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Magnetoabsorption in far and mid IR ranges in double HgTe/CdHgTe quantum wells with inverted band
structure has been studied in high magnetic fields up to 30 T. Numerous intraband and interband transi-
tions have beenrevealed in the spectra and interpreted within axial 8 x 8 k-p model. Splitting of dominant
magnetoabsorption lines resulting from optical transitions from hole-like zero-mode Landau level has
been discovered and discussed in terms of a built-in electric field and collective phenomena.

© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.

Introduction

HgTe quantum wells (QWs) possess remarkable physical prop-
erties. One of the most important features of the HgTe QWs is the
possibility of band inversion. The barrier material (Cdg7Hg 3Te in
our case) has anormal band ordering, with the s-type I'6 band lying
above the p-type I'8 band as in ordinary semiconductor, while in
the HgTe the I'6 band lies below the I'8 band, corresponding to an
inverted band ordering [1]. In HgTe QW, depending on its width
d, various band ordering can also be realized. If the QW width d is
less than critical value d. 6.3 nm, the lowest subband in the con-
duction band E1 is formed by |I'6, £1/2) states and light-hole |I"8,
+1/2) states, while the first valence subband H1 arises from the |8,
+3/2) states, corresponding to the heavy-hole band. This is called
the normal band structure, since the electron-like subband E1 lies
above the hole-like subband H1, and this corresponds to the trivial
isolator phase. When the QW width d exceeds the critical width d.
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the inversion occurs and the electron-like subband E1 lies below
the hole-like subband H1 and this arrangement gives rise to spin-
polarized helical edge states and topological insulator (TI) phase
[2,3].

The inverted band ordering also causes an unconventional
behaviour of Landau levels (LLs). The lowest LL in the conduction
band has a hole-like character and tends toward low energies with
increasing magnetic field. At the same time, one of the valence
band’s LL has electron-like character and increases in energy with
the magnetic field. These levels are so-called “zero-mode” LLs. At
certain magnetic field B zero-mode LLs crosses (or avoid crossing)
each other [3-9].

At d = d. the band structure of the HgTe QW is gapless and the
system become a “single-valley” analog of graphene [10].

Recently, a new two-dimensional (2D) system, double HgTe
quantum wells (DQW) with a tunnel-transparent CdHgTe barrier
was proposed [11] that could demonstrate more fascinating and
still unrevealed features. In this system, in addition to the trivial
isolator, gapless state with massless Dirac fermions and TI phases,
new phases can be realized. For example, a specific metal phase,
in which a gapless bulk and a pair of helical edge states coexist,
can be formed in a wide range of QW and barrier layer thicknesses.

1230-3402/© 2019 Association of Polish Electrical Engineers (SEP). Published by Elsevier B.V. All rights reserved.
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Fig. 1. Typical magnetoabsorption spectra in samples A (a) and B (b), measured in different magnetic fields. The arrows indicate the observed spectral features. The dotted

line denotes the symbolic boundary between low-frequency and high-frequency lines.

Table 1
Growth and real (in brackets) parameters and 2D hole concentrations of the samples
under study.

Sample dow, nm thar, NM X ps, 10" cm—2
A(150218) 6.5(6.3) 3.0(2.8) 0.71 07
B(150219) 8.4 (8.4) 3.0(2.8) 0.67 1.7

This phase holds some properties of a bilayer graphene such as
an unconventional quantum Hall effect and an electrically-tunable
band gap [11]. Moreover, in DQW with wider wells the inversion
between second electron- and hole-like subbands takes place that
leads to the doubling of zero-mode LL (anti)crossing.

To date, HgTe DQW band structure investigations by magne-
tooptical spectroscopy have been performed in a structure with
normal band ordering [12] and in that in “bilayer graphene” phase
(sample A) in magnetic fields up to 12T [12-14] only. A “doubling”
of the main absorption lines resulting from the separating bar-
rier transparency for the electron-like states was demonstrated.
In Ref. 13 spectra of Faraday rotation were measured for the first
time thus enabling to determine the sign of circular polarization
and unambiguous interpretation of observed magnetooptical tran-
sitions. Also, in Refs. 15 and 16 HgTe DQW in “bilayer graphene”
phase (sample A in our work) an unusual reentrant Quantum Hall
Effect was discovered and attributed to the peculiarities of a compli-
cated LL structure in the valence band. In this work magnetooptical
studies are extended to higher magnetic fields up 30 T where strong
magnetic quantization overcomes effects of state mixing due to
bulk and interface inversion asymmetry (cf. [8]). The latter allows
to identify unambiguously all spectral features and to reveal the
splitting of zero-mode Landau levels.

Experimental

The samples under study were grown by molecular beam
epitaxy (MBE) on semi-insulating GaAs (013) substrates with ellip-
sometric control of the layer composition and thickness [17]. To
eliminate large lattice mismatch of HgCdTe heterostructure and
GaAs substrate a thick (5 wm) relaxed CdTe buffer was grown. The
active part of the structure consisted of a 30-nm lower Hg;_yCdxTe
barrier, two HgTe QWs of width dqw separated by a tunnel-
transparent Hg;_xCdxTe barrier of thickness ty,,,and a 30-nm upper
Hgq_xCdxTe barrier. At last, 40-nm-thick CdTe cap layer was grown.
The structures were not intentionally doped; as-grown samples
were of p-type due to native defects (mercury vacancies). The
parameters of the structures are presented in Table 1. Typical
mobility values at low temperatures were about 5 x 10% cm?2/V.s.

Magnetoabsorption spectra were measured in the Laboratoire
National des Champs Magnétiques Intenses in Grenoble (France)

using Fourier-transform spectrometer Bruker Vertex 80v. We used
Globar as a radiation source and composite silicon bolometer as
a detector. The radiation from spectrometer was guided through
suitable entrance window of the sealed probe, delivered via light-
pipe optics to the sample and detector placed below the sample. All
measurements were made in Faraday geometry. The spectral reso-
lution was 8 cm~!. Typical sample dimensions were 5 x 5 mm. We
used two types of magnets for generating magnetic field: supercon-
ducting solenoid for fields up to 11 T and resistive solenoid for fields
up to 30T. Black polyethylene, white polyethylene, ZnSe or Ge win-
dows were used in the measurements with 11T superconducting
solenoid depending on the spectral range explored. In experiments
with 30T resistive solenoid we used Ge window only which is
opaque below 49 meV. In experiments with 11T solenoid we were
able to change the carrier concentration by blue LED illumination
(taking advantage of the persistent photoconductivity effect, see,
e.g., [8,18,19]). In what follows we present the magnetoabsorption
data obtained in both type experiments with the same hole concen-
tration given in Table 1. The measured transmission spectra were
normalized to the transmission spectrum in zero magnetic field
and to the transmission of the reference channel without sample.
The last action allowed us to correct the field-induced changes in
the response of the bolometer. Experiments with superconducting
solenoid were performed at T =4.2 K, experiments with resistive
solenoid were performed at T=1.6K.

Results and discussion

Fig. 1 shows typical magnetoabsorption spectra measured in the
samples A and B. We fit each spectrum with multiple Lorentzians
and determined the position, the width, and the area of each spec-
tral feature. To identify the magnetoabsorption lines we calculate
LL energies, wave functions, and probabilities of optical transi-
tions between LL for the unpolarized radiation. LL spectra were
calculated by the diagonalization the 8 x 8 k-p Hamiltonian for
(013)-oriented heterostructures [6,18] with material parameters
from Ref. 20. A tensile strain in individual layers arising due to
the mismatch of lattice constants in the CdTe buffer, HgTe QW,
and CdxHg;_xTe barriers was also taken into account. In addition,
an electric field parallel to the structure growth axis was taken
into account to explain the observed splitting of dominant mag-
netoabsorption lines (3; and [3;). This electric field is built-in; it
is responsible, for example, for the effect of residual photoconduc-
tivity [19]. We used the axial approximation for the Hamiltonian
[6,8,11], thus also neglecting Bulk Inversion Asymmetry (BIA) and
Interface Inversion Asymmetry (IIA) terms, since their influence
decreases with the magnetic field [8]. To achieve the best agree-
ment between calculations and experimental data we slightly
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Fig. 2. Calculated LLs taking into account the built-in vertical electric field E =5kV/cm in the sample A (a) and E =4 kV/cm in the sample B (b). The arrows indicate several
dominant magnetooptical transitions. The thickness of the arrows represent the characteristic transition probabilities/ Broken dotted lines are the position of the Fermi levels
for the hole concentration 0.7-10'' cm~2 (a) and 1.7-10'" cm~2 (b). The insets show calculated energy-momentum laws (E=0, B=0, k || [100]).

adjusted the parameters of our structures (see Table 1). Both struc-
tures were grown one by one, and real (adjusted) parameters dqw
and ty,,, are slightly less than the growth ones for both structures.
Calculated LLs are given in Fig. 2. Each level is characterized by the
LL index n (n=-2,-1,0, 1...). The second number is an “internal”
number used in our calculations. A pair of these numbers uniquely
identifies a specific LL. Energy-momentum laws in the absence of
magnetic field are given in the insets on Fig. 2(a) and Fig. (b). As
easy to see the band structure of the sample A is inverted and corre-
sponds to the “bilayer graphene phase: the top of the valence band
and the bottom of the conduction band are formed by heavy hole
(HH) states (“parabolic” HH1 and HH2 subbands touching at k=0
since the separating barrier is opaque for heavy holes). LLs n=-2 are
split because of built-in electric field. The upper hole-like LLs n = -2
“belongs” to the conduction band up to the crossing at B~ 4.2 T with
the electron-like LL n=0 originating from the second electron-like
valence subband E2. The band structure of the sample B is “double
inverted”: two lowest subbands in the conduction band are hole-
like (HH1 and HH2) while to top subbands in the valence band
(E2 and E1) are electron-like. Correspondingly, two electron-like
LLs n=0, 246&247 originating from E2 and E1 subbands increases
in energy with the magnetic field and cross hole-like LLs n=-2,
326&327 originating from HH2 and HH1 subbands.

Experimental and calculation results are summarized in Fig. 3
and Fig. 4. Each symbol corresponds to a certain peak in the mag-
netoabsorption spectra. The symbol area is proportional to the
integral intensity of a peak; the error bar represents the peak’s full
width at half maximum. One can see that the results of the measure-
ments in moderate magnetic fields up to 11 T and in high magnetic
fields up to 30T coincide fairly well. Some discrepancies are most
likely results from a slight difference between the samples cut from
the same wafers used in the measurements with superconductive
and resistive solenoids.

In Fig. 3, one can distinguish two main areas of magnetoopti-
cal transitions: “low-frequency” (up to 3;) and “high-frequency”
ones, separated by a gap at 100-150 meV (cf. [8]). In the sample
A the LL filling factor v is less that unity for the magnetic fields
above 2.9T, i.e. in higher fields Fermi level is at the upper hole Lan-
dau level. In what follows we’ll mainly discuss optical transitions
in magnetic fields over 11T, since in lower fields they have been
identified Refs. 12 and 13. At B> 4.2 T (crossing of the upper n = -2
and n=0LLs) the Fermilevel isatn=—-2,327 LLFig. 2(a)] that is par-
tially filled with electrons. Therefore, in these fields we can observe
either interband transitions, or intraband transitions involving only
the above-mentioned n=-2,327LL.

Let us start from the consideration of the high-frequency lines
which all results from interband transitions. One can see in Fig. 3
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Fig. 3. Positions of observed magnetoabsorption lines versus the magnetic field in
the sample A (open symbols correspond to the measurements in the magnetic fields
up to 30T, solid symbols correspond to the measurements in fields up to 11 T) and
calculated energies of possible transitions (curves). Error bars show the features’ full
width at half maximum. The area of a symbol is proportional to an integral intensity
of the magnetoabsorption line; the thickness of the curves is proportional to the
transitions’ probabilities (taking into account LL degeneracy).

the general trade of an absorption line intensity decreases with
the energy that reflects the inverse proportionally of the transition
probability on the frequency (see, e.g., [8]). We calculated energies
and the probabilities of the optical transitions between LL with
the same spin orientation, which satisfied the selection rules for
electric-dipole excitations An = +1. In Fig. 3 we plot all the transi-
tions with a significant probability, actually they involve LLs with
n < 2. One can see that for almost all allowed transitions the cor-
responding lines are observed. Some lines correspond to multiple
transitions and split in high magnetic fields (for example, X line,
Fig.3). We traced the high-frequency lines up to 300 meV and found
a good agreement between the lines’ positions and calculated tran-
sitions. We do not present all the data in Fig. 3 and Fig. 4 to avoid
cluttering.

The low-frequency magnetoabsorption in high magnetic fields
isrepresented by 5lines: 1, B2, 01,02 and u (Fig. 3). The lines 31 and
[3, correspond to a well known —2 — —1 transitions from one of the
zero-mode LL n=-2 to LL n=-1 in the conduction band [4-7]. In
a DQW system, the presence of a tunnel-transparent barrier leads
to interaction of states in different QWs resulting in doubling of
electron-like n=—1 LL [12,13]. That is why we have two -2 — -1
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Fig. 4. Positions of observed magnetoabsorption lines versus the magnetic field in
the sample A (open symbols correspond to the measurements in the magnetic fields
up to 30T, solid symbols correspond to the measurements in fields up to 11 T) and
calculated energies of possible transitions (curves). Error bars show the features’ full
width at half maximum. The area of a symbol is proportional to an integral intensity
of the magnetoabsorption line; the thickness of the curves is proportional to the
transitions’ probabilities (taking into account LL degeneracy).

transitions (31 and 3; lines) instead of the one in a single HgTe QW.
Lines 04 and 6, seem to consist of multiple transitions. They were
earlier observed in Refs. 12 and 13, but their interpretation was
not unambiguous. In recent work [13] Faraday rotation measure-
ments showed that in magnetic fields over 6 T 01 line resulted from
transitions with An = +1 while and 6, line to those with An=—1.
Measurements in high magnetic fields allowed revealing splitting
both 6, and 6, lines [Fig. 1(a) and Fig. 3]. One can see in Fig. 3 that
there are four allowed transitions with energies closed to 01 line
and the most strong one —1 — 0 (286 — 246) indeed correspond to
the condition An = +1. As for 0 line, there are two strong enough
transitions 1 — 0 (244 — 246)and 1 — 0 (245 — 246) both satisfy-
ing the condition An=-1 (Fig. 3). The origin of a weak u line, that
arise in the spectra in magnetic fields over 20T, is not quite clear,
probably it results from a transition that we attributed to 6, or 6,
lines. At last, the predicted low frequency —1 — -2 (286 — 327)
transition (Fig. 3) arising in high magnetic field does not appear in
spectra since its energy is quite below the low-frequency cut-off of
50 meV of Ge window used in 30 T experiment.

A similar magnetoabsorption picture is observed the in sam-
ple B (Fig. 4): high-frequency and low-frequency lines can also be
distinguished. High-frequency lines, in the vast majority of cases,
are caused by several interband transitions. In the “low-frequency”
region of lines, all the dominant magnetoabsorption lines observed

AE (meV)
N
L—.—T}—c

10 15 20 25 30

—1— 0(286 — 247). 1t was not recognized in absorption spectra of
the sample A probably because of a superposition with strong [34
and [3; lines.

The strong line « observed in fields up to 10 T (Fig. 4) is well-
known transition 0 — 1 [4-7]. In our case, it is a transition between
LLs 0, 246 and 1, 246 (Fig. 2). The vanishing of the line « is due to
the depopulation of LL n=0, 246, when it (anti)crosses the level of
n=-2,327.

The peculiarities of the absorption in magnetic fields around
2-3T and 8-9T corresponding to (anti)crossing of n=0 LLs with
n=-2 ones will be discussed elsewhere. Thus, a good agreement
between the experimental data and the calculated transition ener-
gies for both samples allows us to claim the applicability of the axial
approximation in strong magnetic fields in HgTe DQWs.

Let us now proceed to the most intriguing part of the work. One
can see that 31 and [3; lines (-2 — —1 transitions) are split (Fig. 1,
Fig. 3 and Fig. 4) that intuitively implies splitting of zero-mode
n=-2 LL. Such splitting should arise if DQW is not symmetrical.
Experiments in the set up with superconducting solenoid where it
is possible to change the carrier concentration due to the persistent
photoconductivity effect have shown that the splitting depends on
the hole concentration. So, it seems that DQW asymmetry is likely
toresult from a built-in electric field (that is tuned by changing hole
concentration [19]) rather than from a difference in QW widths. In
particular, for the sample B, in order to obtain the observed split-
ting of 4.5 meV (Fig. 5), the difference in QW width should be 2 nm,
that exceeds the “technological accuracy” (+0.3 nm) several times.
Also we calculated LLs taking into account BIA & [IA[7,8] and found
that these effects do not lead to any significant splitting of these
—2 levels in the DQW: the splitting increases with the field up to
1 meV at 30T only. Therefore, we excluded the BIA and IIA from the
consideration.

The experimental data on [3; and [3; lines splitting versus the
magnetic field are summarized in Fig. 5. The results are given
for magnetic fields over 10T since in less fields they are highly
scattered because of superposition of various optical transitions
resulted from LL mixing (BIA and IIA effects). One can see that
the splitting seems to be nearly independent on the magnetic field
within the experimental accuracy. The average values of the split-
ting are about 3.5 meV for the sample A and 4.5 meV for the sample
B. To obtain such values of n = —2 LL splitting we assumed the built-
in electric field to be of 5kV/cm for the sample A and 4 kV/cm for
the sample B, see Fig. 2 (that is much less than 41eps in both cases,

==
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Fig. 5. The values of splitting of 3, and 3, lines in the samples A (a) and B (b) versus the magnetic field. Errors are estimated as the square root of twice the spectral resolution.
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where e is elementary charge). Thus, the presence of the built-in
electric field that is obviously tuned by changing the hole concen-
tration due to persistent photoconductivity effect (recharging the
remote carrier traps, cf. [19]) could explain, at least qualitatively,
the observed splitting of the dominant 3; and 3, magnetoabsorp-
tion lines. It is worth noting that such splitting opening the gap
in the energy spectrum in HgTe/CdHgTe QW in “bilayer graphene”
phase at the external electric field was discussed in Ref. 11 and
considered as a power tool to provide electrical switching between
semimetal and isolator phase with large gap in contrast to the single
Qw.

However, as easy to see from Fig. 5, in both samples 3, line
splitting systematically exceeds that of 3; one. This fact seems to
be incompatible with the above “single particle” picture of n=-2
LL splitting. One can speculate on mixing and interaction not the
single particle states but optical transitions with close energies
just as it was revealed in other 2D systems, say in InAs/AlSb QWs
[21,22]. Such interaction/mixing of optical transition is also influ-
enced by the carried concentration that could explain the observed
splitting dependence on the hole concentration. Definitely, this
issue requires future explorations, both theoretical and experimen-
tal.

Conclusions

To conclude, we have experimentally studied a magnetoabsorp-
tion in two undoped p-type HgTe/CdHgTe DQWs with inverted
band structure in high magnetic fields up to 30 T. In addition
to earlier observed doubling of dominant magnetooptical transi-
tion, resulting from the transparency of separating barrier for the
electron-like states, we have revealed a number of interband tran-
sitions. Utilization of high magnetic fields has allowed splitting
of magnetoabsorption lines resulting from close in energy tran-
sitions between different Landau levels. We have found that the
observed features can be fairly well described in the framework of
axial 8 x 8 k-p model, at least in high magnetic fields. We have dis-
covered a sufficient splitting of dominant magnetoabsorption lines
resulting from optical transitions from hole-like zero-mode Lan-
dau level and showed that it can be explained by the level splitting
in a built-in electric field. Finally, we speculate that the notice-
able difference in the splitting of two dominant lines resulting
from the transitions from the same split-of Landau level indicates
the importance of collective phenomena on magnetooptical tran-
sitions.
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