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Optical manipulation of edge-state transport in HgTe quantum wells in the quantum Hall regime
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We investigate an effective low-energy theory of HgTe quantum wells near their mass inversion thickness in
a perpendicular magnetic field. By comparison of the effective band structure with a more elaborated and
well-established model, the parameter regime and the validity of the effective model are scrutinized. Optical
transitions in HgTe quantum wells are analyzed. We find selection rules which we functionalize to optically
manipulate edge-state transport. Qualitatively, our findings equally apply to optical edge current manipulation

in graphene.
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Low-dimensional quantum systems with distinct topologi-
cal properties attract a lot of interest, not only because of
their possible applications in topological quantum
computation,' but also because they constitute a versatile
playground for studying solid-state realizations of exotic
phases.? It has recently been realized® that HgTe quantum
wells (QWSs) exhibit very rich low-energy properties such as
the quantum spin Hall effect and topological phase transi-
tions. Notably, these extraordinary physical properties are
not only theoretical predictions but many of them have al-
ready been experimentally confirmed in  HgTe
nanodevices.*® The remarkable tunability of parameters
such as, for instance, the Rashba spin-orbit coupling (SOC)
strength® makes HgTe QWs especially suitable for spintronic
applications. Interestingly, the low-energy properties of elec-
trons in HgTe QWs near the so-called inversion point (which
is related to the thickness of the HgTe layer) can be well
described by the Dirac equation similar to the low-energy
properties of electrons in graphene.” However, the electronic
spectrum of HgTe QWs is much richer than that of graphene
and further theoretical as well as experimental research is
needed to fully characterize it.

In this Rapid Communication, we first compare an effec-
tive model for HgTe QWs (Ref. 3) (in the presence of a
perpendicular magnetic field) with a more elaborated eight-
band Kane model.> This allows us to identify the experi-
mentally relevant parameter regime for the effective model.
After the important energy scales are identified, we can ana-
lyze the optical transitions between Landau levels and, even
more interestingly, between (magnetic-field-induced) edge
states. We show that this gives rise to a new possibility of
edge current reversion by photons. This effect is not unique
to HgTe QWs but can happen in all systems where optical
transitions between electronlike and holelike edge states are
allowed which is, for instance, the case in graphene.

The bulk band structure of narrow HgTe QWs has been
extensively investigated before.®® It was found that near the
mass inversion thickness d.=6.3 nm, the electronic proper-
ties close to the I' point are well approximated within an
effective theory,® defined by the k-diagonal Hamiltonian,’
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with  ¢? as the Pauli matrices, e(k)=—Dk?
d(k)=(Ak,,-Ak,,M —Gk?), and k as the crystal momentum.
A, D, M, and G are parameters of the effective model (see
Fig. 1). In this model, the Rashba and the Dresselhaus SOCs
are not explicitly taken into account. The Rashba SOC could
be treated easily by perturbation theory and can, in principle,
be tuned to zero in the experiments. Therefore, we neglect it
here. Further, the Dresselhaus terms are known to be negli-
gibly small.* The basis states of the model in Eq. (1) are
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FIG. 1. (Color online) (a) Energy spectra of the symmetrically
doped QW at zero magnetic field for a hole density of
0.5Xx 10" c¢m™2 and a well thickness d=6.5 nm. Solid (black) lines
correspond to the eight-band Kane model and dashed red (gray)
lines show the energy subbands given by the effective model with
the optimal parameters D=-730 meV nm?, A=375 meV nm,
M=-3.1 meV, and G=-1.120 eV nm?. (b) Landau levels in the
effective model (dashed red lines) and in the Kane model (solid
black lines) using the same parameters as in (a).
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which is predominantly derived from the conduction (va-
lence) band, and + refers to degenerate Kramers partners.°
The presence of a time-reversal symmetry breaking mag-
netic field perpendicular to the well is described by a corre-
sponding vector potential—we use the Landau gauge here.
After the usual transformations, it is found that the Hamil-
tonian which describes the Landau levels is obtained by the
replacement
h(k) — h,, h*(-K)— h_ (2)
in Eq. (1) with h.=hyo+h;.. The harmonic-oscillator
part of  the Hamiltonian hyo=—2DB(a'a+ %)
+[M —ZBG(aTa+%)]a3 is diagonal in the electron-hole
space as well as in the Kramers space, while the
Jaynes-Cummings terms /j-=—\2BA(a'0*+ac”) and hj.
=+V2BA(ao"+a’0") couple different harmonic-oscillator

levels and lift the =+ degeneracy. a and a' are
bosonic operators, i.e., [a,a’]=1. Thus, the 2X2
blocks h. are easily diagonalized by introducing

11,),=n)®|E+), [2,),=|n-1)®|H+) and |1,)_=|n)® |H-),
12,)_=|n—1)®|E-), respectively, where |n) are harmonic-
oscillator states corresponding to the Landau level n.

In order to find the proper parameters for the effective
model (1) we perform extensive calculations within a well
established eight-band k-p approach for the HgTe QW.%3
The parameters which enter this numerical calculation are
the well-known band-structure parameters for HgTe and
CdTe, the width of the QW, the strength of the magnetic field
B, and the charge density in the two-dimensional electron
gas (2DEG). The parameters A, M, D, and G of the effective
model are determined in the limits |k| —0 and B—0. The
results are shown in Fig. 1, correcting and extending previ-
ous estimates made in Refs. 3 and 4. As expected, the effec-
tive model is best near the I" point. In a finite magnetic field
perpendicular to the 2DEG plane, the low-energy states ac-
quire additional components from higher |k| states. Thus, the
effective-model description of Landau levels becomes worse
at higher magnetic fields. For B=1 T, however, the effec-
tive model is still reasonably accurate.

In the following, we focus on #, since there is no cou-
pling between h, and h_ states. The energy spectrum of the
h, eigenstates is plotted in Fig. 2. The treatment of the h_
block works analogously. For completeness, these /_ energy
states are drawn in light gray in Fig. 2.

Since we aim at an investigation of finite 2D structures,
an important issue is the modeling of the edges and the cor-
responding edge states. We introduce an edge into our
Hamiltonian by a mass term M— M+V,,,.(y) that varies
slowly on the scale of the typical extent of a Landau wave
function perpendicular to the edge (v direction). In the then
justified adiabatic approximation one obtains an extra contri-
bution V,4,(k/B)a” to the electron energies, where & is the
crystal momentum parallel to the edge. The resulting energy
diagram of the electron states near an edge with quadratic
confinement potential V,4.(y)=(y/l,)* meV is shown in
Fig. 2. 1, is the typical length scale of the variation in the
confinement potential. We further assume that the two edges
at opposite sides are sufficiently away from each other such
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FIG. 2. (Color online) Landau-level dispersion and optical tran-
sitions for i, for B=1 T in bulk and near an edge. The electronlike
(holelike) levels are labeled by ne (nh) (Ref. 10). The thick (red/
gray) lines are the interband transitions. The thin (blue/dark gray)
lines are intraband transitions of smaller energy in the bulk. The
thin (blue/dark gray) line in the edge region represents the transition
which we choose (see text). The energy levels of A_ are drawn in
light gray.

that the finite-size effects of overlapping edge states, recently
analyzed in Ref. 11, do not matter.

Irradiation by a classical electromagnetic field is
described by a time-dependent vector potential
A (r,0)=2|A,|é cos(w/cii-r—wt). We choose w in the far-
infrared (FIR) regime, corresponding to the typical excitation
energies in our system. Consider linearly polarized light
(é=¢,) shining on the sample from the +z direction
(i=—¢.), so that we can write in the Landau gauge

k.— p,—By, k,— p,+2|A|cos(- wr). (3)

To the linear order in the radiation field, two new terms
appear in the Hamiltonian &, — h,+h®'+h®? with

he' = = 2ilA,|cos(w)\2B(a" = a)[ Dy + Go®l,  (4)

he?=-2|A||A cos(wr)o?. (5)

For typical parameters as taken from Fig. 1, hfl is 1 order of
magnitude smaller than 4“? and thus we neglect it.'> By
employing a rotating wave approximation we find
transitions between ¢ (rn)) and ¢/ (n*+ 1)), where | (n)),
n=1,...,%,i=e,h are the eigenstates of h, (see Fig. 2). In
addition, there is a nonzero optical matrix element between
the zero mode and the electronlike and holelike states of the
first Landau level. This situation is very similar to the
graphene case.'? The presence of an edge which is modeled
by a spatially varying mass term does not change the selec-
tion rules An=* 1. Also a more elaborate calculation within
the eight-band Kane model leads qualitatively to the same
optical transitions.

We now turn to the question of how irradiation of a clas-
sical light field affects the charge transport through the edge
states. Consider one single pair of edge states, namely, the 1
h and the zero mode of the A, sector (see Fig. 2). Further
assume that the Fermi energy is tuned such that it crosses the
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topmost counterclockwise moving edge state 1 h.'* One ex-
pects that the irradiation of a short strong FIR pulse, tuned to
the transition energy, is able to scatter an electron of the
counterclockwise moving edge state (1 h) into the clockwise
moving edge state (0) with a higher energy and reversed
direction of motion. Note that the crystal momentum of the
scattered electron stays constant during this process. Coun-
terintuitively, in this system light may thus backscatter elec-
trons by reversing their group velocity at constant momen-
tum through transitions from a holelike band into an
electronlike band.!”

A more realistic scenario is the continuous illumination of
the whole QW by light, tuned to the selected transition. The
relevant properties of an edge are its length L, the radiation
strength profile A;(x) as a function of the edge coordinate x,
and its Fermi energy e, defined by the electrochemical po-
tential of the upstream reservoir. In the following, we assume
that the frequency of the radiation is tuned to resonance with
the transition indicated in Fig. 2. More precisely, we assume
that the energetic difference Ae between the state in the 1 h
mode with the Fermi energy and the zero mode state with
identical momentum equals w, the radiation frequency. We
focus on this pair of states and neglect all other edge states as
they are all highly off resonant. We also assume a vanishing
laser linewidth. The transport through the edge is then de-
scribed by a 2 X 2 transfer matrix Tx(x,x’),!> which satisfies
the equation

[E - H(-id,)]Tg(x,x") =0, (6)
where H(k) is well approximated by
H(K) = vk + Q(x) ™, g=(_vl 0 ) (7)
0 Uy

Here, Q(x)=7yA|A,(x)| characterizes the x-dependent inten-
sity of the FIR source and E measures the energy of the
scattering states relative to the Fermi energy eg. y=<1 is a
nonuniversal number which depends on the model param-
eters. We henceforth absorb 7y into A;. The solution of Eq.
(6) with the initial condition Tz(0,0)=1 yields

L
Mg=Tg0,L)=T, exp —if dx v '[E-Q(x)0] .
0

(8)

The symbol T, indicates a spatial ordering of operators, in
analogy to the time ordering operator in the quantum-
mechanical time evolution operator. v; and v, are the abso-
lute velocities of the clockwise and the counterclockwise
movers, respectively. In the linear-response regime, at zero
temperature, when the energy E of the relevant edge state is
E=0, we find an exponential suppression of the propagation
through the edge. The transmission amplitude at £=0 reads

tolay) =

= sech(al,i—), )

1
(Mo)zz \u Uy

where a;=[§dx A,(x) is the FIR intensity integrated over the
length of the edge.
The off-resonant edge transmission, £>0, is shown in
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FIG. 3. (Color online) Transmission coefficient |tg(AL,v)[?
away from the linear-response regime for counterpropagating
modes with identical absolute group velocities v;=v,=v.
A(x)=A[O(L-x)-0(-x)] is assumed. The energy of the incident
electron is varied from the linear-response regime E=0 (blue/dark
gray lines) to the regime where the laser is not strong enough to
suppress the propagation (red/gray lines).

Fig. 3 for a steplike radiation intensity profile
A(x)=A[O(L-x)-0O(-x)] [where O(x) is the Heaviside
function] and v,=v,.'% As expected, the transport ceases to
be exponentially suppressed at |E|>A|A,|, where
AJA;|~10 ueV for typical parameter values. Transitions be-
tween pairs of states with energy difference Ae thus do not
block the current if (Ae—w)/A|A;|> 1. This is typically the
case for all pairs of states at equal momentum but the one
that the radiation frequency w is tuned to.

We now turn to a discussion of two possible experimental
realizations of optical manipulation of edge-state transport.
For this, we assume that the whole sample is uniformly
illuminated by a laser of constant intensity |A;|, such that
Cll=L|A1|.

Experimental setup I. Consider a quadratic structure of a
HgTe quantum well with four contacts at the corners (see
Fig. 4). The electrochemical potentials of the contacts u; are
tuned such that all wu; correspond to energies between the
bulk Landau levels 1k and 2k (see Fig. 2). Within these
bounds, assume that p; > u,=u3=uy, with the difference of
m; and u, being sufficiently small to be in the linear-
response regime. Furthermore we assume equal side lengths
Li,=L;5. Because u; > u,, a net current /;,% u;— u, due to a

FIG. 4. (Color online) Four-terminal setup for edge-state experi-
ments. The thick light gray arrows represent the counterclockwise
moving edge states with energies below the Fermi energy er. The
thin (red/gray) arrow represents the net transport mode with energy
larger than eg due to a slightly elevated electrochemical potential
M1 > (i=2,3,4).
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counterclockwise moving transport mode flows from contact
1 to contact 2. Irradiation of laser light, tuned to the transi-
tion energy indicated in Fig. 2, results in a suppression of /;,
by scattering the counterclockwise movers into clockwise
moving edge states which exit back into contact 1, as dis-
cussed above. The photons of the FIR source supply the
required energy for this scattering process. According to Eq.
(9) the current I, will be exponentially suppressed,

Iy~ sech2(|A1|A%>, (10)
in the zero-temperature linear-response regime. Note that Eq.
(9) has been derived for a laser profile that is focused onto a
finite segment of the edge. One, however, expects qualita-
tively the same behavior also for uniform illumination,
which irradiates not only the edge, but also the reservoirs.
This is because the origin of the effect, the opening of a
transport gap through coupling of the modes 1 h and 0, is
present in both scenarios. For 5 um of illuminated edge,
v=10° m/s and a FIR power of 4 mW focused onto an area
of 1 mm? the parameter |A,|AL,,/v in Eq. (10) is of order 1.
We estimate the temperature required for the zero-
temperature regime assumed above, kT'<< |A1|A, to be of or-
der 100 mK. Thus, the interesting, exponentially suppressed,
regime is well within experimental reach.

Experimental setup II. Now we consider the opposite
limit, namely, a rectangular device with L;,>L;3 and
M= M Vi,j. Without laser irradiation no net current flows
between the terminals. Nevertheless, a large counterclock-
wise background current exists, as illustrated by the gray
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arrows in Fig. 4. When the laser is switched on, parts of the
large counterclockwise current are blocked. According to Eq.
(9), the blocking will be more effective for the long edges
than for the short edges and thus a net current from terminal
3 to terminal 1 and one from terminal 2 to terminal 4 will be
measured. We had suppressed this effect in the scenario of
experimental setup I by choosing all edges of equal length.
The action of the laser on the background current then can-
cels between edges. Alternatively, one may observe the sup-
pression predicted by Eq. (10) also for unequal lengths
L, # L3 by measuring the response of the current /;, to a
small change in u;.

In conclusion, we have shown that it is possible to opti-
cally manipulate the electronic transport in quantum hall
edge states by illumination with properly tuned laser light.
Remarkably, the backscattering into counterpropagating
modes by photons is only possible if the relevant edge modes
are holelike. The scattering of holelike edge states to elec-
tronlike edge states reverses the group velocity, which results
in a measurable reversal of the charge current direction
through an edge. The HgTe QW is especially convenient for
an experimental realization of this proposal, since the rel-
evant parameters are highly tunable and well under control.
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