2012.10647v5 [cond-mat.mes-hall] 15 May 2023

arxXiv

Non-orthogonal spin-momentum locking

Tugrul Hakioglu T,%* Wei-Chi Chiu,2' T Robert S. Markiewicz,?2 Bahadur Singh,® and Arun Bansil?

! Energy Institute and Department of Physics, Istanbul Technical University
Maslak 34469, Istanbul, Turkey
2 Department of Physics, Northeastern University, Boston, MA 02115, USA
3 Department of Condensed Matter Physics and Materials Science,
Tata Institute of Fundamental Research, Colaba, Mumbai 400005, India

Spin-momentum locking is a unique intrinsic feature of strongly spin-orbit coupled materials
and a key to their promise of applications in spintronics and quantum computation. Much of the
existing work, in topological and non-topological pure materials, has been focused on the orthogonal
locking in the vicinity of the I' point where the directions of spin and momentum vectors are
locked perpendicularly. With the orthogonal case, enforced by the symmetry in pure systems,
mechanisms responsible for non-orthogonal spin-momentum locking (NOSML) have drawn little
attention, although it has been reported on the topological surface of a-Sn. Here, we demonstrate
that, the presence of the spin-orbit scattering from dilute spinless impurities can produce the NOSML
state in the presence of a strong intrinsic spin-orbit coupling in the pristine material. We also observe
an interesting coupling threshold for the NOSML state to occur.

The relevant parameter in our analysis is the deflection angle from orthogonality which can be
extracted experimentally from the spin-and-angle-resolved photoemission (S-ARPES) spectra. Our
formalism is applicable to all strongly spin-orbit coupled systems with impurities and not limited
to topological ones. The understanding of NOSML bears on spin-orbit dependent phenomena,
including issues of spin-to-charge conversion and the interpretation of quasiparticle interference
(QPI) patterns as well as scanning-tunneling spectra (STS) in general spin-orbit coupled materials.

I. INTRODUCTION

Spin-momentum locking (SML) occurs commonly in
spin-orbit coupled low dimensional materials with or
without topological bands[1-4]. Its telltale signatures in-
volve forbidden backscattering [5, 6] from non-magnetic
impurities (no ‘U-turn’) and enhancement of weak an-
tilocalization effects [7]. SML enables electrical control
of spin polarization in nonequilibrium transport and thus
plays a key role in spintronics and spin-based quantum
information sciences applications [2, 8] in the capability
to drive a spin-polarized current with polarization per-
pendicular to the current density [9-11].

The orthogonal SML (OSML)-see Fig.1.a, is common
in materials exhibiting SML[1-3]. The OSML state is the
result of in-plane Rashba spin-orbit coupling (SOC) ob-
served first time on the Au (111) surface long before the
topological materials were discovered[12]. In topological
insulators, OSML with a 7w-Berry phase is an essential
feature of the surface electron bands[13]. It has been
utilized in the electrical detection of magnon decay[14].
Despite its broad presence in strongly spin-orbit cou-
pled materials, violations of the SML has been seen in
real materials. In such cases, spin and momentum are
weakly unlocked within a narrow range of angular de-
viations constrained by the crystal symmetries. An S-
ARPES study of the Au/Ge (111) surface revealed such
examples[15] and similar effects have been reported in
high-temperature superconductors[16]. In certain topo-
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logical insulators the spin wiggles around the Fermi sur-
face due to the hexagonally warped Fermi surface but
respects the OSML[17]. Deviations from the orthog-
onal picture were also observed experimentally in the
Biy_ySbyTe,Ses_, family[18] as shown in the Fig.1.b.
We can call these weak violations from the orthogonally
locked state as type-I violations. It has been shown that
high-order corrections to the theoretical k.p Hamiltonian
can induce deviations from the orthogonal picture[19].
Many body interactions also cause similar effects, as the
electron-phonon interaction in this material[20-23] was
recently studied in this context[24, 25]. The triple and
septuple windings of the spin vector have also been stud-
ied theoretically as violations of the OSML[26, 27].

Another type of deviation from the perfect OSML
state is not in the locking of the spin and momentum
but in their orthogonality, i.e. the non-orthogonal spin-
momentum locking (NOSML) as illustrated in Figs.1.c
and d (called as the type-II violations of the OSML).
Such a state has been reported on the topological sur-
face of strained a-Sn [28, 29]. Here, S-SARPES and Mott
polarimetry reveal the presence of a radial component
of the spin (Figl.c) with a significant inward deviation
of @y — 90° ~ 20° on a circular Fermi surface[30]. The
out-of-plane spin S, is observed to vanish in conformity
with the absence of the out-of-plane SOC. Note that a-
Sn is inversion symmetric in unstrained and strained
phases [29, 31-37]. The authors of Ref.[28] also point
at the presence of electron-impurity interaction through
an analysis of the electronic self-energy.

This last observation is of key importance in our the-
ory of the NOSML. Our approach is not limited to topo-
logical surface states but addresses NOSML as a general
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phenomenon in materials with strong SOC. The presence
of inversion and time-reversal symmetries substantially
constrains the Hamiltonian for treating non-interacting
bands. Origin of the NOSML lies beyond the realm of
warped electronic bands and details of the lattice struc-
ture are not important for generating this effect. Indeed,
the OSML state is strictly enforced in pure materials due
to the C, symmetry. We therefore study impurity ef-
fects in this article as the source of NOSML.

II. THE THEORY OF INTERACTING SPIN

Our starting point is the time-reversal invariant Hamil-
tonian in the pseudo-spin |ko) basis (A = 1)[1, 38, 39]:

Ho = (& — 1)oo + gk.0 (1)

where o = (0,,0y,0.) is the pseudospin representing
the spin-orbit coupled total angular momentum states|1],
k = (kg,ky) = k(cos ¢,sin @) is the electron wavevector
relative to the Dirac point at k = 0 and & and p are
the spin-independent and isotropic bare electron band
and the chemical potential, respectively. The Hamilto-
nian in Eq.(1) is the most basic Hamiltonian in spin-
tronics as well as topological surfaces. A pair of such
Hamiltonians can be used to model states in Dirac and
Weyl semimetals as well as Rashba type interface states.
The spin-orbit vector gg is normally composed of an in-
plane component g, = go 2 x k with go as the Rashba
type in-plane SOC and 2 as the surface unit normal vec-
tor to the xy plane defined by the k vector, and an
anisotropic out-of-plane component g ;. We also rep-
resent the in-plane and out-of-plane components of the
spin as well as the self-energy vectors below using the
same notation. The g,, as well as the out-of-plane
component of the spin are zero in our case due to the
azymuthal rotational symmetry. The eigenstates |k\)
of Eq.(1), where A\ = =£ is the spin-orbit band index,
include the chiral spin-1/2 state not only attached to
the dominant |p,) orbitals as considered conventionally,
but also the in-plane orbitals |py) and |p,). The role
played by the in-plane orbitals is strongly material depen-
dent, which has been demonstrated experimentally[40]
and theoretically[41]. It is known that these effects do
not violate the OSML[13, 17]. For our purposes in this
work we ignore these in-plane orbitals and consider that
the orbital texture is solely determined by the out-of-
plane |p,) orbitals. Further discussion on this point is
made in Section.V. With this considered, the pseudospin
is given by (J) = (kA|o|k\) = (A\/2)gk, where § is the
unit spin-orbit vector, which coincides with the actual
spin Sx(k) = (A/2)gk. Since the in-plane component g,
of the spin-orbit vector g is perpendicular to k, the spin
Sx(k) is locked orthogonally to the electron momentum
k throughout, yielding the OSML.

The Eq.(1) is clearly insufficient to describe all strongly
spin-orbit coupled surfaces and additional terms may be
present due to the symmetries. For instance, the cubic

FIG. 1. A schematic of various planar spin-momentum lock-
ing cases for a chiral band. (a) The OSML. (b) Weakly un-
locked case of Bi2Ses and BisTes. The weak out-of-plane
component is not shown. (¢, d) NOSML with § < 0 (c¢) and
4 >0 (d). ¢ is defined in Eq.(15).

Dresselhaus SOC is present in the absence of inversion
symmetry in ordinary semiconductors[l]. Its realization
in Bis X3 type strong topological insulators results in the
hexagonal warped Fermi surfaces but the OSML is still
respected[17]. In few other cases, the anisotropy may
persist down to the I' point[42]. Note that, NOSML is
ideally an isotropic effect and anisotropic warping in the
band structure may hinder its observation. Therefore, we
ignore the anisotropy and examine rotational symmetry
allowed Hamiltonians in the study of the NOSML state.
The minimal Hamiltonian which can yield a NOSML
state is[1, 38, 39]

Hi=~vk.o . (2)

This Hamiltonian is known to be present in the Kane
model between the I';, and I's. bands of zinc-blende
structures[l, 43, 44]. The total Hamiltonian Ho + H;
is equivalent to Hy by a complex rotation of the spin-
orbit constant, and effective spin-orbit coupling is de-
fined as g, = go 2 X k+ k. The energy spectrum is lin-
ear and spin-momentum pair is locked non-orthogonally
at @9 = £(7/2 + tan"17/go) with the & describing the
upper and the lower Dirac cones. While, Eq.(2) can eas-
ily accommodate a non-orthogonal state of the spin and
momentum in zinc-blende structures[44], it is not appli-
cable when the inversion symmetry holds since that re-
quires v = 0. This prompts us to think that the NOSML
in inversion symmetric systems may have its origin fun-
damentally beyond the class of symmetry allowed single
particle Hamiltonians.

Here we demonstrate that, the impurities in the
real materials may provide a striking clue for the
general source of the NOSML. It is known that the
electron-impurity interaction, combined with the strong
SOC, gives rise to the spin-orbit scattering in ad-



dition to the scalar scattering channels, which then
leads to a number of observable transport phenom-
ena. These are linearly dependent on the spin-orbit
scattering strength[45] such as corrections in the mo-
mentum and spin relaxation, spin-dependent diffusion,
weak localization/antilocalization[2] and anomalous spin-
texture[46]. The spin-orbit scattering between the impu-
rity and the electron bands also provides a platform for
NOSML and this is the main focus of this work.

In this work, we use the interacting Green’s function
formalism for the renormalized spin[25]. In this approach
the spin is given by

Sx(k) =

N >

G(K") 3)

Here, the * indicates that S (k) is calculated at the phys-
ical energy pole position E* = FEyj of the full Green’s
function[25]. G(K™) = gp + X(K™), with K* = (k,iE*)
in the Matsubara Green’s function formalism, is the
renormalized spin-orbit vector where G = G/|G]| is its
unit vector. Here it is crucial to note that, G enters
as a simple sum of the spin-orbit vector gg of the non-
interacting structure and the interactions represented
by the spin-dependent self-energy ¥ (SDSE). The gz is
aligned perpendicularly to the momentum. The renor-
malized spin-orbit vector G however, develops a non-
orthogonal component as a result of the interactions.
We recently demonstrated this theoretically using the
electron-phonon interaction and the Fermi surface warp-
ing yielding six-fold symmetric type-I violations of the
OSML in the topological insulator BisSes[24, 25] [see
Figl.(b)]. Here, we demonstrate that, the electron-
impurity interaction can have a similar consequence with-
out the need of a warped Fermi-surface yielding a non-
orthogonally locked configuration of the spin and mo-
mentum [Figl.(c) and (d)].

The spin-dependent-self-energy (SDSE) vector X (K™)
represents the impurity average of the microscopic scat-
tering events between the electron and the impurity
(see Appendix A). The full spin-neutral and the spin-
dependent parts of the self energies can be combined in
the pseudospin matrix form as,

L(K) = Xo(K)oo + X(K).o (4)

—~

where Yy is the spin neutral self-energy (SNSE) and
3= (%;,%,,%;) is the SDSE as introduced before. The
total change in the spin between this interacting model
and the non-interacting one is expectedly decided by the
SDSE which is given by AS,(k) = (A\/2) [G* (k) — gk]-
Here we took the difference of two cases with and with-
out interactions using Eq.(3). In the weak interaction
limit[25] this takes an elegant form with the leading term

AXE .

where ¥f = X(K*).k is the component of the SDSE
along the momentum. The Eq.(5) states that the inter-
actions can cause both type-I and type-II violations of the

OSML. Since there are strong symmetry considerations
in the pure crystal structure, the generation of a finite X7
is not trivial. In this work, we study the electron-non-
magnetic impurity scattering as a new mechanism for the
non-orthogonally locked type-II state as shown in Fig.1
(c) and (d).

III. THE SPIN-ORBIT IMPURITY
SCATTERING

Whatever the mechanism is, the formalism in Egs. (3-
5) hinges upon an accurate model for the self-energy in
Eq.(4). The electron-impurity scattering is represented
as a scattering potential Ve(f ) = VO(J ) + V9 the spin
independent and spin-orbit scattering parts are given
by Vo(j ) and V;(g ) respectively. In the notation, the su-
perscript refers to the j’th impurity (see Appendix B).
The spin-orbit coupling in the pristine sample is as-
sumed to be sufficiently strong compared to the electron-
impurity interaction. By this approach a simple pic-
ture can be obtained where the leading order contri-
bution to NOSML can be isolated from the other sec-
ondary effects. The scattering matrix between the ini-
tial i) = |ko) and the final |f) = |k'o’) states is
Toor (k. K') = 3, (K o'|VP ko) given in the Born ap-

proximation by|[2, 45, 47-57] and Appendix B by,

vor (o k) = > BB 0) (k) (6)

J

where the exponential phase factor accounts for the im-
purity scattering phase shifts occuring at random cen-

ters R; and tgjg, (k, k') is the scattering amplitude of the
electron off the j’th impurity from the initial to the fi-
nal state which can be derived microscopically once the
impurity-electron scattering potential is known. We will

assume that there is only one kind of impurity and drop
the 7 index in tl(j](z,. The scattering of an external spin-
less impurity with the electron under the influence of the
spin-orbit coupling is an old textbook problem which has
been studied before[52]. The effective interaction is ba-
sically a superposition of two independent parts. The
first part is a spin independent channel contributing to
the momentum distribution and relaxation. The second
part has been shown to arise as a result of the interac-
tion between spin-orbit coupled electrons and the spinless
impurity. The scattering matrix is then given by[55] (see
Appendix B),

t(k, k') = agoo+cok x k. o (7)

where the t,, in Eq.(6) corresponds to the matrix el-
ement of the Eq.(7) with the spin indices o,0’. The
first term describes the spinless scattering with ag as the
scattering strength and the second term is the spin-orbit
scattering with the strength c¢y. These coefficients are
generally functions of k, k' as well as the details of the



microscopic electron-impurity interaction [2, 51-54] (see
Appendix B).

We further assume dilute impurity limit n; < Ap*
where n; is the impurity concentration and Ag is the
Fermi wavelength of the scattered electrons. In this limit,
we neglect the interference between multiple scattering
events.

IV. THE SELF-ENERGY DUE TO THE
SPIN-ORBIT SCATTERING

A. The spin-independent self-energy

The OSML is strictly enforced by the Co, symmetry
near the I" point in pure crystals[58, 59]. In strongly spin-
orbit coupled materials, deviations from this orthogonal
picture requires a sufficient impurity coupling and the
renormalization of the Bloch states. Including the impu-
rity scattering perturbatively, the effect vanishes in the
first order of the perturbation since at this level the elec-
tron self energy averages out to zero over the impurities
(see Appendix A). Here, the NOSML emerges beyond the
second order in the electron self energy and this includes
the renormalization of the Bloch states. The Feynman
diagrams of the Green’s functions and the self energies
are summarized in Fig.(4) of the Appendix A.

Another point to stress is that, the NOSML can be con-
cealed by warping or other anisotropy effects. To keep the
formulation at a fundamental level, we limit ourselves to
the case when such phenomena are absent or sufficiently
weak and consider an isotropic band &, = k?/(2m) near
the I' point. The full impurity averaged self-energy in
Eq.(4) is defined as [47, 48, 60],

n; dk,
LK) =+ /W
x Y t(k,K)[1+AG(K ,E).o] G(K  E)t(K' k)  (8)
A

The Gi(k,E) = 1/(E — Ey) is the Green’s function of
the eigenband with index X and Eyz = & + \|G(k, E)|
as the renormalized energy band with &, = &, + Re{Zo}
and G = g + X. The n; dependence in Eq.(8) comes
from the averaging over the random impurity positions
R; as given in Eq.(6) and shown in the Appendix A. We
note that, the dependence of the self energy on the impu-
rity concentration in Eq.(8) is not linear due to the non-
linear dependence in the renormalized spin-orbit vector
G on the self-energy. Furthermore, these equations can
be obtained from our more general theory of the surface
electrons interacting with the lattice excitations studied
in Ref.[25] when the phonon excitation energy vanishes
in the static limit.

The spin-independent and spin-dependent parts of
Eq.(8) are given by,

Yo=Tr{E}/2, X =Tr{Ec}/2 9)

We assume that the spin-orbit scattering is weak com-
pared to the spin-independent one. We also neglect
the overall phase of the t(k,k’) and assume that ag is
real. The latter can then be directly related to the spin-
independent self-energy %g. Using the Eq’s.(9) we have,

Im{So(E)} ~ %niag (1 - go) . (10)
VI3 + 2B

which is related to the life-time 7 = 1/Im{3¢} of the
electron momentum due to its scattering with the impu-
rities. Another importance of this equation is the con-
nection with the experiment, i.e. Im{3y(E)} can be di-
rectly extracted from the experimental quasiparticle mo-
mentum distribution[28]. We will use the Im{3,} as
a phenomenological parameter replacing n; dependence
throughout.

It will be shown in the next section that the SDSE
as found by the second equation in (9) has a different
dependence on n;. This is brought by the renormalized
spin-orbit vector on the right hand side in Eq.(8) which
may lead to a critical boundary separating the OSML
and the NOSML phases as discussed below.

B. The spin-dependent self-energy and the
NOSML

We now turn to the spin-dependent component X in
Eq.(8), which can be extracted by using the second of
the Egs.(9). Since the out-of-plane component of the gy
is absent due to the rotational symmetry, gr = g, and
Y, is absent. We start by writing ¥ = (£,,%,,0) in the
polar form using the radial k and the azymuthal g, unit
vectors as

X =%, + ik (11)

where ¥, = 3.g;, and X, = 3.k are the components of
Y along the g, and E directions respectively and they
are scalar functions independent from the direction of k.
Using these scalar components is particularly useful in
the impurity averaging since 3, and X are not affected
by the scattering directions of the k vector, a crucial
factor in the impurity averaging considering the random
orientations in each scattering event (see Appendix A).
The Eq.(11) is equivalently written as

Yy —i%, = e @t/ ¢ (12)

which is a quite convenient way of writing the SDSE since
C. is represented in terms of the scalar components of the
SDSE elegantly as C, = ¥4 4 i X;. The real part renor-
malizes the spin-orbit strength since gok — gok + 2.
This renormalization can be ignored since gok is suffi-
ciently strong. The imaginary part YXj, on the other
hand, is an emerging component which is the main cause
of the deviation in the spin-momentum locking angle
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FIG. 2. Spin deviation angle d» is illustrated for two different
cases 0xx < 0 and dxx > 0. The dxx has the same sign in the
upper and lower Dirac cones which is shown for the dxx > 0
case in the inset.

from the orthogonality as shown in Eq.(5). Using Eq.(12)
in Eq.’s (9) and (8) we find

! !
o — / AR ok K) F(R) (13)
2T
where
A gOk/ + Ck’ A
FU) =) G B B = B (14)
A

which numerically couples X, and ¥j. Here zo(k, k') is
a complex scalar function depending on the scattering
strengths in the Eq.(7). In the simplest case of constant
scattering strengths, zg is just a complex number. In
order to make a connection with the spin-texture mea-
surements and obtain some quantitative estimates, we
now define a microscopic spin-deviation angle ) as il-
lustrated in Fig.(2). From the geometry and using Eq.(3)
we find[18, 24, 25]

S\ .k )
PR _) -
IS |G|

We further identify two cases in Fig.2 as dy, < 0 and
dxk > 0. The Eq.(15) also yields that the dy; in the
upper and the lower Dirac cones have opposite signs as
required by the time reversal symmetry and shown by
the inlet in Fig.(2).

We now shift our attention to the numerical solution
of the Eq.(13) which reveals the dependence of the spin-
deviation angle d,; on the impurity scattering as well as
the spin-orbit coupling strengths. We now define a small
dimensionless quantity « = Im ¥/Er which is linearly
dependent on n;. Concerning the solution for the dyg, we
concentrate on the upper Dirac band A\ = + and solve
the Eq.(13). It is easy to see that d;; vanishes when z
is purely real and varies linearly with ¢ = Im 2y with a
steep behavior near ¢ = 0. The calculated d,; at the
Fermi level is shown in Fig.3 as ¢ and « are varied. The
inset therein refers to the behaviour when zy is purely
imaginary.

sin 5)\k = (15)
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FIG. 3. The dxx (in degrees) at the Fermi surface for the A =
+ band in Eq.(15) using the Eq.(13) as the spin-orbit scat-
tering amplitude ¢ and the « are varied at a fixed spin-orbit
coupling strength corresponding to go = gokr/Er ~ 0.4. The
inset at the top right illustrates a sharp boundary between the
OSML (6 = 0) and the NOSML (6 # 0) phases determined
by the critical values of the go and @ = ImXo/FEr. The
color scale is for the |dxx| and applies to both plots. We used
kr = 0.035A7" and Er = 150meV for the normalization[28].

V. DISCUSSION AND CONCLUSION

Due to the conservation of the total angular momen-
tum J = L+ S, the orbital configurations can affect the
spin texture[40, 41] and, since NOSML is a weak effect
due to the small scattering strength ¢, it is important to
understand whether the in-plane orbitals |p,) and [p,)
can change the observed picture in the Section IV.B. In-
cluding the contribution of these in-plane orbitals, the
spin-orbital state is given up to the linear order in k
by[40, 41, 61],

£3) = (o = Xvrk) ([p:) © [As)
- %WO —utk —wik) (Ip,) © [\g)  (16)
v %(Avo — k4 wik) [p) ® )

where wg,1,v0,1, w1 are material dependent coefficients,
) = (1/V/2)]] 1) — Nie*?| |)] is the chiral spin-1/2 vor-
tex state, [Ay) = |(=A)g) and p, (p;) are the radial (tan-
gential) in-plane combinations of the p, p,-orbitals given
by the [pe(pr)) = cos¢(—sing)p) + sin ¢(cos ) lpy).
One may consider that ||[kA) should have been used in
this work instead of |kA). Although this is principally
correct, is has been studied before that the ||k)) does
not change the spin or the spin-momentum orthogonal-
ity at the single-particle Hamiltonian level[13, 17].
Determination of the constants ag(k, k) and co(k, k')
in Eq.(7) with their full momentum dependence is a
fundamentally important problem. Experimentally, the



quasiparticle interference (QPI) with spectroscopic STM
can be a promising probe of spin-orbit scattering[55, 57].
With this technique the authors in Ref.[55] estimated
e/k% ~ 80A2 for the polar semiconductor BiTel. Here,
the relation between electron-impurity scattering and the
spin texture provides an alternative method of extracting
¢ when the warping anisotropy is absent. For a system
with inversion symmetry, ¢ can be found once the dy; of
the spin texture could be measured by using S-ARPES.
We know that 645 ~ —20° in the case of a-Sn[30] and
the warping is nearly absent in the surface bands. Using
Fig.3 and this 8, we find that ¢/k% ~ —40A? putting
this material as a strong topological spin-orbit impurity
scatterer.

In summary, we showed that the presence of the spin-
orbit scatterings from non-magnetic impurities, an effect
which is expected to be finite when the impurities are
present in strongly spin-orbit coupled realistic materi-
als, can provide a mechanism for the deviations from the
well-established phenomenon of OSML to the one with
a non-orthogonal locking. The NOSML angle which can
be measured experimentally, is a non-linear function of
the impurity concentration and we find that its appear-
ance requires a critical spin-orbit strength. It will be
interesting to explore this new state experimentally in
more general topological /non-topological systems at var-
ious spin-orbit coupling strengths and impurity concen-
trations. Our theory should pave the road for the full
investigation of the effect of the impurities on the spin-
momentum locking also including the magnetic impuri-
ties. We end with a final remark that, our study high-
lights additional richnesses of spin textures brought by
the impurity effects in strongly spin-orbit coupled mate-
rials.
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Appendix A: IMPURITY AVERAGING

Here we discuss details of the impurity averaging of the
electron self-energy and the Green’s function. Diagram-

! / /
(@) byk — Lok koK
g g g g g g

(b) = + L
G(k,E)=G(k,E)+G,2G
_______________ R, KB
| N
(c) U—//%/—/Z k—i—k/ + Iﬁ.ﬁ.—k/
o o o o o o o

FIG. 4. Feynman diagrams corresponding to the first order
electron-impurity vertex in Eq.(7) (a), the Green’s function
in the matrix form (b), the electron self-energy in the matrix
form (c).

matically the electron-impurity interaction is described
by the Feynman diagrams as shown in Fig.(4).

We consider that the impurity at the random posi-
tion R; is scattered by electrons with initial and final
momenta k,k’. By the impurity averaging we mean
a two-step process. The first is that the kinetic phase
e!(k=K).R; of the electron wavefunction acquired at the
j’th scattering is randomized by the random position R;
of the j’th impurity. This leads to the average over the
impurity positions as described in a separate section be-
low. The second crucial factor is that the random impu-
rity positions also lead to randomized incidence direction
of the electron between two scattering events. In order
to avoid averaging over the random initial-final momen-
tum orientations at each scattering, we must form scalar
quantities of the self-energy vector as Xj = >k and
¥, = X.g), as the component of the self-energy along the
momentum and along the spin-orbit vector. The ¥ and
Y4 are these scalar quantities which are not affected by
the random directions of the initial state vector k before
each scattering.

We define the average over the impurity positions by

(O)imp = / dRO(R) P(R) (A1)
Here P(R) is the classical distribution of the impurity
positions and O(R) is a generic quantity to be averaged.
In our case the impurity positions are completely random
with P(R) = 1/Q with Q being the area in which the
impurities are randomly scattered.

Considering that the impurity-electron interaction is
weak, we use a perturbative expansion of the electron



Green’s function including the first and second order
terms in the impurity-electron scattering matrix elements
Tyor (K, k'). In this section we derive the impurity aver-
aged full self-energy given by the Eq.(8) of the main text.
The latter is given by,

<2(K)>imp = <I(k7 k)>imiﬂ

dk’ / / ’ )
+ [ e (T )G BY LK Ky
(42)

where T(k,k') is the same as the Eq.(6) in the ma-
trix form. The Feynman diagrams corresponding to
the Ty, (k, k') are shown in Fig.(4.a). In Eq.(A2) the
G, (K', E) is the interacting electron Green’s function of
the X band in terms of the 2 x 2-matrix form in the
electron-pseudospin space. In order to find this quantity,
we first start with the matrix Dyson equation

1 1
Gk B) Gk E) =k E) (A3)
with
1
Golk B) = gy (A4)

representing the non-interacting Green’s function and the
X(k,E) =Xy(k,E)oo + X(k, E).o the full electron self-
energy. The G(k, E) in the Eq.(A3) can then be com-
pactly written as

G(k.E) =3 G,(k,E) (A5)
where A
G, (k,E) = %[1 +AG,\(k,E).0]G\(k,E)  (A6)
with
Ga(k. B) = 55 (A7

as the exact Green’s function of the quasiparticles in
the eigenband A of the Hamiltonian in Eq.(1). The
G(k,E) = gr + X(k, E) is the renormalized spin-orbit
vector and G is the unit vector of G. Eq.(A6) is the di-
rect sum of the contributions from each spin-orbit band
singled out by the physical pole-position of the Gy (k, E)
at B = E,\k.

We now leave the Green’s functions aside and examine
the full self-energy in Eq.(A2) diagrammatically in order
to derive the dependence of Eq.(8) on the impurity con-
centration. The first term (T4 (K, k))imp is the impurity
average of the Eq.(6) for which we use:

Nimp . Nimp
Z (iR Ry = /d3R Z pilk—K).R
j=1 j=1

=N, §k,k’ (AS)

where the average impurity concentration is given by
ni = Nimp/Q. We therefore have that (T, (K, k'))imp =
N0k k' too’ (K, k) which can be ignored since it implies the
absence of scattering on the average. We now shift our
attention to the second term in Eq.(A2). This requires
the knowledge of the full Green’s function. The result is
(temporarily omitting some indices for simplicity),

(TG(K',E)T*)imyp =~ %Z<6i(k7k')~(Ri7Rj)>imp
%
x t(k,k')G(K', E)t(k' k)
(A9)

where we used t(k, k') = t'(k’, k) for the unitarity of the
scattering matrix. We now work on the relevant part
in Eq.(A9) which depends on the impurity average. By
definition

. _ ! R . 1
Z<ez(k R)(Ri—Ry)y, 521
i=j

i,
+ Z<ei(k—k’).(R,;—Rj)>imp
i#]
(A10)

The impurity averaging over a totally random impurity
distribution yields random interference between different
impurities when R; # R,; yielding a vanishing contribu-
tion for k' # k. This term is therefore (with 1 < Nyp)

Z<ei(k7k/)~(Ri*Rj)>imp = n?mp Ok k!

i#]

(A11)

Hence it averages out to zero when k # k' like the first
order impurity average in Eq.(A8). The net effect of this
term is therefore essentially the same as the first order
impurity-vertex. The net effect of the impurity averaging
in Eq.(A10) is therefore provided by the first term on the
right hand side as (1/Q)>",1 = N;/Q = n;. Eq.(A9) is
therefore given by

(TG T)imp = nit(k. k') G(K', E) t(K', k)

(A12)
Using this result in Eq.(A2) we find
iy = [ o iKY G YT ()
Zd imp — T (2’”)2 U, = 5 L )
(A13)

The Eq.(A13) is the full electron self energy correspond-
ing to the Eq.(4) in the manuscript. Using Eq.(9), the
Eq.(A13) yields the Eq.(8) in the manuscript where we
dropped the explicit impurity averaging symbol (...);mp-

Next we consider the second type of average which is
due to the random orientations of the initial/final mo-
menta. The ¥ = (Z.I%%mp and Xy = (3.gp)imp are
meaningful quantities for impurity averaging since both
are scalars and unaffected by the random directions of



co(k, k') ao(k' k) ao(k, k) co(K' k)

FIG. 5. Second interference diagrams for the electron self-
energy contributing to the NOSML which have linear depen-
dence on the spin-orbit scattering strength co. The solid line
represents the bare electron propagator, and the dashed line
represents the two scattering events with the impurity R;.

the scattered electron momenta. It can be explicity seen
that, the transformation in Eq.(12) separates the ran-
dom orientation of the k and k' by separating out ¢ — ¢’
in the angular average, and indeed, what remains is the
Cr = ¥4 +1 %), which is perfectly a scalar complex func-
tion of k.

In order to obtain a self consistent expression for
Cr = Xy — Xy, we apply the Eq.’s(9), (11) and (12)
in Eq.(A13). The real and imaginary parts of C}, define
a coupled set of equations given by (X_ = ¥, —-i¥,, o_ =
Oy — i0y)

S (k. E) =" / (;i'f) Z Gr(K', E) t, (K, K'Yty (K, k)

x % Tr{o_o,(1+\G(K',E).0)s,} (Ald)

where p,v = 0,2,y,2z and t,(k,k’) refers to the scat-
tering matrix t(k,k’) = t,(k,k')o,. We further as-
sume that the coefficients ag and cg in t,(k, k") explic-
itly depend on the scattering angle A = ¢ — ¢'[52]. We
then use the Eq.(12) on both sides of this expresion and
carry out the angular integrations for A = ¢ — ¢’ to
obtain an expression for Cj. Since kxk = sin A 2,
the scattering matrix is confined to those terms with
u,v = 0,z in Eq.(7). Applying this in Eq.(A14), with
G_ =G, —iG, = e 0F7/2) gok + 51 and the Eq.(12)
for ¥_,

k'dE'
Ci = / ok K)F(K) . (AL5)
21
Here,
_ Im > dA , , ) /
20 = i 27Te [(toto —t.t,) + (tpt. — tzto)]

(A16)

and F'(k) is given by the Eq.(14) in the manuscript.
In Eq.(A16) the short notation t{ and ¢, imply that
th(k, k') = to(k' k) and t.(k,k') = t.(k', k). We now
use the fact that to(k,k’) and t.(k,k’) in the nota-
tion of Eq.(A14) are respectively given by ag(k, k') and

co(k,k’) sin A in the Eq.(7). These coefficients have
been calculated for the problem at hand as ag(k, k') =
Ag + Bgcos A and co(k, k") = iCy + 4 Dysin A where
Ao, By, Co, Dy are real constants. It can be shown that
the first paranthesis on the right hand side in Eq.(A16)
contributes to the real part of the Cj, whereas the sec-
ond one is imaginary and contributes to its imaginary
part 3 rendering the NOSML as an interference effect
between the scalar and the spin-orbit impurity scatter-
ing. The angular integration in Eq.(A16) can be done
immediately yielding the complex number,

o ImEO
 4Am

which can then be used in the Eq.(13).

20 (Ao +1 Do) BO (A17)

Appendix B: THE SCATTERING MATRIX t(k,k')

In order to construct the t(k, k') we start from a gen-
eral electron-spinless impurity scattering potential Ve, (7)
as the sum of individually localized electron-impurity po-
tentials at each impurity position R; as

Nimp

Va(r)= > v(r - Ry).

j=1

(B1)

The vg) (7) is a sum of the spin independent and the spin-
(4) (4)
0

orbit scattering potentials vy’ and wvsy , respectively as

0 (r) =0 () + 0@ (r),
v (r) =o. {Vv(()j)(r) X p}

where (B2)

We consider only one type of impurity and assume that
vg) is the same for all impurities. The general quantum

state of the Bloch electrons is given by
Viko (T) = eikm Uko (T) (BS)

with uge (1) carrying information about the orbital sym-
metries. The scattering amplitude is given by

T, (k, k') = (Ko |V.i| ko)

- / U, (Ve () To () (B)
Inserting Eq.(B1) into Eq.(B4), we find,
Nim,p
Toor(k k)= Y e * )Ry (kK')  (B5)
J
where
toor (k,k/) = [50("’7’“,)]00’ + [7780("’719/)]00’ (B6)
with

ox (koo = [ AW (0)(r)ox (1) s (r)  (BT)



where X = 0 for the spinless and X = so for the
spin-orbit scatterings as in Eq.(B2). Due to the spin-
less character of the vy(r) in Eq.(B7), [to(k,k')]ser =
ao(k, k') 65or. From the Eq.(B7) it is easily observed
that, for k, k" ~ 0 near the center of the linear dispersion,
ao(k, k') and co(k,k’) are proportional to the Fourier

transform of the spinless and the spin-orbit potentials in
Eq.(B2). The Egs.(B4)-(B7) comprise a generic deriva-
tion of Eq.(7) in the main text. This general formulation
can be applied to more specific cases only when the Bloch
state in Eq.(B3) and the electron-impurity potentials in
the Eq.(B2) are given.

[1] R. Winkler, Spin-orbit Coupling Effects in Two-
Dimensional Electron and Hole Systems, Springer Tracts
in Modern Physics (Springer Berlin Heidelberg, 2003).

[2] M. Dyakonov, Spin Physics in Semiconductors, Springer
Series in Solid-State Sciences (Springer International
Publishing, 2017).

[3] M. Z. Hasan and J. E. Moore, Three-dimensional topo-
logical insulators, Annual Review of Condensed Matter
Physics 2, 55 (2011), https://doi.org/10.1146 /annurev-
conmatphys-062910-140432.

[4] A. Bansil, H. Lin, and T. Das, Colloquium: Topological
band theory, Rev. Mod. Phys. 88, 021004 (2016).

[5] M. Franz and L. Molenkamp, Topological Insulators,
ISSN (Elsevier Science, 2013).

[6] F. Ortmann, S. Roche, S. Valenzuela, and L. Molenkamp,
Topological Insulators: Fundamentals and Perspectives
(Wiley, 2015).

[7] S. Hikami, A. I. Larkin, and Y. Nagaoka, Spin-Orbit
Interaction and Magnetoresistance in the Two Dimen-
sional Random System, Progress of Theoretical Physics
63, 707 (1980), https://academic.oup.com/ptp/article-
pdf/63/2/707/5336056/63-2-707.pdf.

[8] D. Awschalom, D. Loss, and N. Samarth, Semiconduc-
tor Spintronics and Quantum Computation, NanoScience
and Technology (Springer Berlin Heidelberg, 2013).

[9] O. V. Yazyev, J. E. Moore, and S. G. Louie, Spin polar-
ization and transport of surface states in the topological
insulators bizses and bistes from first principles, Phys.
Rev. Lett. 105, 266806 (2010).

[10] A. A. Burkov and D. G. Hawthorn, Spin and charge
transport on the surface of a topological insulator, Phys.
Rev. Lett. 105, 066802 (2010).

[11] D. Culcer, E. H. Hwang, T. D. Stanescu, and
S. Das Sarma, Two-dimensional surface charge transport
in topological insulators, Phys. Rev. B 82, 155457 (2010).

[12] S. LaShell, B. A. McDougall, and E. Jensen, Spin split-
ting of an au(111) surface state band observed with angle
resolved photoelectron spectroscopy, Phys. Rev. Lett. 77,
3419 (1996).

[13] M. Z. Hasan and C. L. Kane, Colloquium: Topological
insulators, Rev. Mod. Phys. 82, 3045 (2010).

[14] Z. Jiang, C.-Z. Chang, M. R. Masir, C. Tang, Y. Xu, J. S.
Moodera, A. H. MacDonald, and J. Shi, Enhanced spin
seebeck effect signal due to spin-momentum locked topo-
logical surface states, Nature Communications 7, 11458
(2016).

[15] P. Hopfner, J. Schéfer, A. Fleszar, J. H. Dil, B. Slom-

ski, F. Meier, C. Loho, C. Blumenstein, L. Patthey,

W. Hanke, and R. Claessen, Three-dimensional spin rota-

tions at the fermi surface of a strongly spin-orbit coupled

surface system, Phys. Rev. Lett. 108, 186801 (2012).

K. Gotlieb, C.-Y. Lin, M. Serbyn, W. Zhang, C. L. Small-

wood, C. Jozwiak, H. Eisaki, Z. Hussain, A. Vishwanath,

[16

and A. Lanzara, Revealing hidden spin-momentum lock-
ing in a high-temperature cuprate superconductor, Sci-
ence 362, 1271 (2018).

[17] L. Fu, Hexagonal warping effects in the surface states of
the topological insulator biztes, Phys. Rev. Lett. 103,
266801 (2009).

[18] Y. H. Wang, D. Hsieh, D. Pilon, L. Fu, D. R. Gardner,
Y. S. Lee, and N. Gedik, Observation of a warped heli-
cal spin texture in bizses from circular dichroism angle-
resolved photoemission spectroscopy, Phys. Rev. Lett.
107, 207602 (2011).

[19] S. Basak, H. Lin, L. A. Wray, S.-Y. Xu, L. Fu, M. Z.
Hasan, and A. Bansil, Spin texture on the warped dirac-
cone surface states in topological insulators, Phys. Rev.
B 84, 121401 (2011).

[20] C. Howard and M. El-Batanouny, Connecting electron
and phonon spectroscopy data to consistently determine
quasiparticle-phonon coupling on the surface of topolog-
ical insulators, Phys. Rev. B 89, 075425 (2014).

[21] X. Zhu, L. Santos, C. Howard, R. Sankar, F. C. Chou,
C. Chamon, and M. El-Batanouny, Electron-phonon cou-
pling on the surface of the topological insulator bizses de-
termined from surface-phonon dispersion measurements,
Phys. Rev. Lett. 108, 185501 (2012).

[22] Z.-H. Pan, A. V. Fedorov, D. Gardner, Y. S. Lee, S. Chu,
and T. Valla, Measurement of an exceptionally weak
electron-phonon coupling on the surface of the topolog-
ical insulator bisses using angle-resolved photoemission
spectroscopy, Phys. Rev. Lett. 108, 187001 (2012).

[23] R. Heid, I. Y. Sklyadneva, and E. V. Chulkov, Electron-
phonon coupling in topological surface states: The role
of polar optical modes, Scientific Reports 7, 1095 (2017).

[24] T. Hakioglu, Interaction approach to anomalous spin tex-
ture in warped topological insulators, Phys. Rev. B 97,
245145 (2018).

[25] T. Hakioglu, Effect of the electron-phonon interaction on
the spin texture in biz_ysbyses_zte,, Phys. Rev. B 100,
165407 (2019).

[26] D. Y. Usachov, I. A. Nechaev, G. Poelchen, M. Giittler,
E. E. Krasovskii, S. Schulz, A. Generalov, K. Kliemt,
A. Kraiker, C. Krellner, K. Kummer, S. Danzenbécher,
C. Laubschat, A. P. Weber, J. Sanchez-Barriga, E. V.
Chulkov, A. F. Santander-Syro, T. Imai, K. Miyamoto,
T. Okuda, and D. V. Vyalikh, Cubic rashba effect in
the surface spin structure of rare-earth ternary materials,
Phys. Rev. Lett. 124, 237202 (2020).

[27] 1. A. Nechaev and E. E. Krasovskii, Ab initio k - p theory
of spin-momentum locking: Application to topological
surface states, Phys. Rev. B 102, 115437 (2020).

[28] M. R. Scholz, V. A. Rogalev, L. Dudy, F. Reis, F. Adler,
J. Aulbach, L. J. Collins-McIntyre, L. B. Duffy, H. F.
Yang, Y. L. Chen, T. Hesjedal, Z. K. Liu, M. Hoesch,
S. Muff, J. H. Dil, J. Schéfer, and R. Claessen, Topolog-


https://books.google.com.tr/books?id=LQhcSCuzC3IC
https://books.google.com.tr/books?id=LQhcSCuzC3IC
https://books.google.com.tr/books?id=KpU4DwAAQBAJ
https://doi.org/10.1146/annurev-conmatphys-062910-140432
https://doi.org/10.1146/annurev-conmatphys-062910-140432
https://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-062910-140432
https://arxiv.org/abs/https://doi.org/10.1146/annurev-conmatphys-062910-140432
https://doi.org/10.1103/RevModPhys.88.021004
https://books.google.com.tr/books?id=edIUAAAAQBAJ
https://books.google.com.tr/books?id=UqoKCAAAQBAJ
https://doi.org/10.1143/PTP.63.707
https://doi.org/10.1143/PTP.63.707
https://arxiv.org/abs/https://academic.oup.com/ptp/article-pdf/63/2/707/5336056/63-2-707.pdf
https://arxiv.org/abs/https://academic.oup.com/ptp/article-pdf/63/2/707/5336056/63-2-707.pdf
https://books.google.com.tr/books?id=JnntCAAAQBAJ
https://books.google.com.tr/books?id=JnntCAAAQBAJ
https://doi.org/10.1103/PhysRevLett.105.266806
https://doi.org/10.1103/PhysRevLett.105.266806
https://doi.org/10.1103/PhysRevLett.105.066802
https://doi.org/10.1103/PhysRevLett.105.066802
https://doi.org/10.1103/PhysRevB.82.155457
https://doi.org/10.1103/PhysRevLett.77.3419
https://doi.org/10.1103/PhysRevLett.77.3419
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1038/ncomms11458
https://doi.org/10.1038/ncomms11458
https://doi.org/10.1103/PhysRevLett.108.186801
https://doi.org/10.1126/science.aao0980
https://doi.org/10.1126/science.aao0980
https://doi.org/10.1103/PhysRevLett.103.266801
https://doi.org/10.1103/PhysRevLett.103.266801
https://doi.org/10.1103/PhysRevLett.107.207602
https://doi.org/10.1103/PhysRevLett.107.207602
https://doi.org/10.1103/PhysRevB.84.121401
https://doi.org/10.1103/PhysRevB.84.121401
https://doi.org/10.1103/PhysRevB.89.075425
https://doi.org/10.1103/PhysRevLett.108.185501
https://doi.org/10.1103/PhysRevLett.108.187001
https://doi.org/10.1038/s41598-017-01128-1
https://doi.org/10.1103/PhysRevB.97.245145
https://doi.org/10.1103/PhysRevB.97.245145
https://doi.org/10.1103/PhysRevB.100.165407
https://doi.org/10.1103/PhysRevB.100.165407
https://doi.org/10.1103/PhysRevLett.124.237202
https://doi.org/10.1103/PhysRevB.102.115437

ical surface state of o« — Sn on insb(001) as studied by
photoemission, Phys. Rev. B 97, 075101 (2018).

[29] A. Barfuss, L. Dudy, M. R. Scholz, H. Roth, P. Hépfner,
C. Blumenstein, G. Landolt, J. H. Dil, N. C. Plumb,
M. Radovic, A. Bostwick, E. Rotenberg, A. Fleszar,
G. Bihlmayer, D. Wortmann, G. Li, W. Hanke,
R. Claessen, and J. Schéfer, Elemental topological insula-
tor with tunable fermi level: Strained a-sn on insb(001),
Phys. Rev. Lett. 111, 157205 (2013).

0] Private communication with the authors of Ref.[28].

V. A. Rogalev, T. c. v. Rauch, M. R. Scholz, F. Reis,

L. Dudy, A. Fleszar, M.-A. Husanu, V. N. Strocov,

J. Henk, I. Mertig, J. Schéfer, and R. Claessen, Dou-

ble band inversion in a-sn: Appearance of topological

surface states and the role of orbital composition, Phys.

Rev. B 95, 161117 (2017).

[32] H. Huang and F. Liu, Tensile strained gray tin: Dirac
semimetal for observing negative magnetoresistance with
shubnikov—de haas oscillations, Phys. Rev. B 95, 201101
(2017).

[33] Y. Ohtsubo, P. Le Févre, F. m. c. Bertran, and A. Taleb-
Ibrahimi, Dirac cone with helical spin polarization in ul-
trathin a-sn(001) films, Phys. Rev. Lett. 111, 216401
(2013).

[34] J.-C. Rojas-Sanchez, S. Oyarzun, Y. Fu, A. Marty,
C. Vergnaud, S. Gambarelli, L. Vila, M. Jamet, Y. Oht-
subo, A. Taleb-Ibrahimi, P. Le Fevre, F. Bertran,
N. Reyren, J.-M. George, and A. Fert, Spin to charge
conversion at room temperature by spin pumping into a
new type of topological insulator: a-sn films, Phys. Rev.
Lett. 116, 096602 (2016).

[35] C.-Z. Xu, Y.-H. Chan, Y. Chen, P. Chen, X. Wang,
C. Dejoie, M.-H. Wong, J. A. Hlevyack, H. Ryu, H.-Y.
Kee, N. Tamura, M.-Y. Chou, Z. Hussain, S.-K. Mo, and
T.-C. Chiang, Elemental topological dirac semimetal: a-
sn on insb(111), Phys. Rev. Lett. 118, 146402 (2017).

[36] Q. Barbedienne, J. Varignon, N. Reyren, A. Marty,
C. Vergnaud, M. Jamet, C. Gomez-Carbonell,
A. Lemaitre, P. Le Fevre, F. m. c. Bertran, A. Taleb-
Ibrahimi, H. Jaffres, J.-M. George, and A. Fert,
Angular-resolved photoemission electron spectroscopy
and transport studies of the elemental topological
insulator a-sn, Phys. Rev. B 98, 195445 (2018).

[37] L. Fu and C. L. Kane, Topological insulators with inver-
sion symmetry, Phys. Rev. B 76, 045302 (2007).

[38] G. Bir and G. Pikus, Symmetry and Strain-induced Ef-
fects in Semiconductors, A Halsted Press book (Wiley,
1974).

[39] L. Voon and M. Willatzen, The k p Method: Electronic
Properties of Semiconductors (Springer Berlin Heidel-
berg, 2009).

[40] Y. Cao, J. A. Waugh, X.-W. Zhang, J.-W. Luo, Q. Wang,
T. J. Reber, S. K. Mo, Z. Xu, A. Yang, J. Schneeloch,
G. D. Gu, M. Brahlek, N. Bansal, S. Oh, A. Zunger, and
D. S. Dessau, Mapping the orbital wavefunction of the
surface states in three-dimensional topological insulators,
Nature Physics 9, 499 (2013).

[41] H. Zhang, C.-X. Liu, and S.-C. Zhang, Spin-orbital tex-
ture in topological insulators, Phys. Rev. Lett. 111,
066801 (2013).

[42] C.-Y. Moon, J. Han, H. Lee, and H. J. Choi, Low-velocity
anisotropic dirac fermions on the side surface of topolog-
ical insulators, Phys. Rev. B 84, 195425 (2011).

W
=)

10

[43] H. Mayer and U. Rossler, Spin splitting and anisotropy
of cyclotron resonance in the conduction band of gaas,
Phys. Rev. B 44, 9048 (1991).

[44] Q.-Z. Wang, S.-C. Wu, C. Felser, B. Yan, and C.-X.
Liu, Spin texture and mirror chern number in hg-based
chalcogenides, Phys. Rev. B 91, 165435 (2015).

[45] W. E. Liu, E. M. Hankiewicz, and D. Culcer, Weak
localization and antilocalization in topological materi-
als with impurity spin-orbit interactions, Materials 10,
10.3390/mal0070807 (2017).

[46] B. Bhattacharyya, B. Singh, R. P. Aloysius, R. Yadav,
C. Su, H. Lin, S. Auluck, A. Gupta, T. D. Senguttuvan,
and S. Husale, Spin-dependent scattering induced neg-
ative magnetoresistance in topological insulator bi2te3
nanowires, Scientific Reports 9, 7836 (2019).

[47] G. Mahan, Many-Particle Physics, Physics of Solids and
Liquids (Springer US, 2012).

[48] M. Zhong, S. Li, H.-J. Duan, L.-B. Hu, M. Yang, and
R.-Q. Wang, Effect of impurity resonant states on op-
tical and thermoelectric properties on the surface of a
topological insulator, Scientific Reports 7, 3971 (2017).

[49] M. Fischetti and W. Vandenberghe, Advanced Physics
of Semiconductors: Electronic Properties and Transport,
Graduate Texts in Physics (Springer International Pub-
lishing, 2016).

[50] S. Hi¢, J. S. Meyer, and M. Houzet, Enhancement of
the upper critical field in disordered transition metal
dichalcogenide monolayers, Phys. Rev. Lett. 119, 117001
(2017).

[61] N. Mott and H. Massey, The Theory of Atomic Colli-
sions, by N.F. Mott and H.S.W. Massey. 2nd Edition
(Clarendon Press (printed by C. Batey), 1949).

[52] L. Landau and E. Lifshitz, Quantum Mechanics: Non-
Relativistic Theory, Teoreticheskaia fizika (Elsevier Sci-
ence, 2013).

[53] P. Burke, Potential Scattering in Atomic Physics
(Springer US, 2012).

[64] H.-A. Engel, B. I. Halperin, and E. I. Rashba, Theory of
spin hall conductivity in n-doped gaas, Phys. Rev. Lett.
95, 166605 (2005).

[65] Y. Kohsaka, T. Machida, K. Iwaya, M. Kanou,
T. Hanaguri, and T. Sasagawa, Spin-orbit scattering vi-
sualized in quasiparticle interference, Phys. Rev. B 95,
115307 (2017).

[66] W.-Y. Shan, H.-Z. Lu, and S.-Q. Shen, Spin-orbit scat-
tering in quantum diffusion of massive dirac fermions,
Phys. Rev. B 86, 125303 (2012).

[657] W.-C. Lee, C. Wu, D. P. Arovas, and S.-C. Zhang, Quasi-
particle interference on the surface of the topological in-
sulator bistes, Phys. Rev. B 80, 245439 (2009).

[68] J. Premper, M. Trautmann, J. Henk, and P. Bruno, Spin-
orbit splitting in an anisotropic two-dimensional electron
gas, Phys. Rev. B 76, 073310 (2007).

[59] J. Henk, A. Ernst, and P. Bruno, Spin polarization of the
l-gap surface states on au(111), Phys. Rev. B 68, 165416
(2003).

[60] A. V. Balatsky, I. Vekhter, and J.-X. Zhu, Impurity-
induced states in conventional and unconventional su-
perconductors, Rev. Mod. Phys. 78, 373 (2006).

[61] J. H. Dil, Spin- and angle-resolved photoemission on
topological materials, Electronic Structure 1, 023001
(2019).


https://doi.org/10.1103/PhysRevB.97.075101
https://doi.org/10.1103/PhysRevLett.111.157205
https://doi.org/10.1103/PhysRevB.95.161117
https://doi.org/10.1103/PhysRevB.95.161117
https://doi.org/10.1103/PhysRevB.95.201101
https://doi.org/10.1103/PhysRevB.95.201101
https://doi.org/10.1103/PhysRevLett.111.216401
https://doi.org/10.1103/PhysRevLett.111.216401
https://doi.org/10.1103/PhysRevLett.116.096602
https://doi.org/10.1103/PhysRevLett.116.096602
https://doi.org/10.1103/PhysRevLett.118.146402
https://doi.org/10.1103/PhysRevB.98.195445
https://doi.org/10.1103/PhysRevB.76.045302
https://books.google.com.tr/books?id=38m2QgAACAAJ
https://books.google.com.tr/books?id=38m2QgAACAAJ
https://books.google.com.tr/books?id=t46OZQrEd8QC
https://books.google.com.tr/books?id=t46OZQrEd8QC
https://doi.org/10.1038/nphys2685
https://doi.org/10.1103/PhysRevLett.111.066801
https://doi.org/10.1103/PhysRevLett.111.066801
https://doi.org/10.1103/PhysRevB.84.195425
https://doi.org/10.1103/PhysRevB.44.9048
https://doi.org/10.1103/PhysRevB.91.165435
https://doi.org/10.3390/ma10070807
https://doi.org/10.1038/s41598-019-44265-5
https://books.google.com.tr/books?id=0PPjBwAAQBAJ
https://doi.org/10.1038/s41598-017-04360-x
https://books.google.com.tr/books?id=sMzSoQEACAAJ
https://books.google.com.tr/books?id=sMzSoQEACAAJ
https://doi.org/10.1103/PhysRevLett.119.117001
https://doi.org/10.1103/PhysRevLett.119.117001
https://books.google.com.tr/books?id=yAl4QwAACAAJ
https://books.google.com.tr/books?id=yAl4QwAACAAJ
https://books.google.com.tr/books?id=neBbAwAAQBAJ
https://books.google.com.tr/books?id=neBbAwAAQBAJ
https://books.google.com.tr/books?id=zrsGCAAAQBAJ
https://doi.org/10.1103/PhysRevLett.95.166605
https://doi.org/10.1103/PhysRevLett.95.166605
https://doi.org/10.1103/PhysRevB.95.115307
https://doi.org/10.1103/PhysRevB.95.115307
https://doi.org/10.1103/PhysRevB.86.125303
https://doi.org/10.1103/PhysRevB.80.245439
https://doi.org/10.1103/PhysRevB.76.073310
https://doi.org/10.1103/PhysRevB.68.165416
https://doi.org/10.1103/PhysRevB.68.165416
https://doi.org/10.1103/RevModPhys.78.373
https://doi.org/10.1088/2516-1075/ab168b
https://doi.org/10.1088/2516-1075/ab168b

	Non-orthogonal spin-momentum locking
	Abstract
	I Introduction
	II The Theory of Interacting Spin
	III The spin-orbit impurity scattering
	IV The Self-Energy due to the Spin-Orbit Scattering
	A The spin-independent self-energy
	B The spin-dependent self-energy and the NOSML

	V Discussion and Conclusion
	VI Acknowledgement
	A IMPURITY AVERAGING
	B THE SCATTERING MATRIX t(bold0mu mumu kk—kkkk,bold0mu mumu kk—kkkk)
	 References


