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Hydrostatic deformation potentials of narrow-gap HgCdTe

Maria Szota®,"" Yurii Ivonyak ®,? Jacek Przybytek ®,> Nikolai Mikhailov,>* Sergey Dvoretsky ©,

3,4

Frédéric Teppe ®,>! and Wojciech Knap>!
' Laboratoire Charles Coulomb (L2C), UMR 5221 CNRS-Université de Montpellier, F-34095 Montpellier, France
2CENTERA Laboratories, Institute of High Pressure Physics, Polish Academy of Sciences, PL-01-142 Warsaw, Poland
3A.V. Rzhanov Institute of Semiconductor Physics, Siberian Branch of the Russian Academy of Sciences, 630090 Novosibirsk, Russia
4Novosibirsk State University, 630090 Novosibirsk, Russia

® (Received 1 July 2022; accepted 20 October 2022; published 10 November 2022)

Close to the semimetal-to-semiconductor topological phase transition, the band structure of HgCdTe is
represented by massive Kane fermions that, in a semirelativistic approach, are characterized by two parameters:
rest mass and velocity. Using terahertz magneto-optical spectroscopy, we explore the band structure evolution of

HgCdTe films with hydrostatic pressure in the vicinity of the band-gap collapse. By analyzing the energies
of interband optical transitions as a function of magnetic field, we have determined the rest mass of Kane
fermions at different hydrostatic pressures. The pressure dependence of the rest mass allows us to obtain the
hydrostatic deformation potential a. — a, at low temperature, where a. and a, are the deformation potentials of

the conduction and valence bands, respectively.
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I. INTRODUCTION

Among numerous narrow-gap materials, Hg,_ Cd,Te al-
loys have been widely exploited in the field of terahertz
photodetectors [1]. The technological progress achieved in the
last two decades in pseudomorphic growth of homogeneous
thin films and HgCdTe-based heterostructures [2] makes them
also attractive for terahertz sensors [3,4] and lasers [5—7]. The
specific advantages of Hg,_,Cd,Te are the direct band gap,
ability to obtain both low and high carrier concentrations,
high mobility of electrons, low dielectric constant, and wide
band-gap tunability.

The band structure of Hg,_,Cd,Te can be tuned from
inverted-band semimetal of HgTe to conventional semicon-
ductor of CdTe by adjusting the Cd composition x, or
externally, by changing temperature [8,9]. For instance, the
band inversion between the I'¢ and I's bands in Hg,_,Cd, Te
occurs at x<x., where x, is a temperature-dependent parame-
ter (x.~0.165 at 2 K and x.~0.155 at 77 K [8]). In this sense,
semimetallic Hg,  Cd,Te is also called “semiconductor with
negative band gap” E, assuming the energy difference be-
tween the I'¢ and I'g bands. The possibility of band inversion
yields various topological states of matter in HgCdTe bulk
films [10-14] and HgTe/HgCdTe quantum wells [15-18].
Interestingly, the temperature-dependent band gap in HgCdTe
alloys provides an additional opportunity for temperature
tuning of topological phase transitions in HgCdTe-based het-
erostructures [19-21].

The band structure of these three-dimensional (3D) and
two-dimensional systems is significantly affected by applied
or intrinsic strain characterized by deformation potentials of
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the bulk constituents. For instance, the uniaxial strain defined
by the shear deformation potentials b and d splits the I'g band
at the I' point of the Brillouin zone and transforms semimetal-
lic HgCdTe bulk films either into a 3D topological insulator
[10,11,22] or into a 3D Dirac/Weyl semimetal [12,13]. In con-
trast, the hydrostatic deformation potentials a. and a, describe
the evolution of the I'¢ and I's bands, respectively, under
applied strain. Although the values of a. and a, cannot be
directly determined experimentally, their difference, a. — a,,
however, can be extracted from the hydrostatic pressure de-
pendence of the direct band gap E,(P) or dE,/dP.

A large number of experimental investigations of E,(P)
in Hg,_ Cd,Te have been reported up to now [23-36]. They
have been performed by means of transport measurements,
optical absorption, reflectivity, and photoluminescence in
conjunction with theoretical calculations. The experimental
values of 0E,/9P obtained by different authors are summa-
rized in Table I. One can see that the scatter of the values
is very large. The reasons for such a large scatter can be
attributed to differences in experimental techniques, often
leading to very cumbersome parameters extraction. For in-
stance, to extract dE,/dP from transport data, one has to
use the models containing a certain number of third-party
parameters, whose values are not exactly known and differ
from work to work [30-35]. In this sense, the most reliable
data can be obtained from the optical absorption, reflectivity,
or photoluminescence, allowing measuring E, most directly.

Currently, the most self-consistent values of 9E,/dP and
deformation potentials of Hg,_,Cd,Te were determined by
linear interpolation between the values of CdTe [23-26] and
the values of HgTe obtained by Latussek et al. [36]. The latter
were extracted from optical absorption of HgTe /Cdg ;Hg,, ;Te
superlattices on the basis of band structure calculations within
sophisticated numerical band structure calculations. Although
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TABLE I. Pressure coefficients of the direct energy gap E, for
Hg,_,Cd,Te bulk crystals obtained by transport, optical absorption,
reflectivity, and photoluminescence (PL) techniques.

TABLE II. Parameters of Hg, ,Cd,Te samples studied in this
work and the values of deformation potential (a. — a,) at 2 K de-
termined from terahertz magneto-optical spectroscopy (see Sec 1V).

0E,/0P (meV /kbar) T (K) Method Sample X (a. — ay) (eV)
x=1 7.9+0.2 300 Reflectivity [23] A 0.152 —2.87£0.09
8.0 PL [24] B 0.165 —2.86 £0.11
8.3 Absorption [25] C 0.172 —2.83£0.12
8.4 Absorption [26]
7.9+£0.2 77 PL [27]
6.5+0.2 2 PL [28]
x=0.7 8.7 300 Absorption [29] crystals with monitoring by reflection high-energy elec-
x<03 8.7 >77 Transport [30] tron diffraction and single wavelength ultrafast ellipsometry
x =027 10.0 4.2 Transport [31] (0.5 nm) in situ [38]. The Cd concentration was chosen in
x=0.164 8.0 300 Transport [32] the range near the critical value x.2~0.165 corresponding to
x=0.15 7.0 1 Transport [33] the semimetal-to-semiconductor topological phase transition
3.0 Transport [34] at 2 K [8]. We performed magneto-optical studies on three
x=0 10.4£0.6 300 Transport [35] (013)-oriented Hg;_,Cd,Te samples with x = 0.155, 0.165,
8.72 £ 0.25* Absorption [36]

*Analysis of intersubband transitions in HgTe/Hg,,Cd,;Te su-
perlattices assuming 0E,/dP = 7.9-8.4 meV /kbar for bulk CdTe
[23-26].

the deformation potentials a, — a, of CdTe [23-26] and HgTe
[36] were obtained at room temperatures only, they are widely
used for theoretical description of low-temperature investiga-
tions of HgTe/HgCdTe quantum wells [11,13,16,20,21].

In this work, we address the question of the low-
temperature band-gap evolution of Hg,  Cd,Te films with
hydrostatic pressure in the vicinity of the band-gap col-
lapse, i.e., for 0.155<x<0.175. By using terahertz magneto-
optical spectroscopy, we directly determine the band-gap
values at 2 K at different hydrostatic pressure avoiding
sophisticated band structure calculations required for ana-
lyzing HgTe/HgCdTe superlattices [36]. Note that terahertz
magneto-optical spectroscopy of HgCdTe allows one to probe
both positive and negative E, values [8] corresponding to the
semiconductor and semimetallic films, respectively. By using
linear extrapolation between our values and those of Dunstan
et al. [28] for CdTe at 2 K, we determine the deformation
potential a, — a, at low temperatures for any values of x.

In many multilayer systems the substrate plays an im-
portant role—especially in the pressure/strain-dependent
measurements. Recently, experiments have been performed
on samples with etched substrate. No differences have been
observed between hydrostatic pressure results obtained on the
standard and substrate etched samples. This peculiar behavior
is attributed to a specific layer sequence of the samples in
which most probably a highly dislocated CdTe buffer layer
leads to relaxation of the influence of the substrate on the
HgCdTe layer in the pressure experiments [37].

II. EXPERIMENTAL DETAILS

The Hg,_,Cd, Te alloys layer was grown on SI (013)GaAs,
including ZnTe and CdTe buffer layers by molecular beam
epitaxy. The growth was carried out in a special ultrahigh-
vacuum multichamber molecular beam epitaxy set “Ob-M,”
which allows for the growth of very high-quality HgCdTe

and 0.175 calculated from measured transmission spectra at
300 K by a developed method for HgCdTe absorber lay-
ers between two graded wide gap layers at boundaries. The
Hg,_,Cd,Te layers were sufficiently thick (*3.2 um) to be
considered as 3D materials and thin enough to be transparent
in the far-infrared spectral range. Parameters of the sample are
listed in Table II.

The magneto-optical measurements in magnetic fields up
to 5 T were carried out at 7 =2 K in a beryllium-bronze
clamp cell with liquid (1:1 kerosene with transformer oil)
as a pressure transmitting medium. The pressure cell was
custom-made to allow simultaneous transport and optical
measurements. The scheme of the pressure cell is given in
Ref. [39]. The cell was equipped with electrical wiring for
transport measurements and an n-InSb pressure gauge used
to measure pressure. We have used a Unipress [40] stan-
dard heavily doped n-InSb crystal calibrated at room and
liquid-nitrogen temperatures. The calibration of the pressure
gauge has been corrected by <3% correction resulting from
the temperature difference between 77 K and liquid-helium
temperature. The initial pressure was applied at room tem-
perature, and then the cell was inserted into the cryostat
with a superconducting coil. After cooling to 2 K, the pres-
sure in the cell significantly decreased to the value at which
the measurements were performed. As a radiation source,
we used the five lines of a far-infrared CO, laser 4.3 THz
(70.6 um, 17.6 meV), 3.1 THz (96.5 um, 12.9 meV), 2.5 THz
(118.8 um, 10.4 meV), 1.8 THz (163.0 um, 7.6 meV), and
1.6 THz (186.0 um, 6.7 meV). For the lower-energy range,
we utilized a backward wave oscillator and Virginia diodes
source operating at 0.9 THz (334.6 um, 3.7 meV) and 0.7 THz
(454 pm, 2.7 meV), respectively. The radiation transmitted
through the pressure cell was detected by a carbon bolometer
(thinned Allen-Bradley carbon resistor). Spectra were normal-
ized by the power of the laser, which was monitored at all
times.

Figure 1 presents the typical magnetotransmission spectra
of sample A measured at different frequencies of incident light
and hydrostatic pressures. The spectra for other samples are
given in the Supplemental Material [39]. All the spectra con-
tain up to four absorption lines observed at all pressure values,
identified as various Landau-level transitions. Following the
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FIG. 1. (a) Magnetotransmission spectra of sample A measured at four hydrostatic pressures: P = 0 kbar, P = 1.63 kbar, P = 2.96 kbar,
and P = 3.83 kbar, at the frequency of 2.5 THz. (b) Magnetotransmission spectra of sample A measured at different frequencies of incident
light measured at P = 2.96 kbar. The magnetic fields corresponding to Landau-level transitions observed at a given energy of the incident

radiation are marked by black triangles.

evolution of resonant energies of the absorption lines with the
magnetic field, we can further extract the band gap at a given
hydrostatic pressure.

III. LANDAU-LEVEL TRANSITIONS

To describe Landau-level (LL) transitions in Hg,_,Cd,Te
with x close to x,., one can employ a simplified Kane model
[8]. The latter takes into account linear k - p interaction be-
tween the I'¢ and I's bands while neglecting the influence
of the split-off I'; band. Although the corresponding 6 x 6
Hamiltonian formally describes the dispersion of relativistic
3D particles, it cannot be reduced to the Dirac Hamiltonian
due to unavoided hybridization in the two I'g bands [41].
Thus, the term “Kane fermion” was invoked for the particles,
whose Hamiltonian describes the band structure of HgCdTe
in the vicinity of topological phase transition [42].

The simplified 6 x 6 Hamiltonian has three double-
degenerate eigenvalues, which can be represented in the form

8]
Ee(p) = &2m&* + (=)' Me Jin2et + p2e2, (1)

where p is an absolute momentum value and 0 (x) is a Heavi-
side step function, which equals to 1 for x>0 and to O if x is
negative. The first eigenvalue with & = O corresponds to the
heavy-hole I's band, which is dispersionless in the linear ap-
proximation. The two other eigenvalues describe the electron
I'c (§ = +1) and light-hole I's (§ = —1) conical bands sep-
arated by E, = 2/mc?, where i and & represent the rest mass
and asymptotic velocity of Kane fermions [8], respectively.
The rest-mass parameter /m in Eq. (1) describes the
semimetal-to-semiconductor topological phase transition in
HgCdTe. If m is positive, the crystal is a conventional

narrow-gap semiconductor with the s-type I'¢c band lying
above the p-type I's bands. On the other hand, the negative
values of /7 correspond to the band inversion, i.e., the I'q band
lies below the I'g bands. As the two I'g bands always touch
each other at the I' point of the Brillouin zone, the HgCdTe
crystal is a semimetal at 7z < 0.

In the presence of a magnetic field, the energy dispersion
of Kane fermions transforms into Landau levels with the en-
ergies [8]

E: po(p.) = E2m& + (—1)1700

2

where p, is a momentum projection onto the direction of the
magnetic field and » is the LL index, for which values depend
on &. For £ = %1, n runs over positive integers n = 1,2, .. .,
while for the zero-energy heavy-hole band (£ = 0), n runs
over all non-negative integers, except 1: n =0,2,3.... The
quantum number o accounts for the Kramers’ degeneracy
lifted by the magnetic field B = (0, 0, B). The magneto-
optical response is determined by electric-dipole selection
rules: An = n£1 with “£” corresponding to the two circular
polarizations, Ap, = 0, Ao = 0, and no restriction on chang-
ing of €.

As seen from Eq. (2), it contains only two parame-
ters /m and &, for which values can be extracted from the
field evolution of multiple LL transitions observed in mag-
netotransmission spectra. Interestingly, the analysis of LL
transitions based on Eq. (2) gives not only the absolute value
of /m but also its sign [8]. The latter allows probing of
the semimetal-to-semiconductor topological phase transition
and determination E, for semimetallic HgCdTe. The gap is

. eh#B _
x &,/ m2e* + (4n—-2+4+0)+&p2, (2

195202-3



MARIA SZOLA et al.

PHYSICAL REVIEW B 106, 195202 (2022)

200 LB BN BLANLELEN SLENLENL LAY BN BN NN Tvrirgrroogrgvryrrrprrryrvororey LELENLE LI Y BB B T T
17.5F —or— —o—- 1 L _M_O_ —_——
‘ ‘ Ha0
15.0F B 4 F
12.5F b 4 F 430 _
—~ [ o/ N
r T
3 ol <
é —o—— I Iy
S 10.0F | B — Fl 2
= Fl g
& ol o€
L [ L/ 2.0¢
7577 g 4 ke
- :"0_
501 | T T il
- o 41.0
25 H- E 4 E
U (a) 0.00 kbar (b) 1.63 kbar (c) 2.96 kbar (d) 3.83 kbar
L

1 1 1 1
2.50.0 0.5 1.0 15 20
Magnetic field (T)

1 1 1 1
08005 10 15 20
Magnetic field (T)

1 1 1 1
250.0 0.5 1.0 15 20

1 1 1
2500 05 10 15 20 289

Magnetic field (T) Magnetic field (T)

FIG. 2. Landau-level transitions as a function of magnetic field for sample A at four hydrostatic pressures: (a) P = 0 kbar, (b) P = 1.63
kbar, (c) P = 2.96 kbar, and (d) P = 3.83 kbar. Experimental data are represented by symbols. The solid lines represent the fits on the basis
of the simplified Kane model [8] for three lines L, (blue), L, (orange), and L3 (yellow) corresponding to Ly >, — Lo i1, Li,1,4 — Loy, and

Ly, — Lo,y LL transitions [see Eq. (2)], respectively.

determined by the extrapolation of the energy of optical tran-
sitions to zero magnetic field in sample C. To be able to extract
the band-gap value of samples A and B, we use the negative
pseudogap between the inverted I'¢ conduction band and the
I's heavy-hole band, thus extracting the band-gap value in a
similar manner to the [8].

The energy limit of the Kane model is calculated by com-
paring the rest mass of the electrons with the heavy-hole mass.
The gap energy at which the model is no longer valid is
therefore of the order of 3 eV, that is to say, well beyond the
gap energy of our samples.

Figure 2 respectively shows the detailed analysis per-
formed for sample A, whereby absorption energy minima are
identified (Fig. 1) and then plotted as a function of magnetic
field in order to construct a Landau fan diagram. A simplified
Kane model is then used to fit the data for three lines L,
L,, and L3 corresponding to Ly y — Lo 44, Li,1,4 — Lo, i1
and Ly 1| — Lo 4 LL transitions, respectively (cf. Ref. [8]).
One can see that not all the minima of magnetotransmission
were taken into account in the data interpretation. Following
Otteneder et al. [43], we attribute the origins of the observed
resonances, the ones which were not used and occur around
1 T at 2.96 kbar at 17.5 meV, to the ionization of the impu-
rities. This explanation also supports the various positions of
these resonances between the different measured samples. An
example of a Landau-level chart for sample A, at 0.0 kbar,
with the main identified optical transitions L1, L2, and L3 is
given in the Supplemental Material [39]. The LL energies at
p. = 0 are sufficient to describe the magneto-optical trans-
mission spectra since the joint density of states is optimal
for p, = 0. During the analysis, we fitted only the rest mass

i, while the velocity was assumed to be ¢ = (Ep/3mg)'/? =
1.05 x 10° m/s, where my is the free-electron mass and Ep =~
18.8 eV is the Kane energy [42]. The velocity ¢ was previ-
ously demonstrated to be independent of temperature and Cd
concentration [8]. The results for all samples are presented
in Fig. 3 in the form of band gap E, = 2/ as a function
of hydrostatic pressure. Detailed information on the fitting
analysis for samples B and C is presented in the Supplemental
Material [39]. It may be surprising not to see any I'¢—I'g tran-
sitions in sample B, as the gap falls within the experimental
range. However, in sample B, the gap is closed and the band
structure is inverted, such that the I'q band lies below the
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FIG. 3. Band gap E, = 2/ as a function of hydrostatic pres-
sure extracted from the magnetic-field dependence of the LL
transitions in all the samples under study.
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I's heavy-hole band which has a high density of states. The
Fermi level is therefore slightly above the I'g heavy-hole band,
which makes optical transitions from the I'¢ conduction band
to the I'g heavy-hole band impossible since both bands are
full. Transitions between the I'¢ band and the I'g conduction
band are, however, possible, although not observed in our
experiments. Indeed, their oscillator strength is weaker than
the other optical transitions and their energy is higher.

IV. RESULTS AND DISCUSSION

Let us now determine the values of deformation potential
a. — a, from the experimental results shown in Fig. 3. The
pressure dependence of the band gap E, = E. — E, in bulk
crystal is defined by nonzero components of the strain tensor
€ij:

E(P,T) =EQ(T) 4 (ac — ay)(€x + €y + €2), (3)

where Eg(o)(T) is a temperature-dependent band gap in
Hg,_,Cd,Te in the absence of hydrostatic pressure [8,9], and
the strain tensor components are determined on the basis of
Murnaghan’s equation of state [44]:

/ —1/3B,
=€y =€, =(1+P--2L -1, 4
o = G = <+ Bo(T)> @

where By is the temperature-dependent bulk modulus and
B{ = 0By/dP, which are determined by elastic constants
¢ij(P,T) as Bo(T) = [c11(T) + 2c12(T)]/3. Note that Eq. (4)
is valid only if the elastic constants have linear dependence on
P [45,46]:
8c,» i

ci;j(P,T) =cf?)(T)+Pa—Pj. )
Here, cf?)(T) are temperature-dependent elastic constants in
Hg, ,Cd,Te in the absence of hydrostatic pressure, while
dc;j /0P is supposed to be independent of P and T. As in
Ref. [36], ¢;j(P, T) and dc;;/0P are assumed to vary linearly
with x in Hg, _,Cd, Te alloy. For the calculation of B;, we have
used the values dc;; /9P reported in Refs. [45,46], resulting in
3.23 and 3.83 for CdTe and HgTe, respectively. The values
of cf?)(T) at given x are based on the experimental data for
CdTe and HgTe, previously obtained from the measurements
of ultrasonic wave velocities in bulk crystals [47].

Now, on the basis of Egs. (3)-(5), we are able to convert
band gap E, at nonzero P into the deformation potential
a. — a,. To determine the deformation potential at P = 0,
we have used the Taylor’s expansion of Eq. (4) resulting in
quadratic dependence of E,(P) [36]. This allows the deforma-
tion potential to be expressed with a linear coefficient 0E,/dP
at zero pressure. The latter was calculated by using Eg(g)(T)
at P = 0 and the value at the lowest available pressure for the
given sample. Then, using a set of the a. — a, values obtained
from E¢(P), we have calculated the mean and variance of the
deformation potential for a given sample (see Table II).

Figure 4 summarizes the deformation potential values
in Hg,_,.Cd,Te extracted from the analysis of far-infrared
magneto-optical spectroscopy. The values for the samples un-
der study are shown by blue open symbols. For comparison,
we also added the values of a. — a, recalculated from d0E;/0P

A14F 7 T T T T —
A
A7k 77K [34] ]
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FIG. 4. Deformation potential a, — a, in Hg,_,Cd,Te at low and
room temperatures. The red symbols and dotted line represent the
values, and linear interpolation at 300 K recalculated from the results
of Latussek et al. [36] based on the current values of By(7T') and B,
used in this work. The black symbol corresponds to a. — a, in CdTe
recalculated from the low-temperature data of Dunstan et al. [28] (see
Table I). Blue open symbols show the values obtained in this work
(see Table II). The blue dotted line is the linear fitting of a. — a,
at 2 K. Green triangles represent the values of a. — a, recalculated
from 0E, /0P provided in Refs. [27,29,31-35] (see Table I) by means
of Eq. (6) and By(T') used in this work.

in Table I by means of By(T') at given temperature used in this
work. For this, we have conditionally assumed that dE,/dP
corresponds to the measurements at low hydrostatic pressures,
which is actually not the case for some of the references. How-
ever, our assumption allows one to use a simple expression

JE,

1
B_P o = (ac - av)» (6)

~ By(T)

obtained from those of Eq. (3).

By applying the procedure described above to the low-
temperature data of Dunstan er al. [28], we have also
determined the deformation potential in CdTe, represented by
the black symbol in Fig. 4. Then, assuming the linear variation
of a. — a, with Cd concentration [36], one can determine the
deformation potential at 2 K in Hg, _ Cd, Te for any values of
x. Additionally, the red symbols in Fig. 4 represent the values
of a. — a, at 300 K recalculated from the results of Latussek
et al. [36] based on the current values of Bo(7') and B, used
in this work. The linear fit of the deformation potential as a
function of x gives a, — a,~ — 2.815 — 0.237x at 2 K, while
the same procedure on the basis of the results of Latussek ez al.
[36] results in a. — a,>~ — 3.675 + 0.208x at 300 K.

One can see the difference between low- and room-
temperature deformation potentials, which indicates a temper-
ature dependence of a. — a, in Hg;_ Cd,Te. The origin of
such a temperature dependence is not yet clear. Most likely,
this is due to the features in the electron-phonon coupling
inherent in Hg,; _,Cd, Te alloys. This specific coupling results
in substantial temperature variation of the band gap E!;O)(T) at
any Cd concentration x [9] and should lead to the temperature
dependence of hydrostatic deformation potentials as well.
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V. CONCLUSION

In conclusion, we have performed pressure-dependent ter-
ahertz magneto-optical spectroscopy of Hg,_,Cd,Te with x
close to the semimetal-to-semiconductor topological phase
transition. By analyzing the energies of interband optical tran-
sitions within the simplified Kane model, we have directly
determined the rest mass of Kane fermions at different hy-
drostatic pressure. The pressure dependence of the rest mass
allows obtaining the hydrostatic deformation potential a, — a,
at low temperature. By using the linear extrapolation between
our values and those of Dunstan et al. [28], we have deter-
mined the deformation potential at different Cd concentrations
xX: a. —ay>~—2.815—-0.237x at 2 K. A comparison be-
tween our results and the values a, — a,>~ — 3.675 4+ 0.208x
at 300 K obtained by Latussek et al. [36] indicates the tem-
perature dependence of the hydrostatic deformation potential
in Hg,_,Cd,Te.
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