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Graphene grown by chemical vapor deposition (CVD) is the most promising material for
industrial-scale applications based on graphene monolayers. It also holds promise for spintron-
ics; despite being polycrystalline, spin transport in CVD graphene has been measured over lengths
up to 30 um, which is on par with the best measurements made in single-crystal graphene. These
results suggest that grain boundaries (GBs) in CVD graphene, while impeding charge transport,
may have little effect on spin transport. However, to date very little is known about the true im-
pact of disordered networks of GBs on spin relaxation. Here, by using first-principles simulations,
we derive an effective tight-binding model of graphene GBs in the presence of spin-orbit coupling
(SOC), which we then use to evaluate spin transport in realistic morphologies of polycrystalline
graphene. The spin diffusion length is found to be independent of the grain size, and is determined
only by the strength of the substrate-induced SOC. This result is consistent with the D’yakonov-
Perel’ mechanism of spin relaxation in the diffusive regime, but we find that it also holds in the
presence of quantum interference. These results clarify the role played by GBs and demonstrate that
the average grain size does not dictate the upper limit for spin transport in CVD-grown graphene,
a result of fundamental importance for optimizing large-scale graphene-based spintronic devices.

The growth of graphene via chemical vapor deposi-
tion (CVD) is the most promising approach for realiz-
ing industrial-scale applications of this material'. One
drawback of CVD-grown graphene is that it tends to be
polycrystalline, with misoriented single-crystal domains
separated by grain boundaries (GBs) consisting of arrays
of five-, seven-, and occasionally eight-member carbon
rings. In some specific cases the GBs can be character-
ized by a given periodicity, but more generally they tend
to be complex meandering arrangements of these non-
hexagonal rings??. Charge transport and scanning tun-
neling measurements have revealed that graphene GBs
serve as a significant source of charge scattering, lead-
ing to enhanced resistance®® and localization effects*%:7.
Only when the graphene grains become larger than 1-10
um do the GBs cease to dominate the charge transport
in CVD graphene®.

Graphene also has clear advantages for spintronic ap-
plications, owing to its low intrinsic spin-orbit coupling
(SOC)% 1. Combined with its high electron mobility,
this can lead to spin diffusion lengths as long as 30 pm
in clean exfoliated graphene-based devices (with mobil-
ity up to several 10,000 cm?/V-s)!2. Intriguingly, spin
diffusion lengths as long as 10 wm and spin currents mea-
surable over channel lengths of 30 pm have also been
reported in disordered CVD graphene with much lower
charge mobility'®'*. These measurements can be ex-
plained in two different ways: either none or very few
GBs were present in the measured devices; or GBs in
CVD graphene, while impeding charge transport, have
little effect on spin transport and relaxation. Although
the former hypothesis remains plausible, the lack of a
theoretical foundation concerning spin transport in the

presence of disordered networks of GBs leaves the sec-
ond hypothesis open as a possibility, which could have
profound consequences for the optimization of graphene-
based spintronic devices.

Here we use numerical simulations to study the impact
of GBs on spin transport in polycrystalline graphene.
We first develop an effective tight-binding (TB) model of
polycrystalline graphene in the presence of intrinsic and
substrate-induced SOC, which is derived from extensive
first-principles calculations. The model is based on sim-
ulations of a variety of carbon-based haeckelites and is
found to be general and transferable to the complex mor-
phologies of graphene GBs. We then use this model to
perform spin transport simulations in realistic models of
polycrystalline graphene, using an efficient linear-scaling
methodology that gives direct access to spin relaxation
and propagation. Our simulations reveal that the spin
diffusion length in polycrystalline graphene is indepen-
dent of grain size and depends only on the strength of
the substrate-induced SOC. This result is fully consis-
tent with the D’yakonov-Perel’ mechanism of spin relax-
ation in the diffusive regime, but here it is also shown
to be robust to the contributions of quantum interfer-
ence induced by disorder. These findings indicate that
in the presence of SOC the graphene GBs serve as scat-
terers of charge, but they do not play a direct role in
spin relaxation. In other words, our results suggest that
grain size is not a limiting factor for spin transport in
CVD-grown graphene, a result of genuine relevance for
the future optimization of graphene-based spin devices
and architectures in the context of memory or spin logic
technologies.

We first develop an effective TB model for the descrip-



tion of itinerant electrons in polycrystalline graphene,
which is derived from fitting to first-principles simula-
tions. The model includes the impact of electrostatic
barriers and atomic disorder present at GBs, and ex-
plicitly accounts for both intrinsic and extrinsic SOC.
The first-principles simulations were carried out with the
all-electron FP-LAPW method as implemented in the
Elk code (http://elk.sourceforge.net/). The self-
consistent calculations with SOC have been carried out
within the LDA approximation with a muffin tin radius of
1.316 Bohr for carbon atoms and an APW cutoff of 5.32
Bohr~!. A 33 x 33 k-point mesh was used to sample the
first Brillouin zone of pristine graphene, and equivalent
k-point densities were used for the supercell calculations.

The starting point of our one-orbital TB model is the
now well-known functional form of the second-nearest-
neighbor hopping Hamiltonian of graphene. The Hamil-
tonian can be conveniently decomposed into a kinetic op-
erator and a SOC operator,

H = Hian + Hsoc, (1)
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where ¢! (¢,) is the creation (annihilation) operator for
the p, orbital with spin o at lattice site 4, s is the spin
Pauli matrix, E is the external electric field, d;; is the
unit vector pointing from site j to ¢ and v;; is +1 (—1) for
clockwise (counter-clockwise) hopping paths from site j
to . Single (double) brackets stand for summation over
the nearest (second-nearest) neighboring lattice sites. In
our model we assume an exponential dependence of the
t1 and t2 hopping parameters with respect to the intersite
distance,

tp =t9e P00 and ty, =1ge P27, (4)

Here, a (b) is the equilibrium distance between the first
(second) nearest atomic sites in graphene at equilibrium
(a = 1.42 A, b = v/3a = 2.46 A). The third term is
the intrinsic SOC operator which connects second nearest
neighbor sites, and the last term is the extrinsic (Rashba)
SOC operator that arises from an external perpendicular
electric field E'®. This electric field can be directly ap-
plied via a gate voltage, or it can be an effective field that
arises from placing graphene on a substrate. The Rashba
term connects nearest neighbor sites and linearly depends
on the strength of the perpendicular electric field. The
hopping integrals ¢; and to, as well as the parameters 31
and f9 ruling their distance dependence, were fitted to-
gether with the SOC parameters A\; and Ag with respect
to first-principles band structure calculations of graphene
at equilibrium and under isotropic strains up to 20%. As

TABLE I. Tight-binding parameters for pristine graphene ob-
tained from fits to first-principles calculations, as illustrated
in Figs. 1(a-c).

i1 B t3 B2 A1 AR

-2.414 eV 1.847 -0.168 eV 3.077 13.437 peV 3.383 £V

V/nm

our focus is on the transport properties of low-energy
itinerant electrons, the fitting has been limited to the
[—1,1] eV energy window around the Fermi level. The
optimized parameters are given in Table I. The radial
dependence of the hopping integral is shown in Fig. 1(a).
The perfect agreement of the model with reference band
structure calculations is illustrated in Figs. 1(b,c).

To account for the crystallographic disorder introduced
by dislocations at GBs, the TB model is enriched by
introducing topology-dependent renormalization factors.
Within a simple ball-and-stick model, any sp? lattice can
be mapped to a tiling of the plane by polygons, where
each site is the shared apex of three polygons. In our
case, it can be three hexagons as in graphene, or any
combination of pentagons, hexagons and heptagons due
to the presence of disclinations in the lattice. For the
purpose of our model, we denote L; as the geometric en-
vironment of a given site i. L£; can be any set of three
elements out of the ensemble of considered carbon poly-
gons € = {5,6,7}. Similarly, £;; are defined as the local
environment of a pair of neighboring sites ¢ and j. If the
sites are first nearest neighbors, the vector joining 7 and
Jj is the shared edge of two polygons and £;; can be any
combination of two elements of the ensemble £. If the
sites are second nearest neighbors, the vector joining the
sites is inscribed within a polygon and £;; is reduced to
a single element of £. Finally, an extra term is added to
the on-site energy of the Hamiltonian, which describes
the local redistribution of charge around pentagon and
heptagon carbon rings,

Hioe = Zéigeiéid with ¢; = Z Ae™. (5)

i me{L}
This term is crucial for the description of the resonance
peaks introduced by GBs in the low-energy electronic
spectrum. It also enables a geometry-dependent electro-
static alignment of the GBs with respect to the graphene
grains. Note that without loss of generality we can im-
pose the constraint Ae® = 0, which conveniently defines
the reference energy as the charge neutrality point of pris-
tine graphene.

To account for the local variation of aromaticity and
energy-momentum dispersion relation in the presence of
GBs, the kinetic operator is also renormalized,

Hiin = Y Eptiigéio + Y lotaiséso, (6)
(i,4) ((i,5))
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FIG. 1. One-orbital topological TB model. Gold curves and dots correspond to first-principles results, blue curves are obtained
within our topological TB model, and dashed green curves are obtained within the pristine TB model of graphene before
topological renormalization. (a) Radial dependence of the hopping integrals considered in our one-orbital TB model. The green
(purple) curve corresponds to the hopping between first (second) nearest neighbor lattice sites. (b) Low-energy band structure
of graphene at equilibrium (left panel) and under 20% isotropic strain (right panel). (c¢) Band structure of graphene around
the tip of the Dirac cones in the presence of SOC. The left panel shows the case with only intrinsic SOC, while the next three
panels are for increasing transversal electric field (E = 1 V/nm, 2.5 V/nm, and 4.1 V/nm from left to right). (d) Low-energy
band structure of the Hs 6,7 periodic haeckelite structure. (e) Spin splitting of the two metallic bands of the Hs 7 periodic
haeckelite structure. (f-j) Ball-and-stick representation of the five haeckelite structures included in our fitting set. Colors have
been added to represent the tiling of the plane by pentagons (red), hexagons (orange) and heptagons (blue). According to the
literatur616, the structure represented in (f) is named Hs ¢,7.

with
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taij=t2- [ (1+ A (7)

me{Li;}

We impose At$ = At§ = 0 in order to preserve
the energy-momentum dispersion relation of pristine
graphene. The full Hamiltonian of our model now reads

7'2 = 7:110(: + 7:lkin + 7:lSOC~ (8)

The additional parameters of our topological model,
{A®, A", A, At], At3, AtS}, have been fitted
against a set of first-principles band structures corre-
sponding to periodic carbon sp? systems containing five-,
six-, and seven-membered rings. The structures used for

the fitting of our model, known as haeckelites'®, are il-
lustrated in Figs. 1(f-j). These haeckelite structures have
been created via the incorporation of disclinations into
2 x 2 and 3 x 3 graphene supercells. The considered
geometries have been fully relaxed with respect to both
atomic and cell degrees of freedom. The topological pa-
rameters obtained by fitting the low-energy band struc-
tures are given in Table II.

We note that the renormalization of the nearest neigh-
bor hopping integral is very weak. This directly reflects
the sp? character of the fitting set, and additional bench-
marks revealed that these renormalization factors con-
tribute only marginally to the improved description of
sp? carbon structures. The main contribution to the suc-
cess of the model comes from the geometry-dependent
renormalization of the onsite energies. Figures 1(d,e) il-
lustrate the improved description of itinerant electrons
due to the renormalization. While Ae® and Ae” improve



TABLE II. Tight-binding parameters describing the renor-
malization of charge doping and energy dispersion at graphene
GBs, obtained from fits to first-principles simulations of car-
bon haeckelite structures, as illustrated in Figs. 1(d-j).

Ae® A€’ At At] At At]

0.4988 eV -0.497 eV 0.0005 0.0414 -0.04 -0.4095

the description of the low-energy bands of the haeckelite
structures, as shown in Fig. 1(d), they are also instrumen-
tal in obtaining a qualitative and quantitative description
of the spin splitting induced by SOC in the presence a
transverse electric field, as shown in Fig. 1(e).

While this model has been developed based on sim-
ulations of haeckelite structures, it must also be trans-
ferrable and applicable to the variety of GB structures
that can be present in polycrystalline graphene. We
therefore test our model on two prototypical GBs, as-
sociated with the (2,1)|(1,2) and (5,0)|(3,3) interfaces.
These correspond to a conducting type I GB and a type
II GB with a transport gap, respectively, as classified
by Yazyev!”. The optimized geometries as well as the
computed band structures and the spin splitting of the
low-energy bands are shown in Fig. 2. As the compu-
tational cells are larger in these cases, we turned to nu-
merical atomic orbitals (NAOs) to compute the reference
band structures. The self-consistent calculations have
been performed with the OpenMX package'® 2%, relying
on a double-C polarized basis set for the expansion of the
eigenstates. The first Brillouin zones of the (2,1)|(1,2)
and (5,0)](3,3) GBs were sampled with k-point grids of
16 x3 and 8x 3, respectively. As shown in Fig. 2, the topo-
logical model enables an accurate description of the elec-
tronic structure of the two prototypical GBs. Addition-
ally, the renormalization is crucial for obtaining a quali-
tative and a quantitative description of the SOC-induced
spin splitting of the low-energy bands, as the TB model
of pristine graphene (Eq. (1)) underestimates this split-
ting by orders of magnitude (see the dashed green curves
in Figs. 2(c,f)). Finally, we note that our model does not
capture the effect of vacancies or imperfect bonding con-
figurations, both of which may be present in CVD-grown
graphene. However, these account for only ~0.1% of the
atoms in our MD-generated polycrystalline samples, and
thus we do not expect them to have a significant im-
pact on our results. Furthermore, progress in fabrication
techniques now allows for very clean large-area polycrys-
talline graphene that is free from cracks and other strong
lattice imperfections?!.

With an accurate TB model in hand, we now turn
to simulations of charge and spin transport in polycrys-
talline graphene. The polycrystalline samples have been
created via molecular dynamics simulations that mimic
the CVD growth process??23. We use three samples that
were previously used in Ref. 23, with average grain di-

FIG. 2. Electronic structure of prototypical periodic GBs.
Ball-and-stick representations of the (2,1)](1,2) and (5,0)|(3,3)
GBs are shown in panels (a) and (d) respectively. Colors have
been added to visualize the pentagons (red) and heptagons
(blue). Yellow and green are used to depict the hexagonal
carbon rings of the two separate graphene domains. (b) Low-
energy band structure of the (2,1)[(1,2) GB. (c) Spin split-
ting of the two metallic bands of the (2,1)[(1,2) GB under a
transverse electric field of 4 V/nm, with linear (upper panel)
and logarithmic (lower panel) vertical axis scale. Panels (e,f)
are the same as (b,c) for the (5,0)|(3,3) GB. Gold curves are
first-principles results, blue curves are the renormalized TB
model, and dashed green curves are the TB model of pristine
graphene without renormalization due to GBs.

ameters of 14.8, 20.9, and 29.7 nm. For this study we
have also created two additional samples with average
grain diameters of 14.9 and 21 nm. The 20.9-nm sam-
ple is shown in Fig. 3(a), where the magenta regions are
the pristine graphene grains and the black areas depict
the nonhexagonal rings in the structure. The inset is
a zoom-in of one graphene GB, showing a disordered ar-
ray of pentagons and heptagons between two misoriented
grains.

To study charge and spin transport in the polycrys-
talline samples, we employ a real-space wave packet prop-



agation method that has been used to study charge and
spin transport in a wide variety of disordered systems?*.
At time ¢ = 0 we define

1 e
|¢(0)>=ﬁ;e£ In), 9)

where &, € [0,27) is a random phase associated with
each atomic site |n) in the polycrystalline sample, |n) is
an IV x 1 vector with a 1 at row n and zeros elsewhere,
and N is the total number of atoms in the sample. This
random phase state is then spin-polarized along the z-
axis according to

¥+(0)) = [¥(0) (10)

where Zn is the N x N identity matrix. We let this
wave packet evolve in time and we calculate its mean
square displacement AX?(Ep,t) and its out-of-plane spin
polarization s,(Ew,t) as a function of Fermi energy and
time,

(vff 0] a8 - B |t @) "
< $1(0)[3(Er — ) [94(0))

{ (61 (8)] 6B — H)o [1(1)) } 12)
(01(0)] 8(Ex — H) [1(0))

AX?(Ep,t) =

@

SZ(EF7t) = R

where ‘z/)f (t)> = [X,U(t)] [v+(0)), X is the position op-

erator, U(t) = exp(—iHt/h) is the time evolution oper-
ator, [Y1(t)) = U(t) [1(0)), and o is the Pauli matrix
for spin along the z-axis. The time evolution operator
and the energy projection operator §(Fr — H) are both
expanded in a numerically efficient way using Chebyshev
polynomials. From the mean square displacement we cal-
culate the diffusion coefficient D, the electrical conduc-
tivity o, and the momentum relaxation time 7p,

D(FEp,t) = iaAXZ(EF, 1), (13)

o(Eg,t) = e*p(Ep)D(Ep,t), (14)

() = 2P BE) (15)
F

where p(Er) = 2(11(0)|6(Er — H) |14(0)) is the den-
sity of states, vg is the Fermi velocity of graphene, and
Dmax(EF) = maxy {D(EF, t)}

We simulated charge and spin transport in the five
different polycrystalline samples mentioned above, us-
ing both the pristine graphene TB model of Eq. (1) and
the renormalized GB model of Eq. (8), for Rashba SOC
strengths of A\g |E| = 12.5 peV, 25 ueV, 50 pueV, 100 peV,
and 1 meV. The values in the lower peV range are typical
of those seen in graphene on SiOy or hBN substrates?®,
while the range [100 peV,1 meV] corresponds to what is

seen when graphene is placed in contact with a transition
metal dichalcogenide or a topological insulator?6:27,

Typical results are shown in Figs. 3(b,c) for the 20.9-
nm sample with the full GB model, Ag|E| = 100 peV,
and Fp = 0.2 eV, corresponding to a carrier density
of n ~ 5 x 102 cm™2. Figure 3(b) shows the electri-
cal conductivity o as a function of time. At short times
o increases linearly, indicative of the ballistic regime of
transport, and saturates to a maximum value as scat-
tering off the GBs forces transport into the diffusive
regime. At longer times, quantum interference leads to
localized behavior, as indicated by the decay of o with
time. In the inset we plot o as a function of the propa-
gation length L = 2vVAX?2. The blue solid line shows
the numerical results and the red dashed line is the
decay expected from weak localization (WL) theory?®
o(L) = 0sc — (Go/m)In(L/le), where osc = max, {o(t)} is
the semiclassical conductivity, Gy = 2¢2/h is the quan-
tum of conductance, and Il = T,vr is the mean free path.
The reasonable agreement of WL theory to the numerical
results, without any fitting parameters, indicates that at
longer times the charge transport in the polycrystalline
samples is in the weakly localized regime. This trend
appears to break down for L > 200 nm, which could
be due to periodicity effects, as the size of the periodic
polycrystalline sample is 180 x 180 nm.

The solid line in Fig. 3(c) shows that the out-of-
plane spin polarization s, decays with time, indicating
spin relaxation induced by scattering off the graphene
GBs. The dashed line shows the expected decay as-
suming the D’yakonov-Perel’ (DP) mechanism?®, which
is typically the dominant mechanism of spin relaxation
in two-dimensional electron systems with Rashba SOC3°,
This decay is given by s,(t) = exp(—t/7s), where 7, =
1/(Q%7y) is the spin lifetime, Qr = 2Ag|E|/A is the spin
precession frequency, and 7, is determined numerically
from Eq. (15). At short times the decay of s, follows the
DP relation, but at longer times there is a clear slowing
down of spin relaxation. This coincides with the onset
of localization, the result being that one cannot define a
unique spin lifetime in this system.

To obtain a global picture of spin transport and relax-
ation in polycrystalline graphene, in Fig. 4 we plot all
our simulation results. Figure 4(a) shows the conduc-
tivity as a function of time, where the dashed lines are
for the pristine graphene TB model of Eq. (1) and the
solid lines are for the renormalized GB model of Eq. (8).
Comparing the solid and dashed lines reveals that the
redistribution of the charge around the GBs leads to en-
hanced scattering, reducing 7, by an average of ~10%.
Despite these differences in scattering strength, localiza-
tion is clearly present in all cases. For each sample the
six curves corresponding to different values of Ag|E| lie
nearly on top of each other, as the presence of SOC does
not significantly affect the charge transport.

Figure 4(b) shows the out-of-plane spin polarization
s, as a function of time. In this figure a few trends
can be observed. First, the rate of spin relaxation in-
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FIG. 3. (a) Structure of the polycrystalline graphene sam-
ple with 20.9 nm average grain diameter. The inset shows
a zoom-in of one of the graphene GBs. (b) Time-dependent
conductivity for a Rashba SOC strength Ag|E| = 100 peV at
Er = 0.2 eV, corresponding to a carrier density of n ~ 5x 102
cm2. The inset shows the conductivity as a function of prop-
agation length. The blue solid line is the numerical result and
the red dashed line is obtained from weak localization theory.
(¢) Corresponding out-of-plane spin polarization. The solid
line is the numerical result and the dashed line is the expected
decay assuming DP spin relaxation in the diffusive regime of
transport.

creases with Rashba SOC strength and with grain size
(and thus with 7,,), which is qualitatively similar to the
behavior expected from DP spin relaxation. Second, the
spin relaxation is faster for the pristine graphene model
compared to the full GB model. This is also consistent
with DP theory, as weaker scattering leads to faster spin
relaxation. However, as discussed above, the rate of spin

relaxation is not constant and in no case is it possible
to identify a unique spin lifetime in any of the simulated
systems.

However, it is possible to define a unique spin transport
length in these polycrystalline graphene systems. The
theory of DP spin relaxation was developed for trans-
port in the diffusive regime, and in this regime the mean
square displacement of charge carriers grows linearly in
time, AX? = 2Dt. Using the definition of 7, in Eq. (15)
and plugging both into the theory of DP spin relaxation
gives the spin polarization versus the propagation length

2
5. (L) =exp | —AX?. (QR> . (16)
Up

This expression indicates that the spin propagation is
independent of disorder. This is a well-known conse-
quence of DP spin relaxation and can be rationalized as
follows30. In the diffusive regime of transport the spin dif-
fusion length is defined as Ly = +/D7s. Because D o 7,
and 75 « 1/7,, we have a disorder-independent spin dif-
fusion length Ly = vp/Qg.

Our simulations are well-described by this scaling be-
havior, as shown in Fig. 4(c), where the spin polarization
s, is plotted as a function of the mean square displace-
ment AX?2. The symbols are the numerical results, and
one can see that they all collapse into a single universal
decay that depends only on the strength of the Rashba
SOC. The solid lines correspond to Eq. (16), indicating
that in our simulations the spin relaxation is dominated
entirely by the DP mechanism, including for longer times
when weak localization is prevalent.

To summarize, we have used first-principles calcula-
tions to derive a tight-binding model for graphene that
includes grain boundaries in the presence of spin-orbit
coupling. We found that both the electronic and the
spin properties of the GBs are captured by accounting
for the redistribution of charge around the pentagons
and heptagons that lie at the interface between misori-
ented graphene grains. We then used this model to study
charge and spin transport in realistic models of polycrys-
talline graphene. In the presence of Rashba and intrinsic
SOC, we found that spin relaxation is determined en-
tirely by the D’yakonov-Perel’ mechanism. Within this
mechanism the spin diffusion length is independent of
disorder and depends only on the strength of the Rashba
SOC. Our numerical simulations confirm this behavior,
both in the diffusive and in the weakly localized regimes
of transport.

One interesting result of our simulations is that the
disorder-independence of the spin diffusion length ex-
tends to the weakly localized regime of transport. This
effect has been studied analytically, and it was found that
in the presence of weak localization the diffusion coeffi-
cient and the spin relaxation rate are both renormalized
by the same factor, meaning that Ly = /D7y remains
constant®'. It has also been suggested that the indepen-
dence of Lg on disorder should extend to the strongly
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FIG. 4. (a) Time-dependent conductivity for all simulations
run in this work. Each set of colors corresponds to increasing
grain sizes of 14.8, 14.9, 20.9, 21, and 29.7 nm. The dashed
lines are for the pristine graphene TB model of Eq. (1) and
solid lines are for the renormalized GB model of Eq. (8). (b)
Time-dependent spin polarization for all simulations, where
each color corresponds to increasing Rashba SOC strength of
Ar|E| = 12.5 peV, 25 peV, 50 peV, 100 peV, and 1 meV. The
dashed/solid lines have the same meaning as in panel (a). (c)
Spin polarization as a function of mean square displacement.
Each color corresponds to a different Rashba SOC strength.
Open squares (crosses) are numerical results for the pristine
(renormalized GB) model of graphene. Solid lines correspond
to Eq. (16), and dashed lines include the effect of Elliott-Yafet
spin relaxation. The inset is a zoom to better show the case
of Agr|E| =1 meV.

localized or insulating regime of transport3?. Our simu-
lations are a direct confirmation of the universality of Lg
in the diffusive and weakly localized regimes, but further
numerical simulations with stronger disorder would be
needed to confirm this behavior in the insulating regime.

In addition to the DP mechanism, it has been pre-
dicted that in the presence of Rashba SOC the out-of-
plane spin can also be relaxed by the Elliott-Yafet (EY)

mechanism33. In this mechanism each scattering event

has a finite probability to flip the spin, and the spin life-
time is given by 7x = (Er/(2Ar|E|))?*m,. The dashed
lines in Fig. 4(c) show the expected spin relaxation in
the presence of both DP and EY mechanisms assum-
ing 7, = 6.5 fs, corresponding to the average 7, of the
polycrystalline samples. This clearly gives a faster spin
relaxation than the numerical results, indicating the EY
spin relaxation is either nonexistent in our simulations or
much weaker than predicted. In the original prediction
of EY spin relaxation in graphene, the quadratic scaling
of 7, with Er was a consequence of the Dirac-like linear
dispersion of the electrons. However, this linear disper-
sion relation does not necessarily describe the transport
of electrons in graphene GBs, and thus the above expres-
sion for EY spin relaxation may not be appropriate for
polycrystalline graphene.

The most consequential result of this work is that in
the presence of Rashba and intrinsic SOC, the spin dif-
fusion length in polycrystalline graphene is independent
of grain size, Ly = vg/Qr. This means that for a Rashba
SOC strength of 50 ueV (5 peV), the spin diffusion length
will be Lg &~ 5 pm (50 um) whether the graphene grains
are 10 nm or 10 wm in diameter. Thus, for spintron-
ics applications, single-domain graphene may not be a
necessity and focus can be placed on eliminating other
sources of spin relaxation, such as magnetic impurities3*.
In general, these results bode well for scalable CVD-
grown graphene as an efficient transporter of spins in
future spintronic applications.

Finally, we point out that this study only considers
uniform SOC, but other sources of spin relaxation could
be present in CVD graphene. For example, out-of-plane
corrugation induces local variations in SOC which can
relax spin. Theoretical studies of single-crystal graphene
concluded that the impact of corrugations is weak, with
Ly > 100 um?®®. Meanwhile, a variety of AFM stud-
ies were unable to identify any height variation arising
from graphene GBs*363% and if present it is limited
to <0.3 A3, Tt is unclear whether localized corruga-
tions of this height would contribute to spin relaxation
in CVD graphene, and this would therefore be an intrigu-
ing future direction of research. Measurements of CVD
graphene suggest that spin relaxation at GBs is not very
strong'®14, but in the worst-case scenario we would ex-
pect corrugations at the GBs to limit Ly to the graphene
grain size, Ls ~ 10 um. Beyond corrugations, historically
it is believed that spin transport in graphene has been
limited by paramagnetic impurities and contact-induced
dephasing. In early measurements these effects limited
spin lifetimes to hundreds of picoseconds and Ly ~ 1
um?®. Improvements in these areas now permit the mea-
surement of Ly > 10 um, and as high as 30 pm in the
best nonlocal measurements to date'?. Altogether, the
spin diffusion length arising from DP spin relaxation is
therefore on par with these other sources of spin relax-
ation, and may even be the dominant mechanism in the
highest-quality CVD samples currently being produced.
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