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“Spintronic Dreams”

Dissipationless Quantum Spin
Current at Room Temperature

Shuichi Murakami,1* Naoto Nagaosa,1,2,3 Shou-Cheng Zhang4

Although microscopic laws of physics are invariant under the reversal of the
arrow of time, the transport of energy and information in most devices is an
irreversible process. It is this irreversibility that leads to intrinsic dissipations
in electronic devices and limits the possibility of quantum computation. We
theoretically predict that the electric field can induce a substantial amount of
dissipationless quantum spin current at room temperature, in hole-doped semi-
conductors such as Si, Ge, and GaAs. On the basis of a generalization of the
quantum Hall effect, the predicted effect leads to efficient spin injection
without the need for metallic ferromagnets. Principles found here could enable
quantum spintronic devices with integrated information processing and storage
units, operating with low power consumption and performing reversible quan-
tum computation.
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The central goals of spintronics1 are to understand mechanisms 
by which it is possible to achieve e!cient electrical control of 
spin currents and spin con"gurations, and to discover materi-

als in which these mechanisms are prominently exhibited. Because 
of the obvious relationship to magnetic information storage tech-
nologies, the possibility of applications is always in the background 
of spintronics research topics, and sometimes jumps to the fore-
ground to spectacular e#ect. Nevertheless, the problems that arise 
in this "eld are o$en intriguing from a fundamental point of view, 
and many topics are pursued for their intrinsic interest. Many of 
the most active themes of spintronics research are reviewed else-
where in this issue. %is Progress Article is motivated by recent 
interest in two new types of electronically two-dimensional (2D) 
material: graphene layer systems2,3, and surface-state systems of 3D 
topological insulators (materials that act as bulk insulators but have 
topologically protected surface states)4,5. We brie&y review recent 
work that has explored these materials from the spintronics6 point 
of view, provide a perspective of how graphene and topological-
insulator systems "t into the broader spintronics context, and spec-
ulate on directions for future research.

Studies of graphene-based 2D electron systems (2DESs) and 
of 2D and 3D topological insulators are among the most interest-
ing and active current topics in materials physics. %e two systems 
have closely related, although still distinct, electronic properties. 
We restrict our attention primarily to 3D topological insulators in 
which the low-energy degrees of freedom are surface-state elec-
trons that are described by 2D Dirac equations. %e same equations 
describe low-energy π-band electrons that are con"ned to a single 
graphene sheet. Below, we refer to the two systems generically as 2D 
Dirac systems (2DDSs).

%e spintronics "eld can be organized as summarized in Fig. 1. 
%e most important distinction is between conductors with mag-
netic order and conductors without magnetic order. %e 2DDSs are 
in the second category so far, although one can imagine hybrid sys-
tems in which spins behave collectively because of proximity e#ects 
or because of deliberately introduced dilute moments7–10.

Spintronics exists as a topic largely because of the di#erence 
(two or more orders of magnitude) between electron velocities 
in conductors and the speed of light, which almost always makes 
spin–orbit coupling weak. Spins are therefore usually almost con-
served: that is, their relaxation times are normally much longer 
than other characteristic electronic timescales. In ordered systems, 
weak spin–orbit coupling leads to magnetic anisotropy energies 
that determine the energetically favourable magnetization orienta-
tions in a crystalline lattice. %e anisotropy energies are extremely 

Spintronics and pseudospintronics in graphene 
and topological insulators
Dmytro Pesin and Allan H. MacDonald

The two-dimensional electron systems in graphene and in topological insulators are described by massless Dirac equations. 
Although the two systems have similar Hamiltonians, they are polar opposites in terms of spin–orbit coupling strength. We 
briefly review the status of e!orts to achieve long spin-relaxation times in graphene with its weak spin–orbit coupling, and to 
achieve large current-induced spin polarizations in topological-insulator surface states that have strong spin–orbit coupling. 
We also comment on di!erences between the magnetic responses and dilute-moment coupling properties of the two systems, 
and on the pseudospin analogue of giant magnetoresistance in bilayer graphene.

small compared with magnetic condensation energies, which 
measure how much the energy is lowered by ordering magnetically. 
For this reason, the spin densities that can be induced by transport 

Department of Physics, University of Texas at Austin, Austin, Texas 78712-1081, USA. e-mail: macd@physics.utexas.edu

Figure 1 | Overview of spintronics. In all panels, the large spins represent 
overall magnetization and the small spins represent the transport 
electrons. The field of spintronics is divided in the first place between the 
study of magnetically ordered conductors (left panels) and the study of 
paramagnetic metals or semiconductors (right panels). Within each class, 
one can study e!ects in which electric fields alter spin configurations 
(bottom panels) and complementary e!ects (top panels) in which e!ective 
magnetic fields due to spin–orbit, exchange or magnetostatic interactions 
influence transport properties. The four panels in this figure (anticlockwise 
from the top left) schematically illustrate (i) giant magnetoresistance in 
which variation in magnetization direction increases backscattering and 
hence resistance; (ii) Andreev reflection of spins in non-collinear magnetic 
systems that leads to spin-transfer torques and current-induced spin 
reversal; (iii) current-induced spin polarization in paramagnetic conductors; 
and (iv) the spin Hall e!ect and spin currents in paramagnetic conductors. 
Spin-transport e!ects in paramagnetic conductors always require spin–
orbit interactions. This Progress Article concentrates on right-panel 
phenomena in topological insulators and in monolayer graphene, and 
left-panel phenomena in bilayer graphene.

INSIGHT | PROGRESS ARTICLE
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The spin Hall e!ect (SHE) was predicted 40 years ago1,2. "eorists 
Dyakonov and Perel proposed that an unpolarized electrical 
current should lead to a transverse spin current in systems 

with the relativistic spin–orbit coupling. In their picture, spin–orbit 
coupling enters SHE via the Mott scattering of electrons on unpolar-
ized impurities, which results in spatial separation of electrons with 
opposite spins. "e e!ect has a Hall symmetry, because the polariza-
tion axis of the spins is perpendicular to the plane of the transverse 
spin current and the driving longitudinal electrical current. Concepts 
for the experimental detection of the phenomenon were introduced 
by Hirsch3 and Zhang4 almost 30 years a$er the original theoretical 

Spin Hall e!ect devices
Tomas Jungwirth1,2*, Jörg Wunderlich1,3 and Kamil Olejník1,3

The spin Hall e!ect is a relativistic spin–orbit coupling phenomenon that can be used to electrically generate or detect spin 
currents in non-magnetic systems. Here we review the experimental results that, since the first experimental observation of 
the spin Hall e!ect less than 10 years ago, have established the basic physical understanding of the phenomenon, and the role 
that several of the spin Hall devices have had in the demonstration of spintronic functionalities and physical phenomena. We 
have attempted to organize the experiments in a chronological order, while simultaneously dividing the Review into sections 
on  semiconductor or metal spin Hall devices, and on optical or electrical spin Hall experiments. The spin Hall device studies are 
placed in a broader context of the field of spin injection, manipulation, and detection in non-magnetic conductors.

work. Hirsch proposed a device in which a spin current is generated 
by SHE in one part and injected into another part where it is detected 
by the inverse spin Hall e!ect (iSHE). In iSHE, the spin current gen-
erates a transverse current of charge and when accumulated at the 
edges of the sample the charge can be detected electrically3. Relying 
on both SHE and iSHE simultaneously for observing the phenom-
enon turned out to be experimentally challenging, and the method 
was realized only recently5. "e proposal3 that SHE has an inverse 
counterpart has, nevertheless, played a key role in establishing the 
basic physics of the phenomenon and in utilizing the e!ect as a tool 
for both the electrical injection and electrical detection of spin cur-
rents in non-magnetic materials.

Zhang4 suggested that the edge spin accumulation produced by 
SHE could be detected electrically using an attached ferromagnetic 
probe6. "e method is based on measuring the dependence of the 
electrochemical potential at the detection ferromagnetic electrode 
on the relative orientation of the magnetization of the electrode, and 
the accumulated spins in the non-magnetic system underneath it. 
It took several years to demonstrate the viability of this method7. 
Nevertheless, in a broader context, the idea of connecting SHE with 
the more mature %eld, which utilizes ferromagnets for injection and 
detection of spins in non-magnetic systems, has fuelled numerous 
important studies of spin Hall devices.

"e experimental discovery of SHE was prompted by theoreti-
cal work that approached the SHE physics from a di!erent angle. 
Inspired by studies of the intrinsic nature of the closely related 
anomalous Hall e!ect in ferromagnets8,9, Murakami  et  al.10 and 
Sinova et al.11 predicted that a spin-dependent transverse de&ection 
of electrons in non-magnetic systems can originate directly from the 
relativistic band structure of the conductor without involving the 
Mott scattering. "e intrinsic SHE proposal triggered an intense the-
oretical debate, which is summarized in several review articles12–20. 
Unlike Hirsch3 and Zhang4 who considered the extrinsic, scatter-
ing induced SHE1 and electrical detection schemes designed for 
metals, the intrinsic SHE proposals focused on semiconductors and 
suggested that the optical activity of these materials be utilized for 
detecting SHE. In particular, the circularly polarized electrolumines-
cence was suggested in ref. 10 and the magneto-optical Kerr e!ect in 
refs 10,11. "ese methods were used in the %rst measurements of the 
SHE phenomenon. Kato  et  al.21 employed a magneto-optical Kerr 
microscope to scan the spin polarization across the channel (Fig. 1), 
whereas Wunderlich et al.22 used coplanar p–n diodes to detect cir-
cularly polarized electroluminescence at opposite edges of the spin 
Hall channel (Fig. 2; ref. 23). Remarkably, Wunderlich et al. ascribed 
the observed signal to the intrinsic SHE whereas Kato et al. to the 
extrinsic SHE.

1Institute of Physics ASCR, v.v.i., Cukrovarnická 10, 162 53 Praha 6, Czech Republic, 2School of Physics and Astronomy, University of Nottingham, 
Nottingham NG7 2RD, UK, 3Hitachi Cambridge Laboratory, Cambridge CB3 0HE, UK. *e-mail: jungw@fzu.cz 
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Figure 1 | Observation of SHE by the magneto-optical Kerr microscope. 
a,b, Two-dimensional images of spin polarization density ns (a) and 
reflectivity (b), for the unstrained GaAs sample measured at temperature 
30 K and applied driving electric field 10 mV μm−1. Arbitrary units are 
used for ns as the measured Kerr rotation signal is not calibrated to the 
corrresponding spin density for this measurement. Figure reproduced with 
permission from ref. 21, © 2004 AAAS.
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Magneto-optical Kerr Microscope
Kato et al Science (2004)
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f!k" = 2 cos!#3kya" + 4 cos$#3
2

kya%cos$3
2

kxa% , !6"

where the plus sign applies to the upper !!*" and the
minus sign the lower !!" band. It is clear from Eq. !6"
that the spectrum is symmetric around zero energy if t!
=0. For finite values of t!, the electron-hole symmetry is
broken and the ! and !* bands become asymmetric. In
Fig. 3, we show the full band structure of graphene with
both t and t!. In the same figure, we also show a zoom in
of the band structure close to one of the Dirac points !at
the K or K! point in the BZ". This dispersion can be
obtained by expanding the full band structure, Eq. !6",
close to the K !or K!" vector, Eq. !3", as k=K+q, with
&q & " &K& !Wallace, 1947",

E±!q" ' ± vF&q& + O(!q/K"2) , !7"

where q is the momentum measured relatively to the
Dirac points and vF is the Fermi velocity, given by vF
=3ta /2, with a value vF*1#106 m/s. This result was
first obtained by Wallace !1947".

The most striking difference between this result and
the usual case, $!q"=q2 / !2m", where m is the electron
mass, is that the Fermi velocity in Eq. !7" does not de-
pend on the energy or momentum: in the usual case we
have v=k /m=#2E /m and hence the velocity changes
substantially with energy. The expansion of the spectrum
around the Dirac point including t! up to second order
in q /K is given by

E±!q" * 3t! ± vF&q& − $9t!a2

4
±

3ta2

8
sin!3%q"%&q&2, !8"

where

%q = arctan$qx

qy
% !9"

is the angle in momentum space. Hence, the presence of
t! shifts in energy the position of the Dirac point and
breaks electron-hole symmetry. Note that up to order
!q /K"2 the dispersion depends on the direction in mo-
mentum space and has a threefold symmetry. This is the
so-called trigonal warping of the electronic spectrum
!Ando et al., 1998, Dresselhaus and Dresselhaus, 2002".

1. Cyclotron mass

The energy dispersion !7" resembles the energy of ul-
trarelativistic particles; these particles are quantum me-
chanically described by the massless Dirac equation !see
Sec. II.B for more on this analogy". An immediate con-
sequence of this massless Dirac-like dispersion is a cy-
clotron mass that depends on the electronic density as its
square root !Novoselov, Geim, Morozov, et al., 2005;
Zhang et al., 2005". The cyclotron mass is defined, within
the semiclassical approximation !Ashcroft and Mermin,
1976", as

m* =
1

2!
+ !A!E"

!E
,

E=EF

, !10"

with A!E" the area in k space enclosed by the orbit and
given by

A!E" = !q!E"2 = !
E2

vF
2 . !11"

Using Eq. !11" in Eq. !10", one obtains

m* =
EF

vF
2 =

kF

vF
. !12"

The electronic density n is related to the Fermi momen-
tum kF as kF

2 /!=n !with contributions from the two
Dirac points K and K! and spin included", which leads to

m* =
#!

vF

#n . !13"

Fitting Eq. !13" to the experimental data !see Fig. 4"
provides an estimation for the Fermi velocity and the

FIG. 3. !Color online" Electronic dispersion in the honeycomb
lattice. Left: energy spectrum !in units of t" for finite values of
t and t!, with t=2.7 eV and t!=−0.2t. Right: zoom in of the
energy bands close to one of the Dirac points.

FIG. 4. !Color online" Cyclotron mass of charge carriers in
graphene as a function of their concentration n. Positive and
negative n correspond to electrons and holes, respectively.
Symbols are the experimental data extracted from the tem-
perature dependence of the SdH oscillations; solid curves are
the best fit by Eq. !13". m0 is the free-electron mass. Adapted
from Novoselov, Geim, Morozov, et al., 2005.

113Castro Neto et al.: The electronic properties of graphene
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Figure 2 | Dirac cones in graphene and in topological insulators. 
Topological-insulator surface states and π-band states in graphene (left 
panel) are described by a 2D Dirac equation with strong coupling between 
momentum and spin in the topological-insulator case and between 
momentum and sublattice pseudospin in the graphene case. Topological-
insulator surface states are non-degenerate and are coherent equal-weight 
linear combinations of two spin components with a momentum-dependent 
phase di!erence, ϕp. The pseudospin representation of the honeycomb 
sublattice degree of freedom is illustrated in the right panel. The π-band 
eigenstates in graphene are coherent equal-weight linear combinations of 
their two honeycomb sublattice components, denoted by A and B, and have 
spin- and momentum-space valley degeneracies. 

advanced slowly because of materials problems, which include the 
lack of real insulating behaviour in many cases. Although these 
materials issues16 are critically important, they are not addressed in 
this Progress Article. 

Spintronics in graphene sheets 
!e states near the Fermi level of a graphene sheet are π electrons. 
In neutral graphene, the π bands are half-"lled, and the Fermi level 
lies at the energy of the Brillouin-zone corner where there is a lin-
ear band crossing between π conduction and valence bands — that 
is, at the Dirac point. For energies close to the Dirac point, the band 
Hamiltonian H is accurately approximated by a 2D Dirac equation:

 H = ħv(τzσxkx + σyky) (1)

where (kx,ky) is 2D momentum measured from the band-crossing 
point, ν ≈ 108 cm s–1 is the Bloch-state velocity at the Dirac point, 
τz is a Pauli matrix that acts on the valley degree of freedom that 
distinguishes the two inequivalent band-crossing points, and σx,y are 
Pauli matrices that act on the honeycomb lattice’s sublattice degree 
of freedom. It is common in the graphene literature to view the sub-
lattice degree of freedom as a pseudospin, with the eigenstates of 
σz localized on A or B sublattices (Fig. 2). Using this language, the 
Hamiltonian is purely o%-diagonal in pseudospin; it represents hop-
ping between sublattices that vanishes at the Dirac point because 
of destructive interference between the three nearest-neighbour 
hopping paths. Graphene sheets are ambipolar — that is, their 
Fermi energies can be shi&ed by approximately ±0.3  eV relative 
to the Dirac point by gating. Surface states of topological insula-
tors, discussed in the next section, have similar 2D Dirac bands, as 
explained in Fig. 2.

!e spin-conserving potential of graphene is due to the weakness 
of spin–orbit interactions at energies close to the Dirac point of 
an intrinsic inversion symmetric sheet. !ese interactions take 
the form17–19

 H     = ∆Iσzτzsz
G,I
SO  (2)

where ΔI is the interaction strength parameter, sz is a Pauli matrix 
that acts on the spin degrees of freedom. !e form of the inter-
action is determined entirely by symmetry and corresponds to a 
staggered potential that has opposite signs on opposite sublattices 
(the σz factor), and for each sublattice opposite signs for opposite 
spins (the sz factor). !e valley-dependent τz factor indicates that 
this potential has opposite signs when its dependence on triangu-
lar lattice position is Fourier-transformed at the two inequivalent 
Brillouin-zone-corner Dirac points K and K′. !e magnitude of ΔI 
is smaller than the characteristic spin–orbit scale of 2p electrons in 
carbon, ξ ≈ 6 meV, because18,19 spin–orbit interactions vanish when 
projected onto the atomic π bands of a 'at sheet. Spin–orbit cou-
pling in a 'at graphene sheet is weaker than in the curved graphene 
sheets of nanotubes18,20,21. Using a simple tight-binding approach to 
describe spin–orbit-induced mixing between π-  and σ-bands leads 
to the estimate ΔI ≈ 1 μeV. Ab initio calculations22,23 predict values 
that range from ~1 μeV to ~50 μeV. Although the small value of this 
coupling constant adds to the di)culty of estimating its value accu-
rately, there is no doubt that it is small compared with characteristic 
spin–orbit energy scales. Because of its small value, it has also not 
yet been possible to measure ΔI directly in graphene. Experiment 
has, however, placed an upper bound of ~100  μeV on the value 
of  ΔI (ref. 24).

!e spin relaxation associated with the intrinsic spin–orbit 
interaction occurs via the Elliot–Yafet disorder-scattering spin-
relaxation mechanism25,26. Because band eigenstates do not have a 
pure spin, spin reversals can be induced even by a spin-independent 

currents11 are su)cient to induce magnetization switching, even 
though they are small in a relative sense. On the other hand, the 
changes in electrical transport properties that can accompany 
switching are o&en large, because they re'ect the full strength of 
exchange interactions in the magnetic state. (!ermal transport is 
also sensitive to magnetic con"gurations12.)

Paramagnetic conductors are not spin polarized in their ground 
state, but because of spin–orbit coupling, transport currents (which 
break time-reversal invariance) can induce spin densities. Moreover, 
currents can be weakly spin polarized even in non-magnetic mate-
rials13. In spintronics, paramagnetic conductors with especially 
weak spin–orbit coupling are desirable as ‘spin conservers’ that 
can transmit spin-encoded information across a device with high 
"delity. On the other hand, paramagnetic conductors with strong 
spin–orbit coupling are desirable because they can be ‘spin genera-
tors’ when combined with transport currents. Generally speaking, 
the surface states of topological insulators have exceptionally strong 
spin–orbit coupling and could provide an interesting example of a 
spin-generator system, whereas graphene π bands have weak spin–
orbit coupling and have potential as a spin-conserver system. At the 
time of writing, fewer potential applications have been identi"ed 
for the more subtle spintronics e%ects that occur in non-magnetic 
conductors, like the materials that we will discuss here, although 
recent work on magnetization reversal induced by the spin Hall 
e%ect near heterojunctions between magnetic and non-magnetic 
materials14,15 suggests that their potential has not yet been fully real-
ized. In our view, the most intriguing possibilities for 2DDSs are 
gate-tunable dilute-moment or nanoparticle-array magnetism at 
topological-insulator or graphene surfaces, and layer-pseudospin 
giant magneto resistance in graphene bilayers. 

At the present time, experimental work on graphene-sheet 
2DESs is much more advanced than work on topological-insulator 
surface states. !e study of topological insulators has so far 

PROGRESS ARTICLE | INSIGHT NATURE MATERIALS DOI: 10.1038/NMAT3305
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(Extremely weak)
!K!K!" =#!A↑!r!"

!A↓!r!"
!B↑!r!"
!B↓!r!"

$
K!K!"

, !19"

it is possible to join Eqs. !14" and !18" in the following
compact way:

HRK" = − i#R% d2r!!K
† !$̂+ŝ+ − $̂−ŝ−"!K

=
#R

2
% d2r!!K

† !$̂xŝy + $̂yŝx"!K, !20"

HRK!" = − i#R% d2r!!K!
† !− $̂+ŝ− + $̂−ŝ+"!K!

=
#R

2
% d2r!!K!

† !$̂xŝy − $̂yŝx"!K!, !21"

where

#R = #E + #curv,

#E =
#V2

2V1
2 + V2

2&2'2
3

%eE( )
2'2

3

#%eE
V2

,

#curv =
#V1

2V1
2 + V2

2*!Vpp$ − Vpp""& a

R1
+

a

R2
(+

)
#!Vpp$ − Vpp""

V1
& a

R1
+

a

R2
(&V1

V2
(2

, !22"

where the limit V1&V2 !widely separated $ bands" has been
considered to approximate the above expressions.

Equations !20"–!22" constitute one of the most important
results of the paper. First, we recover the effective form for
the “Rashba-type” interaction expected from group-
theoretical arguments recently.24 Even more importantly, our
result shows that this effective spin-orbit coupling for the "
bands in graphene to first order in the intra-atomic spin-orbit
interaction # is given by two terms.

!i" #E corresponds to processes due to the intra-atomic
spin-orbit coupling and the intra-atomic Stark effect between
different orbitals of the " and $ bands, together with hop-
ping between neighboring atoms. The mixing between the "
and $ orbitals occurs between the pz and s atomic orbitals
due to the Stark effect % and between the pz and px,y due to
the atomic spin-orbit coupling #. This contribution is the
equivalent, for graphene, to the known Rashba spin-orbit
interaction31 and it vanishes at E=0.

!ii" #curv corresponds to processes due to the intra-atomic
spin-orbit coupling and the local curvature of the graphene
surface which couples the " and $ bands, together with hop-
ping between neighboring atoms. The mixing between the
" and $ orbitals in this case occurs between pz and px,y
atomic orbitals both due to the atomic spin-orbit coupling #
and due to the curvature. This process is very sensitive to
deformations of the lattice along the bond direction between

the different atoms where the p part of the sp2 orbitals is
important.

E. Intrinsic spin-orbit coupling

We can extend the previous analysis to second order in
the intra-atomic spin-orbit interaction #. We obtain effective
couplings between electrons with parallel spin. The coupling
between first nearest neighbors can be written as
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where the label 0 stands for the central atom. These three
couplings are equal, and give a vanishing contribution at the
K and K! points. The intrinsic spin-orbit coupling vanishes
for hopping between neighboring atoms, in agreement with
group theoretical arguments.24,29,30 We must therefore go to
the next order in the hopping. Expanding to next nearest
neighbors, we find a finite contribution to the intrinsic spin-
orbit coupling in a flat graphene sheet, corresponding to pro-
cesses shown in Fig. 3.

In this case, both the dispersive and nondispersive bands
contribute to the effective "-" coupling, as schematically
shown by the different arrows in Fig. 1. In order to estimate
quantatively the magnitude of the intrinsic coupling, we con-
sider processes represented in Fig. 3, which are second order
in #, in momentum space, finally obtaining

FIG. 3. !Color online" Sketch of the processes leading to an
effective intrinsic term in the " band of graphene. Transitions
drawn in red !dark gray", and indicated by SO, are mediated by the
intra-atomic spin-orbit coupling.
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tum well, as shown in the right column,
the opposite ordering occurs due to in-
creased thickness d of the HgTe layer.
The critical thickness dc for band inver-
sion is predicted to be around 6.5 nm.

The QSH state in HgTe can be de-
scribed by a simple model for the E1
and H1 subbands2 (see the box on page
36). Explicit solution of that model
gives one pair of edge states for d > dc in
the inverted regime and no edge states
in the d < dc, as shown in  figure 3b. The
pair of edge states carry opposite spins
and disperse all the way from valence
band to conduction band. The crossing
of the dispersion curves is required 
by TR symmetry and cannot be re-
moved—it is one of the topological sig-
natures of a QSH insulator.

Less than one year after the theo-
retical prediction, a team at the Univer-
sity of Würzburg led by Laurens
Molenkamp observed the QSH effect in
HgTe quantum wells grown by molec-
ular-beam epitaxy.3 The edge states
provide a direct way to experimentally
distinguish the QSH insulator from the
trivial insulator. The two edge states of
the QSH insulator act as two conduct-
ing 1D channels, which each contribute
one quantum of conductance, e2/h. That
perfect transmission is possible be-
cause of the principle of antireflection
explained earlier. In contrast, a trivial
insulator phase is “really” insulating,
with vanishing conductance. Such a
sharp conductance difference between
thin and thick quantum wells was ob-
served experimentally, as shown in
 figure 3c.

From two to three dimensions
From figure 3b we see that the 2D topo-
logical insulator has a pair of 1D edge
states crossing at momentum k = 0.
Near the crossing point, the dispersion
of the states is linear. That’s exactly the
dispersion one gets in quantum field
theory from the Dirac equation for a
massless relativistic fermion in 1D, and
thus that equation can be used to de-
scribe the QSH edge state. Such a pic-
ture can be simply generalized to a 3D
topological insulator, for which the sur-
face state consists of a single 2D mass-
less Dirac fermion and the dispersion
forms a so-called Dirac cone, as illus-
trated in  figure 4. Similar to the 2D case, the crossing point—
the tip of the cone—is located at a TR-invariant point, such
as at k = 0, and the degeneracy is protected by TR symmetry.

Liang Fu and Kane predicted4 that the alloy Bi1−xSbx
would be a 3D topological insulator in a special range of x,
and with angle-resolved photoemission spectroscopy
(ARPES) Zahid Hasan and coworkers at Princeton University
observed the topological surface states in that system.5 How-
ever, the surface states and the underlying mechanism turn
out to be extremely complex. In collaboration with Zhong

Fang’s group at the Chinese Academy of Sciences, the two of
us predicted that Bi2Te3, Bi2Se3, and Sb2Te3, all with the lay-
ered structure in  figure 4a, are 3D topological insulators,
whereas a related material, Sb2Se3, is not.6

As in HgTe, the nontrivial topology of the Bi2Te3 family
is due to band inversion between two orbitals with opposite
parity, driven by the strong spin–orbit coupling of Bi and Te.
Due to such similarity, that family of 3D topological insula-
tors can be described by a 3D version of the HgTe model (see
the box). First-principle calculations show that the materials
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Figure 3. Mercury telluride quantum wells are two-dimensional topological 
insulators. (a) The behavior of a mercury telluride–cadmium telluride quantum
well depends on the thickness d of the HgTe layer. Here the blue curve shows the
potential-energy well experienced by electrons in the conduction band; the red
curve is the barrier for holes in the valence band. Electrons and holes are trapped
laterally by those potentials but are free in the other two dimensions. For quan-
tum wells thinner than a critical thickness dc ≃ 6.5 nm, the energy of the lowest-
energy conduction subband, labeled E1, is higher than that of the highest-
energy valence band, labeled H1. But for d > dc, those electron and hole bands
are inverted. (b) The energy spectra of the quantum wells. The thin quantum well
has an insulating energy gap, but inside the gap in the thick quantum well are
edge states, shown by red and blue lines. (c) Experimentally measured resistance
of thin and thick quantum wells, plotted against the voltage applied to a gate
electrode to change the chemical potential. The thin quantum well has a nearly
infinite resistance within the gap, whereas the thick quantum well has a quan-
tized resistance plateau at R = h/2e2, due to the perfectly conducting edge states.
Moreover, the resistance plateau is the same for samples with different widths,
from 0.5 µm (red) to 1.0 µm (blue), proof that only the edges are conducting.
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spin-orbit coupling. As Fig. 2(a) illustrates, the Dirac cones
characteristic of pure graphene indeed remain massless—
despite the reduced translation symmetry, conventional
gapped phases are not stabilized here, consistent with the
intuition developed in the single-adatom case above.
Indium does, however, electron-dope graphene and
shifts the Fermi level EF to 0.95 eV above the Dirac
points. From the adatom’s local density of states (LDOS)
displayed in Fig. 2(a), one can see that indium’s 5p
orbitals lie almost entirely above EF, implying that
the 5p electron in neutral indium nearly completely
transfers to graphene. (The charge of an indium adatom
is þ0:8e from the Bader charge division scheme.)
Note that the relatively diffuse pz LDOS indicates
that this orbital hybridizes more strongly with graphene
compared to the px;y orbitals. Replacing indium with thal-
lium, again without spin-orbit coupling, leads to the band
structure and LDOS shown in Fig. 2(d). Clearly the elec-
tronic structure is modified very little by this substitution;
importantly, the Dirac cones remain massless with thallium
as well.

Thus any gap opening at the Dirac points must originate
from spin-orbit coupling. Figure 2(b) displays the band
structure and LDOS for spin-orbit-coupled indium on gra-
phene. Note the sizable spin-orbit splitting in the LDOS for
the px;y orbitals. More remarkably, a gap !so " 7 meV
now appears at the Dirac points, which already exceeds the
spin-orbit-induced gap in pure graphene [7–11] by several
orders of magnitude. The analogous results for thallium—
whose atomic mass is nearly twice that of indium—are still
more striking. As Fig. 2(e) illustrates, p-orbital splittings
of order 1 eV are now evident in the LDOS, and a gap
!so " 21 meV opens at the Dirac points. We emphasize
that these results apply for adatom coverages of only
6.25%. To explore the dependence of !so on the adatom
coverage, we additionally investigated systems with one
adatom in 5# 5, 7#7, and 10#10 supercells. (For N # N
supercells with N a multiple of 3, the Dirac points reside at
zero momentum and can thus hybridize and gap out even
without spin-orbit coupling. We therefore ignore such
geometries.) The values of !so along with the Fermi
level EF computed for the coverages we studied appear
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FIG. 2. Band structure and the adatom local density of states (LDOS). All data correspond to one adatom in a 4# 4 supercell, with
the upper row corresponding to indium and the lower row corresponding to thallium. The left panels in (a) and (d) correspond to the
band structure and LDOS computed using DFT without spin-orbit coupling. The horizontal dashed red lines indicate the Fermi level
(EF), which shifts due to electron-doping from the adatoms. Insets zoom in on the band structure near the K point within an energy
range $35 to 35 meV, showing that, without spin-orbit interactions, neither indium nor thallium opens a gap at the Dirac points. The
central panels in (b) and (e) are the corresponding DFT results including spin-orbit coupling. Remarkably, in the indium case, a gap of
7 meV opens at the Dirac points, while, with thallium, the gap is larger still at 21 meV. Finally, the right panels in (c) and (f) were
obtained using the tight-binding model described in Sec. III.
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Figure 1 |Device characterization. a, Scanning electron micrograph of a hydrogenated graphene sample showing multiple Hall bar junctions. Scale bar,
5 µm. b, Measurement schematics for the non-local spin Hall measurement. Inset: schematics showing the deformation of the graphene hexagonal lattice
due to hydrogenation. c, Evolution of the percentage of hydrogenation with increasing irradiation dose for HSQ (0–5 mC cm�2) calculated from the ID/IG
ratio of Raman peaks.
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Figure 2 | Room-temperature measurements of non-local signal. a, RNL versus n for pristine graphene and hydrogenated graphene at room temperature.
The dark grey dashed lines show the ohmic contribution to the measured signal. Inset: ⇢ versus n for pristine and hydrogenated graphene. b, Dependence
of the RNL on the percentage of hydrogenation. The dark grey dashed lines show the calculated ROhmic contribution for this sample.

hydrogenation at T = 4K (µ⇠ 20,000 cm2 V�1 s�1, L/W = 5). A fit
to this oscillating non-local signal using29

RNL = 1
2
� 2⇢WRe

h
(
p
1+ i!B⌧s/⌦s)e�(

p
1+i!B⌧s/⌦s)|L|

i
(1)

where � is the spin Hall coefficient, gives ⌦s(B) ⇠ 1.6 µm and
� ⇠ 0.18. It should be noted that such an oscillatory behaviour
is absent for pristine graphene samples. Thus, the oscillatory
behaviour of RNL is a direct signature of both the SHE arising from
the hydrogenation of the graphene lattice and the enhancement of
an otherwise weak SO coupling strength on hydrogenation.

Further to the magnetic field dependence, we also employed the
length and the width dependence to confirm that the origin of the
non-local signal in weakly hydrogenated graphene samples is due
to the SHE.We first discuss the length dependence by keepingW =
1 µm constant. Figure 4a,b shows the length dependence of RNL/⇢,
both at the charge neutrality point (CNP) and at n= 1⇥1012 cm�2,
for the same sample (S3) hydrogenated first to 0.02% and then
at 0.05%. The sample has mobilities of 1600 cm2 V�1 s�1 and
900 cm2 V�1 s�1 for 0.02% and 0.05% hydrogenation respectively.
At zero applied field the equation (1) for the non-local signal, for a
device with length L and widthW , becomes29,30

RNL = 1
2
� 2⇢

W
⌦s

e�L/⌦s (2)

By fitting the RNL/⇢ versus L curve using equation (2), we
determine ⌦s ⇠ (0.95± 0.02) µm and � ⇠ 0.58 at CNP and ⌦s ⇠
(1.12±0.06) µm and � = 0.45 at n= 1⇥1012 cm�2. These results
are consistent and in good agreement with the results from con-
ventional lateral spin-valve31–34 devices for hydrogenated graphene
with ferromagnetic contacts35 (see Supplementary Information
for further data).

Next we study the width dependence of the non-local signal
at a fixed length L = 2 µm (Fig. 4c, sample S2). After 0.01%
hydrogenation S2 still shows a mobility of 14,000 cm�2 V�1 s�1 at
room temperature. In such higher mobility samples, the width
dependence of the SHE signal shows a power-law dependence. The
ROhmic, on the other hand, depends on the width as exp(�⇡L/W )
and is orders of magnitude smaller. The distinction between RNL
and ROhmic is most apparent at the smallest width (400 nm). This
is in good agreement with the theoretical prediction of ref. 29,
for narrow channels. The observed width dependence can also be
well explained by the theoretical model for clean wires36,37, that
is, for high-mobility devices in the limit W < ⌦so, where ⌦so is the
spin-precession length. For most of our width range (0.4–1.8 µm)
this condition is easily fulfilled, because for S2 ⌦so ⇠ 8 µm (see
Supplementary Information).

We next evaluate other key spin parameters such as the ⌧s
and the �SO. In hydrogenated graphene, the dominant spin
relaxation is predicted to be the spin dephasing due to Elliott–
Yafet scattering1. In the Elliott–Yafet mechanism, ⌧s = ("F/�SO)2⌧p,
where "F is the Fermi energy and ⌧p is the momentum relaxation
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Colossal enhancement of spin–orbit coupling in
weakly hydrogenated graphene
Jayakumar Balakrishnan1,2†, Gavin KokWai Koon1,2,3†, Manu Jaiswal1,2‡, A. H. Castro Neto1,2,4

and Barbaros Özyilmaz1,2,3,4*
Graphene’s extremely small intrinsic spin–orbit (SO)
interaction1 makes the realization of many interesting phe-
nomena such as topological/quantum spin Hall states2,3 and
the spin Hall effect4 (SHE) practically impossible. Recently,
it was predicted1,5–7 that the introduction of adatoms in
graphene would enhance the SO interaction by the conversion
of sp2 to sp3 bonds. However, introducing adatoms and yet
keeping graphene metallic, that is, without creating electronic
(Anderson) localization8, is experimentally challenging. Here,
we show that the controlled addition of small amounts of
covalently bonded hydrogen atoms is sufficient to induce a
colossal enhancement of the SO interaction by three orders
of magnitude. This results in a SHE at zero external magnetic
fields at room temperature, with non-local spin signals
up to 100�; orders of magnitude larger than in metals9.
The non-local SHE is, further, directly confirmed by Larmor
spin-precession measurements. From this and the length
dependence of the non-local signal we extract a spin relaxation
length of ⇠1µm, a spin relaxation time of ⇠90ps and a SO
strength of 2.5meV.

Graphene10 is an ideal two-dimensional (2D) system with large
Young’s modulus11 and low bending rigidity12. Its extraordinary
in-plane mechanical strength allows for large out-of-plane defor-
mations, even at the atomic scale. This enables a broad class of
chemical reactions/functionalizations, that are not practical with
other 2D materials13–15. The out-of-plane distortion of the planar
carbon bonds is unique to graphene and may allow for a strong
enhancement in its otherwise weak intrinsic SO coupling strength1.
This enhancement is unlike the SO enhancement in metals16
and semiconductors17, and is even distinct from the curvature-
induced SO coupling in carbon nanotubes18,19. As the sp3-bond
angle depends strongly on the graphene–substrate interaction, the
hydrogenation of graphene allows for a controllable SO strength
ranging from a few tens of microelectronvolts up to 7meV (ref. 1).
This allows the manipulation of electron/hole spins in graphene
through SHE (refs 17,20–24), thus eliminating the need for any
magnetic elements or externally applied (local) magnetic fields in
the device architecture.

We introduce small amounts of covalently bonded hydrogen
atoms to the graphene lattice by the dissociation of a hydrogen
silsesquioxane (HSQ) resist25. The extent of hydrogenation for our
samples is determined by Raman spectroscopy measurements26,27
(see Supplementary Information) and gives ⇠0.01–0.05%
hydrogenation for a HSQ dose in the range 0.4–5mC cm�2

1Department of Physics, 2 Science Drive 3, National University of Singapore, Singapore 117542, Singapore, 2Graphene Research Centre, 6 Science Drive 2,
National University of Singapore, Singapore 117546, Singapore, 3Nanocore, 4 Engineering Drive 3, National University of Singapore, Singapore 117576,
Singapore, 4NUS Graduate School for Integrative Sciences and Engineering (NGS), Centre for Life Sciences (CeLS), 28 Medical Drive, Singapore 117456,
Singapore. †These authors contributed equally to this work. ‡Present address: Department of Physics, Indian Institute of Technology Madras, Chennai
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(Fig. 1c). Our studies focus on samples that are only weakly
hydrogenated, because hydrogen atoms are predicted to cluster
at higher densities28. In such samples, our spin-transport
measurements both at room temperature and low temperatures
show a large non-local signal in the absence of any externally applied
magnetic fields. By studying the length, width, adatom density and
in-plane magnetic field dependence of the spin signal, we estimate
the SO coupling strength (�SO), the spin relaxation length (⌦s) and
the spin relaxation time (⌧s).

Charge and spin transport measurements are characterized
in graphene Hall bar devices (Fig. 1 and see Supplementary
Information). The scanning electron micrograph of one such
device with multiple Hall bar junctions is shown in Fig. 1a. The
room-temperature local resistivity (⇢) and the non-local resistance
(RNL) measurements for the exfoliated pristine graphene device
S1 with length L = 2 µm and width W = 1 µm are shown in
Fig. 2a. The presence of a finite RNL at zero fields is not intriguing,
because it is comparable to the estimated ohmic contribution
(ROhmic; refs 29,30),

ROhmic = ⇢e�⇡L/W

However, already after very weak hydrogenation ⇠0.02%, we
observe a significant (⇠400%) increase in RNL (Fig. 2a), well
above what can be accounted for by ROhmic. With increasing
hydrogenation the measured RNL shows a steep increase, reaching
170� at 0.05% hydrogenation (Fig. 2b). A strong increase of the
RNL is observed even at charge densities >1⇥ 1012 cm�2. These
results are reproduced consistently in 18 junctions in 5 samples. As
the ohmic contribution to RNL remains negligible over the entire
hydrogenation rate (Fig. 2b), the only plausible explanation for the
observed physical phenomenon (in the absence of an applied field
and at room temperature) is the SHE.

The most direct way to confirm the SHE is to study the in-plane
magnetic field sweeps, where only the presence of spin-polarized
current can lead to an oscillating signal29. For this geometry the
non-local signal has been predicted to oscillate in a magnetic field
range given by the Larmor frequency !B =�B (Ds/W 2) (ref. 29),
where � is the gyromagnetic ratio, B is the applied magnetic field,
Ds is the spin diffusion coefficient andW is the width of the sample.
For this, devices with higher mobility (higherD) and smallerW are
selected so that the conditionW <⌦s is satisfied and the variation in
the spin polarization across the strip is negligible29. Figure 3 shows
the in-plane field dependence of RNL for the device with 0.01%
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Figure 1 |Device characterization. a, Scanning electron micrograph of a hydrogenated graphene sample showing multiple Hall bar junctions. Scale bar,
5 µm. b, Measurement schematics for the non-local spin Hall measurement. Inset: schematics showing the deformation of the graphene hexagonal lattice
due to hydrogenation. c, Evolution of the percentage of hydrogenation with increasing irradiation dose for HSQ (0–5 mC cm�2) calculated from the ID/IG
ratio of Raman peaks.
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Figure 2 | Room-temperature measurements of non-local signal. a, RNL versus n for pristine graphene and hydrogenated graphene at room temperature.
The dark grey dashed lines show the ohmic contribution to the measured signal. Inset: ⇢ versus n for pristine and hydrogenated graphene. b, Dependence
of the RNL on the percentage of hydrogenation. The dark grey dashed lines show the calculated ROhmic contribution for this sample.

hydrogenation at T = 4K (µ⇠ 20,000 cm2 V�1 s�1, L/W = 5). A fit
to this oscillating non-local signal using29

RNL = 1
2
� 2⇢WRe

h
(
p
1+ i!B⌧s/⌦s)e�(

p
1+i!B⌧s/⌦s)|L|

i
(1)

where � is the spin Hall coefficient, gives ⌦s(B) ⇠ 1.6 µm and
� ⇠ 0.18. It should be noted that such an oscillatory behaviour
is absent for pristine graphene samples. Thus, the oscillatory
behaviour of RNL is a direct signature of both the SHE arising from
the hydrogenation of the graphene lattice and the enhancement of
an otherwise weak SO coupling strength on hydrogenation.

Further to the magnetic field dependence, we also employed the
length and the width dependence to confirm that the origin of the
non-local signal in weakly hydrogenated graphene samples is due
to the SHE.We first discuss the length dependence by keepingW =
1 µm constant. Figure 4a,b shows the length dependence of RNL/⇢,
both at the charge neutrality point (CNP) and at n= 1⇥1012 cm�2,
for the same sample (S3) hydrogenated first to 0.02% and then
at 0.05%. The sample has mobilities of 1600 cm2 V�1 s�1 and
900 cm2 V�1 s�1 for 0.02% and 0.05% hydrogenation respectively.
At zero applied field the equation (1) for the non-local signal, for a
device with length L and widthW , becomes29,30

RNL = 1
2
� 2⇢

W
⌦s

e�L/⌦s (2)

By fitting the RNL/⇢ versus L curve using equation (2), we
determine ⌦s ⇠ (0.95± 0.02) µm and � ⇠ 0.58 at CNP and ⌦s ⇠
(1.12±0.06) µm and � = 0.45 at n= 1⇥1012 cm�2. These results
are consistent and in good agreement with the results from con-
ventional lateral spin-valve31–34 devices for hydrogenated graphene
with ferromagnetic contacts35 (see Supplementary Information
for further data).

Next we study the width dependence of the non-local signal
at a fixed length L = 2 µm (Fig. 4c, sample S2). After 0.01%
hydrogenation S2 still shows a mobility of 14,000 cm�2 V�1 s�1 at
room temperature. In such higher mobility samples, the width
dependence of the SHE signal shows a power-law dependence. The
ROhmic, on the other hand, depends on the width as exp(�⇡L/W )
and is orders of magnitude smaller. The distinction between RNL
and ROhmic is most apparent at the smallest width (400 nm). This
is in good agreement with the theoretical prediction of ref. 29,
for narrow channels. The observed width dependence can also be
well explained by the theoretical model for clean wires36,37, that
is, for high-mobility devices in the limit W < ⌦so, where ⌦so is the
spin-precession length. For most of our width range (0.4–1.8 µm)
this condition is easily fulfilled, because for S2 ⌦so ⇠ 8 µm (see
Supplementary Information).

We next evaluate other key spin parameters such as the ⌧s
and the �SO. In hydrogenated graphene, the dominant spin
relaxation is predicted to be the spin dephasing due to Elliott–
Yafet scattering1. In the Elliott–Yafet mechanism, ⌧s = ("F/�SO)2⌧p,
where "F is the Fermi energy and ⌧p is the momentum relaxation
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Figure 1 |Device characterization. a, Scanning electron micrograph of a hydrogenated graphene sample showing multiple Hall bar junctions. Scale bar,
5 µm. b, Measurement schematics for the non-local spin Hall measurement. Inset: schematics showing the deformation of the graphene hexagonal lattice
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Figure 2 | Room-temperature measurements of non-local signal. a, RNL versus n for pristine graphene and hydrogenated graphene at room temperature.
The dark grey dashed lines show the ohmic contribution to the measured signal. Inset: ⇢ versus n for pristine and hydrogenated graphene. b, Dependence
of the RNL on the percentage of hydrogenation. The dark grey dashed lines show the calculated ROhmic contribution for this sample.

hydrogenation at T = 4K (µ⇠ 20,000 cm2 V�1 s�1, L/W = 5). A fit
to this oscillating non-local signal using29

RNL = 1
2
� 2⇢WRe

h
(
p
1+ i!B⌧s/⌦s)e�(

p
1+i!B⌧s/⌦s)|L|

i
(1)

where � is the spin Hall coefficient, gives ⌦s(B) ⇠ 1.6 µm and
� ⇠ 0.18. It should be noted that such an oscillatory behaviour
is absent for pristine graphene samples. Thus, the oscillatory
behaviour of RNL is a direct signature of both the SHE arising from
the hydrogenation of the graphene lattice and the enhancement of
an otherwise weak SO coupling strength on hydrogenation.

Further to the magnetic field dependence, we also employed the
length and the width dependence to confirm that the origin of the
non-local signal in weakly hydrogenated graphene samples is due
to the SHE.We first discuss the length dependence by keepingW =
1 µm constant. Figure 4a,b shows the length dependence of RNL/⇢,
both at the charge neutrality point (CNP) and at n= 1⇥1012 cm�2,
for the same sample (S3) hydrogenated first to 0.02% and then
at 0.05%. The sample has mobilities of 1600 cm2 V�1 s�1 and
900 cm2 V�1 s�1 for 0.02% and 0.05% hydrogenation respectively.
At zero applied field the equation (1) for the non-local signal, for a
device with length L and widthW , becomes29,30

RNL = 1
2
� 2⇢

W
⌦s

e�L/⌦s (2)

By fitting the RNL/⇢ versus L curve using equation (2), we
determine ⌦s ⇠ (0.95± 0.02) µm and � ⇠ 0.58 at CNP and ⌦s ⇠
(1.12±0.06) µm and � = 0.45 at n= 1⇥1012 cm�2. These results
are consistent and in good agreement with the results from con-
ventional lateral spin-valve31–34 devices for hydrogenated graphene
with ferromagnetic contacts35 (see Supplementary Information
for further data).

Next we study the width dependence of the non-local signal
at a fixed length L = 2 µm (Fig. 4c, sample S2). After 0.01%
hydrogenation S2 still shows a mobility of 14,000 cm�2 V�1 s�1 at
room temperature. In such higher mobility samples, the width
dependence of the SHE signal shows a power-law dependence. The
ROhmic, on the other hand, depends on the width as exp(�⇡L/W )
and is orders of magnitude smaller. The distinction between RNL
and ROhmic is most apparent at the smallest width (400 nm). This
is in good agreement with the theoretical prediction of ref. 29,
for narrow channels. The observed width dependence can also be
well explained by the theoretical model for clean wires36,37, that
is, for high-mobility devices in the limit W < ⌦so, where ⌦so is the
spin-precession length. For most of our width range (0.4–1.8 µm)
this condition is easily fulfilled, because for S2 ⌦so ⇠ 8 µm (see
Supplementary Information).

We next evaluate other key spin parameters such as the ⌧s
and the �SO. In hydrogenated graphene, the dominant spin
relaxation is predicted to be the spin dephasing due to Elliott–
Yafet scattering1. In the Elliott–Yafet mechanism, ⌧s = ("F/�SO)2⌧p,
where "F is the Fermi energy and ⌧p is the momentum relaxation

2 NATURE PHYSICS | ADVANCE ONLINE PUBLICATION | www.nature.com/naturephysics

LETTERS

PUBLISHED ONLINE: 17 MARCH 2013 | DOI: 10.1038/NPHYS2576

Colossal enhancement of spin–orbit coupling in
weakly hydrogenated graphene
Jayakumar Balakrishnan1,2†, Gavin KokWai Koon1,2,3†, Manu Jaiswal1,2‡, A. H. Castro Neto1,2,4

and Barbaros Özyilmaz1,2,3,4*
Graphene’s extremely small intrinsic spin–orbit (SO)
interaction1 makes the realization of many interesting phe-
nomena such as topological/quantum spin Hall states2,3 and
the spin Hall effect4 (SHE) practically impossible. Recently,
it was predicted1,5–7 that the introduction of adatoms in
graphene would enhance the SO interaction by the conversion
of sp2 to sp3 bonds. However, introducing adatoms and yet
keeping graphene metallic, that is, without creating electronic
(Anderson) localization8, is experimentally challenging. Here,
we show that the controlled addition of small amounts of
covalently bonded hydrogen atoms is sufficient to induce a
colossal enhancement of the SO interaction by three orders
of magnitude. This results in a SHE at zero external magnetic
fields at room temperature, with non-local spin signals
up to 100�; orders of magnitude larger than in metals9.
The non-local SHE is, further, directly confirmed by Larmor
spin-precession measurements. From this and the length
dependence of the non-local signal we extract a spin relaxation
length of ⇠1µm, a spin relaxation time of ⇠90ps and a SO
strength of 2.5meV.

Graphene10 is an ideal two-dimensional (2D) system with large
Young’s modulus11 and low bending rigidity12. Its extraordinary
in-plane mechanical strength allows for large out-of-plane defor-
mations, even at the atomic scale. This enables a broad class of
chemical reactions/functionalizations, that are not practical with
other 2D materials13–15. The out-of-plane distortion of the planar
carbon bonds is unique to graphene and may allow for a strong
enhancement in its otherwise weak intrinsic SO coupling strength1.
This enhancement is unlike the SO enhancement in metals16
and semiconductors17, and is even distinct from the curvature-
induced SO coupling in carbon nanotubes18,19. As the sp3-bond
angle depends strongly on the graphene–substrate interaction, the
hydrogenation of graphene allows for a controllable SO strength
ranging from a few tens of microelectronvolts up to 7meV (ref. 1).
This allows the manipulation of electron/hole spins in graphene
through SHE (refs 17,20–24), thus eliminating the need for any
magnetic elements or externally applied (local) magnetic fields in
the device architecture.

We introduce small amounts of covalently bonded hydrogen
atoms to the graphene lattice by the dissociation of a hydrogen
silsesquioxane (HSQ) resist25. The extent of hydrogenation for our
samples is determined by Raman spectroscopy measurements26,27
(see Supplementary Information) and gives ⇠0.01–0.05%
hydrogenation for a HSQ dose in the range 0.4–5mC cm�2
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Singapore, 4NUS Graduate School for Integrative Sciences and Engineering (NGS), Centre for Life Sciences (CeLS), 28 Medical Drive, Singapore 117456,
Singapore. †These authors contributed equally to this work. ‡Present address: Department of Physics, Indian Institute of Technology Madras, Chennai
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(Fig. 1c). Our studies focus on samples that are only weakly
hydrogenated, because hydrogen atoms are predicted to cluster
at higher densities28. In such samples, our spin-transport
measurements both at room temperature and low temperatures
show a large non-local signal in the absence of any externally applied
magnetic fields. By studying the length, width, adatom density and
in-plane magnetic field dependence of the spin signal, we estimate
the SO coupling strength (�SO), the spin relaxation length (⌦s) and
the spin relaxation time (⌧s).

Charge and spin transport measurements are characterized
in graphene Hall bar devices (Fig. 1 and see Supplementary
Information). The scanning electron micrograph of one such
device with multiple Hall bar junctions is shown in Fig. 1a. The
room-temperature local resistivity (⇢) and the non-local resistance
(RNL) measurements for the exfoliated pristine graphene device
S1 with length L = 2 µm and width W = 1 µm are shown in
Fig. 2a. The presence of a finite RNL at zero fields is not intriguing,
because it is comparable to the estimated ohmic contribution
(ROhmic; refs 29,30),

ROhmic = ⇢e�⇡L/W

However, already after very weak hydrogenation ⇠0.02%, we
observe a significant (⇠400%) increase in RNL (Fig. 2a), well
above what can be accounted for by ROhmic. With increasing
hydrogenation the measured RNL shows a steep increase, reaching
170� at 0.05% hydrogenation (Fig. 2b). A strong increase of the
RNL is observed even at charge densities >1⇥ 1012 cm�2. These
results are reproduced consistently in 18 junctions in 5 samples. As
the ohmic contribution to RNL remains negligible over the entire
hydrogenation rate (Fig. 2b), the only plausible explanation for the
observed physical phenomenon (in the absence of an applied field
and at room temperature) is the SHE.

The most direct way to confirm the SHE is to study the in-plane
magnetic field sweeps, where only the presence of spin-polarized
current can lead to an oscillating signal29. For this geometry the
non-local signal has been predicted to oscillate in a magnetic field
range given by the Larmor frequency !B =�B (Ds/W 2) (ref. 29),
where � is the gyromagnetic ratio, B is the applied magnetic field,
Ds is the spin diffusion coefficient andW is the width of the sample.
For this, devices with higher mobility (higherD) and smallerW are
selected so that the conditionW <⌦s is satisfied and the variation in
the spin polarization across the strip is negligible29. Figure 3 shows
the in-plane field dependence of RNL for the device with 0.01%
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Figure 1 |Device characterization. a, Scanning electron micrograph of a hydrogenated graphene sample showing multiple Hall bar junctions. Scale bar,
5 µm. b, Measurement schematics for the non-local spin Hall measurement. Inset: schematics showing the deformation of the graphene hexagonal lattice
due to hydrogenation. c, Evolution of the percentage of hydrogenation with increasing irradiation dose for HSQ (0–5 mC cm�2) calculated from the ID/IG
ratio of Raman peaks.
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Figure 2 | Room-temperature measurements of non-local signal. a, RNL versus n for pristine graphene and hydrogenated graphene at room temperature.
The dark grey dashed lines show the ohmic contribution to the measured signal. Inset: ⇢ versus n for pristine and hydrogenated graphene. b, Dependence
of the RNL on the percentage of hydrogenation. The dark grey dashed lines show the calculated ROhmic contribution for this sample.

hydrogenation at T = 4K (µ⇠ 20,000 cm2 V�1 s�1, L/W = 5). A fit
to this oscillating non-local signal using29

RNL = 1
2
� 2⇢WRe

h
(
p
1+ i!B⌧s/⌦s)e�(

p
1+i!B⌧s/⌦s)|L|

i
(1)

where � is the spin Hall coefficient, gives ⌦s(B) ⇠ 1.6 µm and
� ⇠ 0.18. It should be noted that such an oscillatory behaviour
is absent for pristine graphene samples. Thus, the oscillatory
behaviour of RNL is a direct signature of both the SHE arising from
the hydrogenation of the graphene lattice and the enhancement of
an otherwise weak SO coupling strength on hydrogenation.

Further to the magnetic field dependence, we also employed the
length and the width dependence to confirm that the origin of the
non-local signal in weakly hydrogenated graphene samples is due
to the SHE.We first discuss the length dependence by keepingW =
1 µm constant. Figure 4a,b shows the length dependence of RNL/⇢,
both at the charge neutrality point (CNP) and at n= 1⇥1012 cm�2,
for the same sample (S3) hydrogenated first to 0.02% and then
at 0.05%. The sample has mobilities of 1600 cm2 V�1 s�1 and
900 cm2 V�1 s�1 for 0.02% and 0.05% hydrogenation respectively.
At zero applied field the equation (1) for the non-local signal, for a
device with length L and widthW , becomes29,30

RNL = 1
2
� 2⇢

W
⌦s

e�L/⌦s (2)

By fitting the RNL/⇢ versus L curve using equation (2), we
determine ⌦s ⇠ (0.95± 0.02) µm and � ⇠ 0.58 at CNP and ⌦s ⇠
(1.12±0.06) µm and � = 0.45 at n= 1⇥1012 cm�2. These results
are consistent and in good agreement with the results from con-
ventional lateral spin-valve31–34 devices for hydrogenated graphene
with ferromagnetic contacts35 (see Supplementary Information
for further data).

Next we study the width dependence of the non-local signal
at a fixed length L = 2 µm (Fig. 4c, sample S2). After 0.01%
hydrogenation S2 still shows a mobility of 14,000 cm�2 V�1 s�1 at
room temperature. In such higher mobility samples, the width
dependence of the SHE signal shows a power-law dependence. The
ROhmic, on the other hand, depends on the width as exp(�⇡L/W )
and is orders of magnitude smaller. The distinction between RNL
and ROhmic is most apparent at the smallest width (400 nm). This
is in good agreement with the theoretical prediction of ref. 29,
for narrow channels. The observed width dependence can also be
well explained by the theoretical model for clean wires36,37, that
is, for high-mobility devices in the limit W < ⌦so, where ⌦so is the
spin-precession length. For most of our width range (0.4–1.8 µm)
this condition is easily fulfilled, because for S2 ⌦so ⇠ 8 µm (see
Supplementary Information).

We next evaluate other key spin parameters such as the ⌧s
and the �SO. In hydrogenated graphene, the dominant spin
relaxation is predicted to be the spin dephasing due to Elliott–
Yafet scattering1. In the Elliott–Yafet mechanism, ⌧s = ("F/�SO)2⌧p,
where "F is the Fermi energy and ⌧p is the momentum relaxation
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Figure 1 |Device characterization. a, Scanning electron micrograph of a hydrogenated graphene sample showing multiple Hall bar junctions. Scale bar,
5 µm. b, Measurement schematics for the non-local spin Hall measurement. Inset: schematics showing the deformation of the graphene hexagonal lattice
due to hydrogenation. c, Evolution of the percentage of hydrogenation with increasing irradiation dose for HSQ (0–5 mC cm�2) calculated from the ID/IG
ratio of Raman peaks.
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Figure 2 | Room-temperature measurements of non-local signal. a, RNL versus n for pristine graphene and hydrogenated graphene at room temperature.
The dark grey dashed lines show the ohmic contribution to the measured signal. Inset: ⇢ versus n for pristine and hydrogenated graphene. b, Dependence
of the RNL on the percentage of hydrogenation. The dark grey dashed lines show the calculated ROhmic contribution for this sample.

hydrogenation at T = 4K (µ⇠ 20,000 cm2 V�1 s�1, L/W = 5). A fit
to this oscillating non-local signal using29

RNL = 1
2
� 2⇢WRe

h
(
p
1+ i!B⌧s/⌦s)e�(

p
1+i!B⌧s/⌦s)|L|

i
(1)

where � is the spin Hall coefficient, gives ⌦s(B) ⇠ 1.6 µm and
� ⇠ 0.18. It should be noted that such an oscillatory behaviour
is absent for pristine graphene samples. Thus, the oscillatory
behaviour of RNL is a direct signature of both the SHE arising from
the hydrogenation of the graphene lattice and the enhancement of
an otherwise weak SO coupling strength on hydrogenation.

Further to the magnetic field dependence, we also employed the
length and the width dependence to confirm that the origin of the
non-local signal in weakly hydrogenated graphene samples is due
to the SHE.We first discuss the length dependence by keepingW =
1 µm constant. Figure 4a,b shows the length dependence of RNL/⇢,
both at the charge neutrality point (CNP) and at n= 1⇥1012 cm�2,
for the same sample (S3) hydrogenated first to 0.02% and then
at 0.05%. The sample has mobilities of 1600 cm2 V�1 s�1 and
900 cm2 V�1 s�1 for 0.02% and 0.05% hydrogenation respectively.
At zero applied field the equation (1) for the non-local signal, for a
device with length L and widthW , becomes29,30

RNL = 1
2
� 2⇢

W
⌦s

e�L/⌦s (2)

By fitting the RNL/⇢ versus L curve using equation (2), we
determine ⌦s ⇠ (0.95± 0.02) µm and � ⇠ 0.58 at CNP and ⌦s ⇠
(1.12±0.06) µm and � = 0.45 at n= 1⇥1012 cm�2. These results
are consistent and in good agreement with the results from con-
ventional lateral spin-valve31–34 devices for hydrogenated graphene
with ferromagnetic contacts35 (see Supplementary Information
for further data).

Next we study the width dependence of the non-local signal
at a fixed length L = 2 µm (Fig. 4c, sample S2). After 0.01%
hydrogenation S2 still shows a mobility of 14,000 cm�2 V�1 s�1 at
room temperature. In such higher mobility samples, the width
dependence of the SHE signal shows a power-law dependence. The
ROhmic, on the other hand, depends on the width as exp(�⇡L/W )
and is orders of magnitude smaller. The distinction between RNL
and ROhmic is most apparent at the smallest width (400 nm). This
is in good agreement with the theoretical prediction of ref. 29,
for narrow channels. The observed width dependence can also be
well explained by the theoretical model for clean wires36,37, that
is, for high-mobility devices in the limit W < ⌦so, where ⌦so is the
spin-precession length. For most of our width range (0.4–1.8 µm)
this condition is easily fulfilled, because for S2 ⌦so ⇠ 8 µm (see
Supplementary Information).

We next evaluate other key spin parameters such as the ⌧s
and the �SO. In hydrogenated graphene, the dominant spin
relaxation is predicted to be the spin dephasing due to Elliott–
Yafet scattering1. In the Elliott–Yafet mechanism, ⌧s = ("F/�SO)2⌧p,
where "F is the Fermi energy and ⌧p is the momentum relaxation
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Colossal enhancement of spin–orbit coupling in
weakly hydrogenated graphene
Jayakumar Balakrishnan1,2†, Gavin KokWai Koon1,2,3†, Manu Jaiswal1,2‡, A. H. Castro Neto1,2,4

and Barbaros Özyilmaz1,2,3,4*
Graphene’s extremely small intrinsic spin–orbit (SO)
interaction1 makes the realization of many interesting phe-
nomena such as topological/quantum spin Hall states2,3 and
the spin Hall effect4 (SHE) practically impossible. Recently,
it was predicted1,5–7 that the introduction of adatoms in
graphene would enhance the SO interaction by the conversion
of sp2 to sp3 bonds. However, introducing adatoms and yet
keeping graphene metallic, that is, without creating electronic
(Anderson) localization8, is experimentally challenging. Here,
we show that the controlled addition of small amounts of
covalently bonded hydrogen atoms is sufficient to induce a
colossal enhancement of the SO interaction by three orders
of magnitude. This results in a SHE at zero external magnetic
fields at room temperature, with non-local spin signals
up to 100�; orders of magnitude larger than in metals9.
The non-local SHE is, further, directly confirmed by Larmor
spin-precession measurements. From this and the length
dependence of the non-local signal we extract a spin relaxation
length of ⇠1µm, a spin relaxation time of ⇠90ps and a SO
strength of 2.5meV.

Graphene10 is an ideal two-dimensional (2D) system with large
Young’s modulus11 and low bending rigidity12. Its extraordinary
in-plane mechanical strength allows for large out-of-plane defor-
mations, even at the atomic scale. This enables a broad class of
chemical reactions/functionalizations, that are not practical with
other 2D materials13–15. The out-of-plane distortion of the planar
carbon bonds is unique to graphene and may allow for a strong
enhancement in its otherwise weak intrinsic SO coupling strength1.
This enhancement is unlike the SO enhancement in metals16
and semiconductors17, and is even distinct from the curvature-
induced SO coupling in carbon nanotubes18,19. As the sp3-bond
angle depends strongly on the graphene–substrate interaction, the
hydrogenation of graphene allows for a controllable SO strength
ranging from a few tens of microelectronvolts up to 7meV (ref. 1).
This allows the manipulation of electron/hole spins in graphene
through SHE (refs 17,20–24), thus eliminating the need for any
magnetic elements or externally applied (local) magnetic fields in
the device architecture.

We introduce small amounts of covalently bonded hydrogen
atoms to the graphene lattice by the dissociation of a hydrogen
silsesquioxane (HSQ) resist25. The extent of hydrogenation for our
samples is determined by Raman spectroscopy measurements26,27
(see Supplementary Information) and gives ⇠0.01–0.05%
hydrogenation for a HSQ dose in the range 0.4–5mC cm�2

1Department of Physics, 2 Science Drive 3, National University of Singapore, Singapore 117542, Singapore, 2Graphene Research Centre, 6 Science Drive 2,
National University of Singapore, Singapore 117546, Singapore, 3Nanocore, 4 Engineering Drive 3, National University of Singapore, Singapore 117576,
Singapore, 4NUS Graduate School for Integrative Sciences and Engineering (NGS), Centre for Life Sciences (CeLS), 28 Medical Drive, Singapore 117456,
Singapore. †These authors contributed equally to this work. ‡Present address: Department of Physics, Indian Institute of Technology Madras, Chennai
600036, India. *e-mail: barbaros@nus.edu.sg.

(Fig. 1c). Our studies focus on samples that are only weakly
hydrogenated, because hydrogen atoms are predicted to cluster
at higher densities28. In such samples, our spin-transport
measurements both at room temperature and low temperatures
show a large non-local signal in the absence of any externally applied
magnetic fields. By studying the length, width, adatom density and
in-plane magnetic field dependence of the spin signal, we estimate
the SO coupling strength (�SO), the spin relaxation length (⌦s) and
the spin relaxation time (⌧s).

Charge and spin transport measurements are characterized
in graphene Hall bar devices (Fig. 1 and see Supplementary
Information). The scanning electron micrograph of one such
device with multiple Hall bar junctions is shown in Fig. 1a. The
room-temperature local resistivity (⇢) and the non-local resistance
(RNL) measurements for the exfoliated pristine graphene device
S1 with length L = 2 µm and width W = 1 µm are shown in
Fig. 2a. The presence of a finite RNL at zero fields is not intriguing,
because it is comparable to the estimated ohmic contribution
(ROhmic; refs 29,30),

ROhmic = ⇢e�⇡L/W

However, already after very weak hydrogenation ⇠0.02%, we
observe a significant (⇠400%) increase in RNL (Fig. 2a), well
above what can be accounted for by ROhmic. With increasing
hydrogenation the measured RNL shows a steep increase, reaching
170� at 0.05% hydrogenation (Fig. 2b). A strong increase of the
RNL is observed even at charge densities >1⇥ 1012 cm�2. These
results are reproduced consistently in 18 junctions in 5 samples. As
the ohmic contribution to RNL remains negligible over the entire
hydrogenation rate (Fig. 2b), the only plausible explanation for the
observed physical phenomenon (in the absence of an applied field
and at room temperature) is the SHE.

The most direct way to confirm the SHE is to study the in-plane
magnetic field sweeps, where only the presence of spin-polarized
current can lead to an oscillating signal29. For this geometry the
non-local signal has been predicted to oscillate in a magnetic field
range given by the Larmor frequency !B =�B (Ds/W 2) (ref. 29),
where � is the gyromagnetic ratio, B is the applied magnetic field,
Ds is the spin diffusion coefficient andW is the width of the sample.
For this, devices with higher mobility (higherD) and smallerW are
selected so that the conditionW <⌦s is satisfied and the variation in
the spin polarization across the strip is negligible29. Figure 3 shows
the in-plane field dependence of RNL for the device with 0.01%
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Figure 9. On-site GF G0

0A,0A(E) for the π bands computed from the Horiguchi
method and the energy of the resonance state, indicated by the black dot, obtained
from the Dyson’s equation: U0F0(E) = 1. As U0 → ∞, the solution moves to
E → 0 leading to the sharply-localized zero-mode state at the band center.
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sublattice at E = 0 is clearly seen, which grows into a δ function as U0 → ∞.
The remaining changes in the DOS go to zero as 1/N , except for the (unimportant)
bound state on the A sublattice (occurring at E/t ∼ 6 in the top figure), which
becomes a δ-function bound state with E → ∞ in the limit of U0 → ∞.
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Scattering of electrons in graphene by clusters of impurities
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It is shown that formation of clusters of charged impurities on graphene can suppress their contribution to
the resistivity by a factor of the order of the number of impurities per cluster. The dependence of conductivity
on carrier concentration remains linear. In the regime where the cluster size is large in comparison to the Fermi
wavelength, the scattering cross section shows sharp resonances as a function of incident angle and electron
wave vector. In this regime, due to the dominant contribution of scattering by small angles, the transport cross
section can be much smaller than the total one, which may be checked experimentally by comparison of the
Dingle temperature to the electron mean-free path.

DOI: 10.1103/PhysRevB.79.195426 PACS number!s": 72.10.!d, 72.80.Rj, 73.61.Wp

I. INTRODUCTION

Graphene currently attracts intense attention as a novel
strictly two-dimensional !2D" system with unique electronic
properties that are interesting with respect to both basic
physics and potential applications !for review, see Refs.
1–3". It was shown already in the early reports on graphene4

that charge carriers in this material exhibited a remarkably
high mobility " such that submicron mean-free paths were
routinely achievable and an order-of-magnitude higher "
were observed for suspended graphene samples.5,6 Away
from the neutrality point, the conductivity of graphene is
weakly temperature dependent and approximately propor-
tional to the carrier concentration n.7,8 Despite extensive ex-
perimental and theoretical efforts, there is still no consensus
about the scattering mechanism limiting " in graphene on a
substrate. Charged impurities are probably the simplest and
thus the most natural candidate,9–11 and this conjecture is in
agreement with the experiments in which potassium atoms
were deposited on graphene at cryogenic temperatures.12

However, room-temperature experiments with gaseous ad-
sorbates such as NO2 have showed only a weak dependence
of " on charged impurity concentration.13 The latter obser-
vation agrees with several reports of only modest changes
observed in " after thermal annealing of spuriously doped
samples. Furthermore, recent experiments14 did not find any
significant dependence of " on immersing graphene devices
in high-# media such as ethanol and water !dielectric con-
stants of ##25 and 80, respectively" but this also disagrees
with another report15 in which two monolayers of ice in-
creased " in graphene by #30%. Because of the experimen-
tal controversy, alternative mechanisms such as scattering on
frozen ripples16 and resonant impurities17,18 were discussed.

Regardless of the experimental debate about the dominant
scattering mechanism, the case of graphene covered with ad-
sorbates at elevated temperatures12 generally requires more
careful consideration since there is a vast literature which
shows the formation of clusters of different metals on the

surface of graphite.19–24 These atoms easily diffuse on graph-
ite’s surface overcoming only relatively low barriers and
tend to form clusters. Potassium atoms on graphite arrange
themselves into the so-called p!2$2" structure with a K-K
spacing of 0.492 nm, that is, roughly, 3.5 nearest-neighbor
carbon-carbon distances.22 However, in the case of graphite,
this usually happens only at low temperatures and high cov-
erage by adsorbates.22 For low-doping concentrations such as
those used in typical experiments on graphene, adsorbates on
graphite are randomly dispersed and, at elevated tempera-
tures, evaporate from its surface, except for such materials
as, for example, Au, that forms stable clusters on graphite.

From the surface science perspective, graphene is differ-
ent from graphite, and we expect that clusters can be more
easily formed on graphene and be stable at high tempera-
tures. Indeed, it was shown experimentally13 that graphene
binds such molecules as NO2, NH2, and H2O, etc. even at
room temperature. In the case of graphite, they can attach
only below liquid-nitrogen temperatures.22 The reason for
the stronger attachment remains unclear but could be due to
the presence of ripples on graphene.25 According to both
experiments and theory,26 ripples can bind even atomic hy-
drogen that is unstable on a flat surface on both graphene and
graphite.

We believe that once attached to graphene !and this cer-
tainly happens for various gases even at room temperature",
adsorbates should tend to cluster, much more so than for the
case of graphite’s surface. First, ripples would obviously
force them to move from the valleys onto the hills which
favor the adsorption. Second, there exists an additional long-
range attraction due to Casimir-type interaction mediated by
Dirac fermions,27 which is absent for graphite.

On the basis of the above consideration that agrees with
what is now known about graphene adsorbates, both theoreti-
cally and experimentally, it is important to consider how
such clustering of adsorbates can influence the electronic
properties of graphene. In this paper, we analyze the scatter-
ing of Dirac fermions by clusters of charged impurities and
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Low-energy resonant scattering from hydrogen impurities in graphene
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We study the electronic transport properties of graphene with covalently bonded hydrogen impurities. Our mea-
surements reveal low-energy resonant scattering processes within the transport for each charge carrier type. The
observed resonances exhibit a strong energy dependence and are accompanied by a sharp increase in the scattering
cross section. The ability to observe the scattering resonances was found to depend on the amount of disorder
introduced into the graphene through the bonding of hydrogen. The results are shown to be in agreement with a
theory regarding low-energy resonant scattering off a short-range impurity in graphene that takes into account both
intravalley and intervalley scattering. Theory dictates that the observed resonances are the result of the formation
of quasibound states of the Dirac fermions in graphene due to a divergence in one or more of the scattering lengths
for the short-range hydrogen impurity potential. We anticipate our experimental results to have implications in
graphene valley physics as well as graphene chemical modification, scattering, and localization theories.
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I. INTRODUCTION

At low energies the interaction between an electron and
graphene’s honeycomb lattice results in quasiparticles with
a linear dispersion relation, zero rest mass, and a nontrivial
Berry’s phase.1–3 A central topic in graphene research is
the confinement of such quasiparticles by added chemical
impurities, which could enable the fabrication of standard
semiconductor devices.4–7 An extensive research initiative has
been undertaken in order to understand the effects of added
hydrogen impurities on the graphene transport, with topics
ranging from strong (and weak) localization to tunable band
gaps and bipolar electronics.8–21 Furthermore, theory predicts
the formation of quasibound states of graphene’s charge
carriers with the introduction of short-range impurities, which
are manifested as scattering resonances at low, albeit finite,
energies.22 Yet, experimental evidence of these scattering
processes is still missing.

Covalent bonding of hydrogen to the graphene lattice results
in the hybridization of the sp2 C-C double bonds to sp3

C-C single bonds.8 In this case, the hydrogen atom can be
viewed as a short-range impurity that distorts the periodic
conjugated lattice.8,22 It has been shown that the reduction
of the graphene π bonds due to the covalent bonding of
hydrogen leads to semiconducting properties,9 although this
is accompanied by a substantial decrease in charge carrier
mobility µ.23 Localization effects at low energies near the
Dirac point (DP) are also present in hydrogenated graphene
with resistivity ρ>h/e2, indicating that the charge carrier mean
free path η is shorter than the Fermi wavelength λF . Theory
predicts that low-energy states in the vicinity of the DP may
reveal resonant scattering processes provided that the electron
energy ε is much smaller than the energy scale set by the
potential v/α[such that v/α is on the order of the electronic
bandwidth (the units are adopted from Ref. 22)], where v is the
electron velocity at the DP and α is the size of the short-range
impurity (assumed to be on the order of the C-C bond
length, 1.42 Å).22

In this paper we report transport measurements on hydro-
genated graphene that reveal resonant scattering processes

for ε near the DP for both electron and hole transport. The
observed scattering resonances exhibit strong temperature T
dependence, such that as T is lowered, the total carrier density
ntot (and therefore ε) at which the resonances occur is seen
to increase. As T is reduced below 30 K, two resonances
begin to emerge from the DP, and for T < 15 K two separate
resonances are clearly visible, one for each charge carrier type.
Extraction of the Hall coefficient RH as a function of a global
back gate voltage Vg in a perpendicular magnetic field B =
2.5 T and at T = 4.3 K confirms that the resonances are not
due to a splitting of the DP and that only a single DP remains
pinned at the T > 30 K intrinsic dopant concentration. Varying
the potential across the hydrogenated graphene allows us to
change both the potential strength of the hydrogen impurity
as well as the sublattice hopping between impurity sites. This
results in an increase in the scattering cross section σ sc for
electron transport with a simultaneous decrease in the σ sc for
hole transport. We confirm that our experimental results are in
good agreement with a theory regarding low-energy resonant
scattering of Dirac fermions off a short-range impurity by
comparing our σ sc, calculated from experimental results, to
that predicted by theory.22

II. EXPERIMENTAL METHODS

Exfoliated graphene devices24 were hydrogenated in a
plasma enhanced chemical vapor deposition reactor.25 A
full description of the device fabrication and hydrogenation
procedures can be found in Ref. 26. Multiple devices with
varying hydrogen concentrations were tested in this study
and an intriguing trend emerged from the varied hydrogen
concentration, which is discussed later. Figure 1(a) is an
atomic force microscope image of the device for which data
is presented, and Fig. 1(b) shows ρ vs Vg for the graphene
before hydrogenation taken at T = 293 and 4.2 K (ρ is
obtained from ρ = RW/L, where R is resistance and W and
L are the sample width and length, respectively). The location
of the DP near Vg ∼ 0 V indicates little intrinsic doping
while the slight decrease in ρ with temperature away from
the DP indicates semimetallic properties. Figure 1(c) shows
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FIG. 1. (Color online) (a) Atomic force microscope image of the device for which data are presented. The graphene flake is outlined by the
dotted white line. Thin, horizontal stripes in the image are not tears in the flake, but artifacts from imaging with the atomic force microscope.
Light regions (1–6) are the Cr/Au contacts. (b) Resistivity ρ as a function of back gate voltage Vg for pristine graphene. Here, ρ was measured
in a four-point configuration by sourcing an ac current I = 31.6 nA and measuring the voltage drop "V across the device. (c) Raman spectra
of the initial graphene (dashed trace) and hydrogenated graphene (solid trace). The spectra have been normalized to the G mode intensity.

the graphene Raman spectra taken under ambient conditions
before and after hydrogenation. For the pristine graphene,
we measured I2D/IG ∼ 6.8 and ID/IG ∼ 0.1 indicating a
high quality film, where I2D , ID , and IG are the 2D, D,
and G band intensities, respectively. Upon hydrogenation,
the appearance of a sharp D band (ID/IG ∼ 3.46) suggests
significant intervalley scattering.27 A rough estimate of the
defect free domain size La after hydrogenation is found from
L2

a (nm2) = (1.8 × 10−9)λ4(IG/ID), where λ = 514 nm is the
excitation wavelength.28 We estimate that ID/IG ∼ 3.46 gives
La ∼ 6.0 nm.

Hall mobilities µH = −σVH /IB, where σ is the con-
ductivity, I the sourced current (I ! 31.6 nA for our Hall
measurements), and VH the measured Hall voltage were
found at T = 4.3 K for both pristine and hydrogenated
graphene. Hall measurements were carried out using a four-
contact measurement utilizing contacts 1, 2, 4, and 6 in
Fig. 1(a); contacts 1 and 2 correspond to source and drain,
respectively, and contacts 4 and 6 were used to measure VH . We
observe a large increase in the impurity scattering rate 1/µH

following hydrogenation, "[1/µH ]∼249 V s/m2 for electrons
(electron mobility µe ∼ 8000 cm2/V s for graphene), which
suggests less clustering and a more random orientation of
hydrogen throughout the graphene lattice.9,23 The location of
the graphene DP at Vg = 2 V shifted to Vg = − 10 V following
hydrogenation, which is due to the change in work function
relative to the underlying SiO2 substrate.29

III. RESULTS

Figure 2(a) shows a three-dimensional plot of the hydro-
genated graphene resistivity ρ as a function of Vg and T . R
was determined using a two-contact measurement by sourcing
an ac voltage VSD = 200 µV and measuring I in a standard
lock-in technique at a frequency f = 13.7 Hz. For all of our
two-point measurement configurations only contacts 1 and
2 in Fig. 1(a) were used. The device shows semiconducting
behavior with dρ/dT < 0 for all Vg , with the largest change
in ρ near the DP. At T = 15 K a shoulder emerges in the ρ
vs Vg trace at Vg = − 14 V. Upon further decreasing T , the
observed shoulder clearly develops into a second resonance in
the traces. As T is lowered, the spacing "Vg between the two

resonances increases symmetrically about Vg = − 10 V, which
is the location of the DP for T > 30 K. Figure 2(b) shows the
same low T data on a two-dimensional plot and includes the
T = 4.2 K data, which was excluded from the plot in Fig. 2(a)
for clarity. We note that at T = 2.7 K even in the high carrier
density limit, ntot ∼ 5.8 × 1012 cm−2 for electrons,26 ρ > h/e2,
indicating that interference effects dominate electron diffusion.
At this temperature the Ioffe-Regel criterion kη ! 1 is satisfied
for all measured electron concentrations, indicating a strongly
localized state, where k is the magnitude of the particle
wave vector.26 We also note that the metallic contacts to the
graphene displayed Ohmic behavior with a resistance of at
most a few hundred ohms. The contact resistance showed a
negligible dependence on Vg , which did not change following
hydrogenation.26 This eliminates any preexisting condition
due to the metallic contacts as being a source of the resonance
effect.

The observation of two distinct peaks in the ρ vs Vg data on
either side of the Vg = − 10 V DP is a result that is radically
different from that which is observed in standard graphene
devices, where only a single maximum occurs at the DP. We
can be sure that the DP measured at T > 30 K has not split
into two separate DPs when T is reduced below 30 K by
determining RH as a function of Vg . The left axis of Fig. 3(a)
shows RH vs Vg at T = 4.3 K and B = 2.5 T. RH changes
sign only at Vg = − 10 V, which is the location of the DP for
T > 30 K. This clearly indicates that the observed resonances

FIG. 2. (Color online) (a) Three-dimensional plot of the resistiv-
ity ρ of hydrogenated graphene as a function of temperature T and
global back gate voltage Vg . (b) Two-dimensional plot of the low T

data in (a) with the T = 4.2 K data added.
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Skew scattering in Graphene
Boltzmann Equation (dilute random ensemble of scatterers)
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Skew scattering in Graphene
Boltzmann Equation (dilute random ensemble of scatterers)
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Conclusions

• It is possible to engineer SHE in Graphene by 

decoration with a dilute random array of 

adatom clusters.

•Resonant Scattering dramatically enhances 

the SHE angle.

• The effect is robust against temperature and 

disorder average.


