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We investigate quantum charge pumping through the surface states of a topological insulator (TI), i.e., Bi, Tes.
We consider a device with two oscillating potentials for the generation of a dc current in the adiabatic pumping
regime. Applying the exchange magnetic field, we show that the device can work as a memory read-out. Also, we
show that by applying a static gate voltage the pumping device can work as a field-effect transistor. In addition,
the pumped current obtained in our proposed device is significantly (more than three orders of magnitude) greater
than the pumped current obtained previously for TI-based devices. These properties show that Bi,Te; can be
considered a good candidate for the fabrication of nanoelectronic devices based on TI as well as low-power and

low-energy consumption devices in quantum computing.
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I. INTRODUCTION

Topological insulators (TIs) compared with conventional
insulators, in addition to having bulk band gaps, are fa-
mous due to containing conductive states on their surface or
edge [1,2]. The time-reversal symmetry and large spin-orbit
interaction in TIs lead to spin-momentum locking and the
appearance of the hexagonal warping (HW) effect in their
surface states. At high Fermi energy, the shape of constant-
energy contour related to surface states is changed from a
circle to a snowflake due to the HW effect [3]. Also, TIs
attract the attention of researchers as promising candidates for
low-power and low-energy consumption electronic devices in
quantum computing and as new materials for the fabrication
of spintronic devices [3—8]. As a technical approach, resonant
tunneling and switching effect have been investigated in field-
effect transistors based on TIs [9]. Experimentally, an n-p-n
junction of TIs has been introduced as a test sample for the
study of the Hall effect [10].

Compounds based on Bi such as Bi,Te; and Bi,Se; have
a single Dirac cone on their surface [11,12]. This feature
opened the way for studying topological quantum computa-
tion and magnetotransport so some studies have been devoted
to these materials from theoretical and experimental ap-
proaches [2,12—-17]. Also, these compounds are well-known
for the role of polarons on their thermal conductivity and
applications in thermoelectric devices [18-22]. Moreover, the
surface states in Bi,Ses have been considered for the study of
conductance and magnetoresistance in the presence of a peri-
odic array of exchange magnetic fields [23]. The surface states
of BipSes; have been proposed as an optospintronic device
with controllable spin polarization [24]. A high-performance
magnetic field detector has been fabricated based on Bi,Tes
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films [25]. A supercurrent is obtained through the surface
states of Bi,Tes in the Josephson junction as an experimen-
tal study [26]. Applying an in-plane magnetization on the
surface states of Bi,Te; can induce the quantum anomalous
Hall effect [27]. Recently, electronic transport and magne-
toresistance have been studied through the surface states of
a double-gated Bi,Te; [28]. The effect of quasiparticles on
the band structure and transport properties of TI materials
has been studied and shown that topological spin texture of
surface states is preserved in the presence of chemical disor-
der [29,30]. The formation of charge puddles and their roles
in transport have been investigated in compensated Bi,Tes
[31-33]. The introduction of disorder in Bi,Se; causes the
interplay between surface and bulk conductivities at different
temperature [34].

In quantum pumping, dc current can be generated and mod-
ulated without using bias voltage [35]. An adiabatic quantum
pumping regime is considered when the period of oscillat-
ing voltages is greater than the transmission time of charge
carriers throughout the system. In the adiabatic regime of
the quantum pumping method, only the electrons near the
Fermi energy contribute to the generation of current, but in
the nonadiabatic regime, other electrons also contribute in
the generation of current [36]. In the adiabatic regime of
the quantum pumping method, the dissipation for electron
energy is about zero because this regime works near the
equilibrium distribution of electron energies [37-40]. More
studies have been devoted to the use of quantum pumping
in nanoscale systems [41-52] and the significant impact of
pumping in quantum computing [53,54]. The surface states
of Bi,Se; between two ferromagnetic layers are proposed for
studying pumped current by using ferromagnetic resonance
and time-resolved x-ray magnetic circular dichroism [1]. Ex-
perimentally, the pumped current is generated in a Bi,Ses
through magnetization dynamics of the metallic ferromag-
net by applying an external rf-magnetic field [55]. Quantum
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FIG. 1. Schematic view of a quantum pumping device based on
Bi, Tes;. For generating dc current, two oscillating potentials Vi (¢) and
V,(t) are applied to regions I and III. Also, two exchange magnetic
fields, induced by the proximity effect of ferromagnetic insulators,
are applied in these regions. To control the pumped current, a static
gate voltage V, is applied to region II. We also use an insulator in
region II (shown in yellow) for excluding the permeate of the gate
current.

pumping through the surface states of TI by applying two ac
gate voltages or via rotation of exchange magnetic fields has
been studied [56]. The main problem in the pumping method
is its low current. For instance, the pumped current predicted
for TI-based device is of picoampere order depending on
parameters of the system [56]. However, in this work, we have
achieved the nanoampere current for our TI-based proposed
device.

In this work, we study quantum pumping through the
surface states of BiyTe;. The phase difference between two
applied ac gate voltages causes the generation of pumped
current. The dependence of pumped current on the direction
of magnetization (x, y, and z) shows that the proposed device
has a high sensitivity to magnetic configuration and it could
be used as a magnetic device such as a memory read-out.
Applying a static gate voltage, we can control the pumped
current electrically which shows the proposed device can
work as a TI-based field-effect transistor. Also, we take into
account the influence of HW on the pumped current and show
that ignoring this effect causes a significant overestimate of
the pumped current. The pumped current obtained in our pro-
posed device is more than three orders of magnitude greater
than the maximum pumped current obtained previously for
TI-based devices.

The rest of the paper is organized as follows. At first, we
present system Hamiltonian and wave functions for surface
states of BiyTes; and calculate the pumped current by using
scattering matrix (S-matrix) method. Then numerical results
of the pumped current and the influence of the exchange field
and the static gate voltage are shown and discussed. Finally, a
summary and conclusion are presented.

II. MODEL AND HAMILTONIAN

We proposed a two-dimensional (2D) quantum pumping
nanodevice based on the surface states of a topological insu-
lator (Bi;Tes) as shown in Fig. 1. Tuning the Fermi level on
the surface states via proper doping, we can avoid interaction
between surface states with the bulk states [12]. To achieve

the pumping current, two oscillating voltages as potential
barriers are applied to regions I and III (see Fig. 1). Also, two
exchange magnetic fields, induced by the proximity effect of
the ferromagnetic insulator, are applied in these regions and
a static gate voltage is applied in region II (central region) to
control the charge current. The effective Hamiltonian of the
system is given by [3,28]

H = vp(kyoy — kyoy) + A(k] — 3kk})o, + eVI+ Ma - o,

ey
where the first term is the isotropic 2D Dirac fermion Hamil-
tonian and the second term is the HW effect with parameter
A which is equivalent to the cubic Dresselhaus spin-orbit
coupling in rhombohedral structures [3]. The last two terms
indicate respectively the electric and exchange magnetic field
applied to the system as perturbations. In Eq. (1), o =
(o4, 0y, 0;) are Pauli matrices, k, and k, are the x and y compo-
nents of wave vector for incoming (outgoing) wave to (from)
the barriers and vg is the Fermi velocity. In the third term, —e
is the electron charge, V is the value of oscillating potentials
or static gate, and I is the unit matrix. Also, in the last term,
a = (sin 6 cos ¢, sin @ sin ¢, cos H) is the unit vector showing
the direction of exchange magnetic field with normalized
strength M. Here 6 and ¢ are the polar angle concerning the z
axis and azimuthal angle concerning the x axis, respectively.
Diagonalizing the Hamiltonian, the eigenstates of the system
for conduction and valence bands can be written as

E=e¢V =+ \/[)\(kg —3kk2) + McosO] + A, (2)
where
A = (Msin@ cos ¢ — vpk,)* + (M sin 6 sin ¢ + vrk,)*, (3)

and sign +(—) in Eq. (2) denotes the conduction (valence)
band.

In a pumping device shown in Fig. 1, the dc current is
generated due to the breaking of both time-reversal and spa-
tial symmetries via modulation of oscillating potentials that
are supposed as Vi (t) = Vp1 + Vi sin(wt) and V() = Vi +
8V, sin(wt + ¢). Here Vj; and V{y, are the static part of poten-
tials, §V; and 8V, are the ac amplitudes, w is the frequency
of oscillations, and ¢ is the phase difference between left
and right oscillating potentials. There are three regions j =
I, II, and III, which are separated with boundaries indicated
by dashed lines in Fig. 1. One can consider electrons incident
to the system with angle o with respect to x axis and use
ky = ke tana. So, for a given value of E, ie., E = Ep, and
a given value of o, Eq. (2) can be written as a six-order
equation in terms of &, as follows:

223 tan’ o — 1%k, — 2AM cos 03 tan® o — 1)k,°
+ vp2(1 + tan® @)k,> + 2vpM sin O(sin ¢ — cos ¢ tan o )k,
+M?>—(E—eV) =0. 4)

Solving the above equation, six roots are obtained as k, ,
wheren =1, ..., 6. In S-matrix method, the S matrix of each
region can be calculated by considering each region as a sepa-
rate scatterer or barrier with zero external fields (M =V = 0)
in its left and right sides [57,58]. The whole system S matrix
can be obtained using the individual S matrix of all regions.
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The wave functions of Hamiltonian in Eq. (1) for the inside of
region j and its left and right sides can be written as [28]

(k) = ¥ (K9, k) + Zrnlﬁ (KD k), x<xy (5
n=1
Ye(k) = an k)(c‘z, ky X1j <X < Xj, (6)
Wr(k) = Zl,, (kD k), x> x, ©)
where

(ke k) = |B1a|* L\ i iy @)
e AW MUY A

Biy(ky . ky) = M cos@ + (E — eV) + ke, (k2 — 3k7),
)

and

By (kyny ky) = M sin0e® — vp(ky — iky ). (10)

In the above equations, indices L, R and C refer to left,
right and inside of region j, r, and ¢, are respectively the
reflection and transmission coefficients for root n, and f, is
the scattering amplitude. Using Eq. (5)—(7) and applying the
boundary conditions at x;; and x; for wave function and
its first and second derivatives, one can obtain r,, t,, and f;
[49]. Also, k%, k), and k(') are respectively the incident,
reflected, and transmitted wave vectors of electrons for left
and right sides of a region. k) is the x component of the wave
vector inside of a region. As the first set of solutions related to
Eq. (4), if E < E;, where E.; ~ 377 meV is a critical Fermi
energy of BiyTe; [59], two roots of k, are real and four ones
are imaginary. For E > E, as a second set of solutions, six
roots are real [59,60].

Now for first set of solutions, we select k\) = k(’) ky;

as areal positive root and k) = k(’% and k% = k(r) as two
complex roots with pos1t1ve imaginary part [59]. We select
the r; and #; which indicate the propagation modes related
to k1. The S matrix for each region can be defined as §; =
[(rj, 1 )T(t/, J)T] where the superscript T stands for trans-
pose, 7; - and t are reflection and transmission coefficients for
incident electrons from right side of the region j, respectively
[57]. To calculate the reflection and transmission coefficients,
we have imposed wave-function matching conditions at all
interfaces of Fig. 1.

For second set of solutions, one can select k) = k") =

k(r) k(f) k(’) and k(f)

x, 12 Tx2 T x,2° x,3 T
of electron along x direction for k'), k3, and k') must
be positive. In this case, the § matrix is a 6x6 matrlx and
the reflection and transmission coefficients are 3 x3 matrices
[59]. The S matrix for whole system, as mentioned before,
is given by using individual S matrix of all region, i.e., S =
S1RSn®Sm (see Ref. [57] and Appendix B of Ref. [49]). Us-

ing whole system S matrix, the pumped current for a quantum

k(r% so that group velocity

state k is given by [51,61]

a)e(sin (p)8V18V2 B(Sﬂﬁ/)* BSﬁﬂ/
L =—" - Im{ ——— 11
k 2 ;; m\ v ey, ) D

where index B’ refers to the incoming modes to the chan-
nel from the left and right sides and g refers to outgoing
modes from the left side [62] In weak pumping regime (i.e.,
Vo > 8V) the derivations 25 av are independent of time [61].
To consider all of the quantum states for a given Fermi energy,
the summation over k is needed. Using k, = kcoso and k, =
k sin o, the summation over k can be converted to an integral
over angle o and the total pumped current can be written as
(see Appendix for more details)

]—Zlk —/

v / | L@F @, (12)
2 -z

+kmax

I (ky)dk,

knux

where F(«) is defined in Eq. (A2) of Appendix.

III. RESULTS AND DISCUSSION

For numerical study, we consider the surface of Bi,Tes
with width W = 10 um [46,62] which two oscillating poten-
tials and two exchange magnetic fields are applied in regions
I and III as shown in Fig. 1. We also consider the static
part of oscillating potentials as eVy; = eV, = 350 meV [28],
their ac amplitude as e§V| = e§V, = 0.2 meV [62] and their
oscillation frequency as w = 5 GHz [56,62]. The phase dif-
ference between left and right potential barriers is selected as
¢ = 1 /2 to have maximum dc pumped current [see Eq. (11)].
To control pumped current, an external static gate voltage (V)
is also applied in region II (see Fig. 1). The lengths of the three
regions are considered as L; = Ly = Lyy = 20 nm [56,62].
The HW parameter and normalized Fermi velocity for Bi, Tes
are reported as A =250 meV nm> and vr = 255 meV nm,
respectively [3]. We also consider the exchange magnetic
fields in the parallel configuration with normalized strength
M = 80 meV [28,56,63] except in Fig. 3.

The electron energy contours corresponding to the Dirac
cone are shown in Fig. 2. In Fig. 2(a), the energy contours are
sketched in the absence of any applied external perturbations
such as oscillating potential and exchange magnetic field. It
is observed that for the high values of energy, the contours
deform from circle to snowflake due to the HW effect. We will
show this effect in more detail later (see Fig. 6). With applying
a gate potential barrier with eVy = 350 meV [see Fig. 2(b)],
area of contour becomes smaller [compare Figs. 2(a) and
2(b)]. This is because the conduction and valence bands move
upward due to the presence of potential and electron Fermi
energy cuts the valence band in the lower cross-section. Note
that, as shown in Figs. 2(a) and 2(b), for the conduction
(valence) band, energy increases (decreases) from the central
contours to the outer ones. In Fig. 2(c), in addition to gate
potential, an exchange magnetic field is applied in the x di-
rection. The exchange field moves the Dirac point I" in the &,
direction and mirror symmetry is broken in the x direction. In
the same case (not shown here) if the magnetization is applied
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FIG. 2. Energy contours corresponding to Dirac cone for several
values of energy when the symmetric points of the system are shown
with I" (black circle), M and K, (a) in the absence of any external per-
turbations, (b) in the presence of gate potential with eV, = 350 meV,
(c) in the presence of both gate potential and exchange magnetic field
applied in the x direction, and (d) similar to (c) but the exchange field
is applied in the z direction.
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FIG. 3. [(a)—(c)] Pumped current versus the Fermi energy E for
different values of exchange magnetic field applied along the z di-
rection. (d) Average pumped current versus the exchange magnetic
field.

in the y direction, I" point moves in the k, direction, and
mirror symmetry is broken in the y direction. If the direction
of magnetization is fixed along the z direction as shown in
Fig. 2(d), the contour plot modifies and the mirror symmetries
are broken in both x and y directions. Also, in this case, the
Dirac cone shifts along the z axis (not shown in the figure).
In Fig. 3, the pumped current is shown for different values
of exchange magnetic field applied along the z direction. A
comparison between the pumped currents in the absence of
exchange magnetic field [see Fig. 3(a)] and in the presence
of this field [see Figs. 3(b) and 3(c)] shows that the presence
of an exchange magnetic field does not induce magnetore-
sistance but, in contrast, it causes an increase in the pumped
current. To clearly show this effect, let us define the average
of current absolute value as
Efin

1
Ly =——"7—
Y Efn — Emi /Eim

where Ej,; and Ejg, are respectively the initial and final val-
ues of energy chosen for integration. Here Ei,; = 0 and Ejg,
is equal to a value after that the pumped current becomes
almost zero. In our calculations, we chose Eg, = 350 meV.
Figure 3(d) shows the average pumped current [, versus
the exchange magnetic field M. It is observed that with in-
creasing exchange magnetic field, average pumped current
increases which is in agreement with previous studies (see
e.g., Refs. [64,65]). The main feature of our proposed device
based on Bi,Tes is the magnitude of its pumped current. The
pumped current, as shown in Fig. 3, is of nanoampere order
which is several orders of magnitude greater than the pumped
current obtained previously for TI-based devices. For exam-
ple, the pumped current obtained in Ref. [56] is of picoampere
order. As shown in Figs. 3(a)-3(c), the pumped current ex-
hibits fast fluctuations with changing Fermi energy. These
fluctuations increase (decrease) by increasing (decreasing) the
length of oscillating potentials (i.e., L; and Lyyy) [51], and thus
one can manipulate these fluctuations by changing L; and
L. Another factor that affects the oscillations of the pumped
current is the distance between two oscillating potentials (i.e.,
Lip) [58]. The fluctuations arising from this distance are related
to the Fabry-Perot resonances formed by the interference of
waves reflected between the two oscillating potentials [66].
To study the effect of exchange magnetic field more pre-
cisely, we plot the pumped current in Fig. 4 for various
directions of magnetization by considering a small interval
of Fermi energy (i.e., E = 133.5-141 meV). As shown in
Fig. 4(a), one can control the pumped current magnetically
through the rotation of the direction of the exchange magnetic
field. For example, the points indicated by the black circle
show the values of Fermi energy in which the pumped cur-
rent becomes zero when the magnetization is fixed along one
axis but for two other magnetization directions, the pumped
current has a nonzero value. In Fig. 4(b), we plot the pumped
current versus Fermi energy for one (left) exchange field along
+x and —x directions, while the other (right) exchange field
is kept fixed along +x. As we see in this figure, the pumped
current has different values for +x and —x directions. Thus
the device can discriminate between +x and —x directions
and can be considered as a memory read-out [63]. Also, it is
observed that the pumped current is smaller for —x direction.

\I|dE, 13)
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FIG. 4. Pumped current versus the Fermi energy E (a) for x, y,
and z directions of exchange magnetic fields and (b) for +x and —x
directions of the first (left) exchange magnetic field. Here the second
(right) exchange field is kept fixed along +x direction. The zero line
is indicated by a black dotted line.

This is due to this fact that for —x direction, two exchange
fields are antiparallel which causes a decrease in pumped
current [49,67].

We now study the effect of a static gate voltage applied on
the central region of the device (region II of Fig. 1) and plot
the pumped current for three values of static gate voltage in
Fig. 5. As shown in Figs. 5(a)-5(c), by increasing the static
gate voltage the value of the pumped current decreases. The
decrease of pumped current in the presence of gate potential
is due to the decrease of cross-section of energy contours
(see Fig. 2) and thus the decrease in the number of transport
channels. Also, the gate voltage acts as a potential barrier, and
one can change and control the pumped current by changing
the static gate voltage. Hence as an interesting result, the
proposed pumping device can work as a field-effect transistor
[68]. Figure 5(d) shows the effect of gate voltage in a small
interval of Fermi energy (i.e., E = 157.1-165.1 meV). In this
figure, the points indicated by B show the values of Fermi
energy at which the pumped current is zero in the absence of
gate voltage, and by turning on the gate voltage, the pumped
current becomes nonzero. Also, in these points, changing the
sign of gate voltage, the direction of the pumped current is
reversed. Inversely, at the points indicated by C, by turning
on a positive or negative gate voltage, the pumped current
becomes zero. At both points B and C, the gate voltage acts as
a switch for pumped current.

Now, we study the effect of HW on pumped current and
we plot the current versus the Fermi energy in Fig. 6 for
both taking into account [A = 250 meV nm?] and ignoring
(A = 0) the HW effect. A comparison between Figs. 6(a) and
6(b) shows that by taking into account the HW effect the
pumped current is significantly smaller than the current when

Current (nA)

Vg= 200 meV

I I I
150 200 250

1 1
162 164

760
E (meV)

FIG. 5. [(a)—(c)] Pumped current versus the Fermi energy E for
three values of the static gate in the absence of the exchange magnetic
field. (d) Pumped current in a small interval of Fermi energy (i.e.,
E =157.1-165.1 meV) for V, = =50, 0, and 50 meV. The black
dotted lines indicate the zero lines.

the HW effect is ignored. Hence ignoring this effect causes
an overestimate of pumped current. This is due to the fact
that the HW effect causes the cross-section of the energy
contours to become smaller [as shown in the right panel of
Figs. 6(a) and 6(b)] and as a result, the number of transport
channels decreases which causes a decrease in pumped cur-
rent. Also, the circular contours deform and some of them
become snowflakes due to the HW effect [see right panels of
Figs. 6(a) and 6(b)]. The snowflake shape of the spin texture
causes another decrease in the pumped current. To show the
HW effect exclusively on spin texture, in Fig 6(c) the pumped
current is depicted when the density of carriers is kept con-
stant by changing the potential gates. A comparison between
Figs. 6(b) and 6(c) indicates that except of the largest peak
of Fig. 6(c), the decreases of pumped currents due to the HW
effect are almost the same for both figures which shows that
the effect of HW on spin texture is greater than its effect on
carrier density. The effect of HW has been already discussed
in conventional (nonpumping) electron transport [69-71], but
in the previous studies of quantum pumping in TIs, this effect
has been ignored [1,55,56,72].

Thus far, we made the assumption that the exchange
magnetic field directions are aligned, but this assumption is
difficult in practice. We now investigate the effect of the mis-
alignment of exchange field directions on the pumped current
and the result is shown in Fig. 7. This figure shows the pumped
currents for misalignments about 5% and 10%. The pumped
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FIG. 6. (Left) Pumped current versus the Fermi energy E for (a) in the absence of HW (A = 0) and (b) and (c) in the presence of HW
(A = 250 meV nm?) when the exchange magnetic field is applied in the z direction and the static gate voltage is absent. In (b), the total effects
of HW on carriers density and spin texture are considered, while in (c), only the effect of HW on the spin texture is considered. (Right) Energy
contours of valence band corresponding to (a) and (b) on the left, respectively.
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FIG. 7. Pumped current versus the Fermi energy E for (a) ex-
change fields are aligned (6; = 6, = 0), (b) exchange fields with
about 5% misalignment (6; =5°,¢; =0and 6, =5°, ¢, = 180°),
and (c) exchange fields with about 10% misalignment (6, = 8°,
¢ =0and 6, = 10°, ¢, = 180°).

current for the case in which the fields are aligned is shown
in this figure for comparison. It is observed that misalignment
cause to decrease in the value and fluctuations rate of pumped
current but it does not destroy the pumping effect.

As shown in Figs. 3-7, the pumped current is very sen-
sitive to the Fermi energy E. It is worth to mention that, in
practice, the Fermi energy E can be changed and controlled
sufficiently well by using a back gate (see e.g., Ref. [73]). The
relation between the Fermi energy and gate voltage depends
on some parameters such as dielectric constant and thickness
of substrate [74]. Using a digital-to-analog converter (DAC)
[75] with at least 16 bits and choosing appropriate parameters
(with dielectric constant 2900 and thickness 0.1 wm), one
can control the gate voltage with step 0.075 mV and thus
the Fermi energy with small step 0.05 meV in energy inter-
val 0 to 300 meV which has been used in our calculations
(see Figs. 3-7).

Quasiparticles in the bulk of TI materials, which may be
due to the disorder effects and charge puddles, could affect
the surface state transport properties in TI materials [76,77].
As mentioned in Sec. II, by tuning the Fermi level in TI
materials via proper doping, one can decrease the interaction
between the bulk states and surface states [78,79]. Doping
of impurities (such as Sb) in bulk, tuning the gate voltage
and fabrication of ultrathin TI films are effective methods to
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reduce the bulk effects on surface transport [80—82]. The dop-
ing causes the surface mobility becomes 12 times greater than
the bulk mobility [83]. Using gate voltage causes to increase
the bulk resistivity 4 times and decrease the bulk mobility
by two orders of magnitude [84,85]. Also, the decoupling
of surface state conductance and bulk state conductance was
reported in a TI ((Bi, Te,Se) in temperatures below 10 K [86].
By adding vacancy to Bi, Tes, surface mobility at temperatures
below 10 K is about 60 times greater than bulk mobility, and
therefore the bulk states effects on transport could be ignored
with a good approximation [87]. Controlling the charge pud-
dle formation via temperature is suggested for the reduction of
bulk effects in transport in TI materials [88]. Compensation
of intrinsic charges via low-temperature (4—-10 K) electron
irradiation is another method for decreasing the effects of bulk
states on TIs transport [31].

IV. SUMMARY AND CONCLUSION

In summary, we have studied quantum pumping trans-
port properties in the surface states of a topological insulator
(BiyTe;) using the S-matrix approach. Applying two oscil-
lating potentials with a phase difference, a dc current can
be generated in the system without using bias voltage. We
have investigated the effect of the exchange magnetic field,
induced by the ferromagnetic insulator, on the pumped current
and shown that by changing the magnetization direction the
pumped current can be controlled and the device can be used
as a TI-based memory read-out. Also, we have shown that
one can control the pumped current electrically by applying
a static gate voltage and the device can work as a field-effect
transistor. The memory read-out and field effect transistor
devices proposed in the present study are based on the surface
states of a topological insulator and thus are two-dimensional.
They have some advantages relative to conventional (three-
dimensional) devices such as low dimensions, small sizes,
and extremely low power consumption. Moreover, we have
taken into account the HW effect in Hamiltonian and we have
shown that ignoring this effect leads to an overestimate of the
pumped current. The results of this study show that Bi,Tes
can be considered as a promising candidate for the fabrication
of nanoelectronic devices based on TI.
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APPENDIX

In the following, we show the method for changing the
integral variable, in Eq. (12), from k, to a. We know k, =

k sin o, so we define F («) as follows:
dky, = F(a)da, (A1)

where

ok
F(a) =sina— + kcosa. (A2)
do
For determination of dk/d«, it is necessary to know a re-
lation between k and «. Using Eq. (2) for V. =M = 0 then
we have

E = /(A3 cos 3a)? + (vrk)2. (A3)
With solving above equation for £ = Ep
3 3
kz\/\/\/Q3+R2+R—\/ Q3 +R?2—R, (A4)
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0= Y%
312 cos? 3’
E;
= , A5
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