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First-principles calculations of the spin-orbit coupling in graphene with hydrogen adatoms in dense and
dilute limits are presented. The chemisorbed hydrogen induces a giant local enhancement of spin-orbit
coupling due to sp? hybridization which depends strongly on the local lattice distortion. Guided by the
reduced symmetry and the local structure of the induced dipole moments, we use group theory to propose
realistic minimal Hamiltonians that reproduce the relevant spin-orbit effects for both single-side semi-
hydrogenated graphene (graphone) and for a single hydrogen adatom in a large supercell. The principal
linear spin-orbit band splittings are driven by the breaking of the local pseudospin inversion symmetry and

the emergence of spin flips on the same sublattice.
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Spin-orbit coupling is central for a variety of spintronics
phenomena [1,2] such as spin relaxation, spin transport, or
topological quantum spin Hall effects. Itinerant electrons
in graphene have weak spin-orbit coupling, as they are
formed primarily from p, orbitals which have zero orbital
momentum. The Dirac cones are separated by what is
called the intrinsic spin-orbit coupling of 2A; = 24 ueV
due to p,-d mixing [3-6]. This small value is desirable for
long spin lifetimes, but experiments suggest [7—10] that
spin relaxation is governed by either much stronger spin-
orbit or magnetic [11,12] interactions. Potential culprits are
light adatoms [13-16], which are typically not important
for momentum scattering but may be essential for spin-flip
scattering. On the other hand, large spin-orbit coupling is
important for the spin Hall effect [17] and for engineering
robust quantum topological phases in graphene by heavy
adatoms [18-20].

Hydrogen is an ideal light adatom to study induced
spin effects in graphene. Not only can it produce local
magnetic moments [21-24], as recently experimentally
demonstrated [25], but it should also enhance graphene’s
spin-orbit coupling (SOC), as proposed in Ref. [13]. We
show that while the general reason for the enhancement is
sp> hybridization, specifically, the principal enhancement
appears due to pseudospin inversion asymmetry (PIA),
which generates novel spin-orbit couplings for conduction
electrons.

The presence of both magnetic moment and large spin-
orbit coupling makes the spin physics exciting but also
challenging to explain spin-relaxation experiments (such
as the recently observed increase in the spin-relaxation
time due to hydrogenation [26]). To disentangle the two
contributions, as well as to see what new phenomena they
can lead to, it is important to consider them separately.
Here, we present a quantitative and qualitative study of
SOC induced by hydrogen on graphene in two limits.
One is the dense limit, represented here by single-side
semihydrogenated graphene (also called graphone) [27].
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This structure is relatively simple and allows for a quanti-
tative analysis of the sp> hybridization effects on various
spin-orbit parameters. Our results indeed show a giant
enhancement of SOC, strongly dependent on the buckling
deformations of this structure. We introduce single-band
and tight-binding Hamiltonians to describe the main SOC
effects.

We also quantify the local spin-orbit structure and
propose a minimal realistic SOC Hamiltonian in the dilute
limit, represented by large supercells (starting with 5 X 5),
intensively studied for orbital effects [28-31]. Based
on first-principles calculations, we demonstrate a giant
local—and we identify the local impurity region from the
dipole moments distribution—enhancement of SOC due to
sp> hybridization and formulate a minimal realistic SOC
hopping model for the first time. We believe that this is a
benchmark model to study spin relaxation, spin transport,
but also mesoscopic quantum interference [11,32] phe-
nomena in which spin-flip and spin-orbit scattering play
an important role. Our results are in general agreement with
the finding of the recent experiment on the spin Hall effect
in hydrogenated graphene [17] in which large spin-orbit
coupling was deduced. The present theory gives founda-
tions to study such phenomena in a quantitative way.

Dense limit: Single-side semihydrogenated graphene
(SHG).—The effects of sp> hybridization on SOC are
studied using single-side semihydrogenated graphene
[inset in Fig. 1(a)] with different degrees of out-of-plane
lattice distortion A of the hydrogenated carbon site which
is on sublattice A. The C-H bond length dy is 1.13 A, and
we take the lattice constanttobe a = 2.516 A, which is the
relaxed distance between the nearest neighbors at the
adatom site in a 5 X'5 supercell discussed below; in gra-
phene, the lattice constant is 2.46 A. (The relaxed SHG
structure of lattice constant 2.535 A would have A/a =
9.7% and the sp® tetrahedron 20.41%.) In examples, we
choose A/a = 14%, which corresponds to relaxed large
supercell structures.
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FIG. 1 (color online). Top: Calculated electronic band struc-
ture of single-side semihydrogenated graphene. (a) Sublattice
resolved band structure for the distortion A/a = 14%. The filled
(red) circles correspond to sublattice A, whereas the open (blue)
circles correspond to sublattice B. The circles’ radii correspond
to the carbon atom charge densities. The inset shows the struc-
ture and the probability density of the flat band at the K point.
(b) Orbital resolved local density of states (LDOS). Bottom:
Extracted spin-orbit coupling parameters for the 77 band at K
and I' as functions of A/a. (¢) Intrinsic spin-orbit coupling
splitting 2A; at K. The inset shows the band splitting.
(d) Adatom-induced SOC splitting AK; at K. The inset shows
the spin texture around K for the lower spin-orbit split band. The
in-plane components are shown by the arrows, while the z
component is shown by the color map. (e) Adatom-induced
SOC splitting AER at I'. The inset shows the band splitting
around I" with the identified Bychkov-Rashba energy Epr =
0.87 ueV for A/a = 14%.

To study SOC effects, we restrict the computational basis
to be spin unpolarized. The calculated electronic structure
and the projected local density of states for SHG are shown
in Fig. 1 (top) for A/a = 14%. Compared to graphene, in
which 7 and #* bands without SOC touch at K [33], the
C-H bonding pulls them apart: the 7 band, which at K
comes mainly from sublattice A, is shifted to about 5 eV
below the Fermi level (the GW approximation predicts a
greater shift by about 2 eV [22]). The 77* band, which comes
from sublattice B, lies at the Fermi level. This band, which
we consider for our SOC analysis, is narrow since the
nearest-neighbor hopping is inhibited for p, electrons on
B. The inset in Fig. 1(a) shows the 77" probability density at
K that has the p, character on sublattice B.

We now extract the SOC parameters for the states at K
and T" for the 7 band which is at the Fermi level. Since
this band is nondegenerate, the effective spin-orbit
Hamiltonian can be expressed via the spin Pauli matrices
§. The small group of K (I') is C5 (C3,,). Up to terms linear
in momentum, which is here measured from K and I', the
SOC Hamiltonians compatible with those symmetries are

HE = Mg (k,S, — k8, + TS, (1)

H = Mgp(k,8, — k,8,). (2)

Here, 7 =1 (— 1) stands for K (K’), A; is the adatom-
modified intrinsic spin-orbit coupling, and Agg is the
adatom-induced (Bychkov-Rashba-like, as in semiconduc-
tor physics [34]) spin-orbit coupling. We will see that the
latter comes from the space and pseudospin inversion
asymmetry. Contrary to graphene, the BR SOC at K
depends on the momentum magnitude. Higher-order terms
in H 7K and 'L are presented in [35].

Figure 1 (bottom) shows the extracted SOC parameters
as functions of A/a. The intrinsic SOC A; is obtained from
the splitting of the band at K; see the inset in Fig. 1(c). The
parameter AL is extracted by fitting the linear dependence
of the ratio of the spin-expectation values (§,)/(3,)|, o =
Arky/ A1 + O(K3) close to K. The trigonally warped spin
texture around K is shown in the inset of Fig. 1(d) and can
be described by higher-order terms in JH 7K [35]. Finally,
AII;R is obtained by fitting the spin splitting at I'; see the
inset in Fig. 1(e). SOC is significantly enhanced in
comparison to graphene. Directly comparable is the intrin-
sic SOC parameter whose value in graphene is 2A; =
24 peV [3].

The above single-band model can be obtained from a
tight-binding (TB) Hamiltonian using the carbon p, and
hydrogen s orbital basis. The Hamiltonian contains orbital
and SOC parts H = H ,, + H ,. We denote by cit, =
(a;rg, b;ra) and ¢;, = (a;q, b;,) the creation and annihilation
operators for the p, orbitals on the sublattices (A, B), with
spin ¢ and lattice site i. Similarly, we define o and e
for the hydrogen s orbitals on adatom sites m. For the
orbital part H .4, we take the TB model Hamiltonian
introduced in Refs. [30,36], which assumes the nearest-
neighbor carbon-carbon (C-C) hopping ¢ = 2.6 eV, direct
carbon-hydrogen (C-H) hopping 7', and the adatom on-site
energy &y:

g-l.orb = Shzhjmrhmg— - IZCITH.CJ-,,- + TZ I’Jng-cm. + H.c.
m (i) (m, iy

3)

The angle brackets denote the nearest neighbors. Fitting
the TB model to the first-principles band structure for
A/a = 14% (distortion in the single-adatom limit, see
below), we obtain g, = 3 eV and T = 6.5 eV. The values

246602-2



PRL 110, 246602 (2013)

PHYSICAL REVIEW LETTERS

week ending
14 JUNE 2013

are reliable in the vicinity of the K point, where p, carbon
orbitals dominate the projected local density of states.

The SOC Hamiltonian can be derived by inspecting
the reduction of the graphene point group symmetry
Dg,—which allows for the intrinsic spin-orbit coupling
A; only—to the one corresponding to SHG. First, the
C-H covalent bonds break the space inversion symmetry
and the point group reduces to Cg,,. This structure inversion
asymmetry induces the Bychkov-Rashba-like term Agg.
Second, the hydrogenated carbons on sublattice A cannot
be interchanged with the nonhydrogenated carbons on
sublattice B. This breaks the pseudospin inversion symme-
try, and Cg, — Cj,. The effect of the latter reduction is
twofold: (i) The intrinsic SOC depends on the sublattice
A¢ and AP, and (ii) new SOC terms emerge due to the
pseudospin inversion asymmetry Af;, and AJ, discussed
below.

As the hydrogen s orbitals do not directly contribute to
SOC, we can express the SOC TB Hamiltonian in the p,
basis. In the next-nearest-neighbor limit, this Hamiltonian
has five real parameters and reads

zcw' ]lT [ABR(S X dl]) ](r(r
<1 />

+ - ch ,,,I:\/_

4 2A5,(6 X Dy, ]
<(l n

“4)

The double angular brackets stand for the next-nearest
neighbors, and the label ¢ denotes sublattice A or B.
Factors v;; =1 (— 1) stay for the clockwise (counter-
clockwise) hopping path j to i. The nearest-neighbor d;;
and next-nearest-neighbor D;; unit vectors point from j t0 i
(in a flat lattice). The first term in Eq. (4) is the standard
Bychkov-Rashba hopping as for graphene. The second
term describes the sublattice resolved intrinsic SOC which
couples the same spins and the PIA term which couples
opposite spins on the same sublattice. The Hamiltonian
H ., in Eq. (4) applies to any hexagonal lattice system with
(3, point group symmetry, such as boron nitride or silicene
in a transverse electric field.

The single-band limit described by Eq. (1) can be
obtained from the TB Hamiltonian H = H , + H ,
by downfolding to sublattice B; for a general perturbative
downfolding scheme, see [37]. In our case, it can be done
in two steps; getting rid of the hydrogen s orbitals H . +
5-[50 - Zi(Tz/sh)a:rgaia on ])Cw jo T j-[so; in ef-
fect, the sublattice A acquires a staggered on-site potential.
When transforming this downfolded Hamiltonian to the
carbon atom Bloch basis, we get an effective 4 X 4 Bloch
Hamiltonian. Repeating now the downfolding procedure
with sublattice A states, we arrive at the 2 X 2 Hamiltonian
H o¢(k). Expanding H (k) near the K (K') point gives
in the leading order gfllf [see Eq. (1)], with

te
Afg = —aAfi, — V3aAgg Tzh , &)
A&
N=—AB-2 BTth (6)

Both PIA and BR SOC hopping terms contribute to the
effective band SOC parameters. This is the likely reason
for the extracted nonmonotonic dependence of A; and
the decrease of AK; as a function of A/a, shown in
Fig. 1 (bottom). The TB model cannot be reliably used at
I' as there other bands (orbitals) mix in; see Fig. 1(a) and
Ref. [35].

We also present an effective SOC Hamiltonian close
to K. After transforming JH, to the ordered Bloch
basis [ 41(k), ¥ 4)(k), i py(k), ¢ (k)] and linearizing near
K (K"), we obtain

.7'[2({( = ABR(T& §

Ir AA+B 5
+ E[APIA

— 0,8,) T [AfTBo, + AP BG )78,
.+ AL BGolalk,s — ky5,). (7

Here, (6, &) and (5y, §) stand for the unit and Pauli
matrices in the pseudospin and spin spaces, respectively.
The momentum is measured form K (K') and parameters
AATB = AA = AB_If z-inversion symmetry is restored,
Agg, AGii8, and A8 vanish and one obtains the silicene
limit [38].

Hydrogen on a supercell: Single-adatom limit.—The
single-adatom limit is represented by a 5 X 5 supercell
with a single hydrogen (2% coverage). We use a fully
relaxed structure with A =~ 0.36 A (14% distortion) and
the next-nearest-neighbor distance a = 2.516 A of the
carbon atoms around the hydrogenated site Cy.

Figure 2(a) shows the calculated spin-unpolarized
electronic band structure of our 5 X 5 supercell. The low
energy spectrum contains three characteristic bands: the
valence and conduction bands and the midgap impuritylike
band. These three bands can be nicely fitted by two
parameters 7 = 7.5 eV and g, = 0.16 eV entering the
Hamiltonian H ;, [Eq. (3)], as seen in Fig. 2(a). Our values
differ from Refs. [30,36]; the comparison is discussed in
[35]. Larger supercells are also well described by these
parameters, confirming that the 5 X 5 one already describes
the dilute limit; see [35]. The TB model with s and p,
orbitals is also supported by the projected p, local density
of states per carbon atoms around the hydrogenated carbon
as compared to the total density of states; see Fig. 2(b).

The calculated spin-orbit splittings are shown in
Fig. 2(c). To explain them, we propose a minimal realistic
SOC model which is locally Cj;, invariant in the impurity
region with the C-H bond as the threefold axis of symme-
try. We deduce the impurity region from the induced dipole
moments, shown in Fig. 3(a). The main effects are confined
up to the second-nearest neighbors of the hydrogenated
site Cy (in sublattice A), defining our impurity region.
We use Al (A,) for the creation (annihilation) operators
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FIG. 2 (color online).
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First-principles results and their tight-binding model fits for a hydrogen adatom on a 5 X 5 supercell.

(a) Electronic band structure around the Fermi level. The dots are first-principles results, and the solid lines are tight-binding model
fits. The band spin-orbit splitting around K is sketched for the valence band, indicating the out-of-plane z components and the rotation
directions of the in-plane spin components. (b) Broadened total density of states per atom (gray areas) and p, projected local densities
for atoms in the vicinity of the adatom: Cy the hydrogenated carbon atom (shown in green), C,, its nearest neighbor (in dark blue),
Conn the next-nearest neighbor (in light blue), and the total density on hydrogen H (in red). The projected densities of states are
normalized to the corresponding number of atoms in the set. (¢) Conduction, (d) impurity, and (e) valence band spin-orbit splittings
along the high-symmetry lines; the symbols are as in (a). Tight-binding model least-squares fits are performed within the shaded
regions around K. (f) Spin-expectation values around K for the spin-orbit split valence and conduction bands closer to the Fermi level.

on Cy and B,J,rw (B,,») on the three nearest neighbors.
Otherwise, the terminology follows the SHG case. The
SOC Hamiltonian compatible with the local symmetry is

j A
H, = L E/c:ro_c- II:—IV@ ]
jo ijoz
3% V3 oo

i t AI ~
+ g Z A(rcj'a./l:\/—§ VCH’sziIU.O./ + H.c.

(e))
2i .
+ ? z A;Bja"[ABR(S X dCH,j)z:la'o" + H.c.
(Cu.j)

2i X
+ ? Z B;ra'Bjo"[APIA(S X Dij)z]o‘o" (8)
K

The first term is the graphene intrinsic SOC (2A; =
24 weV). It couples all next-nearest-neighbor pairs not
containing Cy. (This is denoted by the primed summation
symbol.) The second term describes the adatom-induced
intrinsic spin-orbit coupling A;, which couples the same
spins on the same sublattice. The third term, with the
Bychkov-Rashba hopping parameter Apg, describes the
induced nearest-neighbor spin flips. Finally, the fourth
term, with the PIA parameter Apy,, comes from the pseudo-
spin inversion asymmetry. This term couples opposite spins
of the next-nearest neighbors. We remark that Cs, symme-
try allows more spin-orbit hopping terms in our impurity

region. We considered them all but found only the three A’s
in Eq. (8) relevant to explain our ab initio results; see the
scheme in Fig. 3(b).

Figures 2(c)-2(e) show spin-orbit coupling induced band
splittings along high-symmetry lines. The multiband least-
squares fit around the K point gives the following values for
the SOC parameters: Ay = —0.21 meV, which is about 17
times larger than that of graphene A;; Agg = 0.33 meV,
more than 60 times the value in graphene where Agr =
5 peV in a representative transverse electric field of
1 V/nm [3]; and Apjp = —0.77 meV, which has no coun-
terpart in flat graphene. The signs of the above parameters

FIG. 3 (color online).

(a) First-principles calculations of elec-
tric dipole moments induced by hydrogen adatoms on a 5 X 5
supercell. The directions of the dipole moments are shown by
arrows; the sphere radii correspond to the dipole magnitudes.
(b) Hopping scheme of the tight-binding model showing the
relevant orbital and spin-orbit coupling parameters.
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have been determined from the spin-expectation values
around the K point, shown in Fig. 2(f). The spin texture is
governed mainly by PIA SOC. Those parameters also fit
larger supercells [35], and we propose them, together
with Hamiltonian Eq. (8), to describe the single adatom
limit important for investigating spin-flip and spin-orbit
scattering in graphene. Our parameters roughly agree
with the extracted value of (some effective) spin-orbit cou-
pling in hydrogenated graphene of 1.25 eV [17], but the
presence of PIA suggests that the modeling of spin Hall and
spin-relaxation effects in hydrogenated graphene needs
refining.

In conclusion, we investigated spin-orbit coupling
induced by hydrogen, representing light adatoms, on gra-
phene in dense and dilute limits. We introduced realistic
spin-orbit coupling model Hamiltonians and provided
quantitative values for their parameters that can be used
to study spin relaxation, spin transport, and mesoscopic
transport in graphene with adatoms or in similar two-
dimensional structures of the same symmetry.

We thank T.O. Wehling for helpful discussions. This
work was supported by the DFG SFB 689, SPP 1285, and
GRK 1570.
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