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We propose an intrinsic spin scattering mechanism in graphene originated by the interplay of
atomic spin-orbit interaction and the local curvature induced by flexural distortions of the atomic
lattice. Starting from a multiorbital tight-binding Hamiltonian with spin-orbit coupling considered
non-perturbatively, we derive an effective Hamiltonian for the spin scattering of the Dirac electrons
due to flexural distortions. We compute the spin lifetime due to both flexural phonons and ripples
and we find values in the microsecond range at room temperature. Interestingly, this mechanism
is anisotropic on two counts. First, the relaxation rate is different for off-plane and in-plane spin
quantization axis. Second, the spin relaxation rate depends on the angle formed by the crystal
momentum with the carbon-carbon bond. In addition, the spin lifetime is also valley dependent.
The proposed mechanism sets an upper limit for spin lifetimes in graphene and will be relevant

when samples of high quality can be fabricated free of extrinsic sources of spin relaxation.

PACS numbers:

I. INTRODUCTION.

The electron spin lifetime in carbon materials is ex-
pected to be very long both because of the very large
natural abundance of the spinless nuclear isotope 2C and
the small size of spin orbit coupling. In the case of flat
graphene, the spin projection perpendicular to the plane
is conserved, even in the presence of the intrinsic spin-
orbit coupling. Thus, graphene was proposed as an op-
timal material to store quantum information in the spin
of confined electronst. Most of the experiments?™L show
that the spin lifetimes are in the range of nanoseconds,
much shorter than expected from these considerations,
which is being attributed to several extrinsic factors:
the breaking of reflection symmetry due to coupling of
graphene to a substrate!? and/or a gate field, the break-
ing of translational invariance due to impurities** 2 lo-
calized states® and resonant coupling to extrinsic mag-
netic moments™’. In the case of non-local spin valves,
the relaxation due the electronic coupling to magnetic
electrodes is also being considered 1,

Here we take the opposite point of view and we con-
sider intrinsic spin relaxation in graphene due to the
interplay between its unique mechanical and electronic
properties. We show that flexural distortions, unavoid-
able in two dimensional crystals® in the form of either
static ripples or out-of-plane phonons, induce spin scat-
tering between the Dirac electrons, to linear order in
the flexural field. This coupling differs from the spin-
conserving second-order interaction between Dirac elec-
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trons and flexural distortions*® that has been proposed
as an intrinsic limit to mobility in suspended high quality
samples 220,

The fact that curvature enhances spin-orbit scattering
has been discussed?!' and observed?? in the case of carbon
nanotubes. Local curvature is also expected to enhance
spin-orbit in graphene?326 and graphene ribbons??. In
the present paper we derive a microscopic Hamiltonian
that describes explicitly the spin-flip scattering of elec-
tronic states of graphene due to both dynamic and static
flexural distortions. We describe graphene by means of
a multi-orbital atomistic description that naturally ac-
counts for the two crucial ingredients of the proposed in-
trinsic spin-phonon coupling: the intra-atomic spin orbit
coupling (SOC) and the modulation of the inter-atomic
integrals due to atomic displacements. Importantly, both
the SOC and the flexural distortions couple the Dirac
electrons to higher energy ¢ bands, in the spin-flip and
spin conserving channels respectively. Their combined
action results in an effective spin-flip interaction for the
Dirac electrons.

The spin-flip lifetimes computed from our theory are
in the range of us at room temperature. Therefore, the
observation of spin lifetimes in the nanosecond regime im-
plies that other extrinsic spin relaxation mechanisms are
effective. Our results provide an upper limit for the life-
time that will be relevant when graphene samples can be
prepared without extrinsic sources of spin relaxation. In
the case of the proposed intrinsic spin relaxation mecha-
nism, we find that the spin liftetime of electrons depends
crucially on the long wavelength mechanical properties
of the sample, determined by its coupling to the envi-
ronment. We also find that the spin relaxation lifetime
depends on the quantization axis along which the spin
scattering is taking place as well as on the relative angle



between the electron crystal momentum k and the crystal
lattice.

II. MICROSCOPIC MODEL.

Our starting point is the tight-binding Hamiltonian
H = Hsc + Hsoc for electrons with spin s moving in a
lattice of atoms 7, with atomic orbitals 0. We write the
hopping part as

Hsc = Z H, o (F— W)\Ifiﬂjo)s\llf,yo/,s. (1)

7,7 ,0,0',s

considering explicitly the dependence of the (spin con-
serving) inter-atomic matrix elements on the positions of
the atoms. The intra-atomic SOC reads

Hsoc = Z Mroa|L(7) - S|Fo’s'Y UL Wpy o (2)

7,0,8
7,0,0’ 8,8’

where S is the spin operator, l_:(f’) is the orbital angular
momentum operator acting upon the atomic orbitals of
site ¥ and ) is the spin-orbit coupling parameter.

Deviations from the ideal graphene lattice affect its
electronic properties via modifications of the transfer in-
tegrals in Eq. . Their dependence on the inter-atomic
distance, for example, gives rise to an electron-phonon
interaction analogous to that of conducting polymers?®
and leads to the appearance of effective gauge fields#42,
In the present model, we consider instead the coupling
with flexural distortions arising from the angular depen-
dence of the interatomic Hamiltonian. We describe cor-
rugations away from perfectly flat graphene in the form
7 ~ 7o + h(7)Z, where 7 is a vector of the honeycomb
lattice and h(7) is the displacement of atom " perpendic-
ular to the graphene sheet. We expand the interatomic
Hamiltonian matrix to lowest order in the flexural field
h(7) and rewrite the Hamiltonian as H = Ho + V, where
Ho now describes ideally flat graphene including the weak
intra-atomic SOC perturbation, and

. 0 .
V= Z [h(F) = h(7")] EHO,O’ (o — 7?'0)‘1’;7075\1’?',0/,3-

r,r’,0,0',s

3)

is the spin-conserving coupling between electrons and
corrugations.

III. ELECTRON-FLEXURAL PHONON
SCATTERING.

It is now convenient to recast Eq. in terms of the
eigenstates of the Hamiltonian H, for flat graphene. In
this context, the atomic positions 7 = R+ T, are spec-
ified by their unit cell vector, ﬁ, and their position 77,
inside the cell (sublattice index a = A, B). The creation

operators for Bloch states are related to atomic orbitals
through:

1. CV7E(Q,O’ S)LIJTR+'F‘Q,O,S (4)
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where k is the wave-vector, the coefficients C%E(a,o, s)
are obtained from the diagonalization of the Bloch ma-
trix and v is an index that labels the resulting bands
(with mixed spin and angular momentum). Similarly,
we expand the flexural field on each subl@ttice in its
Fourier components, hq(R) = ﬁzqe_i‘jﬂha((j'). Af-
ter a lengthy but straightforward calculation, we can ex-
press Eq. as a term causing scattering between crystal
states with different momentum and band indices:

X FR,(E,k')C:;(a,o,a)CV,,,;,(o/,0’,0) (6)
The coupling is linear in the flexural phonon #ﬁeld,
through the form factor FE (K, k') = hy(k — k' )et* 7 —
ho(k — K')e* B This should be contrasted with
the electron-flexural phonon coupling usually considered
within the 7 subspacel®2029 that is quadratic in the
field because of the quadratic dependence of interatomic
distances on h. Note that H,, is short ranged within
our tight-binding description, which limits R to the 4
vectors connecting neighboring cells (inter-cell coupling),
as illustrated in Fig. , plus the null vector (intra-cell
coupling).

A. Slater-Koster parametrization.

Egs. and @ provide a general recipe to compute
the coupling of electrons of a generic tight-binding Hamil-
tonian to a flexural field. We now show that because we
have included the SOC in the reference Hamiltonian Hg,
the perturbation Eq. is able to induce a direct cou-
pling between states with opposite spin. Following pre-
vious work21¥23252750 e consider a subset of 4 valence
orbitals of the Carbon atom, namely o = s,pz,py, Dz,
and adopt a Slater-Koster (SK)*! parametrization for the
tight-binding Hamiltonian Eq. 32. In this framework,
the inter-atomic matrix elements H, , connecting the
atom « at 7, with atom o' at 7, + R can be expressed
in terms of 4 parameters, Vis, Vsp, Vor, Var, describing
inter-orbital overlaps in the s, p basis?®3! and the three
director cosines [, m,n of the interatomic bond vectors
§ =T — 7o — R, defined by = p(I& + mg + nZ). Set-
ting Uy = Vppr + 22V and Vor = (Vppo — Vppr) We can
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FIG. 1: (color online) (a) Sketch of a local corrugation of
the graphene layer. The shaded area is the unit cell. Green
arrows indicate the inter-atomic contributions to the electron-
flexural phonon coupling of Eq. @; (b) The band structure
resulting from our Slater-Koster parametrization; (c) Kine-
matics of the scattering process around the Dirac point K in
the low phonon frequency limit.

write the SK matrix in compact form as

‘/sso' l‘/;pa mVspa’ n‘/spa
_ —Wipo U, ImVyr InVyr
H(p) = —MVspe IMVyr  Up  mnVyg (7)

—NVspe IVer mnV,r U,

The unperturbed crystal states for flat graphene are
described by H(p) with n = 0 (all bonds within the z,y
plane). The resulting band structure is shown in Fig.
Ip. From Eq. (6), the electron-flexural distortion cou-
pling is determined by 9,H (p) = (1/d)0, H(p), where d
is the equilibrium C-C distance. Direct inspection of Eq.
(7) shows that H(7)(n = 0) does not couple the p, and
S, Dz, Dy sectors, while 0, H(p) does. As a result, the
and o bands of flat graphene are not mixed in the absence
of SOC, unless they scatter with flexural distortions. In
the presence of SOC, however, the low-energy = states
with spin s mix with the o states with opposite spin al-
ready within the reference H, for flat graphene. Close to
the Dirac points, where the 7 and ¢ bands are separated
in energy by a gap E,, the spin m — ¢ mixing is propor-
tional to A/Ey,. Since this correction is small, the low
energy Dirac bands of Hg can still be labeled according
to their dominant spin character, that we denote as 1}
and .

The above derivation shows that there are two pertur-
bations that couple w and o states, the spin-conserving
coupling to the flexural field, and the spin-flip SOC. Their
combination is able to yield a spin-flip channel within the
low energy 7 bands, that is linear in both the flexural de-
formation and in the atomic spin-orbit coupling A. This
is very similar to the so called Rashba spin orbit coupling,
induced by the combination of 7 — ¢ mixing due to an ex-

ternal electric field and atomic spin-orbit coupling2#26%30

and different from the A? scaling of the intrinsic SOC in
flat graphene.

B. Effective Hamiltonian

We now apply the microscopic theory developed above
to obtain the effective spin-flip Hamiltonian for electrons
close to the Dirac points. Anticipating that the dominant
contributions to spin-flip scattering arise from the long-
wavelength, i.e. low energy flexural modes, we consider
the lower flexural branch for which w,  ¢* (see below),
discarding the higher energy modes that involve out of
phase vibrations of the two sublattices. The flexural field
is factored out from Eq. by setting ha(q) = hg and
hp(q) = ' T(TB="a) b which yields:

~ _ hs
v= > MV,V,(k,q)chja ) r (8)

k,qv,v’

with Vl,,l,/(l_c' + qk) = %Mu,y/(l_c',(j). The standard
form for the phonon spin-flip interaction in second
quantization is readily obtained by substituting hgy =

QM’qu(at§+ ag) into Eq. , with Mo the Carbon

1mass.

C. Spin quantization axis

In the case of systems with time reversal invariance
and inversion symmetry, a Bloch state with momentum
k has a twofold Kramers degeneracy. This is definitely
the case of the ideal flat graphene. As a result, there are
infinitely many possible choices of the pairs of degener-
ate states v and v'. In the calculations below we select
a given pair by including in the Hamiltonian an exter-
nal magnetic field along the direction 7 with magnitude
negligible compared with all other energy scales in the
problem, but enough to split the Kramers doublet and
choose its spin quantization axis. Importantly, the ef-
fective electron-phonon coupling depends on this choice,
i.e., it depends on 7. In the following we include 7 as
an argument of the phonon spin-flip coupling and we la-
bel the two bands as f} and |}, which are referred to the
quantization axis n. The fact that the phonon spin-flip
coupling depends on 7 means that the strength of the
spin-flip Hamiltonian is not isotropic in the spin space.
This will lead to an anisotropy of the spin relaxation in
graphene, closely related to the one recently proposed in
the case of metals®%.
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FIG. 2: (color online) Spin-flip matrix elements as a function
of the initial state wave-vector orientation ¢, for three differ-
ent orientations of the spin quantization axis, n = &,9, 2. It
can be checked that c?(¢, 2) = c*(¢,2) + ¢*(¢,9).

IV. SPIN RELAXATION
A. Spin relaxation Rates

The spin relaxation rate can now be calculated from
Eq. via the Fermi golden rule. Because the dispersion
of the flexural modes is much weaker than the electronic
dispersion, we can safely neglect the phonon frequency
in the energy conservation. The relaxation rate for an
electron with momentum & in the band 1+ is then obtained
by summing over both phonon absorption and emission
processes and over all possible final states in the || band,
which yields:

r. -2 [ & k.q,0)*(h2)6(Ey, .~ E
Fa =g (27T)2| My g (k, @, 7)[*(h3)8 (B, g — Ep)-

(9)
This, together with the explicit expressions for the spin-
flip matrix elements in Eq. @, constitutes the main re-
sult of this work. From Eq. @D it is clear that once
the specific form of the electron-flexural phonon cou-
pling, Mﬂ7&(k’,§,ﬁ), is known, the behavior of the spin
relaxation rate is fully determined by the statistical fluc-
tuations of the flexural field, (hé). Interestingly, the
above expression describes on an equal footing both low-
frequency flexural modes (that arise in free-standing or
weakly bound graphene or graphite) as well as static
ripples (relevant to graphene deposited on a substrate).
The proposed spin relaxation mechanism therefore ap-

plies without distinction to both physical situations.
For actual calculations we approximate the m band en-
ergies as Ej; = +hvpk, which is valid except for a neg-
ligible interval around the Dirac point, where the SOC
opens a gap of the order of few pueV. Energy conservation
implies \/k2 + ¢2 + 2kqcos§ = V/k2. This fixes the rela-
tive angle between k and 7 to cosf = —L, cf. Fig. .
This equation has two solutions, that we label with the
index s, which allows to perform the angular integration

in Eq. @D, yielding:

] M (kg 7) 2(R2)
Ha th/ Y T ER

We see that only long-wavelength fluctuations with ¢ <
2k contribute to the spin relaxation. From our numerics,
we find that in the relevant case of small k and ¢ — 0,
the matrix elements evaluated on the energy-conserving
surface (i.e. on shell, where ¢/2k = — cos 6) satisfy:

Z |Mfi,u(k7

S

)| = ¢ (¢, n)A\q"d", (11)

where ¢ is the angle formed between k and the z-axis in
reciprocal space and ¢(¢, 1) is a dimensionless coefficient
that only depends on the angle ¢, the spin quantization
axis and the SK parameters. We plot this coefficient in
Fig. 2, for 3 different orientations of the spin quantization
axis.

It must be noted that, while Eq. is strictly valid in
the limit ¢ < 2k, it constitutes the dominant momentum
dependence of the matrix elements in the whole integra-
tion range g < 2k. Therefore, the angular dependence of
c(¢) goes a long way to account for the ¢ dependence of
the spin relaxation rate that we discuss below.

B. Fluctuations of the flexural field

The scattering rate Eq. (| . 110) depends on the statistical
fluctuations of the flexural field <h~>, which we evaluate
here for different scenarios.

We start with the expression for
graphene at thermal equilibrium:

free-standing

h kT
h? 1+2 ~ 2
< q> ZMC Wy [ +2np (wq)] Mcwg )

(12)

where np(wy) is the thermal population of mode ¢ and
the second equality holds when kg7 > hw,. For purely
harmonic flexural modes, for which w, ~ Dg?, the fluc-
tuation (h2) diverges as ¢~* for small . When inserted
into Eq. (10)), this divergence exactly compensates the
q* dependence of the matrix element Eq. (11). In
real samples, however, the singularity of low-wavelength
fluctuations is renormalized due to the interaction with
other phonons (i.e. by anharmonic effects)?? and can
be further cut off by the presence of strain®’ or pin-
ning to a substraté®®. The resulting dispersion can be

parametrized as w, = Dv/¢* 4 ¢*~"¢¢ for n > 0 so that,
in the long wavelength limit33436,

1
2 S ——
(h) o =y (13)
where 1 and ¢g. depend on the physical mechanism of
renormalization. Specifically, substrate pinning opens a
gap in the phonon spectrum2, corresponding to n = 4;



strain makes the dispersion linear at long wavelengths2’
(n = 2); anharmonic effects yield 7 = 0.82%3. Substrate
roughness also gives rise to fluctuations in the form of

Eq. , with n = 186037

V. RESULTS AND DISCUSSION.
A. Approximate estimate of the rate

Before we discuss the results of our numerical integra-
tion of Eq. it is convenient to obtain an approximate
analytical formula from the integration of the small ¢
part. For that matter, we make use of the long wave-
length expression Eq. , drop the square root factor
in the denominator, which is only relevant in a very nar-
row region around the backscattering condition ¢ ~ 2k,
and use the asymptotic expression Eq. for flexural
fluctuations. The approximate expression for the rate
reads:

b d Nl T) (2krd)t?
kpn ™ nh hvp (n+1)(ged)n

which is valid at densities such that kr < ¢.. Here we

have defined r%(T') = ’fjfg; &, representing the ratio be-
tween the short-range flexural fluctuations (i.e. Eq.
evaluated at ¢ = 1/d) and the interatomic distance d.
From Egs. and we see that in ideal graphene
with 7 = 0 the spin relaxation rate increases linearly with
temperature, following the thermal population of flexural
phonons. A weaker temperature dependence arises when
anharmonic effects dominate, because the anharmonic
cutoff is itself temperature dependent, g, oc /753438,

Eq. permits a quick estimate of the efficiency of
the spin rate. We see that for a given value of ¢., the
spin lifetime increases as the exponent 7 increases. A
lower limit for the relaxation time is therefore obtained
by setting = 0 which, for A = 8meV, ¢ = 107!, vp =
107 %ms~! and 72 ~ 1072, yields a lifetime 7, = 1Ty
on the order of 1us at a density n = 10'?em™2 and at
room temperature. Lifetimes in the ps range are also
obtained in the case of static ripples arising from the
roughness of the underlying substrate, as we have checked
using the values of r? and ¢, deduced from the height
profiles in Ref®?, In that case the lifetime is temperature
independent.

rA(T),  (14)

B. Energy dependence of the intrinsic spin
relaxation

We now compute Eq. numerically, without ana-
lytical approximations. The spin lifetime 75 = 1/T, 5
so obtained for electrons at the Fermi level is plotted in
Figs. [3] and

In Fig. [3] we show the the spin lifetime as a function
of Er = hvpk, fixing the momentum direction ¢ = 0,
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FIG. 3: (color online) Room temperature spin lifetime cal-
culated for electrons at the Fermi energy with momentum
parallel to the z-axis (¢ = 0), for 2 different values of cutoff
momentum: (a) g. = 0.01 A™" and (b) ¢. = 0.1 A~* (right)
and different long-wavelength scaling laws: ideal graphene
(black, n = 0); including anharmonic effects (red, n = 0.82);
including strain (orange, n = 2) and substrate pinning (gray,
n = 4). The black dashed line is for = 1, which is represen-
tative for substrate roughness.

the valley K (cf. Fig. 1c), and taking as spin quan-
tization axis the off-plane direction # = 2. We take?!
D = 46-10""m2?s71, A = 8 meV22, T = 300K and
vp = 1.16 - 10°n/s from our SK band structure. In each
panel of Fig. different curves correspond to different
values of the scaling exponent 7, i.e. to physically dif-
ferent mechanical environments for graphene. Panels (a)
and (b) correspond to two different values of the cut-off
momentum ¢.. Two representative values, (a) g. = 0.01
A=1and (b) ¢. = 0.1 A=! are considered, covering the
large spread of ¢, values available in the literature. In
both panels, the result for ideal graphene in the har-
monic approximation is shown for reference (black) as
it provides an absolute lower bound to the actual life-
time, in agreement with the estimate 75 ~ 1lus given
after Eq. (14). Comparing Figs. and we see that
the effect of the mechanical environment becomes more
pronounced for large values of the cutoff momentum g¢..
Because the spin relaxation is dominated by the low en-
ergy fluctuations of the membrane, the shortest spin life-
times, excluding the harmonic theory, are obtained in
suspended unstrained graphene (red curve), i.e. when ex-
ternal mechanical influences are minimized and the mo-
bility is possibly largest. Even longer spin lifetimes can in
principle be achieved by suppressing the fluctuations of
the graphene membrane, by an applied strain (orange) or
substrate pinning (gray). Pinning by interlayer binding
forces should also inhibit the spin relaxation in epitaxi-
ally grown graphene.

For all the mechanical models considered here, the spin
relaxation time is a decreasing function of the density,
because the phase space for spin-flip scattering increases
with kr. The density dependence within the different
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FIG. 4: (color online) Spin lifetime as a function of ¢, the
polar angle of the momentum of the initial state, at room
temperature, calculated for Fr = 54meV, momentum cutoff
ge = 0.01A7%, for quantization axis 7 = Z (a) , § (b) and 2
(c), and different long-wavelength scaling laws: ideal graphene
(black, n = 0); including anharmonic effects (red, n = 0.82);
including strain (orange, n = 2) and substrate pinning (gray,
n = 4). The black dashed line is for n = 1, which is represen-
tative for substrate roughness. Panel (d): showing the results
for the anharmonic case n = 0.82, quantization axis 7 = Z (i.e
same as in (a)) with the initial state in two different valleys.

models can be anticipated by substituting the Fermi
wavevector kg = /7n in the analytical expression Eq.
, which results in 7, oc n=(1TD/2 for kp < ¢ 40,

Finally, it is apparent that in all instances the com-
puted lifetimes are larger than 500ns. Therefore, the
proposed intrinsic spin relaxation mechanism cannot ac-
count for present experimental observations where the
spin lifetime is in the nanosecond range, which are pre-
sumably dominated by other (extrinsic) relaxation mech-
anisms.

C. Anisotropy

We now consider the influence of the momentum orien-
tation, the spin quantization axis and the valley on the
spin relaxation time. The results of Fig. [3] have been
obtained for ¢ = 0, 7 = % and valley K (cf. Fig. 1lc).
We find that the spin relaxation lifetime of a state with
momentum k depends on the angle ¢ formed between k
and the  direction, the spin quantization axis, and the
valley. Results for the angular and valley dependence are
shown in Fig. {4 for Er = 54meV. Let us consider first
f = 2, Fig. k. In this case the ¢ dependence shows Cj
rotation symmetry, dephased with respect to the one of
the lattice. The momentum-direction anisotropy is not a
small effect, as the lifetime changes by more than a factor
2 between maxima and minima, for both values of Ep.
The curves 75(¢) also depend on the spin quantization
axis. The effective spin-orbit coupling Hamiltonian3? for
ideal flat graphene is proportional to the product of the

spin and valley operators. Therefore, it is not surprising
that the spin relaxation is different for n in plane and
off-plane. We have verified that 120 degree rotations in
the plane leave the spin lifetime unchanged, unlike the
90 degree rotation necessary to go fromn =2 ton =g
(Figs.4a and b). In general we find that spin lifetimes
are a factor of 2 to 3 longer for spin quantization axis
in the plane than off-plane. In a spin injection experi-
ment 7 would be fixed by the magnetization orientation
of the spin injector. Present experimental results show
the opposite trend® which is a further indication that
other extrinsic mechanisms are dominant.

The curves in Figs. [dp,b and ¢ are asymmetryc in the
sense that fir T(¢)do # [ 7s(¢)dp, where 7, is com-
puted for a given valley. Interestingly, the symmetry is
restored when summing over the two valleys, as shown in
Fig. [@d. In particular, we find the interesting relation:

Ts(¢7K) = Ts(_¢7 K/)' (15)

Altogether, the results of Fig. [4] show that the spin re-
laxation time due to scattering with flexural distortions
is anisotropic on 3 counts: spin quantization axis, valley,
and momentum direction. Future work will determine
if the preferred drift along a given direction, determined
by an in-plane electric field, together with an externally
imposed spin polarization, can serve to generate an im-
balance in the valley occupations, and thereby an orbital

magnetization in graphenes.

VI. CONCLUDING REMARKS.

In summary, we have shown that corrugations, that
are ubiquitous in graphene in the form of dynamical flex-
ural phonons or static ripples, enable a direct spin-flip
mechanism to linear order in both the flexural field and
in the spin-orbit coupling. This mechanism provides an
unavoidable source of spin relaxation that will set the
upper limit for spin lifetimes once the extrinsic sources
of spin relaxation that prevail in state of the art experi-
ments are removed. Such limit is however non-universal,
as its precise value depends on graphene’s mechanical en-
vironment, that determines the long-wavelength behav-
ior of the flexural field. At room temperature, intrinsic
spin lifetimes in the microsecond range are expected in
a very wide range of situations. Importantly, the intrin-
sic spin relaxation time of electrons in graphene shows a
marked dependence on their momentum direction, valley
and spin quantization axis.

Finally, whereas the existence of an upper limit for
spin-lifetimes in graphene might present in the future an
obstacle for certain applications such as spin transistors,
the intrinsic spin-lattice coupling could open the way
for hybrid devices, where a confined vibrational phonon
could be coupled resonantly to the spin-flip transitions of
Zeeman split confined Dirac electrons. Microwave pump-
ing of such system could result in a maser behavior of the
phonon modett,
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