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Heterostructures with a two�dimensional electron
and hole gas based on the gapless semiconductor HgTe
represent a unique class of objects where fundamen�
tally different two�dimensional (2D) systems can be
implemented by varying the width of the HgTe quan�
tum well and the composition of the Hg1 – xCdxTe bar�
riers. Thus, in a CdTe/HgTe/CdTe quantum well with
a HgTe�layer thickness of d = dc ≈ 6.5 nm, the electron
energy spectrum has no gap [1] and, for small quasi�
momenta k, is close to linear [2]. For d < dc, the spec�
trum of the 2D carriers is similar to that of conven�
tional semiconductors under quantum�confinement
conditions, where the ground hole subband is formed
from Γ8 heavy�hole states and the ground electron
subband is formed from Γ6 states and light Γ8 states. In
wide quantum wells (d > dc), the arrangement of the
subbands is inverted, so that the lowest electron sub�
band is formed by Γ8 heavy�hole states (for k = 0) [3]
and Γ6 states contribute to the formation of the hole
subbands. In recent years, the energy spectrum and
electron transport in these systems have been investi�
gated rather intensively both experimentally and theo�
retically [2, 4–15]. Electron systems are the most
widely investigated two�dimensional systems in gap�
less semiconductors. Most of the experimentally
observed effects can be described in this case within
the framework of the conventional kp model. As far as
the spectrum of hole states is concerned, there are cur�
rently inconsistencies both between the experimental
results obtained at different times by different research

teams and between experimental and theoretical
results.

Here, we report experimental results on the resis�
tivity and the Hall effect in heterostructures with a sin�
gle (013)�oriented Hg0.42Cd0.58Te/HgTe/Hg0.42Cd0.58Te
quantum well with a nominal width of 20.2 nm. Mea�
surements were carried out on samples shaped into
Hall bars with a deposited metal electrode. This made
it possible to control the conductivity and charge�car�
rier concentration in the quantum well over a broad
range.

The typical dependences of the transverse resistiv�
ity ρxy and longitudinal resistivity ρxx on the magnetic
field B for different voltages Vg applied to the gate elec�
trode are shown in Fig. 1. One can see that, with a
decrease in Vg, a change from electron conduction
(ρxy < 0) to hole conduction (ρxy > 0) takes place. In
addition, the following two important facts should be
noted. First, in a certain range of gate voltages Vg,
apart from the usual oscillatory variation in the resis�
tivity (the Shubnikov–de Haas effect turning into the
quantum Hall effect), a pronounced feature marked
by vertical arrows in Figs. 1a and 1b is observed. It is
clearly seen that the position of this feature is almost
independent of Vg. Second, in the range of gate volt�
ages between –3 and +1.8 V, the transverse magne�
toresistance is sign�alternating (Figs. 1a, 1c); i.e., it
corresponds to electron conduction in low magnetic
fields and hole conduction in high magnetic fields.
Together with the observation of large positive longitu�
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Fig. 1. Magnetic�field dependences of (a) and (c) ρxy and (b) ρxx for different voltages applied to the field electrode. The mea�
surement temperature is T = 1.35 K. Vertical arrows show the feature related to the crossing of the Landau levels (h1, n = 0) and
(h2, n = 2).

dinal magnetoresistance ρxx(B), this fact gives unam�
biguous evidence that charge carriers of two or more
types differing in sign of either charge or the ∂E(k)/∂k
derivative (where E(k) is the quasimomentum depen�
dence of the carrier energy), which characterizes the
wave�packet group velocity, participate simulta�
neously in the transport. The electron contribution to
the Hall effect and the resistivity is retained upon a
reduction in Vg to as low as –6 V, although the sign of
the Hall coefficient RH in this case corresponds to
holes.

Figure 2 shows the gate�voltage dependences of the
concentrations of electrons n and holes p obtained
from an analysis of the behavior of RH(B) = ρxy(B)/B
and ρxx(B). For Vg < 1.7 V, this analysis was carried out
within the framework of a model assuming the pres�
ence of two types of charge carriers. For Vg > 1.7 V,
when ρxy(B) and ρxx(B) are determined only by elec�
trons, their concentration was determined as n =
–1/eRH. It is important to note that the Hall concen�
trations of both electrons and holes agree within
experimental uncertainty with the concentrations
obtained from the period of the Shubnikov–de Haas
oscillations, which were clearly observed for Vg < 0 and
Vg > 2.5 V. One can see that the concentration of elec�
trons differs from zero in the entire range of gate volt�
ages. It should be mentioned that n is more than

100 times lower than p for the lowest gate voltage of
Vg = –6 V. According to Fig. 2b, the dependence n(Vg)
is rather complicated. Three regions can be distin�
guished in this dependence. The performed analysis
demonstrates that each of these regions corresponds to
a particular position of the Fermi level EF with respect
to the band edges. This is illustrated in Fig. 3, the left�
hand part of which shows the dispersion curves E(k)
calculated within the context of the six�band isotropic
kp model by direct integration [16] using the parame�
ters given in [17, 18]. In region A (Vg > 1.8 V), the
Fermi level lies high in the conduction band (see
Fig. 3) and only conduction�band electrons partici�
pate in the transport.

As the gate voltage decreases, the Fermi level
touches the top of the valence band for Vg ≈ 1.8 V, and,
with a further decrease in Vg, falls in the region of over�
lap between the valence and conduction bands, where
the rate of variation in n(Vg) is determined by the larger
density of states of the valence band. This is region B,
corresponding to Vg = 1.8–1.0 V. Here, three types of
charge carriers participate in the transport. These are
electrons in the conduction band h1 and two types of
charge carriers from the band h2 with electron� and
hole�type curvature of the spectrum. Note that,
strictly speaking, the values of n shown in Fig. 2b for
this region of gate voltages do not correspond to the
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concentration of any charge carriers, in as far as only
two carrier types were taken into account in the analy�
sis of the behavior of RH(B) and ρxx(B).

Finally, region C (–6.0 < Vg < 1 V) corresponds to
a situation where the Fermi level lies below the bottom

of the conduction band. The regions of the dispersion
curve E(k) of the subband h2 with hole�type and elec�
tron�type curvature add hole and electron contribu�
tions to the Hall effect, respectively. Assuming that the
spectrum is isotropic, we find that the values of n and
p determined from analysis of the magnetic�field
dependences of ρxy and ρxx correspond in this case to
the number of states within circles with the radii k1 and
k2, where k1 and k2 are Fermi quasimomenta corre�
sponding to the two regions of the E(k) curve shown in

Fig. 2 (see inset) [19]; thus, n = /2π and p = /2π.

The outlined picture of the spectrum is confirmed
by the data on ρxx(B) oscillations. The positions of the
oscillation minima in the ρxx(B) dependences are
shown in coordinates (B, Vg) in Fig. 4. Two series of
oscillations, representing the contributions from elec�
trons and holes, are clearly seen. The corresponding
charge�carrier concentrations can be determined from
the oscillation periods, and the values thus obtained
are in good agreement with the data in Fig. 2.

Thus, the experimental results presented above are
in qualitative agreement with the calculated spectrum.
However, our data make it possible to obtain the quan�
titative characteristics of the spectrum and perform a
more detailed quantitative analysis.
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Fig. 2. (a) Dependences of the electron and hole concentrations on the gate voltage Vg. Dots show experimental points, and the
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The effective masses of electrons me and holes mh

can be determined from the analysis of the tempera�
ture dependences of the Shubnikov–de Haas�oscilla�
tion amplitude. It was found that, within experimental
error (~20%), they are independent of the carrier con�
centrations and are equal to me = 0.02m0 and mh = 0.2m0.

The electron effective mass obtained experimanta�
lly is close to the theoretical value. This is clearly seen
in Fig. 3: the h1 electron branch on the left�hand and
right�hand parts of the plot have similar curvatures.

The comparison of the experimental and theoreti�
cal values of the hole effective mass requires a more
subtle approach, because the dispersion of the h2 hole
subband is nonmonotonic. According to the calcula�
tions, the maximum (or, more exactly, the circle of
maxima) should occur at k ≈ 2.2 × 106 cm–1 (left�hand
part of Fig. 3). However, one can see from the fan dia�
gram in Fig. 4 that hole�type oscillations are observed
beginning from Vg ≈ 0.8 V, i.e., p ≈ 0.5 × 1011 cm–2. In
the case of isotropic dispersion, this corresponds to k ≈
0.5 × 106 cm–1. Thus, the region of the h2 subband dis�
persion curve with hole�type curvature starts from val�
ues of k < 0.5 × 106 cm–1.

Using the experimentally determined values of me

and mh, we can estimate such characteristic parame�
ters of the energy spectrum as the magnitude ΔEovrl of
the overlap between the h1 and h2 subbands, the depth
of the central minimum Δ of the subband h2, and the
density�of�states effective mass at this minimum me–l.
Indeed, since a kink in the n(Vg) dependence between
regions A and B at Vg ≈ 1.8 V occurs when the Fermi
level touches the top of the h2 subband, the overlap
can be estimated as ΔEovrl = π�2n(1.9 V)/me. Using
me = 0.02m0 and n(1.8 V) = 1.3 × 1010 cm–2, we obtain
ΔEovrl ≈ 1 meV. Furthermore, given the value of mh, we
can estimate the depth of the central minimum Δ in
the following way. This depth is approximately equal to
the Fermi energy (measured from the top of the
valence band) for the gate voltage Vg = –6 V, i.e., the
voltage at which curve C in Fig. 2b intersects the hori�
zontal axis Vg. This corresponds to the situation where
the Fermi level touches the bottom of the central min�
imum of subband h2 and the electron contribution
disappears and hence Δ = π�2p(–6 V)/mh. For mh =
0.2m0 and p(–6 V) = 4.5 × 1011 cm–2, we obtain Δ ≈
5 meV. Finally, given the value of Δ and the concentra�
tion n corresponding to Vg = 1 V (i.e., the gate voltage
at which the Fermi level crosses the bottom of the con�
duction band, so that, for Vg < 0, the electron contri�
bution originates solely from the minimum in the
spectrum of the h2 subband), we can estimate me–l:
me–l = –π�2n(0 V)/Δ ≈ –0.005m0 (the negative sign
corresponds to the electron�type curvature in the hole
spectrum). It is important to note that the value of
0.005m0 is much smaller than the theoretical value,
which, in the isotropic approximation, exceeds 0.1m0.

The spectrum of the subbands h1 and h2 recon�
structed using the values of ΔEovrl, Δ, and me–l, me, mh

given above is plotted on the right�hand side of Fig. 3.
Evidently, this spectrum differs considerably from the
calculated one, shown on the left�hand side of the
same figure.

Now, let us consider the behavior of the oscillation
peaks upon a variation in the gate voltage Vg; the anal�
ysis of this behavior gives some support to the above
estimates. In the fan diagram of Fig. 4, there is a group
of “extra” points (marked a) in the range of magnetic
fields around ~5 T and voltages of Vg = 0.5–2 V. These
points correspond to the minima marked by arrows in
Fig. 1. The analysis of the Landau�level spectrum
[8, 20] suggests that this feature corresponds to the
case where the Fermi level appears in the region of
crossing between the Landau levels (h1, n = 0) and
(h2, n = 2), which occurs in a field Bc (see Fig. 4,
inset). The level (h2, n = 2) starts at B = 0 from the
energy corresponding to the minimum of the h2 hole
subband dispersion curve. Thus, connecting the point
with coordinates (B = 0, Vg = –6 V), which corre�
sponds to the situation where the Fermi level crosses
the valence�band minimum, and the point (B = 5 T,
Vg = 0), we obtain an approximate gate�voltage depen�
dence for the magnetic field B* in which the Landau
level (h2, n = 2) crosses the Fermi level (the dashed
line in Fig. 4). One can see that this is exactly the
region where the minima positions skip from one level
number to another, as shown by the solid lines in Fig. 4.

Thus, the energy spectrum of the uppermost hole
quantum�confinement subband h2 in wide quantum
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wells based on the gapless semiconductor HgTe recon�
structed according to our experimental results differs
considerably from the calculated one. Analysis of the
experimental data demonstrates that a narrow mini�
mum exists at the center of the subband. The depth of
this minimum is ~5 meV and the estimated effective
mass is ~0.005m0.
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