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Deliverable Summary 

In this report we present a theory of spin-orbit interaction in graphene enhanced by 

Dirac electrons coupled to phonons. We show that dynamical effects, induced by 

quantum and thermal fluctuations, significantly enhance the spin-orbit gap. However, 

the estimated values appear to be, still, insufficient to change significantly the already 

measured contribution of the defects towards spin relaxation of electrons in 

Graphene on SiC. 

 

We also report on an empirical model for spin dynamics in localized states in 

epitaxial graphene. It can explain obtained experimental data which shows markedly 

different spin diffusion properties for monolayer graphene on the Si-side of SiC with 

buffer layer and for quasi-free standing monolayer graphene obtained by hydrogen 

interacalation that turns the buffer layer into a graphene monolayer. 
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1. Enhancement of spin-orbit gap in graphene through coupling to 
phonons 

 

Weak localization measurements in the project has set very optimistic bounds on the defect-

limited spin lifetime of electrons at low temperatures in G/SiC synthesised by the Linkoping 

group. To determine how this may deteriorate at higher temperatures, we analysed the 

couplings between spins and phonons in graphene. We present a complete analysis of the 

possible couplings between spins and flexural, out of plane, vibrations. From tight-binding 

models we obtained analytical and numerical estimates of their strength. We found that 

dynamical effects, induced by quantum and thermal fluctuations, enhance the spin-orbit gap in 

graphene, see Figure 1. However, the estimated values appear to be, still, insufficient to change 

significantly the already measured contribution of the defects towards spin relaxation of 

electrons in G/SiC. The theory was reported in H. Ochoa, A. H. Castro Neto, V. I. Fal’ko, and 

F. Guinea, Phys. Rev. B 86, 245411 (2012). 

 

 

OCHOA, CASTRO NETO, FALḰO, AND GUINEA PHYSICAL REVIEW B 86, 245411 (2012)

(|!A1!!, |!A2!!, |!A3!!, |!B1!!, |!B2!!, |!B3!!). In
order to identify the effective Hamiltonian in the low energy
sector we have to express this matrix in the monoelectronic
basis associated to the lattice with two atoms per unit cell, let’s
say (|!A!!, |!B!!, |K+A!!, |K+B!!, |K"A!!, |K"B!!).
Both basis are related by the unitary transformation
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By doing so, we identify the strength of the coupling with
phonons at the corner of the Brillouin zone:
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IV. ENHANCEMENT OF KANE-MELE MASS

One of the most interesting consequences of this analysis
is the effect of the coupling of Eq. (4) in the electronic
spectrum. The contribution of flexural phonons to the Kane-
Mele coupling can be written as

"ph = g4%(uB2 )2!, (23)

where the brackets express the thermal average over the entire
Brillouin zone.

The flexural optical (ZO) mode strictly at $ transforms
according to B2. A rough estimate consists on neglecting the
contribution from the acoustic branch and the dispersion of the
optical mode. Since h̄%ZO

$ $ 110 meV,26 temperature plays no
role, see the red curve in Fig. 4. However, the zero-point motion
contribution "0 = h̄g4

2M%ZO
$

$ 0.03 meV is non-negligible (here
M is the mass of the carbon atom).

This is a very crude approximation, since the identification
of uB2 with the ZO mode is strictly true at the $ point. The
entire Brillouin zone contributes to the average, so away from
$ both flexural acoustic (ZA) and optical branches enter. We
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FIG. 4. (Color online) Effective Kane-Mele mass induced by the
coupling with flexural phonons. In red (lower curve) the estimation
neglecting the acoustic branch and the dispersion of the optical one.
In blue (upper curve) the calculation within the model described in
Appendix B.

can use the symmetry-adapted basis |A1! and |B2! in order to
describe the polarizations of the & = ZA,ZO phonons:

|&! = '&
A1

(q) |A1! + '&
B2

(q) |B2!. (24)

Note that, because of time reversal symmetry, ' (q) =
[' ("q)]&. Thus we have
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q
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T
, (25)

where

u&
q = 1#

N

N'

i=1

u& (Ri) e"iq·Ri (26)

is the Fourier transform of the phonon displacement field in
branch & and the brackets denote thermal average.

We need a model in order to describe the deviations of
the polarizations vectors and the frequencies of both branches
in the entire Brillouin zone. In Appendix B, we describe the
simpler nearest-neighbor forces model that one can consider
in order to describe the dynamics of flexural phonons. We
compute the induced Kane-Mele mass from Eqs. (23) and (25)
within this model. The results are shown in Fig. 4 (blue curve).
Remarkably, the Kane-Mele gap induced by phonons 2"ph is
of the order of 0.1 meV.

V. CONCLUSIONS

We have studied the possible SO-mediated electron inter-
action with flexural phonons allowed by the symmetries of
the lattice and estimated the strength of these couplings from
a tight-binding model. This analysis can be used in order to
study the SO coupling in carbon nanotubes.

We find that the quadratic coupling with the phonons at !,
particularly with the ZO branch, renormalizes the Kane-Mele
mass in a remarkable way. From our theory, we predict an
enhancement of two orders of magnitude in comparison to
previous estimations for flat graphene, putting this gap close
to the present experimental limits.27 Note that the frequency
of flexural modes depends on the coupling to the substrate, if
any, and can be tuned by applied strains.28 On general grounds,
it can be expected that a compressive strain will lower the
frequency of these modes, enhancing the spin-orbit coupling.
Our theory is also relevant for spin transport experiments,
particularly in suspended samples,29 where charge transport is
ultimately limited by flexural phonons.30

ACKNOWLEDGMENTS

This work has been funded by the MICINN, Spain,
(FIS2008-00124, FIS2011-23713, CONSOLIDER CSD2007-
00010), and ERC, grant 290846. AHCN acknowledges DOE
grant DE-FG02-08ER46512, ONR grant MURI N00014-09-
1-1063, and the NRF-CRP award “Novel 2D materials with
tailored properties: beyond graphene” (R-144-000-295-281).
H.O. acknowledges financial support through grant JAE-Pre
(CSIC, Spain). The authors acknowledge the hospitality of
the KITP, Santa Barbara. This work is partially supported
by the National Science Foundation under Grant No. NSF
PHY11-25915.

245411-6

 
Figure 1 : Effective Kane-Mele mass induced by the coupling with flexural phonons. In red (lower curve) the 

estimation neglecting the acoustic branch and the dispersion of the optical one. 
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2. Empirical model for spin dynamics in localized states in epitaxial 
graphene 

 

The striking difference between epitaxial graphene on SiC(0001) with all other materials, 

including the quasi-free standing monolayer graphene, is the enhanced spin relaxation time 

and decreased spin diffusion coefficient. We conclude that this must be due to the buffer layer 

present between graphene and substrate on SiC(0001). To explain the results we have 

developed a model that includes localized states in the buffer layer that are coupled to the 

transport channel. Within this model we take into account that the spin dynamics in the 

localized states influence the effective g-factor of the system, which will translate into an 

effective Bloch equation. If we analyze the measurements along this way, the results turns out 

to be consistent with the measured higher spin relaxation time and reduced diffusion 

coefficient. 

Localized States Influence Spin Transport in Epitaxial Graphene

T. Maassen,1,* J. J. van den Berg,1 E. H. Huisman,1 H. Dijkstra,1 F. Fromm,2 T. Seyller,2 and B. J. van Wees1

1Physics of Nanodevices, Zernike Institute for Advanced Materials, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

2Lehrstuhl für Technische Physik, Universität Erlangen-Nürnberg, Erwin-Rommel-Strasse 1, 91058 Erlangen, Germany
(Received 15 August 2012; published 6 February 2013)

We developed a spin transport model for a diffusive channel with coupled localized states that result in

an effective increase of spin precession frequencies and a reduction of spin relaxation times in the system.

We apply this model to Hanle spin precession measurements obtained on monolayer epitaxial graphene on

SiC(0001). Combined with newly performed measurements on quasi-free-standing monolayer epitaxial

graphene on SiC(0001) our analysis shows that the different values for the diffusion coefficient measured

in charge and spin transport measurements on monolayer epitaxial graphene on SiC(0001) and the high

values for the spin relaxation time can be explained by the influence of localized states arising from the

buffer layer at the interface between the graphene and the SiC surface.

DOI: 10.1103/PhysRevLett.110.067209 PACS numbers: 75.76.+j, 72.25.Dc, 72.80.Vp, 75.40.Gb

The spin dynamics in the diffusive transport regime are,
in general, described by the Bloch equation for the spin
chemical potential ~!S that describes the three dimensional
spin accumulation [1]:

d ~!S

dt
! Dr2 ~!S "

~!S

"S
# ~!L $ ~!S (1)

with the diffusion coefficient D, the spin relaxation time
"S, and the Larmor frequency ~!L ! g!B=@ ~B, that
describes the spin precession in a perpendicular magnetic
field ~B with the gyromagnetic factor g (g factor, g ! 2 for
free electrons) and the Bohr magneton!B. Experimentally,
spin transport is commonly examined by Hanle spin pre-
cession measurements [Fig. 1(a)] that are fitted with the
solutions of the time-independent Bloch equation (1) with
d!S=dt ! 0. Those fits result in D, "S, and the spin
relaxation length #S !

!!!!!!!!!
D"S

p
. However, the fits are invari-

ant under the transformationD ! c ~D, "S ! ~"S=c, g ! c~g
leaving the scaling factor c undefined. To unambiguously
define the parameters, D can be independently determined
using the diffusion coefficient from charge transport
measurements DC and the Einstein relation DC !
%Rsqe

2$&EF'("1 [2]. Here Rsq is the square resistance, e
the electron charge and $&EF' the density of states (DOS)
of the diffusive channel at the Fermi energy. Spin transport
in graphene has been extensively studied in recent years
[3–16]. Because of weak spin-orbit coupling, g ! 2 is
commonly assumed to fit Hanle precession data (and define
c) [3–15]. This was justified for exfoliated single layer
graphene (eSLG) as it was shown that D ) DC [5]. On
the contrary, recent results on monolayer epitaxial gra-
phene on SiC(0001) (MLEG) [17,18] showD * DC along
with very high values for "S [11,19].

In this Letter we introduce a model that can explain an
apparent difference between D and DC by the increase of
the effective g factor caused by localized states coupled to

the spin transport channel. Furthermore, we discuss how
this model reinterprets the results on MLEG from Ref. [11]
and, finally, we compare the results onMLEG to new Hanle
precession measurements on quasi-free-standing MLEG on
SiC(0001) (QFMLG) [20]. In this material the graphene-
like, electrical neutral buffer layer, that is in conventional
MLEG located between graphene and the SiC substrate, is
absent [21,22]. The presented analysis points to the buffer
layer as the origin of the localized states.
To examine the spin transport properties of graphene,

usually the nonlocal measurement geometry is used, con-
sisting of a two dimensional channel with ferromagnetic
electrodes that inject and detect electron spins in the
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FIG. 1 (color online). (a) Sketch of the Hanle precession
geometry with a diffusive channel of width W connected to
the ferromagnetic spin injector (Fi) and detector (Fd) on distance
L. The out-of-plane magnetic field ~B causes the in-plane injected
spins to precess while diffusing through the channel.
(b) Extension of the Hanle precession geometry with localized
states that are coupled to the channel. The spins can hop into
these states and back into the channel while the states are not
coupled with each other.
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Figure 2 : (a) Sketch of the Hanle precession geometry with a diffusive channel of width W connected to the 

ferromagnetic spin injector (Fi) and detector (Fd) on distance L. The out-of-plane magnetic field B~ causes the 

in-plane injected spins to precess while diffusing through the channel. (b) Extension of the Hanle precession 

geometry with localized states that are coupled to the channel. The spins can hop into these states and back into 

the channel while the states are not coupled with each other. 

 

The Hanle precession geometry is shown in Figure 2(a). Electrons are injected at Fi and 

collected at Fd. Under applied perpendicular magnetic field the electron spins precess. For 

certain magnetic field values, the electrons arriving through diffusion at the detector have on 
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average parallel or antiparallel spin orientation to the majority spin direction in the detector. 

This influences the device properties. The proposed model include localized states in the 

buffer layer, see Figure 2(b), where spins can be trapped and thereby precess under a longer 

time. When electrons finally arrive at the detector, including the trapping events, the spin 

direction is changed and the device properties are markedly different from when not taking 

this process into account. 

 

The empirical model can be used to understand the experiments, as shown in Figure 3. The 

trapping effectively makes the magnetic field more effective and shrinks the window of fields 

effective in the Hanle measurements. The model can be used to fit the data and thereby extract 

spin diffusion times and lengths, as describe in detail in the paper T. Maassen, J. J. van den 

Berg, E. H. Huisman, H. Dijkstra, F. Fromm,2 T. Seyller,2 and B. J. van Wees1 

 

 

 

e.g., a changed spin-orbit coupling. But in graphene com-
bined with localized states, with !eff

L ! !!L > !L and
hence geff ! !g, this assumption presents itself wrong.
The values that are obtained by fitting assuming g " 2
are described by a modified Bloch equation that we receive
by dividing Eq. (5) by the scaling factor !:

0 " Dmodr2 ~"S #
~"S

#mod
S

$ ~!L % ~"S (8)

with Dmod " D=! and #mod
S " !#effS . The effective spin

relaxation time of the system including the localized states
can be obtained by either assuming D " DC for the fit or
assuming g " 2 and correcting the spin relaxation time
with #effS " #mod

S =!. The enhanced #S value in Ref. [11] is
therefore not an intrinsic property of MLEG on SiC(0001)
but is based on assuming a Bloch equation to fit the data
which does not take the localized states into account.

Note that the measured spin relaxation length does not
change when assuming a different g factor as
$mod
S " &Dmod#mod

S '1=2 " &D#effS '1=2 " $eff
S < $S.

The narrow room temperature (RT) Hanle precession
measurements on MLEG on SiC(0001) [11] in the center
of Fig. 3 illustrate the effect of a modified g factor. The fit
to this data (assuming g " 2) gives #mod

S " 1:3 ns
and Dmod " 2:4 cm2=s, resulting in $eff

S " 0:56 "m.
Compared to values obtained on eSLG [5] #mod

S is
increased and Dmod is strongly reduced in contrast to the
value of DC ( 190 cm2=s obtained in charge transport
measurements on the same sample and compared to D)
200 cm2=s typically measured on eSLG [5,26]. At RT this

discrepancy between Dmod and DC is resolved using a
scaling factor of ! " DC=D

mod ( 190=2:4 ( 80, which
yields a spin relaxation time of #effS ( 1:3 ns=80 ( 16 ps
and an effective g factor of geff ( 80g. Note that these
values for #effS and geff are not describing only the graphene
layer but the overall system, including the localized states.
To find out where the predicted localized states originate

from, we prepared and measured spin transport samples on
quasi-free-standing MLEG (QFMLG) as in Ref. [11].
QFMLG is obtained by only growing the electrical neutral
buffer layer and no graphene on SiC(0001) and then inter-
calating the sample by hydrogen as described in
Refs. [21,22]. Then we are left with a single graphene
layer directly on the passivated SiC(0001) surface.
Fig. 3 shows Hanle precession curves measured on a

QFMLG strip at RT next to the measurements on MLEG
from Ref. [11]. The nonlocal resistance [3,11] changes

slower with ~B [27], comparable to measurements per-
formed on eSLG [5]. The fit (assuming g " 2) gives #S "
33:6* 0:9 ps andD " 75* 2 cm2=s and, therefore, $S "
0:50* 0:01 "m. These values are similar to low quality
eSLG samples as #S is reduced by about a factor 4 and D
by a factor of approximately 3 compared to typical eSLG
values [5]. Compared to MLEG we see an increase ofD by
a factor of )30 and a decrease of #S by about 40 times. In
contrast to the MLEG data we see in charge transport
measurements on similar QFMLG samples a diffusion
coefficient of DC ( 45 cm2=s)D [28]. To obtain DC

we use Rsq ( 3:5 k! and a hole charge carrier density of

p ( 6% 1012 cm#2 from Hall measurements consistent
with results from Ref. [22]. Comparing the results on the
two graphene types on SiC(0001) it is interesting to see the
striking difference of the spin relaxation times and diffu-
sion coefficients obtained in spin transport measurements
but even more important that DC ( D in QFMLG, as
expected for graphene [5]. Hence, there is no effect of
the localized states. Accordingly, they have their origin
in the interface between the graphene layer and the SiC
substrate as this is the only structural property that is
altered between conventional MLEG and QFMLG.
Hence, the states could be in the dangling bonds or in the
buffer layer. The strong difference ofD vs DC (and change
in !L) reported in Ref. [11] points to a strong coupling
of the localized states to the channel [see Eq. (7) and
Fig. 2(b)]. The coupling is strongest if the localized states
are located in the buffer layer as this one is closest to the
channel. If we assume comparable coupling of these states
to the channel and between adjacent layers in graphite and
considering %) 50 (see below), we get ") 2% 1013 s#1

[25], justifying the strong coupling limit (see Fig. 2).
Now we can evaluate the model and characterize the

localized states by comparing the fitting results on MLEG
on SiC(0001) [11] with data obtained on other types of
monolayer graphene. To compensate for different DC val-
ues obtained in charge transport measurements on QFMLG
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FIG. 3 (color online). RT Hanle precession measurements with
aligned ( "" ) and antialigned ( "# ) inner electrodes. The narrow
curves in the middle (light colors, gray fitting curves, scale on
the left axis) show a measurement on MLEG with L " 1:2 "m
and W " 0:7 "m from Ref. [11]. The broader measurements
enclosing the MLEG measurements (dark colors, black fitting
curves, scale on the right axis) were performed on QFMLG with
L " 1:5 "m and W " 1 "m. For both sets of measurements a
constant background resistance was subtracted.
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Figure 3 : RT Hanle precession measurements with aligned and antialigned inner electrodes. The narrow curves 

in the middle (light colors, gray fitting curves, scale on the left axis) show a measurement on MLEG with L=1.2 

µm) and W=0.7 µm. The broader measurements enclosing the MLEG measurements (dark colors, black fitting 

curves, scale on the right axis) were performed on QFMLG with L=1.5µm and W=1 µm. For both sets of 

measurements a constant background resistance was subtracted. 

 
 


