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Abstract

The dynamics of itinerant electrons in topological insulator (TI) thin films is investigated using a
multi-band decomposition approach. We show that the electron trajectory in the 2D film is
anisotropic and confined within a characteristic region. Remarkably, the confinement and
anisotropy of the electron trajectory are associated with the topological phase transition of the TI
system, which can be controlled by tuning the film thickness and/or applying an in-plane magnetic
field. Moreover, persistent electron wavepacket oscillation can be achieved in the TI thin film
system at the phase transition point, which may assist in the experimental detection of the jitter
motion (Zitterbewegung). The implications of the microscopic picture of electron motion in
explaining other transport-related effects, e.g., electron-mediated RKKY coupling in the TI thin
film system, are also discussed.

1. Introduction

The Zitterbewegung (ZB) effect, first described by Schrodinger [1], refers to the oscillatory motion of
relativistic free electrons which is governed by the Dirac equation. Recently, with the rapid advance of
spintronics, the ZB effect has been also studied in various systems including spin—orbit coupling (SOC)
systems [2—7], monolayer and bilayer graphene [7—13], carbon nanotubes [14], topological insulators [7,
15, 16], Weyl semimetals [17], superconductors [18, 19], and ultra-cold atoms [20-22, 27]. Experimentally,
the ZB effect has only been directly observed in trapped ion [23-26] and ultra-cold atomic systems [20, 27],
and indirectly in solid state systems [27, 28]. The obstacles in observing this elusive phenomenon are due to
the intrinsic properties of high oscillation frequency and rapid damping [2, 8, 29, 30].

In general, the ZB frequency scales with the energy gap and can be reduced in systems with narrow
energy gaps, e.g., narrow gap semiconductors [31] and topological insulators [7]. At the same time, the
oscillation of a wavepacket usually decays over time, which results from the interference between
oscillations of different momentum-dependent frequencies [2, 8]. Therefore, for the ZB effect to be
observed, it is crucial to prolong or even indefinitely sustain the oscillatory motion. There have been some
proposals to achieve persistent ZB motion, for example, by using semiconductor nanowires [2], or
time-dependent systems [32, 33]. In principle, we can also design a system in which the ZB oscillation
frequency is independent of electron momentum. In this way, we can avoid the interference effect and
render the ZB motion persistent and robust against damping.

In this work, we show that such persistent ZB motion can be realized in topological insulator (TI) thin
films [34-37]. TI thin films differ from the more commonly studied semi-infinite TT slabs in that they have
both a top and bottom surface, each of which can host surface states. The surface states on the two surfaces
are coupled to each other due to the finite thickness of the film. In such thin films, the energy gap in the
surface states can be controlled by applying an in-plane magnetic field [34] or tuning the thickness of
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the film [35-37]. Topological phase transitions can thus be induced by closing the gap. We show that at the
transition point, there exists a momentum-independent oscillation frequency, which can give rise to
persistent ZB oscillations of electron wavepackets. Furthermore, we find that the motion of electron in the
x — y plane is anisotropic with respect to the injection direction and confined to a certain region of the TI
film. The anisotropy of the electron motion due to the ZB effect has consequences for transport-related
properties of the thin film system.

Here, we focus on the inter-layer interaction between two localized magnetic centers by means of the
Ruderman—Kittel-Kasuya—Yosida (RKKY) mechanism [38—41]. The RKKY interaction has been extensively
investigated in various systems such as superconductors [42—44], topological insulators [45—-49], Weyl and
Dirac semimetals [50—55], graphene [56—59], carbon nanotubes [60, 61], semiconductor quantum wires
[62, 63], and tunneling junctions [64]. The RKKY interaction is mediated by the itinerant electrons.
Intuitively, one would then expect the enhancement of the RKKY interaction when the magnetic centers lie
along a preferred direction of electron motion, and a corresponding suppression of the RKKY interaction
when the electrons are prohibited from moving between the two centers. We find that, indeed, the
anisotropy of the RKKY coupling is in line with that of the electron motion. We show that maximum RKKY
coupling occurs when the separation between the two magnetic centers is perpendicular to the line
connecting the Dirac points.

This manuscript is organized as follows. In section 2, we present the model Hamiltonian and derive the
dynamics of both plane-wave and wavepacket electrons. We discuss the confinement of the electron
trajectory and the regime conditions for persistent ZB oscillation. In section 3, the RKKY coupling is
calculated in both the weak and strong hybridization limits, and its correlation with the electron motion is
also discussed. Finally, section 4 contains a summary of our main conclusions.

2. FElectron dynamics

We first consider a TI thin film subject to an in-plane magnetic field. For simplicity, we assume that the
magnetic field is applied along the x-direction, so that the corresponding gauge field is Ap = —yBz. As the
thickness d of the thin film is comparable to the surface state decay length, the two surfaces are hybridized.
The effective Hamiltonian of the system is then [34]

Hy, = TZHD(k - Tsz) + TxA> (1)

where Hp (k) = hv{(z X o) - k is the Dirac Hamiltonian describing the topological surface state, in which v¢
is the Fermi velocity, o the vector of Pauli spin matrices, and z the unit vector perpendicular to the film (see
figure 1). A is the hybridization parameter describing the coupling between the top and bottom surfaces,
and 7 the vector of the Pauli matrices in pseudo-spin space that represents the electron occupancy at the
top and bottom surfaces. For simplicity, we set i = 1, and introduce the characteristic momentum
corresponding to the hybridization energy ka = A /v¢ and the wavevector corresponding to the magnetic
field kg = e/2cBdy. The eigenenergies of the system are then given by

E = sk, k =K+ K +27kk, sin®, 2)

in which s, 7 = =+ represent the real spin and pseudo-spin indexes respectively, and we define
k., = 4 /sz + k%, k, = k3 + K2, © = arctan kk—i, and ® = arctan % The bandstructure of the TI film is
depicted in figure 1. An energy gap of E; = vi(ka — kp) is formed when ka > kg. Otherwise, the

bandstructure is gapless, with the formation of two Dirac cones separated by 2qo = 24/k} — k% along the
direction perpendicular to the magnetic field. In particular, at the transition value ka = kg, the two Dirac
cones merge to form a single cone.

The corresponding eigenstates are given by the four-vectors

|/(/)s7'> = Ns‘r |:g :| (3)

ST
where N, are the normalization factors, and

7k, — ie'®k,
fo = (tan® — 7 sec®) | * k, , (4)
1
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Figure 1. (a) Schematic diagram of a thin TI film subjected to an in-plane magnetic field B. The top and bottom surfaces are
hybridized with hybridization energy A. (b)—(d) Energies along k, of the TI thin film at different hybridization energy at k, = 0.
The energy gap depends on the relative values of ka and kg, which are the characteristic momenta representing the hybridization
and magnetic energies, respectively.

1
gST - _ Tku - ieicpk'z) . (5)
kr

To study the ZB in this multi-band system, we derive the time-evolution of the position operator, which
is described in the Heisenberg picture as #(t) = e0'#(0)e~0!, and which at t = 0 is formally represented
by #(0) = iV. The time-dependent position operator comprises of a non-oscillatory part that describes the
translational motion related to the intraband interference, and an oscillatory part that is associated with the
7B motion [2, 8, 65, 66] and related to the interband interference. Our interest lies in the latter, which is
given by [65]

Prkt) = #ilkt),  #(k 1) = Ayei, (6)
i7j
in which Q;; = (E; — E;), with i = (5,7) and A,] llekQ] are the frequency and amplitude of the
oscillation, respectlvely. In the above, we have introduced projection operators Q. = [thsr ) (1sr |, so that the
Hamiltonian (1) can be decomposed as Hy = ZSTESTQST' We can further express the projection operators as

Q= i“ + R +7T), 7)

where R and T are involution operators satisfying R* = T2 = 1, [R, T] = 0. The explicit forms of these
operators are given in appendix A. Due to the electron—hole symmetry of the eigenenergies given in
equation (2), there are only four distinct beat frequencies corresponding to the differences between the
energies of interfering eigenstates. These frequencies are given by

wy = 2vcky,  wy =velky + ko), w, = vk — ko), (8)

where k; is given by equation (2).

2.1. Bound trajectory

Having derived the position operator in equation (6), we now trace out the electron trajectory in the
system. In general, a free electron can travel in a region as large as the area of the system defined by its
physical boundaries, e.g., edges or interfaces. However, we show that in the TI thin film system, the electron
trajectory is bound within an area determined by the initial state (spin and momentum) of the electron and
the energy gap of the system. Consider an electron injected into the top surface of the TI film with initial
spin state in the spin up direction and momentum k which is represented by the planewave

[o(k)) = *7|¢y). The position of the electron on the x—y plane at time ¢ can be calculated from

equation (6) and is given explicitly by

x(k,t) = X _(cosw_t — 1) — X (coswyt — 1), (9)

y(k,t) = Y_(cosw_t — 1) — Yy (coswyt — 1) + Yo(cosw,t — coswyt), (10)
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Figure 2. (a) and (b) Trajectory of an electron with up-spin on the x — y plane for different ratios of ka /kg. (c) and (d)
Projection of trajectory on the y — 7, plane, in which the pseudo-spin index 7,(¢) = (7,(t)) indicates whether the electron is on
the top or bottom surfaces.

. . . . 2
where X, = U?M’ Y, = Uf2 (1Fsin ©)ky cos sm@) and Y, = U%Zcos Oky cos®

w} w} Wy
Corresponding expressions for other combinations of injected spin orientations and injection surfaces

can be obtained from symmetry arguments. Equation (1) in terms of ka and kg is, explicitly,
H/Uf = Tz(kyax - aykx) + kATx - kBax- (11)

Equation (11) is invariant upon a simultaneous 7 reflection about the 7, axis and in-plane spatial inversion,
ie. 7, = —7,x— —x,y — —y. This implies that the x and y displacements of electrons injected into the
top and bottom surfaces have the same magnitudes but opposite signs. Equation (11) is also invariant upon
a simultaneous spin reflection about o, (o, — 0,,.) and reflection along the y axis (x = —x, y — y). This
implies that spin up and spin down electrons injected into a given surface (top/bottom) have the same x
displacements, and y displacements of the same magnitude but opposite signs.

The electron motion of an electron injected in the top surface with initial spin in the 4z direction on
the x—y plane is depicted in figures 2(a) and (b) for different ratios of ka /ks. Taking the initial position of
the electron to be the origin, it can be shown that x(f) > 0 for ka /kg < 1, i.e., the electron is always
confined in the +x-half of the x—y plane. On the other hand, when ka /kp > 1, the trajectory of the injected
electron encompasses the origin as shown in figure 2(b).

It can be seen that the electron oscillation comprises both transverse and longitudinal modes. This is a
manifestation of the four-band system illustrated in figure 1(b), where the quantum dynamics involves not
just the evolution of the spin, but also the pseudo-spin degree of freedom, which in our case, represents the
surface index (top and bottom surfaces). The electron trajectories in figures 2(a) and (b) indicate the
presence of oscillations in both the transverse (y) and longitudinal (x) directions. Now in the conventional
ZB picture, an electron injected along the x-direction would undergo oscillations in the transverse
y-direction, due to the electron spin precession and spin-momentum locking. In this simple picture, the
longitudinal oscillations do not seem to play a role. To explain the emergence of the longitudinal
oscillations, we need to consider the pseudo-spin (7,) degree of freedom. This can be ascribed to the
precession of the pseudo-spin, which represents the back and forth tunneling between surfaces. From
equation (1), this pseudo-spin dynamics is coupled to the longitudinal motion. Indeed, as shown in
figure 2(d), the electron lies in the positive x-half when it is on the top surface, and would move to the
negative x-half after tunneling to the bottom surface. Thus, the back and forth tunneling between the
surfaces mediated by the hybridization A translates into the oscillation of the electron motion in the
longitudinal x-direction.

In the thick TI film limit where the top and bottom surfaces are decoupled, i.e., A = 0 in the
Hamiltonian equation (1), the motion of the electron is simply given by r(t) = klz(z x k) [1 -2 COSzk'Uft].
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Surprisingly, a spin-up electron initially injected along the x-direction will only move in the y-direction, i.e,
its trajectory is confined in a line perpendicular to the injection direction. This can be explained by
considering the electron velocity given by v = JxH = v¢(z X o). The electron spin precesses as

o = ksin 2kvyt, yielding v = %(z x k) sin 2kuvgt, which is perpendicular to the momentum.

2.2. Wavepacket dynamics
In the previous section, we have considered the trajectory of a single electron. We now consider the more
practical case of an electron wavepacket, which is a superposition of different momentum states. In general,
the beat frequencies ws as given in equation (8) are dependent on the momentum. Thus, when evaluating
the expectation value of the position operator for a wavepacket, the resulting interference of oscillations
with different momentum-dependent frequencies would, in general, lead to a decay of the ZB over time. In
order to sustain the ZB motion, we need to realize a scenario where at least one beat frequency is
momentum-independent. We will show that such a scenario can be achieved by the appropriate choice of
parameters such as hybridization energy and the in-plane magnetic field.

Suppose that the electron is injected in the y-direction, i.e., ky = 0, k, = k, and the hybridization and
magnetic field are tuned so that ka = kg. In this case, the beat frequencies of equation (8) are now given by

wy = 2ucky, W, = 2uckp,  wy = 2ve(k, £ kg), (12)

in which we recall that k, = |/k% + k2.

We can see that besides the three momentum-dependent frequencies, there is one frequency w, that is
independent of momentum. At large time scales, we would expect the oscillations associated with the other
three frequencies to decay away due to interference, while the oscillations associated with the k-independent
w, frequency would persist. This is one of the main results of this paper.

To quantitatively verify the above intuitive picture of persistent ZB motion, we consider the electron
wavepacket given by

[1bo(k)) = a(k)|eo), (13)

_kky)? e .
where | @) is the initial spin state, and a(k) = ﬁe 20k is the Gaussian distribution function that

represents the spread of the electron state in momentum space, in which ky and Jk are the initial
momentum and line-width, respectively. The expectation value of the position operator equation (6) for the
above state is given by

rz(t) = /dk\a(k)|2<¢0|i'z(k, 1)), (14)

where the integration is taken over momentum space. As a consequence of the wavepacket spread in
k-space, the ZB will generally decay over time. In order to analytically describe the damping process, we will
consider the narrow wavepacket limit, i.e., dk/ky < 1, so that the integration of the Gaussian function in
equation (14) can be approximated by

5K
r7(t) = rz(ko, t) + Tvirz(ko, t) (15)

up to O(5k*). In the above, the first term is the initial ZB oscillation with momentum ky, and the second
term represents the deviation of the ZB around the packet center. Substituting the position operator in
equation (6), we have

Rrlkt) = ' Ay — ' Ay(0, )8 + 28O A (O, i)t (16)
ij
in which a = x, y. The first term in the above describes oscillations with constant amplitude that are

in-phase with the initial oscillation. The next two terms have time-dependent amplitudes that are
linear and quadratic in time, respectively. Rearranging the equation (15), the ZB of a wavepacket

can be expressed as
2
rz(t) = rii(ko, 1) (1 - 7,2> (17)
i#j ij
where the decay time is defined as
2
Ti= oo (18)
k| Vis2(ko) |
with the beat frequencies given by equation (8). At short ¢, the first term in equation (17) can be formally

written as r(t) ~ zijr,—j(ko, t)eftz/ T , which expresses the exponential decay of the ZB (see figure 3).




10P Publishing

New J. Phys. 22 (2020) 073019 CSHoetal

0.5 \m’
I\ ~
& TN 5 0.0
g 0.0 w:‘l\i' ;: -.‘. / g
1k \/ 2mjwzy/
_05 ”H‘ Bt S -0.5
: i\ — X
y(t) 10
_1‘00 10 20 30 40 50 -02 -01 00 01 02

t x(t)

Figure 3. (a) The position of the electron wavepacket as a function of time and (b) oscillatory trajectory on the x—y plane. In the
special case ky = ka, there is a persistent transverse oscillation mode with frequency wzs = 2A, whereas all the other modes
decay after a time interval 7;. In (b), the initial position is marked by a red dot, while the final steady-state transverse oscillation
is marked by an orange line.

From equation (12), the decay times are obtained as

1 vedkko

= = 0k — kp)— s, (19)
£ NG

1 vdkk (20)

To vk

where 6(x) is the Heaviside step function, 7, corresponds to the combinations of i and j where [Q;| = w,,
and 7; the other combinations of i and j. As can be seen, when one of the beat frequencies, i.e., w,, becomes
independent of momentum at resonance where ka = kg, the associated decay time 7, in equation (19) goes
to infinity. This implies that the ZB related to this mode will be persistent. In this case, the steady state
transverse oscillation is given by

y(t) = Yy(ko) cos(2ugkat). (21)

In the limit of large hybridization ka >> ky, the persistent oscillation reduces to y(t) ~ Azgcos(wzpt)
with Az = ﬁ and wyzp = 2vska = 2A being respectively the amplitude and frequency. This persistent
oscillation is depicted by the orange line in figure 3(b). Surprisingly, both the amplitude and frequency of
the persistent mode do not depend on the initial momentum and width of the injected wavepacket and are
instead determined by a single parameter, i.e., the hybridization energy. Following equation (19), the ZB has
a sharp transition from a transient to persistent mode at kn = kg at which the bulk gap closes (figure 1)
and the TI film undergoes a topological phase transition [34]. We can hence refer to the persistent
oscillation as a topological mode of electron oscillation.

3. Electron-mediated RKKY interaction

In the previous section, we have shown that the electron trajectory is confined and may be highly
anisotropic (see e.g., figure 2(a)). This has consequences for the transport-related properties of the system,
such as the electron-mediated RKKY interaction. The confinement of the electron trajectory implies that
the electrons are not able to mediate information, e.g. angular momentum, between magnetic moments
separated by a separation distance that exceeds the confinement region. In order to verify this effect, we
consider two magnetic centers S; (i = 1,2) located at R;. The electron-mediated exchange interaction
between the magnetic centers is modeled by

Hi =]) _Si-o(r—Ry), (22)

i=1,2

where ] is the exchange coupling. The exchange interaction can be considered as a perturbation to the
Hamiltonian in equation (1). For simplicity, we assume that Ry = (0,0), and R, = R(cos ¢, sin ¢r). We
show that the RKKY coupling between the two magnetic centers does not depend on just the distance R, but
also on the direction ¢ between them.

In the framework of the second-order perturbation theory, the effective interaction between two
magnetic impurities is given by [38—41, 48, 62, 64]

HRKKY = —];2 Tr /GF deIm [(51 . &)G(R, €+)(Sz . &)G(—R, €+)] s (23)
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where €t = ¢ + 10", Tr stands for the trace over the spin degree of freedom, and the expanded spin
operator in spin and pseudo-spin spaces is defined as & = 7y ® o, in which 7 is the identity matrix of rank
2. The Green’s function in real space is given by the Fourier transformation

2
GR,ct) = / 49 iqr Glg, ), (24)
Agyz

where G(q,¢*) = [e™ — Hy(q)] ™" is the Green’s function in momentum space, and Apy is the area of the
first Brillouin zone.

Let us first consider the weak hybridization limit, i.e., ka < kg. In this limit, the system is gapless and
the two Dirac points are separated by qo ~ kg. The analytical expression of the RKKY coupling can be
obtained as (see appendix B for more details)

Hﬁvﬁﬁy =Fi(S1-82) + E(S1 - u)(S, - 1) + Fs [u- (81 X 8,)], (25)

in which the range functions are
64m]%€¢r . 2Res

F; = —cos(2R - ————— i 26

1 ( qO)’U%A%ZRZ v ( )
64mJ%¢; . 2Res

F, = 2R - —_ . 27

2 COS( qo) ’U%A%ZRZ v ( )
647J? 2R

F; = —sin(2R - q,) T G 2R (28)

242 P2 :
viAgzR Vg

In the above, it = (R X z), with R = R/R being the unit vector along R.

The RKKY coupling in equation (25) consists of three terms: the Heisenberg exchange, the
spin-frustrated, and the Dzyaloshinsky-Moriya interaction terms. As shown above, the RKKY coupling
exhibits not only the usual R~? distance dependence [48] in a semi-infinite thick TI slab with only a single
surface, but also has an additional direction dependence due to the cos(2qo - R) factor that is absent in the
semi-infinite thick slab. This directional dependence stems from the contribution of the surface states on
both surfaces of the film in mediating the effective exchange coupling, and the fact that the corresponding
Dirac cones are separated in momentum space. In the case where the two magnetic impurities are separated
along the x-direction, i.e., along the in-plane magnetic field direction, kg - R = 0 and the RKKY coupling
reaches its maximum.

This can be explained by considering the process of indirect exchange coupling between the two
magnetic moments via the itinerant electrons. When an electron is in close proximity to the first magnetic
moment, its spin angular momentum is coupled to that of the magnetic moment. If there is finite electron
overlap with the second magnetic moment, then its spin angular momentum is also coupled to the second
moment. In this way, an effective exchange coupling arises between the two magnetic moments. The
strength of the effective coupling depends on the rate and probability of electron overlap between one
magnetic moment and the other. In other words, if the second magnetic moment is located at a position
with little electron overlap with the first magnetic moment, then the coupling between the moments would
be weak. Conversely, if the second magnetic moment is at a position where the electron has a high
probability of overlap, the coupling will be enhanced. In our case, when the magnetic field is applied along
the x-direction, the electron motion has a tendency of being confined along the same x-direction [see
figure 2(a)]. This means that a second magnetic moment placed along the x-direction with respect to the
first moment will have high probability of being coupled by an intermediary electron, thus inducing
stronger RKKY coupling.

Although figure 1 shows only the results of a spin up electron injected on the top surface explicitly, the
results of the symmetry analysis following equation (11) imply that the electron trajectory will still be
confined along the x direction for spins of other orientations injected into both the top and the bottom
surfaces.

To quantify the correlation between the RKKY coupling and the electron trajectory, we will analyze the
preferred direction of the electron motion. As the electron position oscillates over time as described in
equation (9), we consider its average value 7(k) = limr_~, % fOT r(t), which is explicitly given by

B (K2 — K2)k, sin ® + k, (k> + k* cos2®)sin ©)

x(k) = 2kt + ki + 2k2k2 cos2®) ) .
(k) = _ ky cos ® sin ©(2k,k, sin @ + (k;, + k;) sin ©)

2(k: + k4 + 2k2k2 cos2®)

u-v
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In the limit of weak hybridization energy ko < kg, the above reduce to

z x (k — kg)

"= k=P

(30)
Equation (30) is the time-averaged position of an electron with momentum k. Now, averaging the above
over momentum space up to the Fermi wave-vector, we obtain

r=— (ZX kB), (31)

which indicates that the electron will preferably move in the direction perpendicular to the direction
separating the two Dirac cones. Therefore, when R is parallel to 7, and thus perpendicular to kg, the RKKY
coupling strength will be maximum. This is in line with the prediction based on the electron trajectory, as
discussed above.

We note that in the above, the preferred motion direction was obtained based on the position of the
plane-wave electron. Here, we show that the preferred direction is the same if we consider the electron
wavepacket treatment. As the Gaussian function in the wavepacket picture is time-independent, it would
not alter the position value after time-averaging. From equation (14), the average position of an electron
wavepacket initially centered at ko is simply derived as Fyi(ko) = Y |a(k — ko)|*F(k) ~ F(ko) + 67 (ko),
where the deviation 7(ky) = %Vﬁ?(ko) follows equation (15) for a narrow wavepacket, with 7(k) given in
equation (29). In the weak hybridization limit, applying equation (30), we find that the deviation
07(kg) = 0, which means that the preferred direction of motion of a wavepacket coincides with that of a
plane-wave electron. This result thus suggests that one may use the wavepacket treatment in understanding
properties of the RKKY coupling, besides the conventional plane Bloch wave approaches [38—40] in future
works.

On the other hand, in the strong hybridization limit ko >> kg, the RKKY coupling is given by (details
are shown in appendix B)

HEEZ"IE‘? =F1(S)-8) + Ex(Sy - t)(Sy - i) + F3 [+ (S) x $1)], (32)

where the range functions are now given by

- 167J? Ef ~ ~ ~
FI:—WIm/ de(A? + A3 — B, (33)
BZ 00
= 32 2
F, 77{ Im / deB?, (34)
viA
BZ
- 3271)°
— ”f / deA, B, (35)
viA
BZ

with A, = eKo(24), 4, = AKy(B4), B = |w|K; (X)), and where w = V/A” — €2,

In this case, the surface states are gapped (see figure 1(d)), and the Dirac cones vanish. In this limit, the
RKKY coupling becomes isotropic, i.e., it is independent of the angle between the magnetic centers. This
result is consistent with the calculated electron trajectory in the gapped scenario, where its trajectory is
almost isotropic in the 2D plane (see figure 2(c)). This can be further verified by considering the
time-averaged electron position as outlined above, which is given by

1 k;
re = E ky, _k2 kx (36)

The above goes to zero upon averaging over momentum space, so that there is no preferred direction of the
electron motion in the 2D plane in this case.

We remark here that in the insulating phase, the TI film has been shown to have a diamagnetic response
to an in-plane magnetic field [34]. As a consequence, the magnetic moments in the TI film may acquire an
additional magnetic response and the steady state magnetization may change accordingly. However, the
magnetic susceptibility is extremely small, i.e. on the order of 10~ [34], which is several orders of
magnitude smaller than even the small diamagnetic susceptibility of typical metals. The effect of the
induced magnetization can thus be neglected in the bandstructure of the TI film. Since the RKKY coupling
is derived from the bandstructure of the TI film, therefore it will not susceptible to this diamagnetic
response.




10P Publishing

New J. Phys. 22 (2020) 073019 CSHoetal

In addition, we note that if the Fermi level lies within the gap in the insulating phase, the RKKY
mechanism is no longer be valid as it relies on itinerant electrons. Instead, the indirect exchange coupling is
now described by the van Vleck mechanism as discussed in previous works [67-69]. In our work, we
assume that the Fermi level is finite, i.e., within the conduction band, and ignore the van Vleck coupling for
simplicity.

4. Conclusion

In this paper, we investigated the anomalous motion of electrons in topological insulator thin films. First,
we showed that due to the hybridization of the surface states with opposite helicities, a spin-polarized
electron will undergo oscillatory motion within a confined region. Furthermore, the oscillation is
anisotropic with the preferred direction being along the separation of the two Dirac points, a finding that
can be ascribed to the anisotropy of the Fermi circle. As a consequence, the direction and distance
dependence of RKKY interactions mediated by itinerant electrons between two magnetic impurities in thin
TI films have a strong correlation with the electron motion. Interestingly, it was found that the RKKY
coupling is maximized when two impurities at a fixed distance are positioned along the separation direction
of the two Dirac points. This finding is consistent with the preferred direction of the confined electron
motion.
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Appendix A. Involution operators

The decomposition of the Hamiltonian is represented by the following involution operators

—sin(©) 0 0 — cos(O)
A 0 —sin(©) —cos(O) 0
=1 o —ws@ sn®© 0 | (A1)
— cos(O) 0 0 sin(©)
and
0 A C 0
- A 0 0 C
k= c"0 0 B (42)
0 C B 0

where A = bk, cos ©% + (a + bsin ©)(ik,e'® + k, sin ©), B = bk, cos ©* + (a — bsin O)(ik,e'® — k, sin ©),
E

C = (ak, + ibe'®k,)cos © in which a = — 2?5:12: , b= ZE:_}f ,and Ey = E . These expressions can be

derived by noting from equation (7) that the projectors Qs are linear sums of 1dent1ty operators, R, T, and
RT. The appropriate linear combination of the four QSTs that would y1eld Rand T can then be easily solved
fortoobtain T=Q 4 — Q- 4+Q_ 4y —Q _andR=Q, +Q;_ —Q_, —Q__.

Appendix B. Green’s function

We consider two magnetic centers S; (i = 1,2) located at R;. For simplicity, we assume that R; = 0, and
R, = R. In the framework of second order perturbation theory, the effective interaction between two
magnetic impurities is given by [38—41]

HRKKY = —];2 x Tr |:/EF delm {(81 . &)G(R, €+)(82 . &)G(—R,U+)} 5 (Bl)

o0
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where € = E + 10, the spin operator is defined as & = 7p ® o, and Tr stands for tracing over the spin
degree of freedom. The Green’s function in real space is given by the Fourier transformation

2
G(R,e") Z/%eiq‘RG(q, et), (B2)

where G(q, ") = [e™ — Hy(q)] ™" is the Green’s function in momentum space, and Apy is the area of the
first Brillouin zone. Explicitly, the Green’s function be be written in block matrix form as

|G+ G
Glg, ) = [GZI G_] . (B3)
B.1. Green’s function in the limit A < €p
In the limit A < €5 = v¢qo, the Green’s function matrix can be approximated as
Gi(q) = [e—Hpq—4qp)] s G_(q) = [c+Hplq+4q)] ' (B4)
Gn(q) = AGL(9)G-(q), Gu(q) = AG (9)G1(q). (B5)
Explicitly,
1
Gi(q) = 555 |€FHp(q.)|, (B6)
e —vlqh [ = ]
where g = q F qo.
The real space Green’s function can be obtained:
2retiR 4o A
Go(Re") = - — [A+BRx 0).], (B7)
UfABZ

where A = ¢ Ky(—i|n|) and B = |eT|K;(—i|n|) with n =

second kind, and R = R/R is the unit vector along the R. The off-diagonal Green’s functions can be
expressed as the convolutions

K, (n) is the modified Bessel function of the

11’

dR/
Gu(R) = A / T @G R R), (B8)
G =2 [ R ®R-RG.(R), (B9)
which satisfy Gj,(R)" = G,;(—R). Substituting the expression of G into the above, we obtain

2 /

GIZ(R) = Ae_iRAqO ( 227T ) / geiZR/~q0 [Ar + Br(;‘ X U)z] |:AR7r + BRfr(R - r X U)z] > (BIO)
’UfABZ \%

G (R) = Ae (f—”) / IR o' Arr+ Beo(R= 1 x 0).] (A +Bi(Fx o). (BI)
UfABZ 14

Disregarding the off-diagonal elements Gi,, G,;1, we have
Hyxxy = Fi(S1 - 82) + Fo(Sy - i)(Sy - @) + Fs [ - (S x 83)], (B12)

in which # = (R x z), and the range functions are

Fy =1, cos(2R - q,), (B13)
F, =1, cos(2R - q,), (B14)
F3 = Ia Sll’l(2R . qO)’ (B15)
where
167J?
I = 4”{ Im/ de(A? + B*)e, (B16)
VfAgy
32m]?
= 4’”‘! / dG(Bz)e/\e) (B17)
ABZ
32n)? “«
I = —%Im/ de(AB)e™. (B18)
VFAgy o0

10
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A

In the above, e’ is a smooth cutoff function with A — 0T to avoid the divergence in integrating. Changing

. . . . . 2 9
the integration variable to € = v¢1)/R, the above integrals can be rewritten as I; % ™ dnf(n), where
Vs BZ

7 = Reg/ve. When ¢f = 0 and 7y = 0, the integral f_nfm dnf (n) converges to a constant number so that the
range functions depend on the distance as R>. For ) > 1, we have approximations

Im(A?) = Im(B?) = Im(AB) ~ i%ﬁf‘z”). With the above, we can obtain the asymptotic range functions as

3272 2R 2R 2R
w]c €f+ €fsin €f_2

! ’ : ’UfAlngR3 4 on o Vg

N 64nJ%¢s . 2Res

— B19
viA}, R? v (B19)

which decay as R2. We note here that when only one surface state contributes to the RKKY coupling, one
can set gop = 0 so that the spin-frustrated term vanishes, which is consistent with previous results [48].

The RKKY coupling consists of three terms: the Heisenberg, the Dzyaloshinsky-Moriya, and
spin-frustrated terms. As can be seen, the RKKY couplings decay with distance as R72, which is consistent
with previous results [48]. Furthermore, they are also anisotropic with respect to the direction between the
two magnetic impurities, as can be seen from the cos(2R - qo) terms in the range functions.

B.2. Green’s function in the limit A >> ep
Int the limit A > wv¢qo, there is a gap opening of 2A at the I'-point. In this case, the Green’s functions can
be obtained as

Gq=—5—"""- H . B20
@ =~ g Lo Hol@) (B20)
The real space Green’s function obtained for R > 1 is

* dgq 2mq . -
G(R) = —/0 Ay 0+ 07 {]o(qR)(e + A) + i J1(gR)veg(z X R) - cr} , (B21)

2m 1 R R .
= __7r_2 Ky M (e + TA) + i, |w|K; M (zxR) -0, (B22)

Apz vf Vs Vf

in which w = \/A? — €, and J,(x) is the Bessel function of the first kind.
The RKKY coupling reads as

Hyiiy = Fi(S1 - 82) + Ex(Sy - in)(Sy - it) + F [it- (81 x 8,)], (B23)

where the range functions are now given by

N 1672 . - N

Flz_%lm/ (A% + A2 — B?), (B24)
f“*BZ —00

- 327 6

F, = —Lflm/ B, (B25)
VAR, o0

- 327 )% 6o

By = L{Im/ A,B, (B26)

viAg, —00

where Ay = eKo(M2), 4, = ARK(M2), B = wlK, (AL),
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