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Enhancement of spin-orbit coupling and magnetic scattering in hydrogenated graphene
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Spin-orbit coupling (SOC) can provide essential tools to manipulate electron spins in two-dimensional
materials like graphene, which is of great interest for both fundamental physics and spintronics application. In
this paper, we report the low-field magnetotransport of in situ hydrogenated graphene where hydrogen atoms are
attached to the graphene surface in continuous low temperature and vacuum environment. Transition from weak
localization to weak antilocalization with increasing hydrogen adatom density is observed, indicating enhancing
Bychkov-Rashba-type SOC in a mirror symmetry broken system. From the low-temperature saturation of phase
breaking scattering rate, the existence of spin-flip scattering is identified, which corroborates the existence of

magnetic moments in hydrogenated graphene.

DOI: 10.1103/PhysRevB.104.125422

I. INTRODUCTION

Spin-orbit coupling (SOC) is a relativistic effect which
describes the mixing of electron spin and orbital motion. This
process provides tools to the generation [1-3] and manipu-
lation [4,5] of spin polarization in electron systems, which
coincide with the main goal of spintronics. Graphene, a two-
dimensional (2D) atomic layer of carbon, has the advantage of
high stability and accessibility [6,7], high mobility and gate
tunability [8], as well as long spin diffusion length [9,10],
which makes it a suitable host for future spintronic applica-
tions. However, SOC in pristine graphene is expected to be
weak due to relatively low electron velocity in carbon atoms
[11]; furthermore, the first order of the atomic SOC vanishes
due to the honeycomb arrangement of the carbon atoms [12].
Therefore, introducing SOC into graphene could provide an
additional way to generate and manipulate spin, which has
attracted extensive attention.

Hydrogenated graphene, e.g., graphene with hydrogen
atoms covalently bonded to its surface, has been studied
in several experiments recently [3,13-18]. Hydrogenated
graphene is a complex system due to the randomness of the lo-
cation of the hydrogen adatoms; therefore, it has rich physics.
Great enhancement of the SOC up to three orders of mag-
nitude and strong nonlocal transport up to room temperature
due to spin Hall effect are reported [3]. Large negative mag-
netoresistance (MR) is frequently observed in hydrogenated
graphene, which is found to be a hint of magnetic coupling
between hydrogen adatoms [13,14]. Furthermore, hydrogen
adatoms on bilayer graphene are found to energetically favor
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a nondimer sublattice over a dimer sublattice, which is highly
desirable for generating ferromagnetism [15].

In this paper, we report low-field (B < 0.5 T) MR of in situ
hydrogenated graphene. We observed the transition between
weak localization (WL) and weak antilocalization (WAL),
which is tunable by hydrogen density and carrier density. The
SOC strength extracted from the MR curves is found to be
enhanced at high hydrogen density and low carrier density.
Furthermore, the phase-breaking rate exhibits a saturation at
low temperature, which is strong evidence in line with the sce-
nario that hydrogen on graphene induces magnetic moments
[19,20].

II. RESULT AND DISCUSSION

In situ doping is a powerful tool to introduce interactions to
2D materials. Various types of molecules, atoms, or ions can
be deposited or bombarded on the sample surface to introduce
different types of interactions, so that the strength of inter-
actions can be almost continuously controlled by the amount
of doping and can be detected via quantum transport, which
is a great advantage comparing with other methods of intro-
ducing interactions like ex situ doping [21,22] or proximity
effect [23,24] in heterostructures of graphene and transition
metal ditellurides (TMDs), albeit the proximity effect has the
potential to introduce ordered interactions.

In this experiment, hydrogen atoms were generated from a
radio-frequency atom source, which flowed toward the sample
with low kinetic energy and covalently bonded to the graphene
surface [13]. Sample temperature was always kept at 5.8 K
during hydrogen doping. The graphene sample was fabricated
on SiO, substrate using a standard electron beam lithogra-
phy technique and dry etched into Hall bar geometry. The
sample was kept in an ultrahigh vacuum environment of up
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FIG. 1. Resistance as a function of back gate voltage V, of (a)
pristine and (b) hydrogenated graphene, respectively. Ny denotes
hydrogenation rounds, e.g., Ny = 7 means after the seventh round of
the hydrogenation process. Insets in the two panels are illustrations
for the atomic structure of undoped and hydrogen-doped graphene.

to 10~ Torr to reduce unwanted impurity absorption except
during the doping process, when the graphene sample was
exposed to a partial pressure of 1072 Torr of hydrogen. The
amount of hydrogen atoms on graphene can be controlled by
the duration of the doping process (usually 5-10 s for each
round of doping, 13 rounds of doping in this experiment) and
quantitatively estimated from the conductance dependence on
the carrier density of the sample after each hydrogenation
round [13].

Figure 1 shows the resistance of (a) pristine (Vg = 0) and
(b) hydrogenated (Ny = 7) graphene, respectively, where Ny
stands for the round number of hydrogen adatom doping.
Before hydrogenation, the resistance of graphene is smaller
than the resistance quantum Rq = h/ ¢ with weak temper-
ature dependence. Mobility of pristine graphene is found
to be 4000 cm?/Vs, which is a fair value for graphene on
SiO, substrate. After hydrogenation, the Dirac point shifts
toward the negative gate voltages, which means that hydrogen
adatoms electron-doped graphene, consistent with a previous
angle-resolved photo emission spectroscopy study [16]. Fur-
thermore, with large hydrogen concentration, the resistance
of hydrogenated graphene can be larger than Rq near the
Dirac point [13]. The resistivity of hydrogenated graphene
is sensitive to temperature, but neither the thermal activation
model nor the variable-range hopping model can be used to
describe the resistivity vs temperature data even at the Dirac
point (see Fig. S1 in the Supplemental Material [25]).

Next, we focus on the low-field (B < 0.5 T) magneto-
transport properties of hydrogenated graphene. During our
experiment, the hydrogen adatom density (ny) increases
monotonically from each round of hydrogenation. WL in
graphene becomes apparent with a minimal number of ny,
and the WL signal increases with increasing ny (see Fig. S2 in
the Supplemental Material [25]), which is not surprising and
can be understood as the enhancement of WL signal due to

increasing intervalley scattering from the hydrogen adatoms.
What is more interesting is the evolution of the weak-field MR
at higher ny (from doping Round #6 to #11), which shows
the systematic changes as a function of electron density (#.)
and ny. Figure 2 shows MR of hydrogenated graphene at nine
different combinations of n, and ny and at different temper-
atures. It can be seen that, in the high-n, regime (e.g., the
difference between gate voltage and Dirac point gate voltage
Ve —Vp = 40V), increasing ny simply suppresses the WL
signal, as shown in Figs. 2(a)-2(f); in the low-n, regime (e.g.,
Ve — Vb < 10V), on the other hand, increasing ny causes a
transition from WL to WAL. As will be shown in the dis-
cussion below, this is an observation of tunable WL-to-WAL
transition in graphene where WAL is caused by factors other
than the w Berry phase in the material. With increasing tem-
perature, both WL and WAL signal decay rapidly, consistent
with the dependence of such effects on phase coherent length
of the electrons, which has strong temperature dependence.
Quantitatively, WL-WAL in graphene is caused by the
interplay of various scattering mechanisms, usually includ-
ing phase-breaking scattering rate 7, !, intervalley scattering

rate ti_l, and intravalley symmetry-breaking scattering rate
7! [26]. For hydrogenated graphene, since spin-orbit effect
is known to be enhanced [3], it will also include Bychkov-
Rashba (BR)-type SOC scattering rate 75, or Kane-Mele
(KM)-type SOC scattering rate TIEI\]/I‘ Thus, WL-WAL of
graphene can be expressed as [26]
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where F(z) =In(z) + w(% + %), Y = Iber, — Tl

¢, i, *, BR, KM, ¥ represents the digarhma ffmction,
D = vpLygp/2 is the diffusion constant determined by the
Fermi velocity vg = 10° m/s and mean free path Lyg =
(0 /kp)h/2€*. In order not to cause overfitting of the WL-
WAL curves, it is essential to simplify Eq. (1) before fitting
it to the experimental data.

The Elliot-Yafet (EY) type of spin relaxation describes
the spin relaxation process in inversion symmetry preserving
systems. Therein, energy of spin up and down states are still
degenerate despite the existence of SOC. The spin up and
down states are only slightly mixed by near-lying energy
bands or energy levels [27]. It has been shown that an elec-
tron can flip its spin with certain probability at a momentum
scattering event, leading to Lgy proportional to Lys,. As for
the Dyakonov-Perel (DP) case, the spin up and down states
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FIG. 2. Low-field (B < 0.5 T) magnetoresistance (MR) of hydrogenated graphene at various temperature 7, carrier density n,, and hydrogen
density ny. MR behavior of hydrogenated graphene shows transition from weak localization (WL) to weak antilocalization (WAL) at high ny
and low n, (e.g., V, — Vp < 10 V); WL suppression is observed at high ny and high n, (e.g., V, — Vp = 40 V). MR of up to 9 T magnetic field
can be found in Ref. [13]. The broken lines in the panels are fit to Eq. (2).

are split, forming an effective magnetic field which causes
precession of electron spin between momentum scattering
events [27]. In this case, Lgr is inversely proportional t0 Lygp.

For hydrogenated graphene, decorated hydrogen atoms can
only be on one side of the sample. Therefore, inversion sym-
metry is no longer held in the system. For hydrogen atoms
absorbed on graphene surface, both theoretical calculation
[28] and scanning tunneling microscopy experiments [18,29]
have indicated the existence of spin-split states. These facts
support the hydrogen-induced SOC should be of the DP type.
Moreover, in our experiment, we observed the appearance of
WAL signal, while the WL signal is broadening (see Fig. 2),
which is also consistent with the scenario that Rashba-type
SOC is introduced into the system, causing inversion symme-
try breaking. Thus, all this evidence points to DP mechanism.
Hence, the KM term does not enter the fitting. Furthermore, it
has been shown that terms with the intravalley scattering rate
usually provide small correction to the graphene WL signal
[30,31]; therefore, related terms can also be dropped. With
the above considerations, Eq. (1) becomes

2wh Ap B B B
— — =F|l—|-F|— ) - 2F —
62 p2 B¢ B¢+ZB,' B¢ +BBR

B B
+2F<—) _ F(—)
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As shown in Fig. 2, Eq. (2) fits to the magnetotransport
data very well, and the resultant fitting parameters B, = #,
where x = ¢, i, BR, can be extracted. Among these pararﬁ—
eters, Lgr and Ly are shown in Fig. 3 as a function of ny
[Figs. 3(a) and 3(b)], V, [Figs. 3(c) and 3(d)], and temperature
[Figs. 3(e) and 3(f)]. We shall discuss these two important
parameters in detail in the following paragraphs.

First, the BR SOC scattering length Lgp is found to reduce
for higher ny [Fig. 3(a)], which strongly supports our asser-
tion that single-sided hydrogenation of graphene enhances its
overall Rashba SOC strength. Second, Lgp is also found to re-
duce as the Fermi level gets close to the Dirac point [Fig. 3(c)],
which is consistent with another graphene hydrogenation ex-
periment [3], except for the case of graphene/transition metal
dichalcogenide heterostructure, where SOC strength is re-
ported to slightly decrease toward the Dirac point [24,32]. In
addition, the gate tunability of SOC in hydrogenated graphene
is much higher than that in graphene/TMD heterostructure
[24,32,33], which is essential for manipulating and utilizing
the spin degree of freedom in graphene-based devices. It is
worth noting that, with increasing ny, Lgg and the momentum
scattering length Ly, are both decreasing; Lgr seems posi-
tively related to Ly, (see Fig. S3 in the Supplemental Material
[25]). This appears to contrast with the conventional expec-
tation of the DP mechanism. We argue that stronger Rashba
coupling leads to longer momentum mean free path only in or-
dered systems, e.g., that the introduction of Rashba coupling is
applied uniformly to the whole sample. In the case of random
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FIG. 3. Weak antilocalization (WAL) fitting results of hydro-
genated graphene. (a), (c), and (e) The Bychkov-Rashba (BR)
spin-orbit coupling (SOC) scattering length Lgr vs ny, V,, and T,
respectively. (b), (d), and (f) The phase-breaking scattering length L,
vs ny, V,, and T, respectively. (e) and (f) are taken from Ny = 6 data.

Rashba scattering, the introduction of Rashba coupling simul-
taneously increases momentum scattering due to the local and
disordered nature of the interaction, thus strongly suppressing
momentum scattering length (Lyg,). It has been shown [34]
that, for random Rashba scattering, the DP mechanism can
produce either DP-like or EY-like behavior. Thus, in this case,
Lgr could have a proportional relationship with Lyg,. Two
additional factors mentioned in the above paragraphs support
the DP mechanism: (1) hydrogenation at the top surface of the
graphene clearly breaks the mirror symmetry; (2) KM SOC
will not induce WAL observed in the hydrogenated samples.
Now we turn to the discussion of Ly, the phase coher-
ence length. Here, Ly shows similar behavior to Lgr, which
indicates that phase-breaking scattering is enhanced with in-
creasing ny [Fig. 3(b)], decreasing n, [Fig. 3(d)], or increasing
temperature [Fig. 3(f)], which agrees with other works on
WL-WAL in graphene [24,32,35]. The phase-breaking rate
T, ! of graphene is calculated from T, = D/Lg, where D =
VrLmip/2 is the diffusion constant. It 1s known that the phase-
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FIG. 4. T dependence and saturation of phase breaking rate 7, L
(a) Experimental T, ! vs T data (dots) and fitting to Eq. (3) (solid
line). (b) and (c) Saturated phase-breaking rate 1'5;[1 vs ny and V,,
respectively.

breaking rate in graphene can be described as [20,36]
Jl=aT +bT* + 13/ 3)

‘L'¢ sat *

The first term (linear in temperature 7') in Eq. (3) is at-
tributed mainly to the electron-electron interactions of 2D
electron gas in the diffusive regime [20,36-39], as well as
the electron-phonon scattering process [38]; the second term
(o< T?) in Eq. (3) is considered to arise from electron-electron
interactions in graphene [20,36]. At low temperatures, 7, !

should saturate to a constant term 7 according to Eq. (3).
Figure 4(a) plots the temperature dependence of 7, ! for
graphene after the ninth round of hydrogenation and at differ-
ent V, (different n,). It is clear that 7 I"at all carrier densities
decreases and shows saturation behavior at low temperature.

The constant term 7' in Eq. (3) for graphene with mag-
netic adatoms is found to be the spin-flip scattering rate rsgl
[20], which can be described by the Nagaoka-Suhl formula
[19,20,40]:

i Nimag 728+ 1)
Te = R
T ThN(Er) 728(S + 1) + InX(T /T )

where 7, is the density of magnetic impurities, S is the total
spin of the magnetic impurities, which is taken as % for hydro-
gen adatoms on graphene [41]. In addition, Tk is the Kondo
temperature, which is defined as kgTx = Aexp[—1/N(Er)J],
with A = 10 eV the cutoff energy, J the Kondo exchange
energy, and N(Er) = 2./n/(/mhivr) the density of states at
the Fermi level. Using the estimated hydrogen atom density
[13] as npae, Tk is found to be «1 K, which is consistent
with our experimental observation. In the meantime, due to
the small T, rsgl does not change much in the temperature
range of this experiment (5.8-60 K). The ny and n, depen-
dence of rszt' is plotted in Figs. 4(b) and 4(c), respectively.
Here, 7! increases with more hydrogen atoms absorbed on
the graphene surface and decreases when the Fermi surface

“
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of the graphene moves away from the Dirac point, which is
consistent with the expectation of the Nagaoka-Suhl formula.
This is important evidence showing that hydrogen adatoms
on graphene are indeed magnetic and can induce spin-flip
scattering.

For both spin-orbit scattering and spin-flip scattering, an
interesting trend can be observed: adatom-related scattering
seems to be stronger at lower charge carrier density. In other
words, when carrier density is lower, the “effective hydrogen
density” seems to be higher to give stronger physical effect,
say SOC and magnetic scattering. This phenomenon can be
understood in terms of screening effect by the conduction
electrons. First, the Rashba scattering, like other scattering
events (e.g., scattering from charged impurities or neutral
scatterers), can be screened by the conduction electron [42].
Thus, a smaller density of states at the Fermi level (gate
voltage closer to the Vp) means weaker screening and thus
stronger effective scattering. Specifically, due to the screening
of charge carriers, impurity scattering in graphene develops
Friedel oscillation. For krr >> 1, the impurity-induced change
of local particle density [43] dn o sin(2kpr)/r?, where r is
distance to the impurity and kr o< /7n, is the Fermi vector of
graphene. The fast oscillation causes the impurity scattering to
cancel out when we average the change of local carrier density
all over the sample. Therefore, we can define an effective ra-
dius of an impurity to be r; ~ 1/kp = 1/,/mn,. When carrier
density is lower, effective radius of the impurity is increased,

leading to stronger SOC and magnetic scattering to charge
carriers.

III. CONCLUSIONS

In summary, we have investigated low-field magneto-
transport properties of in situ hydrogenated graphene and
observed hydrogen density and carrier density tunable WL-
to-WAL transition. By analyzing the low-field MR, we
determined the strength of BR-type SOC can be efficiently
tuned with hydrogen density and carrier density. From the
temperature-dependent phase-breaking scattering rate, the sat-
uration scattering rate is deduced and confirmed to be spin-flip
scattering, which is important evidence for magnetic scatter-
ing induced by hydrogen adatoms on graphene.
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