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We present a theoretical analysis of two-dimensional Dirac-Rashba systems in the presence of disorder
and external perturbations. We unveil a set of exact symmetry relations (Ward identities) that impose strong
constraints on the spin dynamics of Dirac fermions subject to proximity-induced interactions. This allows
us to demonstrate that an arbitrary dilute concentration of scalar impurities results in the total suppression
of nonequilibrium spin Hall currents when only Rashba spin-orbit coupling is present. Remarkably, a finite
spin Hall conductivity is restored when the minimal Dirac-Rashba model is supplemented with a spin—
valley interaction. The Ward identities provide a systematic way to predict the emergence of the spin Hall
effect in a wider class of Dirac-Rashba systems of experimental relevance and represent an important
benchmark for testing the validity of numerical methodologies.
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Systems exhibiting strong spin-orbit coupling (SOC)
have received much attention because they host unique spin
transport phenomena that can be harnessed for low-power
spintronics [1,2]. The spin Hall effect (SHE) [3.,4] is
indubitably a landmark in this novel approach; combined
with its reciprocal phenomenon (the inverse SHE), it allows
all-electrical generation, detection and manipulation of
nonequilibrium spin currents in nonmagnetic conductors
[5-8]. The exploitation of the SHE has proved fruitful for
manipulation of magnetic order via spin-orbit torque at
interfaces [9—11] and has led to new discoveries, including
the spin Hall magnetoresistance [12].

The interest in spin-orbit phenomena has been invigorated
with the recent discovery of strong Rashba splitting of two-
dimensional electron gases (2DEGs) at nonmagnetic metal
surfaces and heterointerfaces [13—15]. Microscopically, the
splitting can be understood as arising from a potential
gradient normal to the surface, ¢(z), which couples the
electron spin s and in-plane momentum p, i.e., in the simplest
approximation, Hgg = aZ - (s x p), where a o 9.¢. The
Rashba-Bychkov (RB) interaction Hyg (hereafter, Rashba
interaction) mixes orbital states with opposite spins, leading
to spin-split parabolic bands with counter-rotating spin
textures [16]. The tangential spin winding of Rashba states
enables efficient generation of nonequilibrium spin polari-
zation by application of electric fields [17-23]. Strikingly, the
very helical nature of these states enforces a vanishing SHE in
the presence of (scalar) impurity scattering [24-28], so that,
in practice, the current-induced spin polarization is not easily
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accompanied by the formation of spin Hall currents [29].
Given the universality of the Rashba effect (also observed in
ultrathin metals [30,31], quantum wells [32,33], and surfaces
of topological insulators [34-36]), it is of utmost importance
to understand whether the absence of the SHE is a general
property of nonmagnetic surfaces with broken inversion
symmetry or, rather, a peculiarity of the 2DEG.

The interfacial enhancement of SOC in graphene has
been recently demonstrated [37—42], making it a promising
model system for exploring the above issue. The departure
from the standard Rashba effect in a 2DEG can be readily
appreciated for a minimal model of a graphene subject to
7z — —z asymmetric SOC. In the long-wavelength limit, the
relevant spin-orbit interaction is obtained by replacing the
momentum with the pseudospin operator p — 6 in Hgp
[43,44]. The Hamiltonian density H = H, + Hgzp for the
y = £ valley reads

H =y {y[-thve'0; + e xs).| —e}y,, (1)

where v is the bare Fermi velocity of massless Dirac
electrons, 4 is the Rashba coupling, € is the Fermi energy,
ando;(i = 1,2) and 5,;(j = 1,2, 3) are Pauli matrices acting
on pseudospin and spin subspace, respectively. This model
possesses two noteworthy features. First, the band splitting
occurs along the energy axis [Fig. 1]. Second, the Dirac
helical spin texture is momentum dependent, i.e., |(s)| is not
conserved [44]. Moreover, Eq. (1) admits a straightforward
generalization by adding further interactions preserving the
inherent SU(2) spin structure, such as a spin-valley coupling.

© 2017 American Physical Society
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Such unique features make the Dirac-Rashba model an ideal
test bed for reexamining the absence of the SHE in interfaces
with spin-split states.

In this Letter, we investigate Dirac-Rashba models in
the presence of disorder and external perturbations. The
existence of a covariant conservation law for the spin
current—stemming from SU(2) gauge invariance—allows
us to obtain the analytic form of two-particle spin-current
vertex functions directly from the self-energy of the Dirac
fermions and show that the spin Hall conductivity in the
minimal model [Eq. (1)] is zero for nonmagnetic disorder,
irrespectively of the Fermi level position. Furthermore,
we show that, when Eq. (1) is generalized to include
additional interactions, the obtained Ward identity imposes
strong constraints on the nonequilibrium spin responses.
Remarkably, this allows us to predict what type of proximity
spin-orbit interactions can lead to a robust SHE in Dirac-
Rashba interfaces of experimental interest.

The suppression of the SHE in 2DEGs subject to
uniform Rashba interactions occurs in the presence of an
arbitrary small concentration of scalar impurities. Formally,
the disorder corrections resulting from the resummation of
ladder diagrams exactly cancel the “clean” spin Hall (SH)
conductivity [24-28]. In Ref. [27], it was shown that this
puzzling cancellation has its origin in the existence of a
covariant conservation law for the spin current. For
example, the spin-y component satisfies

&Jg(x’ t) + 81“’?(’" t) = —2am]§,(X, t)7 <2)

where J§j (a = x, y, z) is the spin density, J¢ is the pure spin
current flowing in the i = x, y direction, m is the effective
electron mass, and a is the Rashba parameter. The main
difference with respect to the charge continuity equation
originates from the non-Abelian nature of spin, which
results in the additional contribution on the right hand side.
Equation (2) suggests that in the steady state of a homo-
geneous system, J3 is zero irrespectively of the underlying
relaxation mechanism. Below, we show that, albeit the
drastically different nature of electronic states in the Dirac-
Rashba model [Fig. 1], a similar covariant conservation law
exists, and we discuss its consequences.

Conservation laws 1.—A peculiarity of Dirac theories
is the possible existence of quantum anomalies due to the
joint effect of an infinite Dirac sea of filled electron states
and an external field [45,46]. Let us consider the minimal
coupling of Eq. (1) to a U(1) gauge field A, = (A(. A;)
within a Minkowsky metric. To simplify notation, we take
x = + and omit this index hereafter. We also use natural
units (A= 1= ¢) and the compact notation 9, = (9,, 9;)
with summation over dummy indices. The Dirac spin and
charge currents are, respectively, J& (x) =y (x)s“v, /2y (x)
and J,,(x) =y (x) v, (x), where v* =(1,v6) and x= (1.X).
The Heisenberg equation of motion for the spin density
reads

v

p ¢

FIG. 1. Schematic of the splitting of electronic states due to the
Rashba effect in a 2DEG (a) and graphene (b). The Fermi surface
consists of two branches in a 2DEG. In graphene, for energies
in the Rashba pseudogap |e| < 2|4|, the Fermi surface is simply
connected. Arrows indicate the type of splitting.

035(x) = == el x) + 1 [ Al T, I,

(3)

where €?! (¢4,) is the Levi-Civita symbol of second (third)
rank. The term on the left-hand side and the first term on the
right-hand side result from the commutator of J§, respec-
tively, with the kinetic and the Rashba term and give a
contribution identical to the one found in the 2DEG
upon identification of m — 1/v, c.f. Eq. (2). Both terms
can be combined as the covariant derivative D,0¢ =
9,0 + 2¢4 ALO°, where A§ =0, AY =—1/ve” is a
SOC-induced, homogeneous gauge field. Hence, in the
absence of an external field, Eq. (3) acquires the form of a
covariant conservation law for the spin density D*Jj; = 0.
The current commutator in the last term (Schwinger term)
defines the anomaly. However, a careful analysis shows
that, despite the Dirac nature of the theory, the commutator
is identically zero—see Supplemental Material [47];
therefore, the argument of Ref. [27] implies a vanishing
SHE in the Dirac-Rashba model. At first sight, this
result contradicts the claims of Ref. [49], where the SH
conductivity was evaluated using linear response theory
osy = lim,,_olim,_,,03,(q. @)/iw, with the response func-
tion @, taken in the disorder-free approximation. Using
the Matsubara propagator given in [47], we find

OSH = " T6mA

€ 24+ ¢
e+ e—1

+ (e —22) 24 = €>, (4)

in agreement with Ref. [49]. Here, 6(.) is the Heaviside step
function, and we assumed €, 4 > 0. The apparent contra-
diction is resolved by recalling that, without disorder, there
is no true stationary state. In the following, we show that
Eq. (4) misses on important physics related to scattering-
induced relaxation that leads to ogy = O.

Conservation laws II: disorder effects.—Broadly speak-
ing, the Fermi surface contribution to ogy is dominated by
incoherent multiple scattering off impurities, which can be
viewed as a series of skew scattering and side jump events
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[50-52]. To determine how such effects change the above
picture, we add to the bare Hamiltonian (1) a random scalar
potential V(x), which we will assume to be Gaussian
distributed with zero mean: (V(x)V(x')) = n;a}s(x — x'),
where n; is the impurity areal density and « parametrizes
the potential strength. This approximation is accurate in the
limit of weak potential scattering provided cross sections
are right-left symmetric (see below). We note that short-
range impurities lead to scattering potentials that are
off-diagonal in both sublattice and valley spaces. The
intervalley scattering produced by such matrix disorder
affects the charge conductivity o,, [53], but it does not
change the covariant conservation law for the spin current.

Disorder enters the evaluation of response functions both
in the propagator (as a self-energy) and the interaction vertex
[54]. These two quantities are not independent of each other,
but they are related by Ward identities (WIs); these relations
are the key to establishing gauge invariance in quantum
electrodynamics at a nonperturbative level [46]. Remarkably,
we find that the non-Abelian W1 associated to the spin current
vertex completely determines the spin current J5 in the dc
limit, and therefore, it can be used to directly evaluate the
SH conductivity. To see this, consider the three-legged
spin vertex function A}, (x,x',x") = (T .J,(x)y(x )y’ (x")),
where “T,” stands for the imaginary time ordering operator.
Moving to frequency-momentum space, we perform analytic
continuation i, — @+ sign(w)0", where w,, are fermionic
Matsubara frequencies. Vertex corrections appear perturba-
tively as a series of impurity lines ladder diagrams, where
only combinations of Green’s functions, having poles on
opposite sides of the real axis, contribute to the renormaliza-
tion of the vertex [54]. In this way, by projecting the vertex
function A}, in the retarded (R)—advanced (A) sector, we find

a1
@My = =N+ 51,6, (€) = Gie)S,). ()

where k and ¢ are three vectors. The disorder averaged
Green’s function (a =A, R) formally reads Gf(e) =
[ky — H — X(€)]~", where H is given by the first quantiza-
tion form of Eq. (1) and 2“(e) is the disorder induced self
energy (see SM [47] for an explicit form). Owing to the non-
Abelian nature of the WI, taking the dc (¢ — 0) limit in
Eq. (5) completely determines the effective vertex. The final
step consists in recasting Aj in terms of the truncated vertex,

A% = GAjSGR 551, as appearing in the Kubo formula. After
algebraic manipulations, we arrive at the important inter-
mediate result

~ v ~
ji= —15{[sy,H]_ + 1[s,. ImZR (e)], }. (6)
where = stands for the (anti-)commutator and H = H + ReX
is the Hamiltonian renormalized by the real part of the self
energy. This result provides an exact relation between the
truncated spin current vertex and the self energy, and as such,

itis independent of the particular approximation scheme used
to evaluate disorder effects. Within the Gaussian approxima-
tion, we find —ImZR () =1/(27)[1+60(21—€)A/2¢€|0oys +
0(2A—e)[A/(27€)0353—1/(87)(6x5).], where 1/2t=
n;ead /4v? is the quasiparticle broadening. Using the expres-
sion of the self energy in Eq. (6), we arrive at

_ 1
OyS; = 5:008y, e > 21
~ v
Z __ 1 A
]y _EX Gysz—m(l +E)O'0Sy (7)
1 1
+m6xS0+m6ZSx7 € <24

The first term is just the bare spin current vertex
J5 = (v/2)o,s,, while, for € > 24, the second term, gener-
ated by the disorder, is the bare spin density vertex oys,/2
apart from the factor —v/2Az. This shows that the parameter
Az plays a fundamental role in determining the importance of
disorder. At first sight, one could be tempted to think that
within the weak disorder limit (ez > 1) and for strong SOC
(Ar > 1), all disorder corrections can be neglected. However,
it turns out that the spin polarization response is of order At
(see below), whereas the bare spin current response, due to the
first term in Eq. (7), is of order (/11)0. Hence, the two terms are
of the same order irrespective of the disorder strength. Similar
considerations also apply for € < 24.

SHE evaluation using the WI.—We start by computing
the Fermi surface contribution

| [ dk -
= 3z | Gl gite)

= 0sg + 0sG 1+ Oxx + 01, (8)

where v,=wvo,s, is the bare charge current vertex.
Moreover, 6sy, 0sg, 0y and 6,, are the conductivity
“bubbles” corresponding to the various terms in Eq. (7),
respectively, a spin Hall (o,s.), spin galvanic (SG) (6ysy),
longitudinal (o,s), and “staggered” (o,s,) conductivities.
Outside the pseudogap, where the Fermi surface splits into
two branches [Fig. 1], we find 6,, =6,, =0 and 65y =—05g,
where

1 €? 1
- 1 _ ’ 9
osH kY4 <€2 -2 1+ 4/1212) ®)

and thus, the type I contribution to the SH conductivity
is zero, o§;; = 0. This result deserves a few comments: First,
inthe Az > 1 limit, one recovers Eq. (4). Second, the “empty
bubble” SH conductivity (6gy) is precisely counteracted by
the corresponding empty bubble for the spin density-charge
current response function (65g) [56]. This means that the
absence of the SHE is linked to the onset of a current-
induced, in-plane spin polarization known as the inverse SG
effect [17-19]. The remaining (type II) contribution

1

_ dk [0 =
=3 | s | dReGE €50, (10
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accounts for processes away from the Fermi surface [57].
Explicit evaluation shows that aISIH =0, and thus, ogg =
oLy + oy is zero, in agreement with our earlier argument
viz., Egs. (2)-(3). Interestingly, in the 2DEG-Rashba model,
the type II term is only zero in the formal limit ez — oo and
can attain large values for Az = 1 [58]. The exact vanishing
of the off-Fermi surface contribution is a unique feature of
the Dirac theory. We now move gears to the regime € < 24,
where only one subband is occupied. We note that this
regime has no analogue in the 2DEG model, for which the
Fermi surface always consists of two disconnected rings
[Fig. 1]. Thus, the mechanism leading to ogy; = 0 1is far from
obvious. To investigate this issue, we evaluate the Fermi
surface contribution making use of the WI [see Eq. (7)] and
the type II contribution using Eq. (10). After a lengthy
calculation, we find, for both contributions,

1 e
OSH =~ 1674’ Oy = —Osp- (11)

so that ogy = 0. Note that, since o-ISH is of order °, we can
evaluate the type II contribution [Eq. (10)] directly in the
absence of disorder. Therefore, the suppression of the SHE
in the regime 0 < e < 21 results from a compensation
between scattering corrections to the clean SH conductivity
and off-Fermi surface processes.

Diagrammatic evaluation—Now, we show the consis-
tency of our results with a standard diagrammatic evalu-
ation. The renormalized charge current vertex satisfies the
following Bethe-Salpeter coupled equations [see Fig. 2]:

= — bic ~pd
Ux,/m - 1]5/416110 + T;mpdy LIubicUx ’ (12)

vbic __
T yapd”™ = 11[6,8,06,5,6,540;5 ],

no? dk
Lpie :TO/W K (€)Gh . (€).

In principle, / spans the entire Clifford Algebra. However,
not all matrix elements contribute to the renormalization of
the charge vertex. It is convenient to consider the effect of a
single impurity density insertion, for which the vertex has the
structure: v, = 6v 190 Sg + 0V230,53 + OV 10 S2 + 0V3,0351,
with 6v;; some nonzero matrix elements. This result suggests
the form of the ansatz for v, to use in Eq. (12). Since no new
matrix element is generated in this procedure, the ansatz

(@) ];Oﬁw

FIG. 2. Feynman diagrams for (a) dressed SH conductivity.
(b) Charge vertex renormalization. The empty dot represents the
bare charge vertex while the red x and the black dots represent,
respectively, impurity density and scattering potential insertions.

(14)

closes the system. In addition to the renormalized charge
vertex .0, we find that disorder induces effective SH (23),
SG (79?), and staggered (3') interactions. Their explicit
form reads (for e>24): 210 =20, 2 =-20v(i/e),
23! =0, and 92* = 0. In order to evaluate the SH conduc-
tivity, now, we use Eq. (8), with the ladder series now
included in the charge vertex (i.e., ;f — j; and v, — v,).
Using Eq. (12), it is now easy to relate the renormalized
vertex directly to the SH and Drude conductivity

1 20 ~3
= — | —— = 1
OSH o0 <nia%) Uk 07 ( 5)
1 4p ~10 2et
=—|— —v)=—. 16
ou =5 <n,.ag> (70— 0) == (16)

Discussion.—We mentioned earlier that higher-order
scattering contributions to the self energy (and ladder
series) could generate important corrections. This happens
when impurities in the system lead to skew scattering. In
the 2DEG, it is well known that skew scattering is absent
(unless other ingredients, such as spin-orbit active impu-
rities are considered). The absence of skewness has, in fact,
an intuitive explanation: the spin of Rashba eigenstates is
locked in-plane, so that, in a given scattering event,
quasiparticles cannot distinguish left and right. The same
picture holds in the Dirac-Rashba model and, so, here, too,
there should be no skewness. We verified this by means of
the self-consistent diagrammatic approach introduced in
Ref. [52] together with the WI [Eq. (6)].

The formalism developed in this Letter also allows us to
predict the behavior of more complicated systems. For
instance, it is easy to see that a nonzero SH conductivity
emerges when adding suitable interactions to Eq. (1),
altering the covariant conservation law expressed in
Eq. (3) and, hence, the WI [Eq. (6)]. For example, let us
consider a spin-valley interaction of the form A§ = y4'§,,
with 4’ a constant. This interaction generates, in Eq. (3), a
new term proportional to (s%), where (s%) is the non-
equilibrium average of the X-spin polarization at a given
valley. Taking the steady state of a homogeneous system,
we find an exact relation between the spin Hall current and
the difference between the nonequilibrium spin density at
the two inequivalent valleys, namely

Ao e =1

(5) = v= ((s17) = (si7))- (17)
This suggests that SHE can emerge provided there is a
mechanism to generate (s%) # 0 with opposite signs for
x = £1. A strong candidate is skew scattering. In principle,
skewness is now allowed since the spin-valley interaction
takes the spin of bare eigenstates out of the plane. We
have computed both (nonvanishing) sides of Eq. (17)
diagrammatically and verified that the identity holds at
all orders in the scattering potential strength (not shown).
This is a significant finding since the spin-valley coupling
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A can attain sizable values in graphene with proximity SOC
[59,60]. The possibility to have skew scattering exclusively
driven by SOC in the band structure appears to be a unique
feature of Dirac systems.

In this context, we note in passing that random spatial
fluctuations in the Rashba coupling (e.g., due to corruga-
tions) provide an alternative source of SHE [61]. The
skew scattering contribution discussed above is dominant
in clean samples due to its characteristic scaling (n;!
opposed to 1! in the random mechanism) and the relatively
small size of the fluctuations expected for atomically flat
interfaces.

Our work constitutes a major step towards a unified
theory of spin and charge dynamics for Dirac-Rashba
models in generic nonstationary conditions. Real-space
methodologies for numerical evaluation of transverse con-
ductivities have recently been proposed [62,63], which can
help tackling more complex scenarios. The exact symmetry
relations presented here provide a stringent test for real-
space numerical approaches, for which the achievable
energy resolutions still represent a major limiting factor.

Data availability statement (EPSRC).—No new data
were created during this study.

We would like to thank G. Vignale, M. A. Cazalilla,
C. Huang, and J. Song for useful discussions. M. M. thanks
C. Verma for his hospitality at the Bioinfomatics Institute in
Singapore. A.F. gratefully acknowledges the financial
support from the Royal Society (U.K.) through a Royal
Society University Research Fellowship. R.R. acknowl-
edges the hospitality of Centre for Advanced 2D Materials
(CA2DM) at National University of Singapore (NUS)
under Grant No. R-723-000-009-281 (GL 769105).
M.O. and A.F. acknowledge funding from EPSRC
(Grant No. EP/N004817/1).

“milletari @ gmail.com
+aires.ferreira@york.ac.uk

[1] Y-Ando and M. Shiraishi, J. Phys. Soc. Jpn. 86, 011001
(2017).

[2] A. Soumyanarayanan, N. Reyren, A. Fert, and C.
Panagopoulos, Nature (London) 539, 509 (2016).

[3] M. 1. Dyakonov and V.1. Perel, JETP Lett. 13, 467 (1971).

[4] J. E. Hirsch, Phys. Rev. Lett. 83, 1834 (1999).

[5] Y.K. Kato, R.C. Myers, A.C. Gossard, and D.D.
Awschalom, Science 306, 1910 (2004).

[6] J. Wunderlich, B. Kaestner, J. Sinova, and T. Jungwirth,
Phys. Rev. Lett. 94, 047204 (2005).

[7] E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Appl.
Phys. Lett. 88, 182509 (2006).

[8] S.O. Valenzuela and M. Tinkham, Nature (London) 442,
176 (20006).

[9] 1. M. Miron, K. Garello, G. Gaudin, P.-J. Zermatten, M. V.
Costache, S. Auffret, S. Bandiera, B. Rodmacq, A. Schuhl,
and P. Gambardella, Nature (London) 476, 189 (2011).

[10] L. Liu, C.-F. Pai, Y. Li, H. W. Tseng, D. C. Ralph, and R. A.
Buhrman, Science 336, 555 (2012).

[11] K. Ando, S. Takahashi, K. Harii, K. Sasage, J. Ieda, S.
Maekawa, and E. Saitoh, Phys. Rev. Lett. 101,036601 (2008).

[12] H. Nakayama et al., Phys. Rev. Lett. 110, 206601 (2013).

[13] Y. M. Koroteev, G. Bihlmayer, J. E. Gayone, E. V. Chulkov,
S. Blugel, P. M. Echenique, and P. Hofmann, Phys. Rev.
Lett. 93, 046403 (2004).

[14] C.R. Ast, J. Henk, A. Ernst, L. Moreschini, M. C. Falub, D.
Pacile, P. Bruno, K. Kern, and M. Grioni, Phys. Rev. Lett.
98, 186807 (2007).

[15] J.H. Dil, J. Phys. Condens. Matter 21, 403001 (2009).

[16] Y. A. Bychkov and E. I. Rashba, JEPT Lett. 39, 78 (1984).

[17] E. L. Ivchenko, Y. B. Lyanda-Geller, and G. E. Pikus, JETP
Lett. 50, 175 (1989).

[18] A.G. Aronov and Y. B. Lyanda-Geller, JETP Lett. 50, 431
(1989).

[19] V.M. Edelstein, Solid State Commun. 73, 233 (1990).

[20] R. H. Silsbee, Phys. Rev. B 63, 155305 (2001).

[21] J. C. Rojas Séanchez, L. Vila, G. Desfonds, S. Gambarelli,
J.P. Attané, J. M. De Teresa, C. Magén, and A. Fert, Nat.
Commun. 4, 2944 (2013).

[22] A. Nomura, T. Tashiro, H. Nakayama, and K. Ando, Appl.
Phys. Lett. 106, 212403 (2015).

[23] M. Isasa et al., Phys. Rev. B 93, 014420 (2016).

[24] J. 1. Inoue, G. E. W. Bauer, and L. W. Molenkamp, Phys.
Rev. B 70, 041303(R) (2004).

[25] E. G. Mishchenko, A. V. Shytov, and B. 1. Halperin, Phys.
Rev. Lett. 93, 226602 (2004).

[26] R.Raimondiand P. Schwab, Phys. Rev. B 71, 033311 (2005).

[27] O. V. Dimitrova, Phys. Rev. B 71, 245327 (2005).

[28] A. Khaetskii, Phys. Rev. Lett. 96, 056602 (2006).

[29] A nonzero SHE in the 2DEG model can be achieved by
extrinsic skew scattering mechanisms. However, this re-
quires spin- orbit active impurities or breaking time-reversal
symmetry (e.g., by magnetic impurities).

[30] E. Frantzeskakis, S. Pons, H. Mirhosseini, J. Henk, C.R.
Ast, and M. Grioni, Phys. Rev. Lett. 101, 196805 (2008).

[31] K. He, T. Hirahara, T. Okuda, S. Hasegawa, A. Kakizaki,
and 1. Matsuda, Phys. Rev. Lett. 101, 107604 (2008).

[32] J. H. Dil, F. Meier, J. Lobo-Checa, L. Patthey, G. Bihlmayer,
and J. Osterwalder, Phys. Rev. Lett. 101, 266802 (2008).

[33] S. Mathias et al., Phys. Rev. Lett. 104, 066802 (2010).

[34] P.D.C. King et al., Phys. Rev. Lett. 107, 096802 (2011).

[35] Z.-H. Zhu et al., Phys. Rev. Lett. 107, 186405 (2011).

[36] S.V. Eremeev, I.A. Nechaev, Y.M. Koroteev, P.M.
Echenique, and E. V. Chulkov, Phys. Rev. Lett. 108, 246802
(2012).

[37] D. Marchenko, A. Varykhalov, M. R. Scholz, G. Bihlmayer,
E. I Rashba, A. Rybkin, A. M. Shikin, and O. Rader, Nat.
Commun. 3, 1232 (2012).

[38] A. Avsar et al., Nat. Commun. 5, 4875 (2014).

[39] Z. Wang, D.-K. Ki, H. Chen, H. Berger, A. H. MacDonald,
and A.F. Morpurgo, Nat. Commun. 6, 8339 (2015).

[40] Z. Wang, C. Tang, R. Sachs, Y. Barlas, and J. Shi, Phys. Rev.
Lett. 114, 016603 (2015).

[41] Z. Wang, D. K. Ki, J. Y. Khoo, D. Mauro, H. Berger, L. S.
Levitov, and A.F. Morpurgo, Phys. Rev. X 6, 041020
(2016).

246801-5



PRL 119, 246801 (2017)

PHYSICAL REVIEW LETTERS

week ending
15 DECEMBER 2017

[42] B. Yang, M. Lohmann, D. Barroso, I. Liao, Z. Lin, Y. Liu, L.
Bartels, K. Watanabe, T. Taniguchi, and J. Shi, Phys. Rev. B
96, 041409 (2017).

[43] C.L.KaneandE.J. Mele, Phys. Rev. Lett. 95,226801 (2005).

[44] E. 1. Rashba, Phys. Rev. B 79, 161409(R) (2009).

[45] E. Fradkin, Field Theories of Condensed Matter Physics,
2nd ed. (Cambridge University Press, Cambridge, England,
2013).

[46] R. A. Bertlmann, Anomalies in Quantum Field Theory
(Oxford University Press, New York, 1996).

[47] See  Supplemental ~Material at  http:/link.aps.org/
supplemental/10.1103/PhysRevLett.119.246801 for an
explicit proof of the absence of anomalous commutators,
details on the evaluation of the bare SH conductivity, and the
explicit form of the propagators in the presence of Rashba
spin-orbit coupling, which includes Refs. [45,46,48].

[48] A. Zee, Quantum Field Theory in a Nutshell, 2nd ed.
(Princeton University Press, Princeton, 2010).

[49] A. Dyrdal, V. K. Dugaev, and J. Barnas, Phys. Rev. B 80,
155444 (2009).

[50] A. Crepieux and P. Bruno, Phys. Rev. B 64, 014416 (2001).

[51] N. A. Sinitsyn, J. Phys. Condens. Matter 20, 023201 (2008).

[52] M. Milletari and A. Ferreira, Phys. Rev. B 94, 134202 (2016).

[53] N. M. R. Peres, Rev. Mod. Phys. 82, 2673 (2010).

[54] C. Di Castro and R. Raimondi, Statistical Mechanics and
Applications in Condensed Matter (Cambridge University
Press, Cambridge, England, 2015).

[55] By truncated, we mean the vertex which is irreducible by the
cutting of an electron Green function line.

[56] Note that 65 must not be confused with the full spin
density-charge current response function.

[57] P. Streda, J. Phys. C: Solid State Phys. 15, L1299
(1982).

[58] C. Grimaldi, E. Cappelluti, and F. Marsiglio, Phys. Rev. B
73, 081303(R) (2006).

[59] M. Gmitra, D. Kochan, P. Hogl, and J. Fabian, Phys. Rev. B
93, 155104 (2016).

[60] D. Kochan, S. Irmer, and J. Fabian, Phys. Rev. B 95, 165415
(2017).

[61] V.K. Dugaev, M. Inglot, E. Ya. Sherman, and J. Barnas,
Phys. Rev. B 82, 121310(R) (2010); A. Dyrdat and J.
Barnas, Phys. Rev. B 86, 161401(R) (2012).

[62] J.H. Garcia, L. Covaci, and T.G. Rappoport, Phys. Rev.
Lett. 114, 116602 (2015).

[63] F. Ortmann, N. Leconte, and S. Roche, Phys. Rev. B 91,
165117 (2015).

246801-6



