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ABSTRACT: Quasiparticles with Dirac-type dispersion can be
observed in nearly gapless bulk semiconductors alloys in which the
bandgap is controlled through the material composition. We
demonstrate that the Dirac dispersion can be realized in short-period
InAs,_,Sb,/InAs,_,Sb, metamorphic superlattices with the bandgap
tuned to zero by adjusting the superlattice period and layer strain.
The new material has anisotropic carrier dispersion: the carrier
energy associated with the in-plane motion is proportional to the
wave vector and characterized by the Fermi velocity vg and the
dispersion corresponding to the motion in the growth direction is
quadratic. Experimental estimate of the Fermi velocity gives vz = 6.7
X 10° m/s. Remarkably, the Fermi velocity in this system can be
controlled by varying the overlap between electron and hole states in

the superlattice. Extreme design flexibility makes the short-period metamorphic InAs,_,Sb,/InAs,_,Sb, superlattice a new
prospective platform for studying the effects of charge-carrier chirality and topologically nontrivial states in structures with the

inverted bandgaps.

KEYWORDS: Dirac materials, metamorphic materials, superlattices, cyclotron resonance

S everal materials systems have been found with specific
crystal symmetries that produce energy dispersions that
deviate from the common quadratic dependence.' ™ The Dirac
Fermion is an example of a solid-state excitation with a
dispersion similar to that of a free relativistic particle. In contrast
to conventional semiconductors, the dispersions of the electrons
and holes in Dirac materials are characterized by the same
effective mass, which is directly related to the spectral gap.”*
Dirac Fermions were demonstrated in various materials and
systems such as d-wave superconductors,” graphene (see ref 3
and the references therein), and narrow-gap semiconductors
such as HngTe,s’6 Bi,Te,;,” and ZrTes.” As the bandgap of a
semiconductor material is tuned to zero by alloy composition,”
temperature,9 strain,">"" or dimensional quantization in semi-
conductors with an inverted bandgap,” strong intermixing of
electron and hole states leads to the Dirac-type dispersion.
Another example of semiconductor structure in which zero
bandgap can be realized is type II heterostructure with a “broken
gap” band alignment in which the effective bandgap is formed by
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spatially separated electron and hole states.'”™"* Type II InAs/
GaSb composite quantum wells with zero and inverted bandgaps
demonstrate a rich phase diagram containing band insulator and
quantum spin Hall insulator states.'*~"” The effective bandgap
in type II SLs is determined by the thicknesses of the electron
and hole containing layers and can be sufficiently different from
the bulk bandgaps of the SL layer materials. If the typical width
of the SL subbands Eg" in a gapless SL is much larger than the
energy scale associated with the in-plane motion E,

SL
Eg” > E (1)
the latter can be considered as a perturbation, and the in-plane
energy spectrum is similar to that of the gapless bulk material."®
This condition can also be expressed as:
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Figure 1. Schematic band diagram of (a) the overall structure and (b) bulk-electron (E_), heavy-hole (Ej;,), and light-hole(Ey,) energies of the SL

materials. The gray area corresponds to the bandgap.
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Figure 2. Color plot of second derivative of the relative transmission with respect to the frequency o (T(B)/T(0)) as a function of energy and the
@)

square root of the magnetic field for the SL with (a) a 6 nm period and (b) the SL with a 7.5 nm period. The red color corresponds to lower magnitudes.
Lines 1+, 1—, and 2 represent the transitions between electron LLs. Dashed lines are the transition energies calculated using expression®. The solid

black line is the calculated dependence of the electron Fermi energy on +/B.
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where k is the in-plane wave vector and d is the SL period."® A
short-period SL with zero bandgap can be realized in an InAsSb
system. An InAsxSb1—x/InAsySb1—y SLS with x > y > 0 was
first proposed by Osborne'” and experimentally realized by
Kurtz et al.,” albeit with rather large periods. In contrast to no-
common-anion InAs/GaSb SLs, InAs, _,Sb,/InAs,_,Sb, SLs™"**
have common group III elements and can be formed by periodic
modulation of group V element composition along the growth
axis. Large (~5.9%) lattice constant mismatch between InAs and
InSb makes it impossible to grow thick layers of bulk InAsSb
alloys or InAs, _,Sb,/InAs,_,Sb, SLs using standard InAs or InSb
substrates. The virtual substrate approach, developed for an
InAsSb system”"** allowed continuous variation of the material
lattice constant and growing high-quality bulk material in the
entire composition range.

Being applied to SLs, the approach allows obtaining thick
layers of strain-compensated type-II SLs in which the strain
magnitude in electron- and hole-containing layers can be varied
independently. This opens the way to fabrication of a new class
of semiconductor materials with rich diversity of the electronic
properties. An example is ordered InAsSb alloy, which has
recently attracted attention as a new potential platform for
observing topologically nontrivial phases and realizing Majorana
zero modes.””** Reaching zero effective bandgap in a short
period, InAs,_,Sb,/InAs,_,Sb, SL is made possible by the
relative positions and the small (<0.2 eV) bulk bandgaps of the
constituents of the SL. In addition, strain of opposite signs
applied to electron- and hole-containing layers can further
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increase type II band discontinuity and reduce the effective SL
bandgap.

In this paper, we demonstrate experimentally that Dirac-type
carrier dispersion can be realized in a III-V semiconductor
system using a type II InAs,_,Sb,/InAs,_Sb, SL with an
effective bandgap close to zero. Interband magneto-absorption
and cyclotron resonance were used to probe the electron
dispersion for both the in-plane (Faraday geometry) and the
growth (Voigt geometry) directions.

A schematic band diagram of the structure is presented in
Figure 1. The SL layer is sandwiched between two wide bandgap
barriers. The in-plane lattice constant of the structure is ~6.25A.
A pair of samples with 6 nm (structure 1) and 7.5 nm (structure
2) periods were made. The magnetic-field dependence of the
cyclotron resonance energy measured in the Faraday geometry
is presented in Figure 2. To improve the contrast, we used the
second derivative of the relative transmission with respect to the

frequency d‘i—;(T(B)/T(O)) to locate the multiple peak

positions. The dependence of the cyclotron resonance (CR)
peak energy on +/B is linear in the entire range of the magnetic
field. There is a ~10 meV splitting of the CR line observed in
structure 1(Figure 2a). The splitting energy does not depend on
the magnetic field. To explain qualitatively the experimental
results, we used a simple analytical model of two band envelope
wave function.'®** According to this model, the in-plane SL
energy spectrum near kj = 0 is similar to this of a Dirac Fermion
with the rest energy of Eg/ 2 and Fermi velocity vg. The latter is
determined by the structure parameters.'® The LL energies of
electrons and heavy holes can be approximated as:
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Figure 3. In-plane dispersion of the SL with a period of 7.5 nm calculated using 8-band k X p method. Zero energy corresponds to the top of the valence
band of bulk InSb (panel a); Landau level energies calculated using expression (panels aand b) and the interband (solid arrows) and intraband (dashed

arrows) optical transitions (panel b).
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Figure 4. Color plot of second derivative of the relative transmission with respect to the frequency %(T(B) /T(0)) as a function of energy and the
o}

square root of the magnetic field B for the SL with (a) a 6 nm period and (b) the SL with a 7.5 nm period. The red color corresponds to lower
magnitude. The dashed lines are the calculated transition energies. Samples of the relative transmission spectra for the SL with a (¢) 6 nm period and

(d) 7.5 nm period.

(32)

(3b)

Here, vy is the Fermi velocity, E, for structure 1 is taken as 10

meV, E; for structure 2 is zero, I; = h—; is the magnetic length
(2

and 1 and | correspond to different spin projection to the
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direction of the magnetic field. For simplicity, the Zeeman
splitting is neglected. The selection rules for the optical
transitions are An = =+ 1 for the intraband transitions and An
= 0and An = + 2 for the interband ones. A transition with An =
+ 2 occurs due to mixture of conduction and heavy hole bands in
strong magnetic field and disappears in the limit of weak
magnetic field (see the Supporting Information).

We attributed the CR line 17 in Figure 2a to the cyclotron
resonance (CR) transitions between the ground Oe | and first 1e
| electron Landau levels (LLs)® (Figure 3b). Line 1+
corresponds to the transition between zero heavyOhole LL
Ohh 1 and zero-electron LL Oe 1.

The splitting between the 1+ and 1— transitions is equal to the
SL bandgap.’ Line 2 is the calculated transition energy between
Oe 1, le | and le 1, 2e | electron LLs (Figure 3b). This transition
is clearly seen at magnetic fields below ~2T. At higher magnetic
fields, the LL2 is depleted due to increasing LL degeneracy and
the CR transition occurs between the zeroth and first electron
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Figure S. Color plot of relative transmission T(B)/T(0) as a function of energy and magnetic field, parallel to the SL layers, for the SL with a period of
(a) 6 nm and (b) magnetic-field dependence of the CR energy. Points are the experimental values, and dashed lines are the CR energies calculated

using eq 7. Inset: CR lines at different magnetic fields.

LLs. Experimental CR and electron—hole transition energies

followavB dependence for both samples, which indicates linear
electron dispersion. The best fit of the experimental depend-

encies of CR energy on /B is obtained at vp = 6.7- 105% (Figure
2). No splitting of the CR was observed in structure 2, so E ~0
was assumed. The VB dependence of the CR energy in this

sample corresponds to the same vg. The results are qualitatively
similar to those observed in nearly gapless HgCdTe.”® The

experimental value of v; = 6.7 105% is close to theoretical value,

vp=9- 105% obtained from 8-band k X p calculations*® (Figure
3a).

Interband optical transitions between electron and hole LLs
are observed at higher energies. A color plot of the of second
derivative of the relative transmission T(B)/T(0) with respect to
the frequency is shown in Figure 4.

Qualitatively, the dependencies of the interband transition
energies on the magnetic field are similar in both structures, but
the slopes of the corresponding transition energies as functions
of /B is lower in sample 2. This can be explained by the
asymmetry between electron and heavy hole dispersion
branches at higher energies due to interaction between heavy-
hole and light-hole sub-band (Figure 3a). This interaction is
stronger in the structure 2 because the energy separation
between light- and heavy-hole sub-bands is less in this structure.
At energies exceeding ~100 meV, the slope of the heavy-hole
dispersion becomes lower. In a rough approximation, this effect
can be taken into account by introducing different Fermi
velocities for electrons and holes. The fitting of the interband

transitions for structure 2 is done using electron vy = 6.7 105%

and heavy-hole v = 3.3'105?. The detailed description of the

transition energies versus the magnetic field with a more-
sophisticated model will be presented elsewhere. One of the
striking features of the magneto-absorption spectra is that the
CR transition energies demonstrate VB dependence for the
entire observed energy range. This dependence is observable at
energies that are considerably less than the bandgaps of both
ternary alloys of the SL layers (Figure 2). These are ~100 meV
for 1% tensile strained InAs,,Sby; and ~200 meV for 2%
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compressively strained InAs,sSb 5. This is an indication that
the energy range corresponding to the parabolic region in the in-
plane energy spectrum of a short period type II superlattice is
determined by the effective SL bandgap rather than the bulk
bandgaps of the corresponding SL materials. Because the
effective bandgap of the SL is close to zero, the in-plane energy
spectrum near k; = 0 is Dirac-type and consists of two
symmetrical branches of electrons and heavy holes.

The Fermi velocity in a short-period InAs,,Sby;/In-

[Pyl

V2my’
free electron mass and Py, is the averaged over the SL period
momentum matrix element between electron and heavy-hole
sub-bands'® (see also eq 9 in the Supporting Information):

di d
Puo =R [ &@E@E+ R [ L@5EE

Here, P, and P, are the momentum matrix elements between
the electron and heavy-hole sub-bands in InAs,,Sb,; and
InAs,5Sbys; d; is the thickness of the InAs,,Sb,; layer; and
£.(z) and &,(2) are Kronig—Penney envelope functions for
electrons and heavy holes corresponding to the motion in the
growth direction The magnitude 2P;/m is ~19 eV for InAs and
20.5 eV for InSb.”” Taking P, & P, = P, one obtains:

Asj,5Sby s SL can be calculated as vy = where my, is the

Vg N

I~ 1.2-106-1[3]
S

p
V2m, (%)
where =1 f 4 &.(2) &85, (2)dzl is the overlap between electron and
heavy-hole states in the SL. A comparison of theoretical
expression for vg, eq S, with the experimentally obtained

equation vy = 6.7 105% gives I = 0.56. This is a reasonable value

considering that the holes are mostly confined within the
InAsg,sSby s layers. Adjusting the design parameters of the
metamorphic SLs makes it possible to vary the electron—hole
overlap while keeping the effective E, of the SL close to zero. As
it follows from eq 5, this gives an effective tool with which to
control the Fermi velocity.

The interband transitions are not observable at energies less
than 40 meV, probably due to the effect of band filling. The
carrier concentration obtained from the hall measurements gives
N~ 10" cm™ for the SL with a 6 nm period and N~ 1.7 X 10"
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cm™ for the SL with 7.5 nm period. Assuming that the

dispersion along the growth direction is parabolic and

characterized by the effective mass m,, and the in-plane

dispersion is linear and characterized by the Fermi velocity vg,

the Fermi energy Er. can be expressed through the carrier density
157° vy

N as
2/5
E.=|—2""FN
' (‘Wﬂ ] (6)

The estimations of the Fermi energy give 25 meV for the 6 nm
SL and 30 meV for the 7.5 nm SL. As one can see from Figure 2b,
the switch from the LLO—LL1 CR (line 1) transition to LL1—
LL2 (line 2) occurs at a CR energy of ~30 meV. The sum of the
Fermi energy and the effective SL bandgap gives the lowest
energy at which the interband optical transitions can be
observed. Calculated dependence of the electron Fermi energy

B is shown as the solid black line in Figures 2 a,b. The
dependence Ep(~/B) was obtained in the limit of a strong
magnetic field from the following expression:

n eTl) _

/EF ,/ZmJ_
VE = Eneny (7)

47rh12
where ©(x) is the step function, E, ., are LL energies
determined from egs 3a, and m, is obtained from magneto-
absorption measurements in Voigt geometry, as described later.
We neglected the LL broadening and assumed that the electron
concentration does not depend on the magnetic field.

A color plot of the far-infrared magneto absorption for the
magnetic field, parallel to the SL layer (Voigt geometry), is
shown in Figure Sa. The magnetic field in the Voigt geometry
mixes the in-plane and vertical motion of the carriers. It follows
from the Kronig—Penney model that at vertical wave vectors,
k<7,
parabolic and can be characterized by an effective mass m . This
leads to a sufficiently different dependence of the CR energy on
the magnetic field compared to the Faraday geometry. A clear
CR peak is observed for magnetic fields below 4 T (Figure Sb,
inset). The peak broadens at higher magnetic fields. This can be
attributed to the onset of interface-bound CR,***’ as the
magnetic length becomes closer to the SL period. At magnetic
fields below 4 T the magnetic length exceeds 12.8 nm, which is
larger than the SL periods. If the effective SL bandgap is ~0 and
my. << myy, the LL energy E can be written as (see the
Supporting Information):

the carrier dispersion in the SL growth direction is

eB

m, C

1
E, 32 = V2 v Jm, fza)Le(n + 2) wherew, , =

(8)

The dashed lines in Figure 4b are the CR peak energy
calculated using eq 7with m | = 0.034m,, for the SL with d = 6 nm
and m; = 0.065m,, for the SL with d = 7.5 nm.

In conclusion, we have demonstrated experimentally that the
in-plane dispersion in ultralow-bandgap metamorphic In-
As;_,Sb,/InAs,_,Sb, superlattices is Dirac type with the Fermi
velocity vp = 6.7-105%. The Fermi velocity is proportional to
the overlap of the electron and hole states in the SL, which in our
case is ~0.56. It was found that the electron dispersion in the
growth direction is parabolic at low energies and can be
characterized by an effective mass of 0.034m, in the SL with a
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period of 6 nm and 0.065m, in the SL with a period of 7.5 nm.
Applying the virtual substrate approach makes it possible to
control the parameters of the in-plane and vertical carrier
electron dispersion while keeping the same value of the effective

bandgap.

B METHODS

The growth was done with solid-state molecular beam epitaxy
using a VEECO GEN-930 system equipped with As and Sb
valved cracker sources. The metamorphic AlGaInSb buffer
layers were used to create virtual substrate with lattice constant
equal to ~6.25A, corresponding to the ultralow bandgap SL
average composition. A 3 ym thick buffer layers had linearly
graded chemical composition, changing from GaSb to
Al 57Ing 43Sb. The lattice constant of the followed Al 4,In, ;3Sb
virtual substrate were matched to the lattice constant of relaxed
top part of graded buffer. The metamorphic buffer and virtual
substrate were grown at 440 °C and then reduced to 400 °C for
the subsequent growth of SL structure. The 1 ML/s growth rate
were used for the growth of each layer. A V-to-III ratio was
chosen to be equal to 1.1/1.3.

The structures were grown on unintentionally doped (100)
GaSb substrates. A GaSb buffer layer was followed by a 2800 nm
graded buffer with the composition varied from GaSb to
AlysgIng,, Sb. This was terminated with a wide bandgap
Al 5sIng 4,Sb virtual substrate and lower barrier with a lattice
constant of 625 A.>' The thickness of the absorber layer,
consisting of a InAs,,Sby3/InAsy,5Sbgss SL, is 1 um. The
InAs,,Sby; layers are under 1% tensile strain, while the
InAs;,sSbg s layers are under ~2% compressive strain. Strain
balance was achieved by using a layer thickness ratio of 2. The
absorber layer was terminated with a 200 nm Al gIn,4,Sb
barrier and a 50 nm cap made of the same SL. To avoid the
formation of 2D electron pockets at the sample boundaries, the
barriers and the cap were p-doped at a concentration of 10'¢
cm ™. To measure magneto-absorption, the samples were placed
in aliquid He cryostat with a superconductive magnet. Magneto-
transport measurements were done on 2.4 mm long and 200 ym
wide Hall bars. Ohmic contacts were fabricated by deposition of
Ni/Au/Ge/Ni/Au layers and rapid thermal annealing at 250 °C.
The cap and top barrier layers were etched down at the contact
areas before the contact deposition. The SL band structure was
simulated using an eight band k X p envelope function method
implemented into NEXTNANO software (see ref 26 and
references therein).
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