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We report on the clear evidence of massless Dirac fermions in two-dimensional system based on III-V
semiconductors. Using a gated Hall bar made on a three-layer InAs/GaSb/InAs quantum well, we restore
the Landau level fan chart by magnetotransport and unequivocally demonstrate a gapless state in our sample.
Measurements of cyclotron resonance at different electron concentrations directly indicate a linear band crossing
at the I point of the Brillouin zone. Analysis of experimental data within an analytical Dirac-like Hamiltonian
allows us not only to determine the velocity (vy = 1.8 x 10° m/s) of massless Dirac fermions, but also to
demonstrate a significant nonlinear dispersion at high energies.

DOI: 10.1103/PhysRevB.99.121405

Since a relativistic Dirac-like character of charge carriers
was demonstrated in monolayer graphene [1], two-
dimensional (2D) massless Dirac fermions (DFs) have been
intensively studied in condensed matter physics. There are
several systems [2], from graphenelike 2D materials (silicene,
germanene, etc.) or high-temperature d-wave superconductors
to the surfaces of three-dimensional (3D) topological insula-
tors, in which the presence of 2D massless DFs was revealed.
Their universal features, such as suppressed backscattering
[3], Klein tunneling [4], giant magnetoresistance [5], or their
specific response to impurities and magnetic field [6] hold
great promises for new nanoscale electronic devices.

Among quantum well (QW) systems, a single-valley spin-
degenerate Dirac cone at the I point of the Brillouin zone
was theoretically predicted [7,8] and experimentally observed
[9-12] in HgTe/CdTe QWs. At a critical width, the band
gap in these QWs vanishes and the band structure changes
from trivial to inverted. The key advantage of QWs over other
systems is based on the ability to adjust the DF velocity by
adjusting the strain and thickness of the layers. It allows one
to vary the ratio between the kinetic energy and Coulomb
interaction, which results in a rich variety of phenomena
involving massless DFs [13]. However, the massless DFs in
HgTe QWs appear only at a fixed temperature, since the
temperature changes open a band gap, resulting in a nonzero
rest mass of the particles [14-18].

In the search for 2D massless DFs in other QWs, some
authors considered theoretically very thin (few atomic layers)
conventional III-V semiconductor heterostructures, such as
GaN/InN/GaN [19] and GaAs/Ge/GaAs QWs [20]. De-
pending on the number of atomic layers in these QWs, the
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band structure can be trivial, inverted, or gapless, just as in
HgTe QWs [7,8]. Although considerable progress was made
in the fabrication of GaN/InN/GaN and GaAs/Ge/GaAs
structures, experimental results confirming the presence of
massless DFs in these structures are lacking.

Alternative III-V semiconductor QWs, in which massless
DFs have been theoretically predicted, are symmetric three-
layer InAs/Ga,In;_,Sb/InAs QWs confined between wide-
gap AISb barriers [21]. Depending on their layer thicknesses,
these QWs host trivial, quantum spin Hall insulator and
gapless states. However, in contrast to the HgTe QWs, the
three-layer QWs have a temperature-insensitive band gap, as
it has been recently shown by terahertz spectroscopy [22]. An-
other difference in massless DFs in InAs/Ga,In;_,Sb/InAs
QWs is the recently predicted [21] large tunability of the
quasiparticle’s velocity, which can be varied from 1 x 10° to
7 x 10° m/s depending on x and the layer thicknesses. The
latter offers the possibility not only to tune the electronic prop-
erties [3,4,6] of the DFs, but also to achieve specific nontrivial
states induced by electron-electron interactions [23-26].

In this Rapid Communication, we report striking evi-
dence of the presence of massless Dirac fermions in InAs/
GaSb/InAs QWs embedded between AlSb barriers. Measur-
ing the magnetoresistance of a gated Hall bar, we restore the
Landau level (LL) fan chart in our sample, as first performed
by Biittner et al. [9] in HgTe QWs. Our experimental data
clearly evidence a gapless state. We also measure cyclotron
resonance (CR) at different electron concentrations varied by
bipolar persistent photoconductivity (PPC) inherent to InAs-
based QWs [27-34]. The latter acts as an optical gating and
allows one to change the electron concentration in the QW
several times. By analyzing the dependence of the cyclotron
mass as a function of the concentration, the massless DF
velocity is deduced. To analyze these data, we use both real-
istic band-structure calculations based on an eight-band Kane

©2019 American Physical Society
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FIG. 1. (a) Subband energies at zero quasimomentum k in sym-
metric InAs/GaSb/InAs QWs as a function of InAs layer thickness
dias- Blue and red curves correspond to the electronlike and holelike
states, respectively. The thickness of the GaSb layer dg,sp, equals
12 monolayers (ML). Here, 1 ML corresponds to half of the lattice
constant of the bulk material. The zero energy is referenced to the
valence-band edge of bulk GaSb. (b) A 3D plot of the Dirac cone
describing the energy spectrum at k < 0.2 nm~! for dj,a, = 33 ML
and dg,sp = 12 ML. (c) LL fan chart for the gapless state. A pair of
zero-mode LLs is presented by the red curves. All the calculations
are based on an eight-band Kane model [21].

model [21] and an analytical approach involving a simplified
Dirac-like Hamiltonian [8].

As mentioned above, the band structure of three-layer
InAs/GaSb/InAs QWs, related to the mutual position of elec-
tronlike and holelike subbands, strongly depends on the layer
thicknesses [21]. When the InAs and GaSb layers are both
thin, the first electronlike (E£1) and holelike (H1) subbands
correspond to the conduction and valence bands, respectively,
and the QW has a trivial band ordering. For thicker layers,
the E1 subband drops below the H1 subband, as shown in
Fig. 1(a), and the system has an inverted band ordering. In
this case, the conduction and valence bands are represented
by holelike and electronlike levels, respectively.

One can use a simplified Dirac-like Hamiltonian [8] to
describe the electronic states when the energy difference
between the E1 and H1 subbands is small. Within the rep-
resentation defined by the basis |E1, +), |H1, +), |[E1, —),
|H1, —), it has the form

_ (Hpk) 0
H(k)—< 0 H,§(—k)>’
3

Hp(k) = e(k) + Y _ di(k)o;,

i=1

where the asterisk stands for complex conjugation, k =
(ky, ky) is the momentum in the QW plane, o; are the Pauli
matrices, ex =C —D(k} +k3), di(k) = —Ak,, dy(k) =
—Aky,and dz(k) = M — B(kf + kf). The structure parameters
A, B, C, D, M depend on the laiyer thicknesses. The mass
parameter M is positive for a trivial band ordering and
negative for an inverted band structure. If we only keep
the terms up to linear order in k for each spin, then

Hp(k) and Hj(—k) at M =0 correspond to massless
Dirac Hamiltonians. We note that the latter is valid if the
InAs/GaSb/InAs QW has an inversion symmetry in the
growth direction [35]. In this case, the E1 and H1 subbands
cross at the I' point, and their energy dispersion calculated
from an eight-band Kane model is found to linearly depend
on the quasimomentum at small k, as shown in Fig. 1(b).

Besides the linear terms, Hp(k) also contains quadratic
terms, which cannot be neglected even at the energies close
to the band crossing point. Moreover, they result in relevant
differences between conventional massless DFs in graphene
[1,3,4,6] and the ones in symmetric InAs/GaSb/InAs QWs
(and in HgTe QWs [9-11] as well). LLs in graphene are
characterized by both a square-root dependence of their
energies on the magnetic field and the presence of so-called
zero-energy LLs independent of the field. Note that all LLs in
graphene have a spin degeneracy (for simplicity, we consider
the electrons in one valley and neglect the small Zeeman
effect). This case is described by the linear terms in Hp(Kk)
and Hj(—k) at M = 0 [36].

The parabolic terms remove the spin degeneracy of all
LLs [36] and, particularly, transform the spin-degenerate zero-
energy LL into a pair of spin-polarized zero-mode LLs [37], as
shown in Fig. 1(c). The electronlike zero-mode LL splits from
the edge of the E1 subband and tends toward a high energy
with increasing magnetic field. In contrast, the second level,
which decreases with magnetic field, has a holelike character
and arises from the H1 subband. Therefore, the crossing of the
zero-mode LLs at a finite value of the magnetic field occurs in
the inverted region, M < 0, and is absent for M > 0 [17]. A
crossing of the zero-mode LLs at zero magnetic field gives a
direct indication of the massless DFs in the QW.

The sample studied in this work was grown by molecular
beam epitaxy (MBE) on a semi-insulating (001) GaAs sub-
strate with a relaxed GaSb buffer. In order to get the gapless
state, the thicknesses of InAs and GaSb layers were 33 and 14
ML, respectively (see Fig. 1). After the growth, a 50-pum-wide
gated Hall bar was fabricated by using a single-mesa process.
All details are provided in the Supplemental Material [36].

First, we investigate magnetotransport in our sample. Fig-
ure 2(a) presents the magnetic field dependence of the lon-
gitudinal and Hall resistances at 7 = 1.7 K. The Hall den-
sity extracted from the measurements is equal to ng = 5.1 x
10" cm~2 with electron carriers at zero gate voltage V, and
a mobility of u, = 1.65 x 10* cm?> V! s~!. The Hall resis-
tance shows well-defined plateaus as a function of magnetic
field B at both even and odd multiples of //e? associated with
the minima in the Shubnikov—de Haas (ShdH) oscillations,
proving a 2D character of charge carriers in our structure. To
vary the carrier density in the QW, we apply a gate voltage V,
to the top gate. Typical gate voltage dependencies of R,, and
Ryy at B = 6.5 T are shown in Fig. 2(b) (the low-field data are
provided in the Supplemental Material [36]).

The longitudinal resistance shows clear oscillations on
each side as a function of V, of the central peak occurring
at Vpp ~ —4 V when the Hall resistance presents £0.5 i/ e
plateaus and a sign reversal. These features demonstrate a
change of carrier concentration at different V, and the inver-
sion of the type of carriers from electrons to holes at large
negative gate voltages. Furthermore, an insulating behavior
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FIG. 2. (a) Longitudinal and Hall resistances as a function of
magnetic field at T = 1.7 K and V, =0 V. Electron microscopy
image of the Hall bar is shown in the inset. (b) R,, and R, vs
Veat T =1.7Kand B=6.5 T. (c) Color map of the longitudinal
resistance as a function of V, and B. Black stars indicate i/e* values
and red dots the peak values of R,,.

is observed at around V, = Vpp with R, > h/e2 and small
values of Ry,. The evolution of this insulating state is plotted
in a 2D color map of Ry, as a function of V, and B [Fig. 2(c)].
It is evident that the size of the insulating region (red area)
increases with B. The linear extrapolation down to zero field
of the R, = h/e* points (black stars), corresponding to the
position of the zero-mode LLs [9,17] and delimiting the high
resistance region for B > 2 T, demonstrates that the insulating
state vanishes at B =0 T. This is also confirmed by the
analysis of doy,/dV, provided in the Supplemental Material
[36]. Thus, the crossing of the zero-mode LLs at B=0 T
indeed confirms the gapless state in our sample. Traces of
higher LLs of electrons and holes are also seen for V, — Vpp
higher than 0.5 V and lower than —0.5 V, respectively.

The hallmark of 2D massless DFs is a specific sequence of
quantum Hall plateaus observed at odd multiples of g,e? /A,
where g, is the valley degeneracy factor [3]. In HgTe QWs
(gy = 1), the odd-integer quantum Hall sequence is much less
pronounced [9] than in graphene [1] (g, = 2) and is observed
at small (less than 1 T) magnetic fields only. The latter is
caused by a prominent contribution of the parabolic terms in
Hp(k), which remove the spin degeneracy of all LLs already
at moderate fields as discussed above. In our sample, both odd
and even plateaus are observed (see Fig. 2), and the quantum
Hall effect resembles the one in conventional 2D electron gas
[38]. This may be interpreted in two different ways.

First, a large contribution of terms proportional to B and
D in Hp(k) results in a significant spin splitting of LLs,
making the observation of an odd-integer sequence
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FIG. 3. (a) Band dispersion and (b) cyclotron mass m, in the
conduction band as a function of Fermi momentum, ky = /27wng
for the gapless states with linear (blue curves) and parabolic band
touching at the I" point. Two cases for parabolic touching, when the
conduction and valence bands have the same (A = 0) and opposite
(A # 0) parity [36], are represented by dotted black and solid red
curves, respectively. The following band parameters were used in
the calculation: C = 0 meV, A = 150 meV nm, A = 35 meV nm?,
B = —600 meV nm?, and D = —450 meV nm?.

impossible. Second, our sample may host the gapless state
with parabolic band touching. As shown in the Supplemental
Material [36], band dispersion in k for the latter case up to the
third order has the form

E;2(k) = C — Dk*> + k*/B? + A%k2, (D

where “4” and “—” represent to the conduction and valence
bands, respectively. Here, A # 0 corresponds to the opposite
parity of the conduction and valence band, while for the
same parity, one should set A = 0 [36]. Note that the linear
dispersion is described by Ej (k) = C — Dk* £ k+/A2 4+ B2k2.
The band dispersions at specific parameters are shown in
Fig. 3(a).

An efficient way to discriminate these two gapless states is
the measurement of quasiclassical CR at different Fermi level
positions. Applying a quasiclassical quantization rule to Ey (k)
and Ej2(k), the cyclotron mass m, in the conduction band as a
function of Fermi momentum kr = /27w ng has the forms

Rkp A2 + B2k}

(k) —
m® (kp) = 2
A2 + 2Bk} — 2Dkp /A2 + B2k
and
n*\/B? + A2k}
m% (k) = i 3)

2B2 + 3A%2% — 2D, /B2 + Ak

for the linear and parabolic cases, respectively. As seen from
Fig. 3(b), the linear and parabolic gapless states show different
behaviors of the cyclotron mass as a function of k.

Figures 4(a) and 4(b) show CR spectra measured at
T = 4.2 K with both backward wave oscillators (BWOs) at
845 GHz [39,40] and quantum cascade lasers (QCLs) at 3 THz
[41] (pulse duration of 3 us; repetition period of 100-200 ws)
at different electron concentrations varied by using the PPC
effect [36]. The measurements were performed on an unpro-
cessed sample with the electron concentration being changed
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FIG. 4. (a), (b) CR spectra at T = 4.2 K of electrons measured
with (a) BWO at 845 GHz and (b) QCL at 3 THz for different values
of electron concentration. The symbols mark the positions of CR
lines. The numbers over the curves show ng in 10'' cm~2. (c) Cy-
clotron mass m,. as a function of Fermi momentum kr = /27 ng.
The open and solid symbols correspond to the values obtained by
BWO and QCL, respectively. The bold blue curve is the fitting
to Eq. (2). (d) Comparison of band dispersion calculated within
the eight-band Kane model with the one described by a simplified
Dirac-like Hamiltonian with the parameters shown in (c). Parameter
C is chosen to have a coincidence of the band crossing point in two
models.

by varying the time illumination from red and blue light-
emitting diodes placed close to the sample. The GHz/THz
radiation passing through the sample was detected either by
a silicon bolometer (for BWO) or Ge:Ga photoresistor (for
QCL). The electron concentration was determined along with
the CR measurements via magnetotransport measurements in
the van der Pauw or two-terminal geometry.

All the spectra contain a single CR line, defining the
cyclotron mass m, at the Fermi level. As seen from Figs. 4(a)
and 4(b), CR lines shift toward a high magnetic field with
increasing electron concentration. This indicates that the cy-
clotron mass is strictly an increasing function of ng. This
fact excludes the gapless state with parabolic band touching
in our sample. As discussed above, this mass dependence
corresponds to the gapless state with linear band crossing.
In order to extract the parameters of massless DFs, we have
fitted our experimental data by Eq. (2). A good agreement
with experimental values is achieved for A = 118 meV nm,
B = —532 meV nm?, and D = —388 meV nm?. Additionally,

we plot the dependencies for m, = li*kr /A (dotted curve)
and m. = > /(2|B| — 2D) (dashed curve) for pure linear and
quadratic band dispersions, respectively.

Figure 4(c) shows that although there are indeed massless
DFs with velocity v; = A/l = 1.8 x 10° m/s, they only exist
in the immediate vicinity of the I' point at ng < 10' cm~2,
while the terms proportional to B and D are relevant at
higher concentrations. Note that additional measurements of
the temperature dependence of the conductivity at the charge
neutrality point also evidence the massless DFs (see the
Supplemental Material [36]). The existence of pure massless
DFs at small electron concentrations is consistent with the
absence of an odd sequence of quantum Hall plateaus in the
magnetotransport of our sample. For instance, for an odd Hall
plateau with 5¢?/h corresponding to a LL filling factor v = 5
in the linear dispersion regime, one should have well-resolved
peaks of R, at a magnetic field of 0.08 T. The latter cannot be
achieved at the electron mobility of our sample.

Figure 4(d) compares the band structure of the sample
numerically calculated within the eight-band Kane model
with the analytical expression for Ey (k) with the parameters
extracted from the fitting m.(kr). There is indeed a good
agreement for the conduction band, while the valence band
is well described at a small quasimomentum only. This is also
typical for HgTe/CdTe QWs [16,17], in which the discrep-
ancy for the valence band is explained by the effect of the re-
mote subbands beyond the simplified Dirac-like Hamiltonian
Hp(k) [42].

In conclusion, we have clearly observed massless DFs
in III-V semiconductor QWs. Magnetotransport experiments
on a gated Hall bar allow us to demonstrate the absence of
a band gap in our structure. The measurements of CR at
different concentrations allow us not only to determine the
velocity (vp = 1.8 x 10° m/s) of the massless DFs, but also
demonstrate the significant effect of nonlinear dispersion at
high energies. Experimental dispersion of the massless DFs is
in good agreement with realistic band-structure calculations
based on the eight-band Kane Hamiltonian.
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