investigate theoretically the
case of totally uncompensated functionalization (AA
or BB), where both chemisorbed hydrogen atoms lie on
the same sublattice in the supercell (referred as F-AA
hereon). Figure 1 illustrates the local spin density for
the situation of antiferromagnetic (right panel) and
ferromagnetic (left panel) couplings with various hy-
drogen concentrations. An important observation is
the disappearance of the spin density for the AF-AB
case for hydrogen densities n, > 0.6%, which contrasts
to the robustness of the intrinsic ferromagnetic case.
The transport properties of disordered/hydroge-
nated graphene are computed using an efficient order
N Kubo-Greenwood transport method (see Methods).
Figure 2 (left frame) illustrates how the random dis-
tribution of pairs is built from the initial supercells.
For low hydrogen concentrations (n, < 0.6%), where
local spin densities survive even for the AF-AB, localiza-
tion effects appear to be limited within the reach of
calculation times (Figure 3, left panel, inset). We focus
on the higher concentration limit (n, = 0.8%) in which
the local spin has been suppressed yielding a global
nonmagnetic state. Figure 3 (left frame) presents Dy(E,t)
for n,=0.8% at three selected energies. These diffusion
coefficients are clearly reaching a saturation regime
after a few hundreds of femtoseconds. Then, they
exhibit a strong logarithmic decay which is an unam-
biguous fingerprint of weak localization effects.?® The
behavior of the corresponding elastic mean free path
/e is illustrated in Figure 4 (inset). Away from the Dirac
point, /. &~ 1/n, as expected from a simple Fermi
Golden rule. At lower energies, /. fluctuates within
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Figure 2. (a) Schematic (and reduced) view of an hydrogenated magnetic graphene (the original supercell is shaded by a
yellow rectangle). Each supercell contains one pink-shaded vacancy pair. (b) DOS plots for both the AB and AA configurations

for n, = 0.8%.
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Figure 3. Time-dependent diffusion coefficients (spin up
channel) for selected energies (see legends) for a n, = 0.8%
hydrogen impurity concentration, in the NM (left frame) and
F-AA (right frame) configurations. Inset in the left frame
gives the diffusion coefficients at 0.15 eV for lower con-
centrations in the AB case.

1—2 nm, presenting a weak hydrogen-concentration
dependence.

Figure 4 (mainframe) displays both the correspond-
ing Drude and Kubo conductivities. The latter are
evaluated at larger elapsed times when quantum
interferences cannot be neglected. Note that the total
Drude conductivity always remains higher than 2Go/m =
4e%/mth (G, the conductance quantum) in full agree-
ment with the analytical results derived from the self-
consistent Born approximation.?” The increase of the
conductivity at the Dirac point with respect to the clean
limit value 2Gy/m has also been theoretically estab-
lished for Dirac (single-valley) electrons and many
types of disorder, being actually observed in most
graphene samples.®® This can be explained by intra-
valley scattering (dominant over intervalley one) which
is induced either by intrinsic (ripples) or extrinsic
disorder (charged impurities) always accidentally pre-
sent in most samples.?® On the contrary, as soon as
quantum interferences come into play in our inten-
tionally disordered systems, oy,(E,t) becomes lower
than its semiclassical limit, pinpointing the transition
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Figure 4. Main frame: Kubo conductivities for the NM
magnetic state with n, = 0.8% hydrogen impurities. The
values at D, (extracted at t ~ 50 fs) gives access to the
Drude conductivity, whereas values at longer elapsed times
clearly encompass localization effects. The theoretical limit
for Drude conductivity (4€?/hn) is represented by the hor-
izontal dashed line. Inset: Spin-degenerate elastic mean free
path for various hydrogen concentrations.

to a weak localization regime, as illustrated in Figure 4
(mainframe) for two elapsed times t = 250 fs and t =
2000 fs. From the computed electronic mean free path
/e, the corresponding localization length can be esti-
mated using the relationship &(E) = /. exp(mwopruge/
2Go).?® Close to the charge neutrality point, localization
lengths are predicted to be in the range of ca.8—15nm
for defect densities between 0.25% and 0.8%. Note that
this transition to a weak localization regime has been
overlooked in recent works where similar models
predict conductivity values well above 4e*/7h*° at
the Dirac point. Our result is, in addition, consistent
with experimental findings.'®

Figure 3 (right frame) presents Dy(E,t) for the F—AA
case. Conversely to the NM case, for identical defect
densities, the establishment of a diffusive regime at
much longer times pinpoints a much weaker effect
from backscattering. Additionally, the saturation of
Dy(E,t) to its maximum value is not observed to be
followed by a logarithmic decay as expected in the
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Figure 5. Main frame: Kubo conductivities for the F—AA
magnetic state for different concentrations of hydrogen
impurities and for up and down spin configurations, for an
elapsed time of t = 7600 fs. Left inset: time-dependent
evolution of gi(E) for n, = 0.51% close to the resonance
energy ¢f ~ —15 meV. Right inset: zoom in on the spin-split
gap A4 (same hydrogen concentrations as in the
mainframe). Dashed horizontal lines give 2e?/7h.

presence of weak localization effects. Figure 5 presents
the Drude conductivities for the intrinsic ferromagnetic
situation F—AA computed at t = 7600 fs (for n, = 0.8%).
First, in sharp contrast to the nonmagnetic case, a
strong spin-splitting is observed around the charge
neutrality point (mainframe), as manifested by the two
separated (resonant) peaks for up [01(E)] and down spin
[04(E)] populations, occurring respectively at energies
& =—15meV (] = +15 meV). The spin gap Ay = |ef — €|
ranges within [25,30lmeV for n, = 0.25—0.8% (see
Figure 5, right inset) and originates from the strong
local Coulomb interaction between the two spin-po-
larized states near the impurities. On the other hand,
the total conductivity is found to decay with hydrogen
concentration but saturates at 4e*/mh for energies
away from the resonant peaks. Such a saturation is
concomitant to the robust diffusive regime established
after an initial ballistic extension of the wavepackets,
but unaffected by further quantum interferences (as
calculated for four energies in the right frame of
Figure 3). The DOS peaks in Figure 2 (right panel) are
part of this diffusive plateau. In Figure 5, leftinset, o1(E,t)
for n, = 0.5% is depicted for increasing elapsed times
(similar trend is found for n, = 0.8%). Surprisingly, in
the vicinity of &1, the conductivities are seen to
increase with time without saturation (up to our com-
putational limits). This behavior is not a numerical
artifact, but rather illustrates the absence of backscat-
tering, manifesting a robust quasi-ballistic regime and
suggesting the contribution of Klein tunneling process.>’

The comparison between the NM and F—AA cases
for the same hydrogen concentration is therefore
particularly striking. The strong reduction of backscat-
tering and complete suppression of quantum interfer-
ences for the F-AA case (in which the B-sites sublattice
remains free of any defects) partly stems from a pre-
served chiral symmetry of the Hamiltonian.?’ The
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Figure 6. Main frame: Time dependent Kubo conductivities
(up channel) for 50% of AA pairs and 50% of AB pairs in the
supercell. Inset: 88% of AA pairs and 12% of AB pairs. Down
channel (not shown) is symmetric over the Fermi energy.

robustness of transport in such a situation is also likely
related to pseudospin effects which trigger Klein tun-
neling and weak antilocalization phenomena.?'*? Ad-
ditionally, this specific symmetry resulting in full
imbalance between functionalized A sites and defect
free B sites, also roots the establishment of strong
ferromagnetism. In brief, one of the most interesting
findings is thus the connection between ferromagnetic
order and absence of localization effects.

Finally, two intermediate situations containing re-
spectively 50% (88%) of AA vacancies and 50% (12%) of
AB vacancies are studied in Figure 6. For the 50/50 case,
notable localization effects set in while keeping a
nonuniform conductivity profile in the whole of the
energy spectrum, in contrast with the fully balanced AB
case in Figure 4.

CONCLUSIONS

Intrinsic ordered magnetic states are demonstrated
to exhibit a very specific transport signature in large-
size hydrogenated graphene in the low temperature
limit. Anintrinsic ferromagnetic state will take placein
the case of exclusive functionalization of one out of
the two sublattices. In this situation, the material
would be strongly (anomalously) robust to localiza-
tion phenomena (up to hydrogen densities n, < 1%),
either presenting a saturation of the low-temperature
conductivity to its Drude value, or a quasiballistic
motion at some resonant energies. In striking con-
trast, for similar defect densities, a disorder antiferro-
magnetic and a nonmagnetic state will suffer from
quantum interferences (beyond the diffusive regime)
and localization effects will manifest in the low tem-
perature regime, for instance through a variable
range hopping behavior (as also observed in other
types of damaged graphene®). These theoretical
predictions provide a possible guidance for further
experimental transport measurements and scrutiny of
magnetism in hydrogenated graphene.?* One finally
remarks that other types of functionalization (such as
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adsorbed NO, gases or fluorination) could provide
alternative routes to induce strong spin-polarized

METHODS

Electronic structure calculations of hydrogenated graphene
supercells are performed using ab initio techniques within the
local spin density approximation (LSDA),*® together with a
single sr-orbital first-neighbor tight-binding model, where the
Coulomb interaction is treated in the mean field approximation
by means of a Hubbard-like interaction U. Both approaches
have already been successfully employed to investigate nano-
ribbons and nanographenes,*~*' typically assuming a full
passivation by H of the edge o-bonds. The spin-dependent
Hamiltonian of hydrogenated graphene reads %7 = r&i,D,,,c;focj,,, +
Uzinini + nii{nit), where t is the first-neighbor hopping term,
c?y{, (¢j,») is the creation (annihilation) operator of an electron in
the lattice site i (j) with spin ¢, U is the on-site Coulomb
repulsion®? and n;;, n;; are the self-consistent occupation
numbers for spin-down and spin-up electrons, respectively.
The typical U/t ratio used to model graphene-based systems
using the Hubbard model ranges between 0.9 and 1.3.%2

The transport properties of disordered/hydrogenated gra-
phene are computed using an efficient order N Kubo-Green-
wood transport method>***** From the time-dependent
analysis of the wavepacket dynamics, conduction regimes
and transport length scales such as the mean free path are
extracted. The spin-dependent Kubo conductivity (at zero
temperature and zero frequency) reads oy(Et) = (e*/2)Tr
[01)(E — F)IDyy(ED) with Tr[or(E — H)/S] the spin-dependent
densities of states per surface unit at Fermi energy E. At a fixed
energy, o, (E,t) reach their maximal values at the same time as
Dy, (Et) (DF}™) allowing the estimation of the spin-dependent
Drude conductivities oty ““®(E) = (€2/2)Tr[d1,(E — H)IDT™(E)), that
account for the disorder effects on the density of states. The
maximum value Df}*(E) of the diffusion coefficient also gives a
numerical value to the elastic mean free path, since /o = Dpay/
2vF (where vi = 10° ms™"). At longer time, Dy, (E,t) can exhibit a
logarithmic decay in the presence of quantum interferences.
The corresponding Kubo conductivity is thus reduced com-
pared to its Drude value, as long as quantum coherence is
maintained.
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