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A charge current on the surface of a topological insulator (TI) produces a surface spin polarization that can
be measured experimentally using a ferromagnetic (FM) tunnel contact either in a three-terminal or a four-
terminal potentiometric measurement. The potential measured on the FM contact depends on the direction
and the magnitude of the surface charge current, as well as the FM magnetization direction relative to the spin
polarization on the surface of the TI. In such a measurement, the resistance always obeys Onsager reciprocity,
ie., Rab,cd(Jr]\Z ) = Rcd,ab(f]\;[’ ), where Rgp,cq is the resistance measured with current injected between
contacts a and b, voltage measured between contacts ¢ and d, and the FM having magnetization M. In a two-
terminal measurement in which the current and the voltage contacts are the same, Onsager reciprocity dictates
that the resistance remains the same even after the magnetization of the FM is reversed, i.e., Rab,ab(—i—l\z ) =
Rub,ab(—]\7[ ). However, previous theories [Phys. Rev. Lett. 105, 066802 (2010), Europhys. Lett. 93, 67004
(2011)] claimed that change of resistance in such two-terminal measurement on the surface of a diffusive TI is
possible upon reversing the FM magnetization direction. Here, we resolve this conflicting issue by showing that
the Onsager reciprocity relation remains valid even in a two-terminal measurement on the surface of a diffusive
TI. We consider the modifications in both the continuity equation of the charge density and the charge current
density on the surface of the TI due to the effect of tunneling of electrons from the FM tunnel contact. We derive
the transport equations on the surface of the TI from full quantum mechanical kinetic equation based on Keldysh
Green’s function, and obtain the resistance measured in a two-terminal or a multi-terminal measurement after
solving the transport equations analytically. We establish the validity of the Onsager reciprocity relation in
both the two-terminal and the multi-terminal measurements, and also show the crucial importance of the tunnel

contact in such spin detection experiments.

I. INTRODUCTION

Topological insulators (TIs) have gained considerable at-
tention in spintronics research due to the non-trivial band
structure of the gapless surface states with spin-momentum
helical locking!. The spin-momentum locking in the two-
dimensional (2D) surface states of a three-dimensional (3D)
TI leads to a non-zero spin polarization within the surface
states when charge current flows on the surface of the TI.
This spin polarization can be detected experimentally using
potentiometric multi-terminal measurement set-ups including
ferromagnetic metal (FM) tunnel contacts*"#, The voltage
detected at the FM contact depends on the magnitude of the
surface charge current and the angle between charge current-
induced spin polarization on the surface of the TI and the mag-
netization direction of the FM/137% The potentiometric mea-
surement opens up the possibility of reading the FM magneti-
zation in TI/FM based memory and logic devices in which the
FM bit is written by the charge current-induced spin polariza-
tion on the TI surface??2!.,

Spin detection experiments on the surface of a 3D TI using
FM tunnel contacts have been performed in four-terminal®*>
and three-terminal'*''¥ potentiometric set-ups in which the
FM tunnel contact can be used as a voltage probe or as a cur-
rent probe. The measurement geometries are shown in Figs.
a)-(h). The multi-contact resistance Rab’cd(J\Z/ ) = Vea/Iap
is recorded in the experiments, where V4 is the voltage drop
measured from contact ¢ to contact d, ang 1, is the current
applied from contact a to contact b, and M is the magnetiza-
tion of the FM contact. The property of the spin-momentum
locking of the surface states of a TT results in Rab,cd(—i-M ) #

Rab,cd(—]\Z/ ) and a variation of the multi-contact resistance
with the FM magnetization®4, However, in a multi-terminal
measurement, Rab,cd(—H\Z/ ) # Rab,cd(—]\Z[ ) does not vio-
late the Onsager reciprocity relation which says only that
Rab,ad(—i-]\Z/ ) = Rcd,ab(—J\Z/ ), where the voltage and the cur-
rent contacts are interchanged along with the reversal of the

magnetization direction®Z,

In the case of a two-terminal measurement with a FM and a
nonmagnetic metal (NM) contact shown in Fig. [2[a), the On-
sager reciprocity relation Rabyab(+M ) = Rab,ab(f]\_j ) dic-
tates that the two-terminal resistance will remain unchanged
even if the magnetization of the FM is reversed, since the
contact pair ab and cd are one and the same. Similarly, in
case of a two-terminal measurement with two FM contacts,
as shown in Fig. [J(b), the Onsager reciprocity relation re-
quires that Rab,ab(]\_jl, Mg) = Rab,ab(f]\Zfl, 7]\22) ,i.e., the
resistance will remain the same if the magnetizations of both
the FMs, M 1, Mg, are reversed. However, in the literature,
it had been posited theoretically that two-terminal resistance
between a FM and a NM contact or between two FM con-
tacts on the surface of a TI can change depending on the mag-
netization of the FM, where the transport on the TI surface
was assumed either purely diffusive?*"2%, or purely ballistic’,
or partly diffusive and partly ballistic®®. Such violations of
Onsager reciprocity for two terminal resistance also had been
found experimentally on the surface of TIs2022%31,

In this paper, we derive the transport equations on the sur-
face of a diffusive TI coupled to a FM tunnel contact, and
then solve the resulting differential equations to obtain the
resistances measured in such spin-detection experiments for
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FIG. 1. Schematics of (a)-(d) four-terminal and (e)-(h) three-terminal
spin-detection experiments on the surface of a diffusive TI.
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FIG. 2. Schematics of two-terminal measurements on the surface of
a diffusive TI with (a) FM and NM contacts, (b) two FM contacts.
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four-terminal and three-terminal measurement geometries to
demonstrate the validity of the Onsager reciprocity relation.
Furthermore, we demonstrate the validity of the Onsager reci-
procity relation for the two-terminal resistance between a FM
and a NM contact or between two FM contacts, showing that
the measured resistance is independent of reversal of the mag-
netization of the FM in the former case, or one or both magne-
tizations of the two FMs in the latter case consistent with On-
sager reciprocit. The validity of Onsager reciprocity
for two-terminal resistance on the surface of a diffusive TI,
in turn, calls for a re-interpretation of the experimental re-
sults for TIs202931 For the detection of the charge current
induced spin polarization on the surface of a TI with a FM
in a multi-terminal measurement, the requirement of a tun-
nel barrier (TB) was clearly demonstrated in experiment@m,

Here, we also show the importance of the tunnel contact in
such experiments. We find that the spin detection efficiency,
or the difference of the measured voltage at the FM contact
on reversing the magnetization of the FM, decreases with de-
creasing resistance of the FM tunnel contact.

II. BACKGROUND AND MOTIVATION

We address possible one-dimensional (1D) circuit ge-
ometries that can be used to detect current-induced spin-
polarization on the surface of a TI using four-terminal or
three-terminal measurement set-ups. In a four-terminal set-
up, the FM contact can be used as a voltage probe to measure
the charge current-induced spin polarization on the surface of
the TI, as shown in Figs. Eka) and Ekc). In these experiments,
the current is passed through two NM contacts and the volt-
age is measured at the FM contact with respect to another NM
contact different from the current injecting contacts. However,
the reciprocal circuits, those obtained by flipping the voltage
and current contacts of Figs. [T(a) and[I[c) are shown in Figs.
[[(b) and[T}d), respectively, in which the FM contact will be a
current probe, also can be used. In a three-terminal set-up, the
FM contact can be used as either a voltage probe with the volt-
age measured with respect to that on either one of the current
injecting NM contacts, as shown in Fig. Eke), or as a current
probe, as shown in Fig. [I(f), which is the reciprocal circuit
of Fig. [Tfe), or as both voltage and current probes in which
the current is passed through a FM and a NM contact and the
voltage is measured between the same FM contact and another
NM contact placed on other side of the current injecting NM
contact, as shown in Figs. [I{g) and [T[(h). The circuits shown
in Figs. [T[g) and[I|(h) are reciprocal circuits of each other. We
show that the Onsager reciprocity relation is satisfied in each
case by analyzing the reciprocal circuit pairs in the mentioned
four-terminal and three-terminal measurement set-ups.

In the literature, Burkov et al?¥ and Schwab et al?® found
theoretically that the two-terminal resistance measured on the
surface (z — y plane) of a diffusive TI between a FM and a
NM contact, as shown in Fig. |Zka), changes if the magnetiza-
tion of the FM, which lies in the plane of the surface and nor-
mal (y axis) to the direction of transport (z axis), is reversed,
which violates the Onsager reciprocity relation. In the the-
ory of Burkov et al? the coupled spin and charge diffusion
equations on the surface of a TI were derived from density
matrix response function formalism in a low-frequency long-
wavelength limit, and the spin-charge coupled equations were
solved analytically with current injected from a FM contact to
the TI surface. However, in their work, the coupling of the FM
contact to the TI surface states was not derived inside the theo-
retical framework, but, rather, was inserted by hand as bound-
ary conditions for the charge current density and the spin cur-
rent density in the spin-charge coupled diffusion equation of
the TI surface states. The resulting two-terminal resistance
that was obtained from the solution of the coupled diffusion
equations violates the Onsager reciprocity relation. Although,
Schwab er al?? had considered the effect of coupling of the
FM contact to the TI surface states through a tunneling self-



energy in quantum mechanical Keldysh Green’s function ap-
proach to derive a modified continuity equation of the charge
density on the TI surface, the modification of the charge cur-

rent density was not considered.

Following the approach by Burkov et al*?, i.e., using the

same spin-charge coupled diffusion equations on the TI sur-
face and the same boundary conditions for the charge cur-
rent density and the spin current density for the FM contact,
Taguchi et al* calculated the two terminal resistance between
two FM contacts on the surface of a diffusive TI, as shown
in Fig. [2(b), and their results also violate the Onsager reci-
procity relation. In a prior work?®, we found that the same
spin-charge coupled diffusion equations on the surface of a TI
without any tunneling from the FM also can be obtained in
a different framework based on the quantum kinetic equation
invoking the diffusive approximations used by Burkov et al?’.
However, in all these previous works2¥229 the same bound-
ary conditions were used to solve the same transport equations
leading to the result of two terminal resistances violating the
Onsager reciprocity relation.

In this work, we show that the coupled diffusion equations
on the surface of a TI are modified due to tunneling of elec-
trons from a FM contact, and the actual effect of the FM con-
tact cannot be taken into account simply by assuming charge
current and spin current injection from the FM as boundary
conditions. However, Schwab er al** had only derived a mod-
ification of the continuity equation of the charge density due
to tunneling while keeping the equation for charge current
density unchanged. That is, in their work the charge current
density was given by the gradient of the full non-equilibrium
electrochemical potential — re-expressed in their work and
this work as the effective non-equilibrium charge density —
on the TI surface even after tunneling from the FM. Here, we
show that the charge current density on the TI surface also
will contain an additional contribution due to tunneling from
the FM, along with the gradient of the effective charge density
term but with a modified diffusion constant or a modified con-
ductivity. Considering both the modifications of the charge
current density and the continuity equation of the charge den-
sity due to tunneling from the FM, we demonstrate that the
two-terminal resistances between a FM and a NM contact or
between two FM contacts on the surface of a diffusive TI sat-
isfy the Onsager reciprocity relation. In case of two FM con-
tacts, we show that the resistance remains the same whether
the magnetizations of the two FMs are parallel or anti-parallel,
because the initial spin-polarizations of the electrons that un-
dergo tunneling from either of the FMs to the TI surface are
lost after momentum scattering on the TI surface due to the
spin-momentum locking of the TI surface states.

Finally, we also identify possible reasons behind the theo-
retical results obtained previously?¥2¢ leading to violation of
Onsager reciprocity for the two terminal resistance on the sur-
face of a diffusive TI consisting of FM contacts. We show that
the coupled spin-charge diffusion equations for the TI surface
states obtained by Burkov et al** do not satisfy the continu-
ity equation of the charge density, where the charge current
density is derived from the velocity operator obtained from
the Hamiltonian of the TI surface states. However, Burkov et

al. had defined both the charge current density and the spin
current density on the TI surface from the coupled charge and
spin transport equations considering continuity of the charge
density and the spin density. We show that the definition of the
charge current density obtained by them is inconsistent with
the the charge current density obtained from the Hamiltonian
of the TI surface states. Moreover, it was already discussed in
the literature?#33 that the definition of the spin current density
obtained from the continuity equation for the spin density is
not applicable for material with spin-momentum locked band
structure. The physically measurable spin current density,
which was used in the boundary condition for the spin current
injection from the FM to the TI surface in prior works222%,
was defined to be the gradient of the spin density on the TI
surface. However, the spin current density being proportional
to the gradient of the spin density on the TI surface is incon-
sistent with the formal definition of the spin current density
derived from the TI surface state Hamiltonian®?33. In the
work of Schwab er al?*, the modification of the charge current
density on the TI surface due to tunneling from the FM was
not considered, which did lead to the violation of the Onsager
reciprocity relation. Here, we show that considering both the
modifications of the charge current density and the continu-
ity equation of the charge density, indeed, results in the two-
terminal resistance that satisfies Onsager reciprocity.

III. THEORY
A. Derivation of the transport equations

The low-energy effective Hamiltonian of the TI surface
states is given by H(p) = hvp(p X Z) - 0, where h is the
reduced Planck constant, vg is the Fermi velocity of the TI
surface states, p is the 2D momentum of the surface states,
Z is the unit vector along the surface normal direction, and
0 = (0,0y,0;) is the vector consisting of the Pauli spin
matrices. We consider the transport within the TI surface in
the TI/FM contact layer as shown in Fig. ] The momen-
tum scattering among the TI surface states is considered due
to random spin-independent short-range impurity potentials
on the surface of the TI consistent with both Schwab et al?*
and Burkov et al'**, neglecting phonon at the considered low
temperatures in the experiments. In the work of Schwab et
al?®, the coupling of the TI surface states to the FM con-
tacts are modeled by spin-conserving but momentum random-
izing tunneling, where the work of Burkov et al?¥ did not di-
rectly model tunneling. In this work, we mainly focus on the
spin-conserving momentum randomizing tunneling between
the FM and TT surface states to allow for a direct compari-
son to the work of Schwab et al?*. However, we also discuss
the effect of spin-non-conserving but spin-selecting and mo-
mentum randomizing or in-plane momentum conserving tun-
neling on the spin-detection experiments. Both the effects of
tunneling from the FM to the TI surface states and the momen-
tum scattering among the TI surface states are included in the
quantum kinetic equation through self energy contributions.

The quantum kinetic equation can be written in terms of the



Green’s function g of the TI surface states as (see appendix),

dig+ 5 {(2x 0)- Vi g} +ivepel(p x 2) - 0,

1

=g {0) + 5 {(bxD)0.(0)}
P p
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Y N ~
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In the above equation, the Green’s function g(R, t; pgp, €) is
expressed in terms of the Wigner coordinates (R, t; pgp,€),
where R is the position on the TI surface, ¢ is time, pg is
the Fermi momentum magnitude of the TI surface states,
P = p/pg is the unit vector, and ¢ is energy. In Eq. , Tp
is the scattering time between the Bloch states of the TI (7,
would be the momentum relaxation time on the surface of the
TI in the absence of consideration of the overlap of the ini-
tial and final states of the TI, where the second term on the
second line of Eq. (I)) then address this spin overlap between
initial and final states of the TI), v denotes the strength of tun-
neling between the FM and the TI surface states, (...) denotes
angular averaging over the Fermi contour of the TI surface
states, Py | = (0p £ m - 0)/2 are the projection operators
to the majority and minority spin bands in the FM, oy is the
spin-space identity matrix, m = (mg, m,,m,) is the mag-
netization direction (a unit vector) of the FM, N; | are the
corresponding density of states (DOSs) of the majority and
minority spin bands in the FM at the Fermi energy, and g, |
are the non-equilibrium quasi-classical Green’s functions of
the majority and minority electrons in the FM averaged over
the Fermi surface in the FM.

The derivation of Eq. (I) is given in detail in the appendix
following our previous work®®, However, in our previous
work, to obtain the continuity equation of the charge density
and the charge current density on the TI surface, we solved the
quasi-classical Green’s function g of the TI surface states as-
suming projection of g on the conduction band of the Hamil-
tonian, ie., g = g,(P,¢)[oo + (P X Z) - 0], and expanding
the angular dependence of g in the zeroth and the first har-
monics, i.e. g,(p,e) = g(¢) + P - g,(¢). In this work, we
proceed differently to derive the transport equations on the
TI surface, with one aim of this approach being to connect
the work of Burkov et al®* and that of Schwab et al**. In
our approach, on one hand, the spin-charge coupled diffusion
equations given by Burkov et al.** can be derived in the ab-
sence of tunneling?®, and it can be shown easily that the spin-
charge coupled diffusion equations given by Burkov et al**
violates the continuity equation of the charge density on the
TI surface, where the charge current density on the TI surface
is defined using the velocity operator for the surface states
v = (1/h)0H/0p = vr(z x o). On the other hand, for the
tunneling of carriers between the FM and the TI surface, the

modification of the continuity equation of the charge density
on the TI surface given by Schwab et al** can be obtained,
along with a modification of the charge current density that
was not considered by Schwab et al. 24 Hut that cannot be dis-
regarded in the transport on the surface of a diffusive TI cou-
pled to a FM.

The quasi-classical Green’s function g of the TI surface
states can be written as g = g,00 + g - 0, where g =
(8,,8,,8.). By Fourier transforming 0y — —iw and V, —
iq = (iq, iq,,), and taking trace of Eq. after multiplying
by identity matrix and each of three Pauli spin matrices, the
resulting four equations can be rewritten in matrix form as

Kg =L({g) + h), 2)

where g = (go,gi,gy,gz)T and h = (ho,hg,hy,h,)7 are
4 x 1 column vectors, K and I are 4 x 4 matrices. Here,
hy = y7,(N1g + Nyg;)/2 and (hy,hy,h.) = his given by
h = y7,(Ny+gy — Ny g, )m/2. The matrix L is given by

1 sinf —cosf 0

sin @ 1 0 0
L=1_cso 0o 1 ol @)
o 0 0 1

where 0 is the angle of the p vector lying on the Fermi contour.
The matrix K is given by

K — (7AW Q 0 Qso cosb
77,AT 0 Q QSO sin 6

A, —Qgocosf —QNgosinb Q
4)

where Q = 1 + YNy7, — iwTp, Qso = 2ppUrTp, Ag =
q,urTp + iYN_Tpymy, Ay = q,UeT, — IYN_Tymy, A, =
YN_1ym., and Ni = N4 £ N|. The matrix K of Eq.
reduces to the one obtained previously in deriving the diffu-
sion equation on the surface of a TI without a FM2% after
substituting v = 0 in the quantities 2, A,, A, and A,.

To obtain the diffusion equation, one has to solve for (g)
in Eq. . Multiplying by K~! on both sides of Eq. and
averaging over 0, (g) is obtained from the matrix equation

(9) =D((g) + h), (5)

where D = (K~'IL) is a 4 x 4 matrix. Equation (5) is the most
general form of spin-charge coupled transport equation on the
surface of a TI coupled to a FM. However, in our case, the cal-
culation of the matrix elements of D can be further simplified.
As shown in Figs. [T]and 2] we only consider 1D problems
with the FM magnetized in the £y direction. Therefore, the
charge and spin density will be uniform along the y direction
on the TI surface. Hence, q, = 0 and m = (0, £1,0), there-

fore, A, = A, = 0, and K~! becomes?>



Q%+ Q%) —isinfcos0A, 0%, iDL (Q%+0%5cos?0)  —isinfA, 000
—isinfcos0A, 0%, QN2+ Q%,sin?0+ A2)  —sinfcos0Q%, —cosf(Q?+ A2)Qg0
iA (92 + Q% cos® 0) — sin cos 0Q0Q%, Q0?2 + Q% cos®0) —sin 092%Q50
isin A, Q0s0 cos (2% + A2)Qs0 sin 092%Qs0 Q02 + A2)

K=

Q22 + Q2) + A2(Q% + 02, cos? )

The form of the matrix K~! given in Eq. @) is the
same as that obtained previously for the transport of the
TI surface states without a FM2933 the only difference is
the modification of the quantities 2 and A, due to tun-
neling from the FM. To obtain D, we need to integrate
over angle 6, while the quantities Qgp, €2 and A, are
constants. Hence, some of the prior results for calcu-
lating the matrix elements of D can be straightforwardly
reused. Mainly, after averaging K~ 'IL over 6, the non-
diagonal terms of the matrix I relating coupled transport
of the gy, g, components with the g, , g, components van-
ish. That is, Doy, Dy, Do, D20, Dy, ]D)W,Dyz, D., are zero
since fo% dfsin0F(cosf) = 0 and fo df cos OF (sinf) =
0 for any smooth function F'. Therefore, the spin in the  and
z directions of the electrons are decoupled from the charge
flow and y-component of spin. However, the charge flow and
the y-component of spin of the electrons on the TI surface re-
main coupled. So we only work with the 2 x 2 matrix D, con-
sisting of Dgg, Doy, Dy0, Dy, terms, and write the spin-charge
coupled transport equation as

(92) = Da({g2) + h2), (7

where g = (go,gy)T and ha = (hg,h,)7 are 2 x 1 column
vectors, and Dy is a 2 X 2 matrix given by

B h (1—-Qf)
P2=| fa-an) Za-on ®)
where
02 + Q2
h= VT ©)
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B. Definitions of the effective charge densities and the full
electrochemical potentials

The actual non-equilibrium component of the charge den-
sity of the electrons on the TI surface is denoted by 7yeq,
which is the difference between the actual non-equilibrium
charge density and the actual equilibrium charge density on
the TI surface. Then, nyeq is obtained from®*

Tpeq = eN/ ~Tr[(g
N
=5 [teolends - N,

where N is the DOS of the TI surface states at the equilibrium
Fermi energy and ¢ is the electrostatic potential on the TI sur-
face resulting from any electric field. In this work, follow-
ing the notation of Burkov et al.?%, the actual non-equilibrium

)]de — 2 N¢
(10)

(6)

(

component of the charge density n,.q and the external elec-
trostatic potential ¢ are subsumed into the definition of the
charge density for convenience. That is, on the surface of the
TI, we define the effective non-equilibrium component of the
charge density n as n = npeq + €2N¢. Hence, by this defini-
tion, from Eq. (I0) we have

n— % /(go(s))da (in

We define the electron-charge-normalized full non-
equilibrium electrochemical potential p on the TI surface
by the relation n = e?Npu. In this way, the effective
non-equilibrium component of the charge density n and the
full non-equilibrium electrochemical potential p relative to
the equilibrium value include variations in the Fermi level
relative to the band edge and variations in the band edge with
the electrostatic potential. So, 1 is given by

h= e [ leo(e)de: 12
It should be noted that the voltage difference on the TI surface
will be just the difference of the electron-charge-normalized
full non-equilibrium electrochemical potential p, which is
consistent with Burkov et al*?.

The non-equilibrium spin density s (in the unit of electron
charge) on the TI surface is given by?*

= eN/ ~Tr[{og(e eN/ de. (13)

Here s = (s;,5y,52), and, s;, sy, s, are the a-, y-, z-
components of the spin density on the TI surface, respectively.
The 2D charge current density j on the TI surface is given by?*

i= [ gl (14)

where v = vp(z X @) is the velocity operator. Here, j =
(Ju» Jy)» and j, and j, are the z- and y- components of the
2D charge current density, respectively. Because of the spin-
momentum locking of the TI surface states, the 2D charge cur-
rent density j is related to the non-equilibrium spin density s
by j = 2vg(z x s). Hence, the charge current density j, on the
TI surface along the z-direction is related to the y-component
of the spin density s, on the TI surface by

Jz = —2Upsy. (15)

In the FM contact, the actual non-equilibrium components
Nneg;t,4 Of the charge densities of the majority and minority



spin electrons are obtained from, much as of Eq. @,

eNT7¢ 1
Thneq; 1, = B) /iTr[PT&g,m(s)}ds - €2NT,i¢c

N, (16)

= 1 /g%i(g)dg — eQNT,¢¢C7

where ¢, is the electrostatic potential within the FM result-
ing from any electric field. We define the effective non-
equilibrium components of the majority and minority electron
charge densities ny,| by 14 | = nneqst,y + €N dc. Hence,
by these definitions, from Eq. (I6) we obtain

elN.
npy = / de gy ()- (17)

We define the electron-charge-normalized full non-
equilibrium electrochemical potentials (4 | of the majority
and minority spin electrons in the FM relating to the effective
non-equilibrium components of the majority and minority
electron charge densities n4 | by nt | = €Ny 1. So, we
have

1
By = @/dg g, (e). (18)

The definitions of p and p4,; match with those by Schwab
et al**. The meaning of electron-charge-normalized full non-
equilibrium electrochemical potentials yi4 | is up/down spin-
voltages in the FM as mentioned by Schwab et al**.

IV. RESULTS AND DISCUSSIONS
A. Transport on TI surface and conservation of charge

To obtain the transport equations, we multiply both sides of
Eq. (7) by Dy ! to obtain the new matrix equation

D5! —1o](go) = ho, (19)

where D5 ! is given by

o[ 9 -iA,
D, —{—mx f2 ] 20)
and,
AZ 1 -1
f?Zﬁ(ng—l) : @1

In the case of zero tunneling, v = 0, hence, hy = 0, Q =

1 —iwty and A, = q,vpTy in Egs. (19), 20), €1). After the
¢ integration of Eq. (I9) and using Eq. (20)), we obtain,

Q-1 —iA, n | _
B IFY R

The first row of the matrix equation Eq. gives
(Q—1)n — 2iA,s, = 0. (23)

To obtain the second equation from the second row of the ma-
trix equation Eq. (22), the function f5 in Eq. is approx-
imated by series expansions in powers of A, and 2 under
the low-frequency, long-wavelength diffusive limit approxi-
mations, wr, < 1,q.l, < 1, and assuming that the Fermi
energy lies well above the Dirac point, pgl, > 1, where
I, = vgTp is the mean free path on the TI surface. These
approximations imply |A;| < | < 1 < §y, hence, f> can
be approximated as fo ~ 2(, i.e., fo & 2 — 2iwT,. Then, the
second row of the matrix equation Eq. gives

—iAzn + (2Q —1)2s, = 0. 24)
Inverse Fourier transforming Egs. (23)) and (24), we obtain

O¢n — 2up0z sy = 0, (25a)

Dysy+ -2 — Lom =0. (25b)

27 4

Equations and describe the coupled nature of
the charge and spin degrees of freedom of the TI surface

states. From Eq. (25a), after using the relation between the
charge current density j, and the spin density s, on the TI
surface, i.e., j, = —2vps, as given in Eq. , we obtain the
continuity equation of the charge density on the TI surface,

On + 0zj. = 0. (26)

The continuity equation of the charge density, i.e., Eq. (26) is
obtained from the first row of the matrix equation Eq. (22)),
and the continuity equation remains true irrespective of the
approximation for the function fs that is used to derive Eq.
(25b). Equation (25D} indicates that the spin relaxation time 7
satisfies 7y = 27, which is a property of the spin-momentum
locked TI surface states**>>. In steady state, from Eq.

we obtain s, = %UFTpaxn, and using j, = —2vpsy [Eq.
(T5)1, we obtain the charge current density on the TI surface,
Ju = —VATyOun. 27)

Equation captures the charge current due to both drift and
diffusion since the effective non-equilibrium component of
the charge density n contains both the actual non-equilibrium
component nyq of the charge density of the electrons and
any electrostatic field ¢. Explicitly, after substituting n =
Tneq + e?N¢ in Eq. , we obtain j, = —D0yNneq — 00z,
where D = vEr, is the diffusion constant on the TI surface
and o0 = e? N D is the associated conductivity via the Einstein
relation for this degenerate system. It can be recognized that
the diffusion constant D = v27, = vi7,/2, where we ob-
tain the momentum relaxation time 7 to be 7 = 27, because
of the spin-momentum locking of the TI surface states?*3430
(note that 7, = 27, = 7). We refer to 7 as “the transport re-
laxation time” consistent with Schwab er ai**. In steady state,
from Eqgs. (26) and (27) we obtain

dazjx(x) =0,
]w(x) = fodx,u(x),

on the TI surface without any tunneling from the FM. Here
and in what follows, we consider the full derivative d,, instead
of the partial derivative J,, of preceding equations as we now
have only an x dependence.

(28a)
(28b)



B. Modified transport on TI surface due to tunneling from FM

In the case of nonzero tunneling from the FM to the TI
surface, we plug in @ = 1 4 YN 7, — iwT, and A, =
q,VrTp + iyN_1ym, in Egs. @ and . After performing
the ¢ integration of Eq. (I9) and substituting Eq. (20), we
obtain

Q-1 —iA, n | | yNmpng (29
—iA, fo—1 2s, | | YNmpymyn_ |’

where n4 = ny £n . We define the dimensionless parameter
§ = YNy7y = 2yNy7p, which is the normalized tunneling
rate with respect to the momentum scattering rate on the TI
surface*® and ¢ is proportional to the tunnel conductance. In
case of weak tunneling, £ < 1, the conditions |A,| < |Q] <
1 <« Qy remains valid, and f> given in Eq. can be ap-
proximated as fo =~ 2Q, ie., fo & 2 + 2yNy7, — 2iwT.
After inverse Fourier transforming the first row of the matrix
equation in Eq. (29) to real space, in steady state we obtain

N_
dojo = =Ny +yNny + 22, (30)
F

which is the modified continuity equation of the charge den-
sity on the TI surface due to tunneling from the FM to the TI.
Similarly, after inverse Fourier transforming the second row
of the matrix equation in Eq. (29) to real space and using

Je = —2VgSy, in steady state we obtain
. 1 5
= m — Vg TpOx N+ YURTp My (N_ann_) , (31

which is the diffusion equation for the current density on the
surface of the TI including modifications due to tunneling
from the FM to the TIL. These two equations, Eqs. and[31]
are consistent with those we obtained in 2D transport in our
previous work®* and what was obtained from a semi-classical
drift-diffusion model on the TI surface with tunneling calcu-
lated from the Golden Rule of scattering between the FM ma-
jority/minority electrons and the TI surface states'®.
Following the literature!®?% we define the charge electro-
chemical potential (i in the FM as pic = (u4 + py)/2 and the
spin electrochemical potential i in the FM as ps = (pg—py ).
Under the charge neutrality condition in the FM contact,
Nineq;t + Mneq;), = 0, and we obtain ¢ = e + nps/2, where
n = N_/N; is the DOS polarization in the FM. In this
work, following Schwab et al?*, we assume ps = 0, i.e.,
Hr = by = [ic, and we have i = ¢, which can be identified
with the voltage in the FM*Z. Equation then becomes

2o Enmy

deje = —5 (e — 1) + Jus (32)
llr llr
and Eq. (31)) becomes
. fnmy
Tz = — d:v + - P 33

where, i = vpT, = 2vpT, is the transport relaxation length
on the TI surface. The right hand side of Eq. (32) can be in-
terpreted as the current injected from the FM to the TI surface

through the interface due to tunneling of electrons between
the FM and the TI surface. The first term in the right hand
side of Eq. (32) results from the difference of the electro-
chemical potential between the FM and the TI surface, and the
tunnel conductance of the interface is proportional to 2£a /12.
The second term in the right hand side of Eq. results
from the spin-momentum locking of the TI surface states and
spin split bands of the FM. The first term in the right hand
side of Eq. (33) is the diffusion term with the modified con-
ductivity, 0’ = /(1 + &), because tunneling back and forth
across the interface serves as a momentum randomizing scat-
tering process for the TI surface states. The second term in
the right hand side of Eq. also arises because of the spin-
momentum locking of the TI surface states and the spin split
bands of the FM. The modification of the charge current den-
sity on the TI surface due to tunneling from the FM, given
in Eq. (33)), was not considered by Schwab e al%.  Al-
though we have derived Eqgs. and considering spin-
conserving momentum-randomizing tunneling, the forms of
(32) and remain the same with a redefined £ and 7 even if
we consider spin-non-conserving but spin-selecting momen-
tum randomizing/in-plane momentum conserving tunneling
(see appendix). If the strength of tunneling between the TI
surface states and the majority/minority bands of the FM are
1,4 Which also depends on the nature of the interface (mo-
mentum randomization happens for a rough interface and in-
plane momentum conservation holds for a smooth interface),
then £ and 7 should be redefined as & = (Nt + v N )7y

and n = (1 Ny — Ny ) /(1 Ny + 9 V).

C. Consideration of FM line contact

We begin our consideration of results for specific geome-
tries by considering only line contacts in this section, which
allows for more ready comparison to prior work by Schwab et
al*®. Tn a subsequent section we extend our results to consider
contacts of nonzero length. In deriving the two terminal re-
sistance between a FM and a point on the TI surface, Schwab
et al®® had considered a FM line contact lying transverse to
the transport direction and of infinitesimally small dimension
along the transport direction, as shown in Fig. [3] with tun-
neling described by a delta function. We consider 1D trans-
port along the x direction, the FM contact to be of length L
along the transport direction located between region z = 0
and x = L (we will take limit L — 0) and of width W along
the transport-normal direction y. The tunneling from the FM
contact to the TT surface is modeled by replacing the tunneling
strength vy by vLfr,(x), i.e., replacing & by £L f1,(z), where
fr(x) is a rectangular function with value 1/L in the region
2 = 0tox = L and zero otherwise. (Note that fr(z) — §(z)
in the limit L — 0). Following Schwab et al?*, after replac-
ing £ by (L f1, () we integrate Eq. in aregion (—e, L+¢)
close to the FM contact, and let ¢ — 0 and L — 0, to obtain

o 20L ( _ M+ + p- 'Snmij;_ + iz
e 2 )T, 7

(34)



Here, we denote ,ug to be the electrochemical potential on
the FM line contact, u™ = p(0T) to be the electrochem-
ical potential on the TI surface to the right of the FM line
contact and 1~ = u(07) to be the electrochemical potential
on the TI surface to the left of the FM line contact. Simi-
larly, we denote j = j,(0") to be the charge current den-
sity on the TT surface to the right of the FM line contact and
J» = j=(07) to be the charge current density on the TI sur-
face to the left of the FM line contact. To obtain Eq. (34),
we have used ff:e dr dgjr = jo(L + €) — ju(—€), and,
in the limits ¢ — 0 and L — 0, j,(L + €) = j,(0") and
Jo(—€) = jz(07). Also in the limit ¢ — 0 and L — 0,
we have used f_Lje dz fr(z)p ~ £[p(0T) + p(07)] and

_Lje dz fr(z)je ~ 3[j(07) + j»(07)] consistent with the
approximations of Schwab et al?*. It should be noted that
the electrochemical potential 1 as well as the charge current
density j, on the TI surface will be continuous functions for
L # 0, but the value of the function may be different to
the right and left of the contact, i.e., u(L") # ©(0~) and
Jz(L1) # j-(07) in general. In the limit L — 0 for a line
contact, there will be a change in the electrochemical potential
on the TI surface across the FM line contact. This change in
the electrochemical potential, which will be determined from
Eqgs. (32)- (33), was not considered by Schwab et al2¥.

Next, we consider Eq. (33)), multiply both sides of Eq.
by (1 + &), replace £ by (L fr,(x), perform the integration of
the resulting equation in a small region (—¢, L + ¢) with the
limits € — 0 and L — 0, and divide the result by £ L, to obtain

B L

lie

(35)

To obtain Eq. , we have used f_L:re do dyp = u(L +e) —
u(—e€), and, in the limits € — O and L — 0, u(L+€) = p(01)
and p1(—e€) = p(07). Also, we have used f_L:': dz j, = 0in
the limits ¢ — 0 and L — 0. The electrochemical potential
T and i~ on the TI surface with respect to the electrochem-
ical potential 10 on the FM will be determined in terms of the
current density on the TI surface after solving Eqs. (34)) and
(35) with relevant boundary conditions on j*.

In the measurement set-ups shown in Figs. [3(a), 3[c) and
Eke), a current [ is injected from the FM contact to the TI
surface to the right of the FM contact, so j;- = I/W and
jz = 0. Solving Eqgs. and we obtain uT and u~ to be

2,2 2
b0y TmNEL 21
B=He < 2 )40W 2% WL (362)
c_ oy (1o TNEL G 1 myle T
H c 2 J4oW 20 WL ' 20 W'
(36b)

The second term on the right side of both Egs. and
is the resistive potential drop due to the charge current flowing
on the surface of the TI under the FM contact, where cW/L
is the conductance of the TI surface over length L. The third

S A
we———J|

term on the right side of both Egs. and (36b) is the re-
sistive potential drops across the interface due to the charge
current flowing from the FM to the TI surface through the in-
terface, where the interface conductance is (2£0/12)W L, and
W L is the area of the interface. (Note that 2 /12 is the co-
efficient of the first term in Eq. (32)). From Eq. (364), the
potential drop Ap(m,) = (u? — p™) is indeed the same for
m, = %1, and, hence, the two terminal resistance measured
between the FM and the TI surface, as shown in Fig. Eka),
is independent of the magnetization direction of the FM sat-
isfying the Onsager reciprocity relation. However, the last
term in p~ is non-trivial due to the spin-momentum lock-
ing of the TI surface states. From Eq. (36b), the potential
drop Ap(my) = (u= — pl), as shown in Fig. [3[c), de-
pends on the sign of m,,. Similarly, from both Eqs. (36a)) and
(36b), the potential drop Ap(m,) = (u~ — p™), as shown
in Fig. e), also depends on the sign of m,. So, the mea-
sured three terminal resistances, as shown in Figs. [3[c) and
[[e), will depend on the magnetization direction of the FM.
Such measurement set-ups were used to detect the current-
induced spin polarization on the TI surface!*''*, We define
the spin-detection voltage &y as the change of the potential
drop upon reversing the magnetization direction of the FM,
ie, op = [Ap(my = +1) — Ap(my = —1)]. In both cases
shown in Figs. [3[c) and[3[d), 6p = nlI /oW .

In the measurement set-ups shown in Figs. [3[b), [3(d) and
EKD, a current [ is extracted out of the FM contact from the
TI surface to the left of the FM contact, such that j77 = 0 and
jr = I/W. Then, we obtain u* and p~ to be

2,2
,MJF:MS* 1inmy §IL+ llzr I nmyltri7
> )ioW 2%eWL ' 20 W
(37a)
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The measurement set-up pair shown in Figs. [3[a) and [3(b)
(and, similarly, the pair Figs. [3[c) and [3(d) and the pair Figs.
Ble) and [3[)) are identical after an 180° rotation in the plane.
Hence, the solution for the electrochemical potential on the
TI surface given in Egs. and are related to that
given in Egs. and (36b), after a change of sign of both
I and m,, and the interchange of ;1 and p~. The 180° rota-
tion symmetry is also present in Egs. and (35), which
remain unchanged after letting j;- — —j., jo — —ji,
my — —my, pt — p~ and = — pt. Itis seen From Egs.
that the potential drop Au(my) = (u= — p2) is the
same for m, = =1, and, hence, the two terminal resistance
measured between the FM and the TI surface, as shown in
Fig. [3[b), remains the same irrespective of the magnetization
direction of the FM, satisfying Onsager reciprocity. From Eq.
, we find that the potential drop Au(m,) = (ud — ™),
as shown in Fig. [3(d), depends on the sign of m,. Simi-
larly, from Eqgs. and (37b), we find that the potential

drop Ap(my) = (= — pt), as shown in Fig. f), depends
on the sign of m,,. So, the three terminal resistances, as shown
in Figs. [B(e) and [3[f), will depend on the magnetization direc-
tion of the FM contact, and 6pu = nlI /oW for both cases.
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FIG. 3. Schematics of 1D measurement geometries on the surface of
a diffusive TI with a line FM contact indicated by an arrow.

In the measurement set-ups shown in Figs. [3(g)-(h), a cur-
rent [ is passed on the TI surface from the left of the FM
contact to the right of the FM contact, and no current is in-
jected/extracted through the FM contact, hence, j© = j. =
I/W. Then, we find the solution for u+ and 1~ to be

2,,.2
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The measurement set-up shown in Figs. [3(g) and B(h) are
identical after an 180° rotation in the plane, so, the solution
for the electrochemical potential on the TI surface given in
Egs. and (which is same as interchanging ;1 and
p~) are related after a change of sign of both I and m,. The
second term in both Egs. (38a) and (38b) is the resistive po-
tential drops along the surface of the TI under the FM con-
tact, and the third term in both Egs. (38a) and (38b) is non-
trivial and because of the spin-momentum locking of the TI
surface states. For the geometry of Fig. [3(g), we obtain the
potential drop Ap(my) = (u? — p™) from Eq. , and
for the geometry of Fig. [3(h), we obtain the potential drop
Ap(my) = (p~ — pQ) from Eq. (38}, both of which depend
on the sign of m,. Therefore, the three terminal resistances
for the geometries of Figs. [3[(g) and [3{h) will depend on the
magnetization direction of the FM contact, and could be used
for spin-detection with 6 = nlI /oW for both cases.

Our results for dp for three terminal measurement geome-
tries of Figs. [3(g) and [B(h) match with that of Hong et al.
calculated in the limit of small tunneling for a FM point con-
tact as a voltage probe on the TI surface’S, as well as that of
Yokoyama et al. obtained after a perturbative solution of the
coupled transport equations of the TI/FM bilayer with tunnel-
ing treated as perturbatio. From Egs. and , we
also find that the potential drop Ay(m,,) = (u~ — p*) across
the TI surface is independent of the sign of m,,, which also
is consistent with the result by Yokoyama et al"®. The cir-
cuit pair shown in Figs. [3c) and[3(d), the pair shown in Figs.
Ble) and Bg), and the pair shown in Figs. [3[f) and [3[h) are
reciprocal pairs. The resistance of each of these circuits can
be calculated from Eqgs. (36)-(38). For each reciprocal circuit
pair, the Onsager reciprocity relation Ry (+m,) = Ra(—my)
is satisfied, where Ry and R are m, dependent resistances of
reciprocal circuits in each pair.

D. Consideration of nonzero length FM contact and
importance of the tunnel barrier

We started with the quantum kinetic equation given in
Eq. (I) which is derived under the gradient expansion as-
suming that the r and ¢ dependence of the Green’s function
g(r, t; ppP, €) is smooth in the Fermi scale, i.e., q, < pg and
wTp < pglp. Furthermore, Eqs. (30) and (31)) are derived from
the matrix equation Eq. (29) after approximating f> ~ 2
under low-frequency long-wavelength diffusive limit assump-
tion, w7, < 1 and q_l, < 1. The assumptions in the gradient
expansion and diffusive limit imply that the charge electro-
chemical potential p on the TI surface varies smoothly on the
scale of momentum relaxation length on the TI surface. In the
solution of Egs. (34) and (33), which are derived assuming
delta function tunneling, i+ has a discontinuity. However, the
solution of 1 in Eqs. (36)-(38) must be treated as the solution
in the limiting case of the length of the FM contact becoming
zero. Also, in experiment, the size of the contact is nonzero
and at least an order of magnitude larger than the momentum
relaxation length on the TI surface. Hence, the coupled trans-
port equations, Egs. (32) and (33), which are derived consid-
ering diffusive transport on the TI surface under the FM con-
tact region, need to be resolved for a nonzero contact length.
However, and as we will show do, these results for nonzero
contact length continue to follow the Onsager reciprocity re-
lation, and converge back to the corresponding line contact
result, 6 = nlyI /oW in the limit of L — 0. However, it is
only beyond the line contact limit that we capture the impor-
tance of the tunnel contact in such spin-detection experiments.

The second order differential equation for the electrochem-
ical potential y on the TI surface under the FM contact is ob-
tained by substituting Eq. (33) into Eq. (32). Since the FM
contact is metallic with a conductivity much higher than the
conductivity of the TI surface, the electrochemical potential
of the FM p.(z) can be taken to be constant within the FM
contact, i.e., dypc(z) = 0 and pc(z) = p%% We define
w' = p— u? to be the electrochemical potential on the TT sur-
face with respect to the FM contact. Then, the equations for



FIG. 4. Schematics of the cross-sectional view of 1D measurement
geometries on the surface of a diffusive TI in the vicinity of the FM
in the circuits of Fig. [T}

1/ and the current density j, on the TI surface become,

A2y = 2bmydap’ + (b*m; — ) =0, (39a)

Juo = —0'[dup — by ], (39b)
where b = ¢n/ly and ¢ = /26(1 + €)/ly. From Eq. [39}
if 4/ () is a solution given a current density j on the TI sur-
face, then p/(«j) = au/(j) is also a solution. So, the po-
tential difference (u; — p2) = (1) — ph) between any two
points 1 and 2 on the TI surface, or the potential difference
(u — pQ) = 1 between any point on the TI surface and the
FM, will be directly proportional to the current density, im-
plying a linear current-voltage relationship. Also, from Eq.
(39), after letting  — —x and m,, — —m,, either j, — —j,
or '/ — —yp/ indicting a symmetry of the problem under an
180° rotation in the plane. However, to check for Onsager
reciprocity, we must solve Eq. (39) given specific boundary
conditions associated with the reciprocal circuit pairs. The
solution of u’ in Eq. is given by ¢/ = A1€™® 4 Aze™®,
where r1 o = bm,, £c, and the unknown constants A; » will be
determined from the boundary conditions on j,, which can be
written as j, = —o’c(A1e™" — Aye™®) from Eq. (39b). To
keep the notation consistent with that of a line contact in the
limit L — 0, we denote the electrochemical potentials on the
TI surface to the left of the FM contact to be =~ = u(xz = 0)
and the electrochemical potentials on the TI surface to the
right of the FM contact to be u* = p(z = L). In the fol-
lowing, we find the solutions for 4+ and p~ for specific ge-
ometries and discuss the linear current-voltage characteristic,
the symmetry under an 180° rotation in the plane, the spin-
detection voltage on the TI surface, the validity of the Onsager
reciprocity relation and the importance of the tunnel barrier in
such spin-detection experiments.

We first consider the case in which a current I is injected
from the FM to the TI and extracted from one end or the other
of the TI surface, as shown in Figs. [f{a)-(f). In the case in
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which the current is extracted from the right end on the TI
surface as shown in Figs. [fa), f{c) and @), the boundary
conditions become j,(z = 0) = 0 and j,(x = L) = I/W.
Then, we obtain the solution for 4+ and ™ to be

+_ o lcoth(cl)

= _— 4
1= He T (40a)
= pd — ICLh(CL)e—bmyL. (40b)

o’'cW

From Egq. , the potential difference Ay = (uQ — pt)
does not depend on the magnetization direction of the FM. As
a result, the two terminal resistance measured between a FM
and a NM contact of Fig. ffa) will remain the same even after
reversing the magnetization of the FM, satisfying the Onsager
reciprocity relation. However, in the three-terminal measure-
ment of Fig. f[c) in which the potential at the leftmost point
on the TI surface is measured with respect to the FM, the po-
tential difference Ap(m,) = (u~ — p2), which is found from
Eq. (0D), depends on the magnetization direction of the FM.
Similarly, in the three terminal measurement of Fig. Ffe) in
which the potential difference on the TI surface at the two
ends is measured, Ap(my,) = (= — pT) from Egs.
and (40D), depends on the magnetization direction of the FM.

If a current [ is injected on the TI surface from the left end
and extracted through the FM contact of Figs. f[b), @(d) and
[), the boundary conditions will be j,(z = 0) = I/W and
jz(z = L) = 0. Then, we obtain x4 and 1~ to be

I csch(cL)

+_,0 bm, L
ph= e e (41a)
_ I coth(cL)
_ 0
woo=pe + e . (41b)

Equation (&) can be obtained from Eq. after reversing
the direction of the injected current I and the magnetization
direction m,, of the FM, and interchanging the rightmost and
the leftmost potentials p* and p~, which reflects the 180°
rotation symmetry in the plane of the device. In the two-
terminal case as shown in Fig. |4(b), the potential difference
Ap = (p= — p?) from Eq. is independent of the FM
magnetization, so the two-terminal resistance will remain the
same even after reversal of the magnetization direction of the
FM. In the three terminal case as shown in Fig. d{d), the po-
tential difference Ap(m,) = (ud — p™) from Eq. de-
pends on the magnetization direction of the FM. Similarly, in
the three-terminal case as shown in Fig. [[f), the potential
difference Ap(m,) = (= — pt), which is obtained from
Eqs. (@Ta) and (@Ib), also depends on the magnetization di-
rection of the FM. Hence, in the three-terminal geometries of
Figs. [{c)-(f), there will be a change of resistance under the
magnetization reversal of the FM, which can be used for spin
detection on the surface of a TI.

In the circuit geometries shown in Figs. Ekg)-(h), the same
current [ is injected in and out of the two ends of the TI sur-
face, and the boundary conditions are j,(x = 0) = j,(z =



L) =1I/W. Then, u* and p~ are given by

I csch(cL)
0 bm,, L
pt =l — i <cosh(cL) —e’m >, (42a)
_ I csch(cL) _
=0+ | cosh(cL) — e ™). (42
i e + e (COb (cL)—e (42b)

From Eq. (#2), under the reversal (change of sign) of both
the direction of the injected current I and the FM magneti-
zation direction m,, the potentials on the rightmost and the
leftmost points, ;1 and p~, are interchanged, which again is
due to the 180° rotation symmetry in the plane of the device.
In the geometries of Figs. [[g) and [[h), the potential dif-
ference Api(my) = (u0 — %) and Ap(m,) = (u~ — u0),
respectively, can be obtained from Eqs. (@2a)) and (@2b). In
both these cases, Ag(m,,) depends on the magnetization di-
rection of the FM and will change upon reversing the FM
magnetization direction. However, the potential difference
Ap(my) = (= — p') is independent of the magnetization
direction of the FM, which is consistent with the Onsager reci-
procity relation, and the result by Yokoyama et al

All the potential differences, Au (ul A,u =
(n~ = p), and Ap = (= — ph), glvenbyEqs
are proportional to the current I, implying a linear reglme of
the transport. The circuit geometries shown in Figs. ) and
[(d), Figs. [ie) and[(g), and Figs. f[f) and@{(h) are reciprocal
pairs with the voltage and the current terminals interchanged.
In all these reciprocal circuit pairs, the resistance can be cal-
culated using Egs. (0)-(@2), and in all the cases the Onsager
reciprocity relation R (+m,) = Ra(—m,) is satisfied, where
R, and R, are the m,, dependent resistances of reciprocal cir-
cuits in each pair. In all the cases shown in Figs. [fc)-(h)
using Eqs. (0)-(@2), we find that the spin-detection voltage,
op = [Ap(my = +1) — Ap(m, = —1)], is given by

21
op = o7 sinh(bL) csch(cL). (43)

From Eq. (@43), in the limit L — 0, we find that jp =
nll, /oW, which is the same as that obtained assuming tun-
neling from a delta function for the FM line contact, and that
du is, indeed, independent of the conductance of the FM tun-
nel contact. Only for nonzero length FM contact, does dpu
depend on the tunneling conductance of the FM contact. For
small tunnel conductance, the Taylor series expansion of du
for small values of & gives §u = (nIl /oW )[1 — £(L?/312)).
So, in the limit £ — 0, we also obtain §y = nIl, /oW, which
is independent of the length of the FM contact. We define the

efficiency x of the tunnel barrier as xy = 65(*2(_%)0). There-
fore, the spin-detection voltage can be written as du(§) =
X171l /ocW. In the limit L — 0 or £ — 0, we have x — 1.
Figure [5] shows how x changes with £ for different values of
L/l = 10,20, 50 and = 0.5. We have observed that the de-
pendence of x on 7 is negligible in the range of interest of the
¢ and L /I, values, so the variation of y with £ for only n = 0.5
is shown. From Fig. [5| we can see that the spin-detection ef-
ficiency of the tunnel contact decreases as the conductivity of
the FM contact increases. Also, the spin-detection efficiency
of the FM contact decreases as the length of the FM contact
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FIG. 5. Variation of the spin-detection efficiency x with the nor-
malized conductivity £ of the FM tunnel contact on the surface of a
diffusive TI for different values of the FM contact length L relative
to the transport relaxation length /;; on the TI surface.

increases. So, the ideal contact for spin-detection would be a
FM line contact. However, in experiments, the FM contact has
a nonzero and often substantial length compared to the trans-
port relaxation length /;; on the TI surface, and a tunnel barrier
is needed to increase the spin-detection efficiency of the con-
tact, which has been demonstrated in the experimentsz' 14

E. Consideration of NM contacts

The analysis of the circuit geometries shown in Figs. [I]and
[2] with nonzero size contacts of length L can be performed
using the circuit diagrams of Fig. [4] and with the help of
Egs. (@0)-@2). However, to calculate the resistances for
these circuit geometries, the potential drops due to both the
FM and the NM contacts and the potential drop on the TI
surface between the contacts must be considered. The po-
tential drop on the TI surface between two contacts can be
found by solving Eq. (28). From Eq. (28). If a constant
current I flows on the surface of the TI from point 1 to point
2, the potential drop between the two points, 1 and 2, will
be Ap = (u1 — p2) = IL1a/oW, where Lo is the length
between points 1 and 2. The potential drop due to the NM
contact can be calculated considering the transport on the TI
surface under the NM contact. Previously=®, we calculated
the modified transport equations on the TI surface due to tun-
neling from the NM contact. In the 1D case, considering the
transport on the TI surface along the x-direction, the modified
continuity equation of the TI surface states due to tunneling to
and from the NM is given by-°

dyje = 2yNm(e?Npe — n), (44)

where, IV, is the per spin DOS of the NM at the Fermi en-
ergy, and p. is the charge electrochemical potential in the NM.
In our previous work®, we defined the interface transmission
time 7y by 1/7 = yNn. The modified diffusion equation for



the charge current densit
from the NM is given b

on the TI surface due to tunneling

1

: 2

e =T | — Ozn — YNn N 41, 45
= U 4Ny [ VpTpdzn — VNm UFTpNs:| 45)
where, ¢ is the y-component of the spin electrochemical po-
tential in the NM33. From Eq. , we obtain the following
modified continuity equation of the charge density on the TI

surface under the NM,

dejz = (e — 1) (46)

B
For 1 = 0, from Eq. (45), we obtain the following modified
diffusion equation for the current density on the surface of the
TI under the NM,

g
——
1+

In case of the NM, we have N = N = Ny, and, thus,
N_ =0, Ny = 2N,,; therefore, n = 0 and § = 4yNyT,.
Equations (46) and (#7) also can be obtained from Egs. (32)
and (33), respectively, after letting » = 0 for the NM. So, to
calculate the potential drops due to the nonzero length NM
contact in Figs. [I] and 2] Eqs. (@0)-@2) can be used after
substituting = 0.

The resistive potential drop on the TI surface and the resis-
tive drop due to the NM contacts are independent of magne-
tization direction of the FM contact, and satisfy the Onsager
reciprocity relation independently. Therefore, it is sufficient to
consider the potential drop due to the FM contacts, as shown
in Fig. [} to check the validity of the Onsager reciprocity re-
lation in multi-terminal measurements as shown in Fig. [T|and
the two-terminal measurements as shown in Fig. 2] Consid-
ering the transport on the TI surface under the nonzero length
FM contact, we have shown that the Onsager reciprocity re-
lation is satisfied in spin-detection experiments on the surface
of a TI, and how the conductivity of the FM tunnel contact
affects the efficiency of the spin-detection. Our conclusions
remain valid even after considering detailed calculation of the
potential drops due to all the other NM contacts and the drops
on the TI surface between the contacts.

To illustrate how to include the potential drops consider-
ing the NM contacts of Figs. [T and 2] we calculate the two-
terminal resistances in the circuit geometries shown in Fig. [2]
using the results obtained for the transport on the TI surface
under the FM and the NM contact and the region in between
the contacts. For the circuit geometries shown in Figs. 2Ja)
and |Zkb), if the same current is flowed on the TI surface be-
tween the two contacts, the potential difference on the two
contacts will be the sum of the potential drop due to the left
contact, the potential drop on the TI surface in between the
contacts, and the potential drop due to the right contact. The
potential drop due to the left FM contact will be obtained from
Eq. (@04), the potential drop due to the right NM cotact of Fig.
[Ja) or the right FM contact of Fig. 2{b) will be obtained from
Eq. (#1b), and the potential drop on TI surface in between the
contacts will be given by Ay = IL15/cW. For both cases

jw = - (47)
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FIG. 6. Schematics of spin-valve like measurement geometries with
two FM contacts on the surface of a diffusive TI.
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shown in Figs. |Zka) and |Zkb), the two-terminal resistances are
the same and given by

COth(ClLl)
(7/101W

Here, ¢; = /2§,(1 + &) /Iy and o) = /(1 + &;), where &;
is proportional to the conductance of the tunnel barrier for the
 contact, L; is the length of the i™ contact (i = 1,2), and
L5 is the length between the contacts. The resistance given
by Eq. [f8|is independent of the magnetization direction of
the FM contact of Fig. [2a) or the magnetization direction of
either of the FM contacts of Fig. |Zkb). Hence, Rs; satisfies
the Onsager reciprocity relation. The calculation for all the
circuits shown in Fig. [T|can be performed in a similar way.

COth(CQ Lg)

IL
12 -
OQCZLL

Ry =
2t oW

(48)

F. Consideration of spin-valve-like geometries

We also consider spin-valve-like four-terminal measure-
ment geometries with two adjacent FM and two non-adjacent
NM contacts on the surface of a diffusive TI. Among all
the possible circuit geometries with such contact configura-
tions, two of them being the voltage probes and other two be-
ing the current probes, we find four possible contact geome-
tries (two sets of reciprocal circuit pairs), as shown in Figs.
|§Ka)—(d), that manifest the effects of magnetic orientations of
both the FMs on the four-terminal resistance. We also note
that, if the two FM and the two NM contacts are identical
in the devices shown in Figs. Eka)-(d), there will be a rota-
tional symmetry axis normal to the plane of the devices. In
case of identical contacts in the devices shown in Figs. [6[a)-
(b), from the calculations based on Eqgs. (@#0)-@2) we ob-
tain the relationship, R4t(+M1, +M2) R4t(_M1, —Mz),



where this relationship satisfies the symmetry under an 180°
rotation in the plane of the devices. However, we obtain
R4t(+J\7[1,—]\ng) #+ R4t(—J\7[1,+J\Z/2) consistent with the
equality being not guaranteed by any symmetry or the On-
sager reciprocity relation. Similarly, in case of identical con-
tacts in the circuits shown in Figs. [6[c)-(d), the four point
resistances obtained from our calculations using Egs.
satisfy R4t(+M1,+M2) = R4,5(—J\_4'17 —Mg), but we also
obtain R4t(+M1, —Mg) = R4t(—Ml, +]\7[2) consistent with
the Onsager relation since the two symmetric reciprocal de-
vice structures are related by an 180° rotation in the plane.
Other terminal connection possibilities are shown in Figs.
[él(e)-(f), which are reciprocal circuit pairs. We find from the
calculations using the Egs. (40)-(42) that the four-terminal
resistances will not depend on either of the magnetizations
of the FM contacts. This behavior also has been verified
experimentally*!# and was attributed to very short spin relax-
ation time, which is same as the momentum relaxation time
on the surface of the TI due to spin-momentum helical lock-
ing. We could, in principle, extend our calculations to derive
the multi-terminal resistance for any number of contacts.

V.  COMPARISON TO RESULTS IN THE LITERATURE

In this section, we first derive the spin-charge coupled trans-
port equations of Burkov et al.?*, which was derived on the TI
surface without any tunneling from the FM. Then, we show
that the spin-charge coupled diffusion equations of Burkov et
al. do not satisfy the continuity equation of the charge den-
sity, i.e., Eq. (26) in which the charge current density on the
TI surface is given by Eq. (T3).

To derive the transport on the TI surface in the case of no
tunneling from the FM, we have v = 0, hence, hy, = 0, =
1—iwT, and A, = q, g7, in Egs. (7), (8) and (9). Performing
the ¢ integration of Eq. (7), we obtain

[HQ — Dg]pg = 07 (49)

where I, is the 2 x 2 identity matrix and p = (n, 2s,)T. The
matrix Do contains full information about the coupled spin
and charge transport on the TI surface. However, the matrix
elements of Dy are complicated functions of A, © and Q,,
as given in Eq. (). Instead, to obtain the transport equa-
tions on the TI surface, we have multiplied Eq. by D5 !
to obtain the matrix equation Eq. (I9), which gives Eq.

in case of no tunneling, and the matrix elements of D, ! are
simple functions as given in Eq. (20). Moreover, as we have
shown, the continuity equation of the charge density obtained
from the matrix equation Eq. (22) remains true irrespective
of the approximation made to obtain the second equation of
the two coupled transport equations. The spin-charge cou-
pled transport equations of Burkov et al?* can be obtained by
approximating the matrix elements of D, by invoking the dif-
fusive approximations. The matrix equation Eq. with the
full matrix Dy satisfy the continuity equation of the charge
density as we show below. However, we also show that, it
is quite non-trivial to approximate the matrix elements of Do

13

to get the spin-charge coupled diffusion equations from Eq.
(49) such that the continuity equation of the charge density is
satisfied even after the approximations.

First, we show that the spin-charge coupled diffusion equa-
tions on the TI surface without any tunneling from the FM
satisfies the continuity equation of the charge density given
the full matrix D, in Eq. (§). Substituting D, from Eq. (§) in
Eq. @) with Q = 1 — w7, and A, = q, VT, we obtain

1=h a2 (1-Qf) n
— (- Qf) 1A§3(1Qfl)] [zsy} =0. 6O

Multiplying Eq. by the row vector vy = (2, —iA,,) from
left gives Eq. (23, which is the continuity equation of the
charge density expressed in the Fourier space. We observe
that the equation vo[ly — Dsy]py = 0 gives Eq. if the full
matrix Ds in Eq. is used. Hence, we can obtain a constrain
on how to expand the matrix elements of Dy such that the
equation vz[I; — Da]p, = 0 continues to give Eq. (23), and
thus the coupled spin-charge transport equations will satisfy
the continuity equation for the charge density.
The matrix elements of D5 are expanded in series as,

Do = L A2 3A1 N
070 208 T 805 ’
iN,  3iA3
]D)Oyzﬂ)yozﬁ_gg24 4o oy
1 3A2
Dyy =50~ 803

However, the approximations of the matrix elements of Do
have to be such that the equation vy[I; — Dy]pe = 0 still give
Eq. (23), which forces expanding each matrix element with
different powers of A, (or €2) given by the following rule at
each order of approximation: In the n order, the rule is to
keep the first (n + 1) terms of Do and the first n terms in
each of Dy, Dyo, Dy, in Eq. . Hence, to the lowest order,
one has to keep the first two terms of Dgg and only the first
term in each of Doy, Dyo, D,,, in Eq. (51). For the next higher
order, one has to keep the first three terms of Do and the first
two terms in each of Dy, D0, Dy, in Eq. (5T).

Previously?®, we had shown that the coupled spin-charge
transport equations obtained by Burkov et al?* can be derived
from Eq. under the diffusive approximations. Here, we
precisely show that the transport equations of Burkov et al.
are obtained after keeping the first two terms in both Dy and
Dy, and the first term in both Dy, and D, in Eq. @), which
do not satisfy the above rules. However, we obtain

2

00 = (1 —iwr,) ™t — =E(1 — iwT,) ™
D 1 . b 1 2’E 1 - 3
2,2,2
zl—&-szp—quF e
A, o 1q,VETp
Doy =Dy = 5 (1 —dwr,) = , (52)
1 3A2 . _
D,, = 5(1 —iwTy) T — 89” (1 —iwry)
1 3qLVETy
zi(l—i—szp)— 3 L



In deriving the approximate values of the matrix elements, we
have neglected terms of order w?72, w7,q, [, and higher. Sub-
stituting the values from Eq. (13_75 into Eq. (#9), we obtain,

- 1.2,2 2 1.
_ZWTpl—’_EquFTp 1 1_51%7)1::3%2 2 2] [ o ] ="
—id,UFTy g~ WTp + §AVETy | [ 28y
(53)

Equation is exactly what we derived in our prior
work?®. After inverse Fourier transforming Eq. to real
space, the following coupled spin-charge transport equations
of Burkov et al*® are obtained,

on = Dod2n + 210, s,, (54a)
3D
Oysy = 202, — 2L 4 TO,m, (54b)
2 Tp

where Dy = v27,/2 was the diffusion constant, and I' = v /2
was the spin-charge coupling constant. It should be noted that
diffusion constant Dy = vZ7,/2 indicates that the momentum
relaxation time is 7, instead of 27,. Similarly, Eq. (54b) in-
dicates that the spin relaxation time is also 7, instead of 27;.
The mismatch of a factor of 2 in both the the momentum relax-
ation time and the spin relaxation time from the actual values
is an indication of the inaccuracy of the coupled spin-charge
transport equations of Burkov et al.

Since, the matrix elements of D, given in Eq. (52)) were not
derived according to the above rules for order of approxima-
tion, the transport equation Eq. is inconsistent with the
continuity equation of the charge density given in Eq. (26), if
the actual charge current density given in in Eq. (I3), i.e.,
Je = —2Ugsy, is considered. Alternatively, if the charge
current density is defined from the transport equation, Eq.
(54a)), after considering Eq. as the continuity equa-
tion of the charge density, as what was done by Burkov et
al’®¥, the resulting new definition of the charge current den-
sity, jo = —DJd,n — 2I's,, becomes inconsistent with the
actual charge current density given in Eq. However,
if the second order 9%s, term in Eq. is neglected, as
described by the above rules, s, = I't,0,n is obtained in
steady state. Substituting s, = I'r,0,n in Eq. results
in 0yn — 2vg0ys, = 0, and we recover the charge continuity
equation 0;n + 0, J, = 0 with j, = —2uvgs,.

Here, based on a derivation from the quantum kinetic equa-
tion, we show that the spin-charge coupled transport equa-
tions for the TT surface states obtained by Burkov et al?* are
inconsistent with the continuity equation of the charge den-
sity. Burkov et al'*® derived the spin-charge coupled trans-
port equation from the density response function formalism
using standard perturbation theory. It can be shown similarly,
though it is beyond the scope of this paper, that the expansion
in terms of the small parameters wty, q,lp, in that formalism
too has to be such that the resulting transport equations are
consistent with the continuity equation of the charge density,
for the charge conservation to hold, even after making stan-
dard current conserving approximations for the Green’s func-
tion and the self-energy in perturbation theory.
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Schwab et al. had calculated the resistance between a FM
line contact and a point on the TI surface using Eq. and
ignoring Eq. (33), and the result did violate Onsager reci-
procity. We have shown that considering both Eqs. (32) and
(33), indeed, results in the two-terminal resistance that satis-
fies Onsager reciprocity, even in the case of FM line contact.
However, ignoring Eq. , as Schwab et al** did, does lead
to the violation of the Onsager reciprocity relation.

Previously, Sayed et al'® had addressed the issue of On-
sager reciprocity in multi-terminal spin-valve-like measure-
ments on the surface of a diffusive TI by deriving the
resistance from the solution of a phenomenological one-
dimensional diffusion equation in terms of electrochemical
potentials of four propagating channels on the surface of the
TI, where each channel corresponds to a specific combina-
tion of spin orientation (up and down) and direction of prop-
agation (right and left moving), and modeling the FM and
NM contacts on the TI surface as line contacts'®1?, How-
ever, Sayed et al'™ only considered specific cases as those
of Figs. [T[a)-(b), Fig. [2(b) and Figs. [6[a)-(b). Our finding
matches with the ones obtained by Sayed et al'® in the case
of Figs. [Ifa)-(b) and Figs. [f[a)-(b) with both the FM con-
tacts being considered identical. However, in the case of two-
terminal resistance between the two FM contacts as shown in
Fig. b), the result of Sayed et al™ obeyed the Onsager reci-
procity relation, i.e., Rgt(+M1,+M2) = Rgt(—Ml, —Mg)
and Rgt(+J\7[1, 7]\22) = Rgt(*Ml, +Mg), but with the re-
lation Rgt(—f—Ml, +M2) + th(+M1, —J\ng) instead of Ry
being independent of both the magnetization directions of the
FM contacts that we have derived in Eq. (48). In our model,
the T is purely diffusive and all the spin information is lost af-
ter a few momentum scattering events on the TI surface. The
loss of information of the spin of electrons (or the information
of the magnetizations of the FM contacts) from the two inject-
ing FM contacts is due to the spin-momentum helical locking
of the TI surface states, where each momentum scattering also
randomizes the spin which is locked to the momentum of the
TI surface states. Hence, we find that the two-terminal re-
sistance Ry, given in Eq. (@8) does not depend on either of
the FM magnetization directions. It might be the case that
the result obtained by Sayed et al'™ is an outcome of their
model not being purely diffusive, but only based on a phe-
nomenological diffusion equation of individual spin up and
spin down propagation modes, where the spin information is
not completely lost even after a significant number of momen-
tum scattering events (although they had to introduce spin-flip
scattering artificially to account for that). By contrast, in our
theory, the transport equations on the surface of a TI are de-
rived starting from the quantum kinetic equation under dif-
fusive approximations. We believe that the two-terminal re-
sistance between two FM on the surface of a TI in ballistic
transport regime will satisfy relations, Roi(+My,+Ms) =
Ryt (=M, —Mz), Roi(+My, —M3) = Roi(—My,+My),
but Rgt(-l—Mh—H\ng) # Roi(+M;, —.7\7[2), resembling that
of Sayed et al'?.

The two-terminal resistance between a FM and a NM con-
tact on the surface of a ballistic TT was calculated theoretically



by Gotte et al*’, but the calculated theoretical result appar-
ently violates the Onsager reciprocity relation. In the ballis-
tic transport regime, the probability conservation law, i.e., the
conservation of charge density, along with the time reversal
symmetry, which is achieved by reversing the magnetization
direction of the FM, ensures a symmetry of the conductance
matrix such that the Onsager reciprocity relation is satisfied in
the linear response regime. The calculation for the pure ballis-
tic case to establish the validity of the Onsager reciprocity re-
lation is beyond the scope of this current work. Nevertheless,
Semenov et al.*® had understood that the Onsager reciprocity
will be satisfied in both the ballistic and the diffusive case,
and, hence, they proposed a phenomenological model for the
quasi-ballistic mesoscopic regime in which they showed that
the reciprocity and even the linear current-voltage relation-
ship around the zero bias are violated. However, a detailed
formal derivation based on transmission matrix method simi-
lar to that of Buttiker?, or a calculation based on the quantum
kinetic equation, is needed to test such violation of Onsager
reciprocity in the mesoscopic regime of transport.

In the experiment, the transport regime is mostly diffu-
sive, hence the observation of different two-terminal resis-
tance with reversal of FM magnetization direction still needs
to be explained. Very recently, Tian et al*? observed spin
memory effect in three-terminal spin detection experiments
on the surface of a TI and postulated that one possible rea-
son for the observed spin memory effect might be the hyper-
fine interaction between the nuclear spin in the atom and the
conduction electron spin, in which atomic nuclear spin has
a much larger lifetime giving rise to a memory effect. In
case of two-terminal magneto-resistance experiment involv-
ing FM contacts on the surface of a TI, such hyperfine inter-
action could similarly give rise to change of resistance upon
magnetic field reversal. Since the nuclear spin in the atom
does not relax to become reversed with the reversal of the FM
magnetization, the Onsager reciprocity relation could not be
applied, since application of the Onsager reciprocity relation
requires time reversal invariance, which is achieved by revers-
ing all the internal magnetic moments and the external mag-
netic fields in the system. In this work, we have shown that
in the purely diffusive regime of transport, the Onsager reci-
procity relation is maintained, which contrasts to prior results
that also assumed diffusive transport but found violations of
Onsager reciprocity for reasons detailed before. This work,
therefore, suggests that the apparent violations of the Onsager
reciprocity relation in the experiments must have a different
source.

VI. CONCLUSION

In summary and conclusion, starting from the quantum ki-
netic equation, we have derived the diffusive transport equa-
tions on the surface of a TI coupled to a FM to explain two-
terminal and multi-terminal spin detection measurements on
the TI surface. In the kinetic equation, the effect of the FM
tunnel contact on the transport has been considered by taking
into account a self-energy due to tunneling across the TI/FM
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interface that acts as a source term in the charge transport
equations of the carriers on the surface of the TI under the
FM tunnel contact. The diffusion equations are solved ana-
Iytically to calculate the change in chemical potential in the
TI and the FM due to the charge current on the TI surface
for different measurement geometries. Based on our analyt-
ical model, we define a spin-detection voltage as the change
in voltage measured on the FM contact on reversing the FM
magnetization direction. We find that the spin-detection volt-
age depends on the DOS polarization of the FM, the amount
of charge current on the TI surface and the conductivity of
the tunnel contact. We show that the spin-detection voltage
decreases with increasing tunnel conductivity of the tunnel
barrier. We also show that the Onsager reciprocity relation
is satisfied in both the two-terminal and multi-terminal spin-
detection experiments on the surface of a diffusive TI, which
resolves conflicting issues in prior literature, as well as ex-
plains the results of multi-terminal spin-detection experiments
on the surface of a diffusive TI. Our results suggest that the
experimental findings of two-terminal resistance that depends
on the FM magnetization direction need further interpretation.

This work is supported by NASCENT ERC and NSF under
the grant NNCI ECCS-1542159.

Appendix A: Derivation of the quantum Kkinetic equation

To derive the quantum kinetic equation describing transport
on the TI surface coupled to the FM, we follow our previous
papers>#39. We consider the following total Hamiltonian for
the TI-FM heterostructure of Fig. ]

Htol = HTI + Hdis + HFM + Htun- (Al)
Here, Hry is the low energy effective Hamiltonian for the TI
surface states in second-quantized form, which is given by

HT[ = )\/dzRZ CL(R) [GTI(R) — €g0p — 6(]50'0] aBCB(R)’
a,B

(A2)
where erj(R) = —ihvg[(VRr X Z) - 0], v is the Fermi ve-
locity of the Dirac surface states, ep is the Fermi energy, ¢ is
the electrostatic potential of any electric field (E = — Vgr¢)
on the TI surface, and R is the 2D position vector on the TI
surface. The creation and annihilation operators of the TI sur-
face states are ¢, (R), cs(R) (where («,3) are the spin in-
dices) which satisfy the equal-time anti-commutator relation
{ca(R),ch(R")} = A"16(R—R')d,,5 normalized to the thick-
ness A of the TI surface states. The disorder Hamiltonian H g
representing the impurities on the TI surface is given by

Hgio = A / d®RY el (R)Vais(R)ca(R),  (A3)

where Vgis(R) = VyagX L6(R — R;) is spin-independent
short-ranged impurity potential, Vy is the average impurity po-
tential for impurities on and close to the interface, R;- ’s are the
locations of the randomly distributed impurities, and and aq is



a normalization constant with unit of area for the normaliza-
tion of the delta function.
We consider the FM Hamiltonian Hgy, which is given by

Hpy = /d3rz df,(r) [erm(r) — €roo — egeo0] , ;ds(r).
o,

(A4)
Here, epm(r) = [— ;,Lic V2 + )09 — Aexm - 0 describes the
two spin-splitted bands in the FM, r is the 3D position vector
in the metal, m, is the effective mass for both the conduction
bands in the FM, ¢, is the band offset relative to the Dirac
point of the TI surface states, A, is the effective strength of
exchange interaction between the itinerant s-electrons and the
localized d-electrons in the FM, m is the unit vector along
the direction of magnetization in the FM and ¢, is the elec-
trostatic potential of any electric field in the FM. The two
bands of the FM will be spin splitted with an splitting en-
ergy of 2A.. The creation and annihilation operators in the
metal are df, (r) and ds(r), which satisfy the equal-time anti-

commutator {d (r), dg (r')} = 6(r—r")d,p. The creation and
the annihilation operators in the metal and on the TI surface
anti-commutes, i.e., {c,(R), d; (r)} =0.

The coupling of the TI surface states to the FM is described
by a tunneling Hamiltonian Hy,,, which represents the trans-
mission of the electron in and out of the TI surface states from
and to the FM, given by

Hyy = A / &2R / &r > [d (1) Tus (r, R)cs(R) + hec].
a,B
(AS5)

We consider a site-to-site (local) instantaneous tunneling
at the interface, and the tunneling matrix has the form
Top(r,R) = tasf(R)o(r) — R)d(2), where topf(R) de-
scribes the nature of the tunneling. The dependence of ¢, 3 on
the spin indices (a3) describes whether the tunneling is spin-
conserving or spin-selective but spin-non-conserving, and the
dependence of f(R) on R describes whether the tunneling is
momentum randomizing or in-plane momentum conserving.
In case of a rough interface, the tunneling will be momentum
randomizing, and the tunneling is modeled by randomly dis-
tributed tunneling centers with f(R) = a2 §(R — R$),
where RS’s are the positions of the tunneling centers, and
a; 1s a normalization constant with unit of area for the nor-
malization of the delta function. In case of a smooth inter-
face, the tunneling will be in-plane momentum conserving,
and the tunneling is modeled by a position-independent func-
tion f(R) (we take f(R) = 1). For spin-conserving tunnel-
ing, the tunneling can be modeled by t,3 = todng, Where
the tunneling from both the bands in the FM to the TI surface
states (and vice versa) have the same tunneling strength %.
For spin-selective but spin-non-conserving tunneling, the tun-
neling from the two bands in the FM to the TI surface states
(and vice versa) will have a different strength, and the tun-
neling can be modeled by t,g = (4P + t;P|)as. Here,
Py, = (09 +m- 0)/2 are the projection operators to the two
spin spliited bands in the FM, and ¢, | are the corresponding
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tunneling strength. If ¢4 # ¢, the tunneling will be spin-
non-conserving, and the spin-conserving tunneling is a special
case when ¢ =t = to.

The quantum kinetic equation obtained from the Keldysh
component of the Wigner transformed left-right subtracted
Dyson equation after gradient expansion is given by’

AGX ~ ¢ 06 0.G° + L {v- Vi, G} + e Vg - V6"

+ % [eTl(p), GK] ., (ERGK — GKZA) +i (GRZK - EKGA) .
(A6)
Here, erj(p) = hvp(p x ) - 0, v = vp(z x 0), GRAK and
LRAK are the the retarded(R), advanced(A) and Keldysh(K)
component of the Wigner transformed Green’s functions(G)
for the TI surface states and the self energies(X) in terms of
the variable (R, t; p, ¢). Here, (R, t) are the center-of-mass po-
sition and time co-ordinates and (p, €) are the Fourier trans-
formed momentum and energy of the relative position and
time co-ordinates. The self energy has contributions from
both disorder and tunneling Hamiltonian, i.e. > = Xgis + 2un,
where X is the self-energy due to disorder impurity poten-
tial and X, is the self-energy due to tunneling from the FM
to the TI surface states. We consider time-independent elec-
tric fields on the TT surface, hence, the electrostatic potential
will be time-independent, i.e., J,¢p = 0.
After impurity averaging, the self energy for disorder is
given by

)\ 2V2 ; d2 /
SRAK(R, (;p, ) = ~0d 4 /( PoGRAKR, 0,

h 2m)

(A7)
where n; is the impurity concentration per unit area on the TI
surface. We introduce the quasi-classical Green’s function of
the TI surface states,

o ia
g MR tpep.€) = / dg, G*HE(R 6po€),  (AB)

where pg. is the Fermi momentum of the TI surface states, p is
the unit vector along p, and &, = hvg|p| — er. In Eq. (AS8),
the integration is performed near the Fermi energy and we
assume that the Fermi energy is in the conduction band of
the TI. Hence, only the projection of the Green’s function of
the TI surface states to the conduction band is relevant to the
transport, which is

l oo+ (pxz)-0

G*A == A9

P9 = ox e—g, xior (49)

So, the quasi-classical Green’s functions and the disorder self
energies are give by

R.A 1 P
gRA = %[00 + (b % 7) - o],
A ; (A10)
Edi’s = $277p0-07
where 7, is the scattering time between the Bloch states in
the TI and is defined by 1/7, = 7a3V7n;N/h, and N is the



DOS of the TI surface states at the Fermi energy. Since the
quasi-classical Green’s function of the TI surface states will
be peaked at the Fermi energy, we have

i A
GK(R7 t;p7€) = _TgK(R7 G pr7€)6(§p)7 (All)
and, the Keldysh component of >4 is given by
1 A
Sas (RGP €) = —— (g (R, ppb, €)), (A12)

Tp

where (...) denotes angular averaging over the Fermi contour
of the TI surface states.
In case of a rough interface, the retarded, advanced and

Keldysh components of the tunneling self energy LK =

Eﬁ,,‘f K(R, t; p, €) are obtained after averaging over the random
distribution of the tunneling centers, and momentum random-
ization happens in the tunneling process. As a result, the tun-

neling self energy is given by

YRAK _ >\C%2 s &K’ T GRAKy
tun h (27T)3 FM ’

where ny is the density of the tunnehng centers per unit area,
GRS = GRIE (R, 2 = 0, K, €) are the retarded, advanced
and Keldysh components of the Green’s function of the FM
at the interface z = 0 with k’ being the 3D momentum in the
FM, and t = (¢4P4 + ¢, P|) is the spin-dependent part of the
tunneling (note that ¢ is hermitian, i.e., th = t).

The retarded and advanced Green’s functions of the FM are,

(A13)

1
P
c—gqLior T

GRA (K, €) = Py (A14)

6—€k¢ii0+.

where 4, = zh—;;ck% ¢+€b$Aex—6F. Considering incoherent
superposition of up and down electrons in the FM, the Keldysh
component of the Green’s function of the FM, which will be
peaked at the Fermi energy, can be written as

Gim = —im [Py} (kerky, €)6(Ekr) + Pyt (ke Ky, €)5(6cy)],
(A15)

where gX | are the Keldysh components of the quasi-classical
Green’s functions for the up and down electrons in the FM,
kgs,, are the Fermi momentum of the up and down electrons
in the FM, and in Eq. (A15) the position and time dependence
of the Keldysh components of the Green’s functions are im-
plicit. It should also be noted that, the Keldysh component of
the tunneling self-energy is given by the Keldysh component
of the Green’s function of the FM evaluated at the interface.
However, the assumption of a constant Keldysh component of
the Green’s function of the FM with position inside the FM
will be self-consistent (because, the thickness of the FM is
considered to be small and the conductivity of the FM is much
higher than the conductivity of the TI, and, after considering
transport inside the FM it can be shown that the variation of
the non-equilibrium up/down electrochemical potential of the
FM with position inside the FM will be negligible~).
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The retarded, advanced and Keldysh components of the
tunneling self energy become

Sem = Fi (% NPy + 9, N Py),

Stun = —1 (1 N1Prgr + 1N PLgy ),

(A16)
where 74 | = 7r)\at s/ P are the strengths of tunneling be-
tween the up/down spm electrons in the FM and the TI surface
states, Ny, | are the DOS of the up and down electrons in the
FM at the Fermi energy, and gy,; = (gf ) denotes the value
of the Keldysh component of the quasi-classical Green’s func-
tion for the up/down electrons in the FM after averaging over
the solid angle of the respective Fermi surfaces of each spin
bands in the FM.

In case of a smooth interface, in-plane momentum conser-
vation happens in the tunneling process, and the tunneling self
energy is given by

Aazn d k’
FRAK _ Adg s/
a2 s dk’
= L;i”‘ / ST ORI (R, 2 = 0,6 K], K, o)t

For diffusive transport in the FM, the the Keldysh components
of the quasi-classical Green’s functions g? | for the up and
down electrons in the FM ca be expanded with an isotropic
and an anisotropic component (with respect to the momentum
direction k4 ). In the diffusive limit, the isotropic component
will be proportional to the up/down electrochemical poten-
tial in the FM, while the anisotropic component will be deter-
mined by the spatial variation (gradient) of the isotropic com-
ponent. Since the variation of the up/down electrochemical
potential in the FM will be negligible®Z, the anisotropic com-
ponent of the quasi-classical Green’s functions §$ | of the FM
can be neglected. So, if the quasi-classical Green’s functions
ng(-, , are isotropic in k¢, space, from Eq. (A17) we obtain
that the retarded, advanced and Keldysh components of the
tunneling self energy are given by the same relation as that of
Eq. (A16) with yy,| = wAt3 | /h and Ny | will be the corre-
sponding 1D DOSs calculated with the constraint of in-plane
momentum conservation.

The quantum kinetic equation in terms of the quasi-
classical Green’s function g¥ of the TI surface state is ob-
tained after performing &, integration of Eq. (A6), which is

VF (. . L
og® + EF{Z x 0+ VR, g*} + ivepp[(p X 2) - 0, g

K K
g (gh) 1o K
- _—Z 7 - .o
Tp+ - +27 (px1z)-0,(g%)}
— {(NtPy + 7, NiP)), g°} + (1 N+Pygr + 7 NP gy)

Lo
+ 5{(13 x 2) - 0, (1 N1Prgr + 7 NiPigy) |-
(A18)
For spin conservmg tunneling, tT =t =tp,andyp =y, =

v = wAt2/h, and we obtain Eq. (1) in the main text with the
identification g = ¢¥ and g, = gT, 1. However, to recover



Eq. (A18) from Eq. (), the replacement YNy — 4Ny and
N, — 7, N, should be performed.
The term F - %:: in the classical Boltzmann equation which

is the term —¢eE - V,GX in the quantum kinetic equation, Eq.
(A6), drops out of the quantum kinetic equation, Eq. (A18),
written for the Wigner transformed quasiclassical Green’s
function g®(r,ppP,t,€) after &, integration, because of the
assumption that the Fermi energy is the largest energy scale
in the problem*”. The substitution V — V + eEQ, that ap-
pears in the quantum kinetic equation for the gauge invariant
Wigner-transformed Green’s function §¥(r, p, t, €) as done in
Ref. [*¥], cancels out in the quantum kinetic equation, Eq.
(A6), written for normal (not gauge invariant) Wigner trans-
formed quasiclassical Green’s function g¥ (that we use in this
work)*, giving rise to a term proportional to ;¢ which is
zero in case of time-independent external electrostatic poten-
tial. However, the external electrostatic potential ¢ appears in
the expression for the actual non-equilibrium charge density
of the electrons n,.q and can therefore be subsumed by defin-
ing an effective non-equilibrium charge density n, as men-
tioned in the main text.

In the most general case of spin-selective but spin-non-
conserving tunneling, Eqs. (29)-(3I) in the main text also
will be modified and can be obtained by the replacement
YNy — 4Ny and YN — vy N,. Equation (29) will become

Q-1 —iA, n
—iN, fo—1||2s,
- { szTp(%NWT + 7 Nypy)
e*Nrymy (v Ny = v Nypy) |7

where, we have 0 = 1+ (y4 Ny + v, N} )7, — iwT, and A, =
4, VrTp+i(74 Ny —v N, )pm,,. Then, the modified continuity
equation of the charge density on the TI surface, i.e., Eq. (30),
becomes

dejo = N1 (€? Ny —n) + 7 N (€ Ny — n)

(A19)

G (A20)
+my (1 Ny =1 Ny ==
UF
The modified diffusion equation for the charge current density
on the TI surface, i.e., Eq. (3I), becomes
1

Je =T —x

2 2
- Oxn — Ny(e*Npy —
119 VETp0pn — VpTymy { Y+ Nt (€* Ny — n)

—UN (e Npy —n)},
(A21)

where, the new £ will be redefined by § = (4 Ny + vy N| )Ty

However, for pi4 = p1, = puc, the forms of Egs. and
remain the same with the above-mentioned redefined £ and a

redefined 1) given by 1) = (v Ny — 7. N,) /(31 Ny + 7Ny ).

Appendix B: Solution of the transport equations

In this section, we provide the solution of the electrochem-
ical potential 1 on the TI surface underneath the FM for dif-
ferent boundary conditions corresponding to different circuit
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geometries as shown in Fig[d] From Eq. (39a)), the general
solution of y1/ = (p — pl) is given by p/ = Aje™® + Age™?,
where 719 = by, £ ¢, b = &n/ly and ¢ = \/2E(1 + &) /1.
Then from Eq. (39Db), the current density j, on the TI sur-
face can be written as j, = —o’c(A1e™% — Aye™%), and the
unknown constants A; o are determined from the boundary
conditions on j.

For the circuit geometries of Figs. @a), ffc) and de), the
boundary conditions are j,(x = 0) = 0 and j,(x = L) =
I/W. Hence, i and j, are given by

I csch(cl) €T 4 ¥
_ ,,0 _ —bm, L
A
Tcsch(cl) _pm 1 (e“m - e’”ﬂ)
= ————e "M —— |
2

)7 (Bla)
Jz W (B1b)

For the circuit geometries of Figs. [[b), fl(d) and B(f), the
boundary conditions are j,(x = 0) = /W and j,(x = L) =
0. Hence, p and j, are given by

Tcsch(eL) [ emn®—el 4 graztel
=g+ U,cV(V )( 5 ) (B2a)
Tesch(cel) [ erre—el _ graztel
Joe = — W( ) ( 5 > (B2b)

For the circuit geometries of Figs. @fg) and[@{(h), the boundary
conditions are j,(x = 0) = j,(z = L) = I/W. Hence, u
and j, are given by

0 I |:(1 _ ergL)erlw + (1 _ erlL)erzx:|

H=Hle = iew (eml — eraL)
(B3a)
' T (1 _ e’r'zL)e’rlw _ (1 _ e'rlL)e'rgw
L= . (B3b
‘7 W |: (erlL _ eTzL) ( )

Equations {@0), @) and (#2) are obtained from Eq. (Bla),
(B2a) and (B3a), respectively.

The tunneling current density ju, flowing from the FM to
the TT surface through the interface is given by the right hand
side of the modified continuity equation for transport on the
TI surface, i.e., Eq. (32). So, we have,

. 280 Enmy,
un = (1l = 1)+ 2T (B4)
tr tr

and, the modified continuity equation for transport on the TI
surface now can be written as

dw]w = jlun- (BS)

After integrating the above equation, i.e., Eq. (B5), from 0 to
L, and using the fat that fOL dz dpje = ju(L) — 72(0), we

obtain the total tunneling current density ji°' to be

L
= [ A =0 - O, ®6
0
The above equation, i.e., Eq. (B6), implies current conserva-

tion. In all the cases considered above, using Eqs. (B1)-(B3) it
is straightforward to check that the current conservation holds.



19

! M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).

2 Li, CH and vant Erve, OMJ and Robinson, JT and Liu, Y and Li,
L and Jonker, BT, Nature nanotechnology 9, 218 (2014).

3 J. Tang, L.-T. Chang, X. Kou, K. Murata, E. S. Choi, M. Lang,
Y. Fan, Y. Jiang, M. Montazeri, W. Jiang, Y. Wang, L. He, and
K. L. Wang, Nano Letters 14, 5423 (2014).

4 A. Dankert, J. Geurs, M. V. Kamalakar, S. Charpentier, and S. P.
Dash, Nano Letters 15, 7976 (2015).

5 L. Liu, A. Richardella, I. Garate, Y. Zhu, N. Samarth, and C.-T.
Chen, Phys. Rev. B 91, 235437 (2015).

6 J.S. Lee, A. Richardella, D. R. Hickey, K. A. Mkhoyan, and
N. Samarth, Phys. Rev. B 92, 155312 (2015).

7 E. K. de Vries, A. M. Kamerbeek, N. Koirala, M. Brahlek,
M. Salehi, S. Oh, B. J. van Wees, and T. Banerjee, Phys. Rev.
B 92,201102 (2015).

® F. Yang, S. Ghatak, A. A. Taskin, K. Segawa, Y. Ando, M. Shi-
raishi, Y. Kanai, K. Matsumoto, A. Rosch, and Y. Ando, Phys.
Rev. B 94, 075304 (2016).

% A. Dankert, P. Bhaskar, D. Khokhriakov, I. H. Rodrigues,
B. Karpiak, M. V. Kamalakar, S. Charpentier, 1. Garate, and S. P.
Dash, [Phys. Rev. B 97, 125414 (2018).

10°C. H. Li, O. M. vant Erve, S. Rajput, L. Li, and B. T. Jonker,
Nature Communications 7, 13518 (2016).

'C.H. Li, O. M. J. van t Erve, Y. Y. Li, L. Li, and B. T. Jonker,
Scientific reports 6, 29533 (2016).

2. C.H. Li, 0. M. J. van t Erve, C. Yan, L. Li, and B. T. Jonker,

Scientific reports 8, 10265 (2018).

J. Tian, I. Miotkowski, S. Hong, and Y. P. Chen, Scientific reports

5, 14293 (2015).

Y. Ando, T. Hamasaki, T. Kurokawa, K. Ichiba, F. Yang, M. No-
vak, S. Sasaki, K. Segawa, Y. Ando, and M. Shiraishi, Nano Let-
ters 14, 6226 (2014).

5°S. Hong, V. Diep, S. Datta, and Y. P. Chen, Phys. Rev. B 86,
085131 (2012).

6T Yokoyama and Y. Tserkovnyak, Phys. Rev. B 89, 035408
(2014).

7P, Li and I. Appelbaum, Phys. Rev. B 93, 220404 (2016).

18°S. Hong, S. Sayed, and S. Datta, Scientific reports 6, 20325
(2016).

'S, Sayed, S. Hong,
(2016).

0g, Sayed, S. Hong, E. E. Marinero, and S. Datta, IEEE Electron
Device Letters 38, 1665 (2017).

2l y. Roy, R. Dey, T. Pramanik, B. Ghosh, L. F. Register, and S. K.
Banerjee, Journal of Applied Physics 117, 163906 (2015).

22 M. Buttiker, IBM Journal of Research and Development 32, 317
(1988).

2 A. A. Burkov and D. G. Hawthorn, Phys. Rev. Lett. 105, 066802

and S. Datta, Scientific reports 6, 35658

24

25

26

27

28

29

30

3

32
33

34

3
36

O

37

3

=3

39

40

(2010).

P. Schwab, R. Raimondi, and C. Gorini, EPL (Europhysics Let-
ters) 93, 67004 (2011).

K. Taguchi, T. Yokoyama,
085407 (2014).

R. Dey, A. Roy, T. Pramanik, A. Rai, S. Heon Shin, S. Majumder,
L. F. Register, and S. K. Banerjee, Applied Physics Letters 110,
122403 (2017).

M. Gétte, T. Paananen, G. Reiss, and T. Dahm, Phys. Rev. Ap-
plied 2, 054010 (2014).

Y. G. Semenov, X. Duan, X.-L. Li,
Journal of Physics and Chemistry of Solids
https://doi.org/10.1016/j.jpcs.2017.07.020.

J. Tian, 1. Childres, H. Cao, T. Shen, 1. Miotkowski,
Chen, Solid State Communications 191, 1 (2014).

S. Majumder, S. Guchhait, R. Dey, L. Register, and S. K. Baner-
jee, IEEE Transactions on Nanotechnology 15, 671 (2016).

M. Zhang, X. Wang, S. Zhang, Y. Gao, Z. Yu, X. Zhang, M. Gao,
F. Song, J. Du, X. Wang, L. He, Y. Xu, and R. Zhang, [EEE
Electron Device Letters 37, 1231 (2016).

E. I. Rashba, Phys. Rev. B 68, 241315 (2003).

E. G. Mishchenko, A. V. Shytov, and B. I. Halperin, Phys. Rev.
Lett. 93, 226602 (2004).
R. Dey, L. F. Register,
144417 (2018).

X. Liu and J. Sinova, Phys. Rev. Lett. 111, 166801 (2013).

R. Dey, N. Prasad, L. F. Register, and S. K. Banerjee, Phys. Rev.
B 97, 174406 (2018).

Considering transport within the FM contact, it was shown'® that
the charge electrochemical potential yic () in the FM will be some
constant (u) plus a variation (ul (z)) along the length of the con-
tact, i.e., pe = pd + pé (), where ! (2) will be proportional 7,
the ratio of the conductivity of the TI surface to that of the FM.
Similarly, it can be shown that the spin electrochemical potential
us(z) in the FM will be proportional to r. However, since typi-
cally r is a small quantity, u2 () and s(z) can be neglected with
respect to 10, and . can be taken as constant within the FM.
The Hamiltonian in our work is different from the one used
previously®® and can be obtained from the later after changing
zZ — —1. So, all the results of our previous work can be used in
this work after making the substitution Z — —2. To obtain Eq.
(43)) of this work from Eq. (13) of our previous work=?, we have
made the substitution Z — —z in Eq. (13) of our previous work.
J. Tian, S. Hong, 1. Miotkowski, S. Datta, and Y. P. Chen, Science
Advances 3 (2017), 10.1126/sciadv.1602531.

C. Gorini, Quasiclassical methods for spin-charge coupled dy-
namics in low-dimensional systems, doctoralthesis, Universitit
Augsburg (2010).

and Y. Tanaka, Phys. Rev. B 89,

and K. W. Kim,
(2017),

and Y. P.

and S. K. Banerjee, Phys. Rev. B 97,


http://dx.doi.org/10.1103/RevModPhys.82.3045
http://dx.doi.org/10.1021/nl5026198
http://dx.doi.org/ 10.1021/acs.nanolett.5b03080
http://dx.doi.org/ 10.1103/PhysRevB.91.235437
http://dx.doi.org/ 10.1103/PhysRevB.92.155312
http://dx.doi.org/10.1103/PhysRevB.92.201102
http://dx.doi.org/10.1103/PhysRevB.92.201102
http://dx.doi.org/10.1103/PhysRevB.94.075304
http://dx.doi.org/10.1103/PhysRevB.94.075304
http://dx.doi.org/10.1103/PhysRevB.97.125414
http://dx.doi.org/ 10.1038/ncomms13518
http://dx.doi.org/10.1038/srep29533
http://dx.doi.org/10.1038/s41598-018-28547-y
http://dx.doi.org/ 10.1038/srep14293
http://dx.doi.org/ 10.1038/srep14293
http://dx.doi.org/10.1021/nl502546c
http://dx.doi.org/10.1021/nl502546c
http://dx.doi.org/ 10.1103/PhysRevB.86.085131
http://dx.doi.org/ 10.1103/PhysRevB.86.085131
http://dx.doi.org/10.1103/PhysRevB.89.035408
http://dx.doi.org/10.1103/PhysRevB.89.035408
http://dx.doi.org/10.1103/PhysRevB.93.220404
http://dx.doi.org/10.1038/srep20325
http://dx.doi.org/10.1038/srep20325
http://dx.doi.org/10.1038/srep35658
http://dx.doi.org/10.1038/srep35658
http://dx.doi.org/10.1109/LED.2017.2761318
http://dx.doi.org/10.1109/LED.2017.2761318
http://dx.doi.org/10.1063/1.4918900
http://dx.doi.org/10.1147/rd.323.0317
http://dx.doi.org/10.1147/rd.323.0317
http://dx.doi.org/10.1103/PhysRevLett.105.066802
http://dx.doi.org/10.1103/PhysRevLett.105.066802
http://stacks.iop.org/0295-5075/93/i=6/a=67004
http://stacks.iop.org/0295-5075/93/i=6/a=67004
http://dx.doi.org/10.1103/PhysRevB.89.085407
http://dx.doi.org/10.1103/PhysRevB.89.085407
http://dx.doi.org/10.1063/1.4978691
http://dx.doi.org/10.1063/1.4978691
http://dx.doi.org/ 10.1103/PhysRevApplied.2.054010
http://dx.doi.org/ 10.1103/PhysRevApplied.2.054010
http://dx.doi.org/ https://doi.org/10.1016/j.jpcs.2017.07.020
http://dx.doi.org/ https://doi.org/10.1016/j.jpcs.2017.07.020
http://dx.doi.org/ http://dx.doi.org/10.1016/j.ssc.2014.04.005
http://dx.doi.org/ 10.1109/TNANO.2016.2572003
http://dx.doi.org/10.1109/LED.2016.2587724
http://dx.doi.org/10.1109/LED.2016.2587724
http://dx.doi.org/10.1103/PhysRevB.68.241315
http://dx.doi.org/10.1103/PhysRevLett.93.226602
http://dx.doi.org/10.1103/PhysRevLett.93.226602
http://dx.doi.org/10.1103/PhysRevB.97.144417
http://dx.doi.org/10.1103/PhysRevB.97.144417
http://dx.doi.org/10.1103/PhysRevLett.111.166801
http://dx.doi.org/10.1103/PhysRevB.97.174406
http://dx.doi.org/10.1103/PhysRevB.97.174406
http://dx.doi.org/ 10.1126/sciadv.1602531
http://dx.doi.org/ 10.1126/sciadv.1602531

	Theory of spin detection on the surface of diffusive topological insulators by means of ferromagnets: Establishing Onsager reciprocity and the importance of tunnel contacts
	Abstract
	Introduction
	Background and Motivation
	Theory
	Derivation of the transport equations
	Definitions of the effective charge densities and the full electrochemical potentials

	Results and Discussions
	Transport on TI surface and conservation of charge
	Modified transport on TI surface due to tunneling from FM
	Consideration of FM line contact
	Consideration of nonzero length FM contact and importance of the tunnel barrier
	Consideration of NM contacts
	Consideration of spin-valve-like geometries

	Comparison to results in the literature
	Conclusion
	Derivation of the quantum kinetic equation
	Solution of the transport equations
	References


