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We investigate spin-charge conversion phenomena in hybrid structures of topological insulator thin
films and magnetic insulators. We find an anisotropic inverse spin-galvanic effect that yields a highly
tunable spin-orbit torque. Concentrating on the quasiballistic limit, we also predict a giant anisotropic
magnetoresistance at low dopings. These effects, which have no counterparts in thick topological
insulators, depend on the simultaneous presence of the hybridization between the surface states and the
in-plane magnetization. Both the inverse spin-galvanic effect and anisotropic magnetoresistance exhibit a
strong dependence on the magnetization and the Fermi level position and can be used for spintronics and

spin-orbit-torque-based applications at the nanoscale.
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Introduction.—The discovery of new types of topologi-
cal phases and topological insulators (TIs) [1-7] has
opened up a new line of fundamental research with
prospective applications in electronic and optical devices
[1,2]. Spin-related phenomena are at the heart of TIs [8—10]
due to the spin-momentum locking property of their surface
states as gapless excitations protected by time-reversal
symmetry [1,2,11]. With these properties, TIs can be used
to convert pure spin excitation as a carrier of information
into an electric (charge) signal or to electrically control
magnetization [12-25]. In most previous studies, only
out-of-plane magnetizations effectively influenced the
surface states through the generation of a Dirac mass term
[12,13,16,18]. Large spin-orbit torques (SOTs) and the
resulting magnetization switching have been demonstrated
for hybrid magnetic TI structures [26-33]. Other studies
have reported the reciprocal effect of spin-electricity signal
conversion and spin pumping with an exceptionally large
efficiency [34-37].

In this Letter, we predict a new feature for thin TIs
attached to ferromagnetic (FM) layers with in-plane
magnetization: when the thickness of the TI approaches
a few quintuple layers, the surface states at the two sides
start hybridizing, and a band gap opens in the surface state
spectrum even without a perturbation that breaks the time-
reversal symmetry [38—46]. Intriguingly, we find that the
average of the in-plane magnetizations can also modify the
energy dispersion of the surface states. This is surprising
because, for nonhybridized TI surfaces (e.g., for thicker
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films), the in-plane components of magnetization can be
gauged away [47-51], and they do not contribute to effects
such as gap opening [52-56]. Then, as a key finding, we
illustrate that the interplay of hybridization with the in-
plane magnetization significantly influences the SOTs
originating from the inverse spin-galvanic effect (ISGE)
[18,57] and the anisotropic magnetoresistance (AMR).
For a certain range of chemical potentials feasible for
experiments, the current-induced spin densities exhibit
large anisotropy, and AMR becomes very prominent.
Also, the strong dependence of the spin densities on the
magnetization and the chemical potential yield a magneto-
electrically controllable SOT with a nonlinear magnetiza-
tion dependence that can be used in TI-based spintronic
devices, SOT nano-oscillators [58,59], and even neuro-
morphic computing, which was recently proposed [60].

Model.—We consider a TI thin film with a nanometer-
scale thickness, d, coupled to one or two adjacent FM
layers with magnetizations m_, as schematically shown in
Fig. 1. Assuming Dirac-like surface states at the two sides
with hybridization energy A, the effective low-energy
Hamiltonian of the system is [46-49,61]

H:UFTZ®(2X6)'(p_TzK_KO)+ATx®GO» (1)
where vy denotes the Fermi velocity of the surface states,

and the Pauli matrices o; and 7; act in the spin and layer
subspaces, respectively. Two types of momentum shifts

k= (g/2vp) dopmg x 2 and Ko = (g9/20F) 3 {my X 2
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FIG. 1. The device setup and its band structure. (a) Schematic

of a TI thin film sandwiched between two FM layers. The
ISGE leads to nonequilibrium spin densities perpendicular to the
applied electric field that have opposite directions on the two
surfaces of the thin film. (b) Band dispersion of the thin film
assuming vzk/A = 0.9. The band labeling is according to the
text in the form of a double index (v, 7).

originate from the exchange coupling H,., = gzga
mg(1+{7,)/2 between the TI surface states and the
magnetization of the adjacent FM layers on top of and
beneath the thin film ({ = + represent the two sides of the
surface states). The global momentum shift k is equivalent
to the rigid movement of the full energy bands and can be
simply gauged away without any physical consequences. In
contrast, the layer-dependent momentum shifts +x due to
the coupling A cannot be gauged out, and as we will see,
they radically influence the transport properties of the
hybridized surface states [62].

Current-induced spin densities.—The ISGE or non-
equilibrium spin density driven by the charge current
originates from spin-orbit coupling. In TI thin films, the
opposite helicities of the surface states at the two sides
imply that the current-induced spin densities at the two
surfaces also have opposite signs (68eq— = —08peq+)-
Thus, in the linear response, the spin densities are related
to the external electric field E as 5sneq ¢ =C(=e) > SiE;,
in which & is a second-rank pseudotensor defining
the ISGE response function (i.e., spin susceptibility).
According to the Stfeda—Smrcka version of the Kubo
formula [63-65], the components of & have two contri-
butions related to the Fermi surface and the completely
filled energy levels (Fermi sea):

sy = [ R0, ) i, 68 -G @

ded’p o oA
Sh=n / SR A(e) Tels 0,8

_Si,+aeG£ @/Gf] (3)

Here, f(¢) is the Fermi-Dirac distribution function, and
G®* denote the momentum space retarded and advanced
Green’s functions [the momentum p is dropped from
G®4(p) for brevity]. Additionally, §; = (7o + (7,) ® 6/2
and ¥ = vp7, @ o are the surface-dependent spin operator
and velocity operator, respectively. By replacing s; , in

Egs. (2) and (3) with s;_, both functions S! ; and Sg also
change sign, justifying the appearance of prefactor { in the
linear response relation for the spin densities. In addition,
the lack of a nontrivial topology and Berry-phase-attributed
effects, which is a consequence of the hybridization of the
surface states, implies that the contribution from the Fermi
sea is negligible [66,67], and therefore, S = S.

The noninteracting Green’s function for the clean system
defined by Hamiltonian Eq. (1) is

l o Z ,’A?y,r](p)
w =+ 0T — H P w +i0" - gu.n(p) ’

G, (p) = (4)

in which P,,(p) = |y,,(p)) (., ()| is the projection
operator to eigenstate |y, ,(p)). As illustrated in

Fig. 1(b), we have four energy bands e, ,(p)=

1/2
Vot + (vpk + 0y /vEps + A7),

n taking two values 1. The projection operators are the
sum of the two terms [61]

with indices v and

- feven 1
P (p) = 1 (7000 — v €08 6,700,
— nseché(z,0, —vcosb,1,.00)],  (5)
’f?,(,o,? YV (p) = :/_1 [sin6,7.0, — nsechésin 6,70,

— ntanh (vt 00 — cos 07,6, + sin6,740,)].

(6)

which are even and odd functions of the momentum.
Parameters & = arc sin h(vpp,/A) and 6, =arcsin[-vzp, /
€4 ,(p)] are used for brevity.

In the presence of disorder, we expect a level broadening
matrix I', represented by the imaginary part of the
corresponding self-energy function ﬁw. Considering short-
range impurities with an effective constant potential V, and
a density 1, the level broadening can be expressed within
the Born approximation (BA) as

N - dzp
I, = JEBA = nyy V§ / —

IGE,(p),
(2ﬂh) S Ow(p)

/de 26 w —ve,(p)RP,,(p). (7)

in which the dimensionless impurity scattering strength is
given by y=n,,V§/(2hvr)®. By 1ntegrat10n over
momentum, only even terms ’Pf,;en (p) do nmot
vanish; therefore, one obtains the decomposed form
I, = >ij—01LijTi ® 6;, following from Eq. (5).
Interestingly, due to their similar matrix structure, the
terms g, Iy, and I'yy can be absorbed into w, k, and
A in the expressions for the retarded Green’s function:
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FIG. 2. Energy dependence of the transverse spin-current
response functions (a) S,, and (b) S, at zero temperature and
for different magnetic momentum shifts «. Finite values of k give
rise to anisotropy in the spin-current response, which becomes
profound for vpx ~ A. Here, we have used y = 0.1 for the
effective disorder strength.

Go(p) = lo —H—il,]™ =[&-H-il,]"". (8)
with the substitutions [k, A] = H[x — il /vp, A + i),
@=w—-ily, and I’ =T,7; ® 6;. The advanced
Green’s function follows from Gf, = (A}ﬁ*.

Numerical results and discussion.—Combining Eq. (8)
for G4 (p) with Eq. (2), taking the zero temperature limit
with 0,f(e) = —6(¢e), and numerically performing the
integration, the Fermi level contribution to the spin-current
response function S! ; 18 obtained. We immediately see that
only off-diagonal terms S,, and S, are nonvanishing, as
expected from the chiral form of the low-energy surface
state spectrum. Intriguingly, from Fig. 2, the amplitudes of
the two components of the spin-current response function
can be quite different, indicating the anisotropic nature of
the current-induced nonequilibrium spin density. In fact,
the anisotropy of the energy bands that originates from
the magnetic momentum shift x causes a marked difference
between S, and S,,. This difference is particularly evident
for the range of Fermi energies |Er — A| < vp|k|, that is,
when only one band crosses the Fermi energy. When
the Fermi energy falls inside the gap [Er<(A—vg|x|)],
the induced spin densities identically vanish. In contrast,
for large energies, the anisotropy becomes negligible,
and the spin-current responses monotonically increase,
approaching a constant value Sp = 1/(8zvpy) for Er > A,
vp|k| [61].

Assuming a weak scattering regime (y < 1), we find
that the spin-current responses decline with the disorder
strength as 1/y, which resembles a conductivitylike behav-
ior. In fact, a relationship between the off-diagonal
spin-charge response functions and the diagonal compo-
nents of the conductivity matrix as S,, = (7/2¢*vp)0,,

and S,, = —(h/2¢*vp)o,,, which has been previously
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FIG. 3. Variation in the AMR (the percentage of the relative

difference between the two components of the longitudinal
resistance) with (a) the magnetization of the FM layer and
(b) the hybridization of surface states for various values of the
Fermi energy. Note that both horizontal axes in panel (a) have
reversed directions for the sake of clarity of the results.

found for a single surface of a TI [12,13], also holds for
coupled surfaces. Therefore, anisotropic behavior similar to
that shown in Figs. 2(a) and 2(b) is expected for the
magnetoconductivities. Figure 3(a) presents the variation in
the AMR with k (note that x defines the magnetization in
energy units, vpk = gm/2) and the chemical potential.
Avery large AMR is achieved for small chemical potentials
compared to both the hybridization and magnetic energy
scales (Er < A, vg|k|). For a fixed chemical potential with
respect to A, the AMR is generally an ascending function of
magnetization. Additionally, the AMR vanishes inside the
band gap and abruptly changes when the number of bands
crossing the Fermi level changes. As a result, both the gap
width and the splitting between bands of a TI thin film
coupled to an FM layer (or in the presence of a magnetic
field) can be determined by measuring the AMR. It should
be stressed that in Fig. 3, only positive chemical potentials
and magnetizations are shown, but due to the symmetry, the
same behavior can be expected when changing the sign of
each or both of them. Now, as illustrated in Fig. 2(b) for
weak overlaps (A < vgk), the AMR is small, and upon
approaching A = 0, it vanishes. This is indeed consistent
with the fact that, for completely isolated surface states,
the opposite momentum shifts +x can be independently
gauged away [61], and therefore, we do not expect any
anisotropy.

Associated with the nonequilibrium spin densities, the
SOT exerted on the two magnetizations on opposite sides
can be obtained from zgor s = (g/h)m; x 88,cq - Then, by
choosing the local coordinates such that the in-plane
magnetization aligns in the +X direction, as shown in
Fig. 1, we use the above results for the spin-current
response functions and obtain the SOT as follows:
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TSOT/TO

FIG. 4. Variation in the SOT (scaled by 7y = 2¢E|AS/h) with
the magnetization of the FM layer for various values of the
Fermi energy of the TI thin film. For smaller Fermi energies
(Ep/A < 1), the SOT vanishes for the range of magnetic
exchange energies gm/2 = vpk, where the Fermi level lies inside
a gap, and then starts to increase in a nonlinear manner above a
certain value. At higher energies, the nonlinearity becomes
negligible.

Cge .
TSOTA,C = —ng . ESyxZ. (9)

Note that S, is a function of the magnetizations due to the
momentum shift k, i.e., Sy, = Sy (> my ). This result is
in agreement with the general form of the Rashba SOT in
two-dimensional systems, especially when only in-plane
magnetization is considered [68,69]. Nevertheless, the
explicit form of the magnetization dependence is particu-
larly different from those obtained in bulk TI coupled to
FM layers when the band gap is opened by the out-of-plane
component of the magnetization [18].

The variation in the SOT with the magnetization and
Fermi energy is shown in Fig. 4. Similar to the AMR, the
SOT exhibits a significant behavioral change when the
Fermi energy moves from the energy gap into the first
conduction or valence subbands or reaches the edge of the
second conduction or valence bands, suggesting that the
band gap and band splitting can be inferred from the Fermi
energy dependence of the SOT. Importantly, for sufficiently
small Fermi energies Er < A, the SOT nonlinearly varies
with the magnetization direction me, which is a direct
consequence of the dependence of S, on k. Therefore, the
results of Fig. 4 reveal that the SOT in the TI thin film can
be magnetoelectrically tailored, which means that one can
substantially tune the SOT and magnetic dynamics by
changing both the equilibrium magnetization (its amplitude
and angle) and the chemical potential via a gate voltage.
This result indicates further advantageous features of
FM-TI hybrid structures for spintronics and magnetization
reversal applications, particularly in comparison to recent
elaborate proposals [70,71].

The particular advantage of a TI thin film depends on
the interplay of the in-plane magnetization and the surface
state hybridization, which is manifested in the built-in

anisotropy and nonlinearity of the SOT given by Eq. (9).
Various experiments and ab initio calculations have already
indicated A ~ 10-100 meV for thicknesses of a few quin-
tuple layers [38,72-74]. Also, surface gaps due to the out-
of-plane magnetization have been reported to vary from a
few to 50 meV in magnetically doped TIs [52-54].
Therefore, combined with the Fermi level tunability by
doping and external gating, our findings should be experi-
mentally realizable, especially for the parameter range
E Fr A~y FK.

Throughout the Letter, we have focused on in-plane
magnetizations to highlight their role in the thin film limit
of FM-TI hybrids. The addition of out-of-plane compo-
nents does not influence the anisotropy of the bands;
instead, this addition augments the tunability of the trans-
port properties by changing the band splittings. As a
consequence, the qualitative features of ISGE, SOT, and
AMR remain intact, although they change quantitatively.
Moreover, a damping-like SOT term arises as 7gor, =
—(Cge/n)z - m;S,E, which has been extensively explored
in the case of thick TI coupled to FM [16-18,26-31].

Conclusions.—In this Letter, we have revealed unprec-
edented transport features of FM-TI thin films, namely
large anisotropy and a strong dependence on doping in
current-induced nonequilibrium spin densities and the
resulting spin-orbit torques. These effects originate from
the role of exchange coupling in the in-plane magnetization
in the presence of a finite overlap between the surface
states, which has been overlooked until now. We further
predict a very large AMR in the low doping limit, which
diminishes for thick TI structures with negligible hybridi-
zation of the surface states. Given that both the SOT and the
AMR depend on the doping and the magnetization, the
hybrids of FM and TI thin films offer promising applica-
tions in spintronics and SOT-based devices.
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