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We investigate theoretically the carrier transport in a two-dimensional topological insulator of (001) HgTe/CdTe
quantum-well heterostructure with inverted band, and find distinct switchable features of the transmission spectra in the
topological edge states by designing the double-electric modulation potentials. The transmission spectra exhibit the sig-
nificant Fabry—Pérot resonances for the double-electric transport system. Furthermore, the transmission properties show
rich behaviors when the Fermi energy lies in the different locations in the energy spectrum and the double-electric barrier
regions. The opacity and transparency of the double-modulated barrier regions can be controlled by tuning the modulated
potentials, Fermi energy and the length of modulated regions. This electrical switching behavior can be realized by tuning
the voltages applied on the metal gates. The Fabry—Pérot resonances leads to oscillations in the transmission which can be
observed in experimentally. This electric modulated-mechanism provides us a realistic way to switch the transmission in
edge states which can be constructed in low-power information processing devices.

Keywords: HgTe/CdTe quantum well, double-electric modulations, transmission spectra, Fabry—Pérot reso-

nances
PACS: 72.10.—d, 73.40.—c, 73.40.Gk, 73.63.Hs

1. Introduction

Topological insulators (TIs) are a new class of materials
that have been theoretically predicted!'®) and demonstrated
experimentally.[’~1%1 They are band insulators (BIs) in the
bulk while conducting along the surfaces, possessing surface
states with a spin texture protected by time-reversal symme-
try. This kind of electron transport is robust against the non-
magnetic impurity scattering and local perturbation. [!=14 The
concept of a topological insulator dates back to the work
of Kane and Mele, who focused on two-dimensional (2D)
systems.!l:?) The spin texture induced by spin—orbit inter-
action (SOI) in non-centrosymmetric materials has been re-
garded as a promising avenue for next-generation spintronics
applications.[1>-191 This offers great potential applications in a
new generation of spintronic devices for low-power informa-
tion processing.[20-24]

In 2D HgTe/CdTe quantum wells (QWs) with an inverted-
band structure, the helical edge channels have been demon-
strated experimentally in the Hall bar geometry.”#! There is
plenty of research about the potential applications based on
construct improved devices in HgTe and various TI material
systems.>37311 A5 a basic building block of the electric de-
vices, the electric metal strip modulations have been studied
extensively in various systems.!3>=* This offers great poten-
tial for a new generation of spintronic devices with low-power
information processing. A crucial step in this development is
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the (preferentially electrical) manipulation, i.e., switch on or
off, of the channel transport. Therefore, electrical manipula-
tion of the transport property of TIs becomes one of the central
issues in the condensed matter physics. It is highly desirable to
achieve an electric control of the carrier transport related with
this new class of materials.

In this work, we are particularly interested in HgTe/CdTe
QWs because HgTe/CdTe is the first TI discovered in
nature.!”8] We investigate theoretically the carrier transport
properties through the HgTe/CdTe QW heterostructure under
double-electric modulations. The modulation potential can
be controlled by the external voltages applied on the metal
gate. As will be seen, rich transmission features will shown
by changing the double-electric modulated parameters. Dif-
ferent transport processes can be achieved by tuning the mod-

32351 can be

ulations potential. The Fabry—Pérot resonances
observed due to the interference between double modulated re-
gions. The transmission shows the Fabry—Pérot resonances for
the inter-band tunneling process and is blocked for the intra-
band process. The constructive interference of the backscat-
tering by double modulations layers will lead to the block of
transmission. Furthermore, the bulk gap of HgTe/CdTe QWs
can be used to switch off the system. The transport property
of the propagating states can also be controlled by the length

of modulated regions.
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2. Model and formulations

We consider a HgTe/CdTe QW heterostructure with
double-electric-modulation structures in planar geometry [as
shown schematically in Fig. 1(a)]. A voltage gate is deposited
on top of the heterostructure to create an electric modulation
with bias V,.1*23 For simplicity, each electric potential is as-
sumed to be of a step-like profile, i.e., V =V, in the mod-
ulated region and V = 0 otherwise. The electric modulation
amplitude e -V, can be tuned by adjusting the top gate volt-
age. The carriers injected from left lead can transmit or re-
flected under the double-electric modulated regions. An ef-
fective four-band model introduced by Bernevig, Hughes and
Zhang (BHZ-model)[”#! consists of two disconnected blocks
(including two I electron bands |e 1), |e |) and two I3 heavy
hole bands |hh 1), |hh |) by neglecting the light-hole and spin-
split bands). The BHZ-model adequately describes the insu-
lating regime in HgTe/CdTe QWs close to the I" point and the
topological quantum phase transition near the critical thick-
ness d = d.. The carriers states in the low-energy regime can
be well described by a four-band effective Hamiltonian H.
In the presence of the double-electrical modulated potentials,
the total 4 x 4 Hamiltonian in the basis |e 1), |hh 1), |e |), and
|hh |) can be written as H = Ho + V1 + Vg, with Hj given
byl7l

g +M(k) Ak 0 0
Ak, e —M(k) 0 0
Hy= k . R 1
0 0 0 g +ME) —Ak, |’ M
0 0 —Ak_ g, —M(k)

where k = (ky,k,) is the in-plane momentum operator, & =
C—D(i2+1i2), M(k) =M —B(k2+12), ks = ke - iky, and A,
B, C, D, and M are parameters describing the band structure
of the HgTe/CdTe QWs. The velocity operator ¥(x) along the
X axis is given by

—2D. ke A 0 0
o A 2Dk O 0
Px) = 0 0 -k -a |° @
0 0 —A  —2D_k

where D1 = D+B.

For a 2D system shown in Fig. 1(a), the total transmis-
sion and conductance are obtained by discretizing the system
into j (j = 5) in this system as shown in Fig. 1(d)] transverse
strips along the x axis. The interfaces coordinates are denoted
by x1,x2,x3,x4 [see Fig. 1(e)]. The transverse wave vector k,
is conserved due to the homogeneous structure along the y di-
rection. In a given strip j (j =1,...,5), the eigenstates can be
written as

v/ (x,y) = g/ expli(kix + kyy)]. 3)

The longitudinal wave vector k, = k)j; is determined from the
Schrodinger equation Evp = H (ky,ky)1p. These eigenstates

are classified into the right-moving states and left-moving
states. The right-moving states have a real k, and positive ve-
locity (1p|Vx|tp) or have a complex k, with Imk, > 0. The left-
moving states have a real k, and negative velocity (|V|1)) or
have a complex k, with Imk, < 0. For a given energy E, the
mth right-moving state in the mth strip is denoted by 1/),%2 (E)

and the mth left-moving state is denoted by 't,b,(an (E).
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Fig. 1. (a) Schematic illustration of HgTe/CdTe QW heterostruc-

ture planar geometry with double gate-induced barriers created by two
metallic strips on the surface. (b) The energy spectra for the considered
HgTe/CdTe QW system. EJ is the lowest energy of the conduction-
band (locates at the position E = 10 meV) and EE is the highest energy
of the valance-band (locates at the position E = —10 meV) of the en-
ergy dispersion. Thus, Eg,p = ET - Eg =20 meV is the bulk gap of
the system. (c) Schematic illustration of the Egy, shifted upwards Vg
by the metal gate modulation potential. (d)—(g) Different configurations
for the delta-function-shaped electric modulations. Vg and Vg indi-
cate the electric modulation potential. L; and L, indicate the length
of the first and second modulated region, respectively. L;, represents
the length between double electric modulated regions. The energy dis-
persions in the different regions of the system shown in (d), and the
horizontal dashed line indicates the Fermi energy Ef.

Assuming that one carrier with Fermi energy EF is in-
jected into the mth right-moving (with a real k,) eigenstate
't,[),(nL)+ of the left lead, the scattering wave function in left lead,
Jjth transverse strip and right lead can be written as

yet) =y (E) + Yo (B i (),

—

)

v = Yo (Er)wl) (Br)+ Y08 (Er) v (Er),
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(Righ) _ y° alRiE) () y R () “)

n

y

The transmission and reflection amplitudes (f,, and
Fmn) can be obtained by matching the wave functions and
the currents at the interface, which requires the continuity
of wave functions and probability current density at each
boundary, 36371
W (xr=x1,5) =y (x=x3,y),

) YW e =x,y) =vim) vy =) ©6)

Here x; (A =1,2,3,4) indicate the interfaces coordinates and
Jj (=1,...,5) represent the transverse discretized strips (es-
pecially, when j = 1 and 5 denote the left lead and right
lead, respectively). By scattering matrix theory,!?*! we obtain
the total transmission probability from the Landauer—Biittiker
formula 383!

T =
méeLeft,neRight

Tnem (EF)

Right
Vn 'S

2
Righ
| e
m

; (6)

mé&Left,ncRight

where the sum runs over all right-moving modes in the left and
right leads.

3. Results and discussion

We first investigate the tunneling behavior of the elec-
tron through a planar double-electric modulations in the
HgTe/CdTe QW system. We consider the parameters for the
HgTe/CdTe QWs: A = 364.5 meV-nm, B = —686 meV-nm?,
C=0,D=—-512 meV-nm?, and M = —10 meV. The TI
(M < 0) and BI (M > 0) phases are distinguished by the dif-
ferent signs of the parameter M, which are determined by the
thickness of the HgTe/CdTe QWs (the corresponding thick-
ness is 7 nm).”) To begin with, we present our numerical re-
sults for the total transmission probability 7' (Vg1,Ve2) across
the structure by tuning the double-electric modulation ampli-
tude Vg1,V = —100 ~ 100 meV in Fig. 2. The interesting
transport behavior on the interface can be perfectly transmit-
ted, and the total backscattering has been studied before. (32.33]
The electron in HgTe/CdTe QWs behaves as a photo that is in-
jected from a material with a larger refractive index n, into
a medium with a smaller refractive index n;. The carriers
will be completely reflected when the incident angle is larger
than the critical angle 6.. The critical angle 6. can be deter-
mined by Snell’s law, sin 6, / sin O = k& /kk = ng /ny, and thus
0. = arcsin(kR /kk), where kR and k% denote the wave vectors
in the right and left leads, respectively. In order to investigate
the transport properties in the double-electric-modulation sys-
tem, the incidence angle should be fixed in 0 < Biject < O,

thus we fix the incidence angle 6iyject = 7/4 in the investiga-
tion, which is smaller than the critical angle 6.. Furthermore,
we consider two situations for the location of the Fermi en-
ergy, i.e., conduction-band (Er > 10 meV) and valance-band
(Erp < —10 meV) [as shown in Fig. 1(b)]. First, we set the
Fermi energy in the Er = 15 meV in Fig. 2, the inject energy

located in the conduction-band and indicate that the incident
1
gap
1
gap

and Agap will block the transmission and can be used to switch

off the transport system. Two main reasons are involved. On

particles are electrons. There are two transmission gaps A
and Ag,, in the transmission spectrum in Fig. 2. The gaps A

the one hand, the gap Ag;, (m = 1,2) arises from the bulk gap
Eyyp of the left lead shifted by the modulation potential V1 and
Vg2 in the modulated regions, because of the absence of prop-
agating states when Fermi energy Ef locates in the gap [as
sketched in Fig. 1(c)]. On the other hand, they result from the
photon-like behavior when the incident angle is not perpendic-
ular to the interface and can be described by Snell’s law. We

can find the gap A, (n = 3,4) induced by the same mech-

gap
anism when the Fermi energy located in the valance-band as

n m
gap gap
(m = 1,2), because of the different Fermi energies, i.e., differ-

shown in Fig. 3. However, A, (n = 3,4) are larger than A
ent group velocities for the conduction and valence bands, re-
sulting in different critical angles 6. The gaps Ag,, (n = 3,4)
are more sensitive to the incident angle when the Fermi en-
ergy (Er = —25 meV) located in the valence band (as shown

in Fig. 3).

> - - Transmission
> - > IO
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c\n}: L X R
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—80 —40 0 40 80
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Fig. 2. Contour plot for the total transmission probability 7'(Vgi,Vy2)
of transmitted carrier as functions of double-electric modulations am-
plitude Vg and Vg for fixed Fermi energy Er = 15 meV and incidence
angle 6 = /4. If not specified, L} = L, = L1, = 100 nm.

By tuning the gate voltages, three tunneling processes can
be realized: the intra-band process, the inter-band process,
and the tunneling process through the modulations which are
clearly reflected in Figs. 2 and 3. From the transmission spec-
tra T (Vq1,Vy), we can divide it into four regions [marked
by I, I, I, and IV in Fig. 2] by the two bulk gaps Aéap and
Aéap. By tuning the electric modulation potential Vy; and
Vg2, different transport processes can be realized (see Fig. 2).
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For V1,V > 25 meV (inter-band process), the transmission
probabilities approaching to the minimum 7' (Vyi,Ve) = 0,
i.e., the transmission is blocked, when the electrons trans-
port through double-barriers structure [as shown in Fig. 1(d)].
The block originates from the multiple reflections in the elec-
tric modulated regions between multiple interfaces and gives
rise to strong interference of backscattering. Therefore, when
double-barrier amplitudes are large enough, they will block the
transmission to result in the switch-off of the transport sys-
tem [as shown in Fig. 2 marked by region II]. When we set
Vg1 2 30 meV, Vi < 0 [as shown in Fig. 2 marked by region
I or Vg1 <0, Vo > 30 meV [as shown in Fig. 2 marked by re-
gion I] (corresponding to inter-band and intra-band processes
under double modulations), the transmission shown a slight
regular oscillation around 7'(Vg1,Vy) = 0.1-0.5, the decreas-
ing oscillation amplitude resulting from the inter-band pro-
cess by one of the modulation. When Vg1, Ve < 0 [as shown
in Fig. 2 marked by region IV] (corresponding to intra-band
process), the Fabry—Pérot resonance tunneling processes are
observed due to the quantum interference between the trans-
mitted and reflected electrons across the double-electric mod-
ulated regions. Furthermore, when setting the Fermi energy
Er = —25 meV, the inject energy locates in the valance band
and the incident particles are heavy holes in this system. The
similar transmission processes (i.e., inter-band, intra-band and
tunneling processes) can be found as we just discussed. The
Fabry—Pérot resonances for Fermi energy Ep = —25 meV are
more significant, the difference comes from group velocities
for electrons and heavy holes are very different due to the dif-
ferent effective masses. More detailed features of the trans-
mission spectra are shown in Fig. 3. Therefore, by tuning the
double-modulation amplitude with gate voltages, the propa-
gating states can be switched to different tunneling processes
electrically when the carriers transmit through the structure.

Transmission
I 0

s

)

g
= Hio

o
~ Agap

—80 —40 0 40 80
Vg1 (meV)

Fig. 3. Contour plot for the total transmission probability T (Vy1, Vg2) of
transmitted carrier as functions of double-electric modulations ampli-
tude Vg and Vj; for fixed Fermi energy Er = —25 meV and incidence
angle 6 = /4.

In order to see clearly the tunneling behavior under
different-electric-modulation configurations, we show the to-

tal transmission T (Ef) as a function of Fermi energy Ep for
fixed incidence angle 6 = 7/4 in Fig. 4. For double-barrier
configuration [as shown in Fig. 1(d)], the Fabry—Pérot reso-
nances are observed when the Fermi energy Er < —10 meV
[as clearly reflected by the blue solid line in Fig. 4(a)]. How-
ever, the transmission shows a slight oscillation for double-
well configuration [as shown in Fig. 1(d)] as reflected by the
orange dashed-dot line Fig. 4(a). The big gaps coming from
the bulk gap Eg,, shifted ]Vg‘ by the double electric modu-
lations Vg1 and Vi, when the Fermi energy is located in the
gap and is blocked, i.e., T(Er) = 0. The gaps will become
larger for the other two configurations [as shown in Figs. 1(e)
and 1(f)] caused by the anti-parallel modulations configura-
tions, the bulk gap will shifted by ‘Vgl‘ + |Vg2‘ by the dou-
ble electric modulations potential, resulted from the two main
reasons that we have just explained it in the above section.
The gaps will block the transmission and this coincides with
the transmission spectra as shown in Fig. 4(b). Furthermore,
the transmission spectra 7 (Eg) seem to behave the same for
the two-anti-parallel-modulation configuration [as confirmed
by the coincidence of solid and dashed lines in Fig. 4(b)].

&~ a

- L [@®

Q

z

é 1L

wn

=}

]
—40 —20 0 20 40

i 2_(b) —— V1= Vg =10 meV

° Vo1 = Vga = —10 meV =

wn

é’ 1 — Va1 =10 meV, V= —10 meV

7 === Vg =—10 meV, Vg =10 meV

=]

Y

H 0- 1 1 1 1 1 1 1 1 1
—40 —20 0 20 40

Ep (meV)

Fig. 4. The total transmission probability 7" as a function of Fermi
energy Ef (for fixed gate voltage Vg1 and Vg and incidence angle
6 = m/4) for different-electric-modulation configurations [as indicated
by different color lines (a) and (b)]. The blue solid, orange dashed-dot,
black solid, and red dashed lines correspond to the configurations in
Figs. 1(d)-1(g), respectively.

In Fig. 5, we show the total transmission 7 (L;y) varia-
tions with the distance between two applied biases for fixed
Fermi energy and the electric potential. The Fermi energy
Er = —15 meV locates in the valance band, the transmission is
oscillating regularly with the distance L, for fixed Vg1 = Vg =
10 meV [as shown by black solid line in Fig. 5(a)]. The oscilla-
tion originates from the Fabry—Pérot interference between the
transmitted and reflected carriers in the electric modulated re-
gions. The same oscillation of transmission can be found when
Fermi energy Er = 15 meV locates in the conduction-band
for modulations potential Vg1 = Vg = —10 meV [as shown by
orange dashed line in Fig. 5(a)]. The oscillation arises from
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the same mechanism, e.g., the Fabry—Pérot resonances tun-
neling process. Furthermore, the transmission shows a slight
oscillation around T (L;2) = 0.07-0.12 for the anti-parallel-
modulation configurations [corresponding to Figs. 1(e) and
1(f)] as clearly reflected in Fig. 5(b).
in the anti-parallel-modulation configurations leading to the

The electric barrier

constructive interference of backscattering from double mod-
ulations layers, resulting in the decreasing transmission am-
plitude. We can expect that the transmission spectra in the
configurations of two different anti-parallel modulations will
complete coincidence with each other, this is confirmed in
Fig. 5(b).

&~ 201 (a) — Vi1 = Va2 =10 meV
o Vi1 = Vyo=—10 meV
2

2 1.5F

g

z

[}

-

& 10 - - - -

100 200 300 400 500
~ 0.15f (b) — Vi =—5 meV, Vy3=5 meV
= —= Vi =5 meV, Vyo=—-5 meV
o .

2 '
g
2}
=}
[}
-
H

0.05

100 200 300 400 500
Lis (nm)

Fig. 5. The total transmission probability 7" as a function of the length
between double electric modulated regions L, with fixed incidence an-
gle 6 = m/4 and electric modulations potential. (a) The black solid
and orange dashed lines corresponding to EF = —15 meV, Vg1 = Vg =
10 meV and Er = 15 meV, Vg = Vg = —10 meV, respectively. (b)
For a given Fermi energy Er = 15 meV, located in the conduction band.
The blue solid and red dashed-dot lines correspond to Vg1 = —5 meV,
Vg2 =5 meV and Vg1 =5 meV, Vg = —5 meV, respectively.

Now we investigate the total transmission probability
T (Llengm) as functions of the length of the double-electric
modulated regions L; and L, for setting incidence angle and
Fermi energy (see Fig. 6). The lengths of double modulated
regions are changed simultaneously (Liengtn = L1 = L2). First,
we set Fermi energy Er = 25 meV located in the conduc-
tion band and plot in Fig. 6(a) the transmission probability
T (Llength) across the double-barrier modulation structure. For
slight electric modulation amplitude Vy; = Ve = 5 meV, the
transmission T (Llength) oscillating periodically with the in-
creasing length Lieng [as sketched by black line in Fig. 6(a)].
The regular oscillation also originates from the Fabry—Pérot
interference since the velocities of propagating bulk states in
different regions are different due to the potential of mod-
ulations. In this case, electrons can propagate through the
electric modulated regions. However, the transmission de-
creases with increasing Liengn and finally becomes blocked
for large electric modulation amplitude Vg = Vy = 10 meV
[as clearly reflected by red dashed line in Fig. 6(a)]. The
decreasing arises from the constructive quantum interference

of backscattering amplitudes by different modulation layers.
Therefore, the transmission decays exponentially with the bar-
riers length Liengn. For Fermi energy Er = —25 meV located
in the valance band, we can find the same periodic oscillation
and decay behaviors of the transmission for different electric
modulations potential [as shown in Fig. 6(b)]. The slight dif-
ference of the transmission spectra comes from the different
effective masses between electron and heavy hole, which is
decided by the incident Fermi energy.

— Vi =V, =5 meV

a
2p (@) s Vg =Vgu=10 meV

100 200 300 400 500

— Vg = Vo= —5 meV
Vg1 = Vga = —10 meV
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1
1
1
1
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h
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LLcngth (nm)

Fig. 6. The total transmission probability 7 as functions of the length

of the double-electric modulated regions Liength (Liength = L1 = L2)

with fixed incidence angle 6 = 7 /4 for different Fermi energies: (a)
Erg =25 meV, (b) Ep = —25 meV.

2.0

— Ep=—25 meV
EF =25 meV

1.5¢

VWV VWV

100 200 300 400 500
LLength (nm)

Transmission T

1.0

Fig. 7. The total transmission probability 7" as the length of the double-
electric modulated regions Liength (Liength = L1 = L») for fixed gate volt-
age Vo1 = —5 meV and Vi = 5 meV and incidence angle 6 = /4. The
blue solid and orange dashed lines correspond to Ep = —25 meV and
Er =25 meV, respectively.

Finally we study the transmission 7' (Liengen) as func-
tions of the length of the double-electric modulated regions L;
and L, for one of the anti-parallel modulation configuration
structure [as schematic illustrated in Fig. 1(f)]. The transmis-
sion oscillate periodically with the increasing length Lieng, for
fixed incidence angle and Fermi energy (as shown in Fig. 7).
The anti-parallel modulation configuration induces a series of
resonances in the transmission spectrum (as shown in Fig. 7.
These resonant peaks come from Fabry—Pérot resonances in
the electric modulated regions at a proper incident angle for a
fixed Fermi wave vector. The interference between the trans-
mitted and reflected electrons leads to a series of Fano res-
onances in the transmissions spectrum. For the other anti-
parallel modulation configuration structure [as schematic il-
lustrated in Fig. 1(e)], we can expect the same transmission
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spectra for the two anti-parallel modulation configurations as
we discussed in the above subsection.

4. Conclusions

In summary, we have investigated theoretically the trans-
port properties of carriers through inverted-band HgTe/CdTe
QW topological interface states by double-electric barrier
modulations, and found distinct switchable features of the
transmission spectra by adjusting the double-electric modu-
lation potentials. The opacity and transparency of the double-
modulated regions can be controlled by tuning the modulated
potentials, Fermi energy and the length of modulated regions.
The Fabry—Pérot resonances lead to a series of oscillation in
the transmission which can be observed experimentally. This
electrical switching behavior can be manipulated by tuning the
voltages applied on the metal gates. It may pave a way to ma-
nipulate the transmission to constructing low-power informa-
tion processing devices by all electrical way.
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