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The  review  of  peculiarity  of  growth  and  experimental  results  of  the  magneto-transport  measurements
(longitudinal  magneto-resistance  Rxx and  the  Hall  resistance  Rxy)  over  a wide  interval  of  temperatures
for  several  samples  of Hg1−xCdxTe  (x  ≈  0.13–0.15)  grown  by  MBE  is presented  in  this  paper.  An amazing
temperature stability  of the  SdH-oscillation  period  and  amplitude  is observed  in  the  entire  temperature
interval  of  measurements  up  to  50 K.  Moreover,  the  quantum  Hall  effect  (QHE)  behaviour  of  the  Hall  resis-
tance  was  shown  in  the  same  temperature  interval.  These  peculiarities  of  the Rxx and  Rxy for  strained  thin
layers are  interpreted  using  quantum  Hall  conductivity  (QHC)  on  topologically  protected  surface  states
(TPSS). In the  case  of not  strained  layers  it is assumed  that  the QHC  on  the  TPSS  contributes  also  to  the  con-

ductance  of the  bulk  samples.  The  experimental  results  on magneto-transport  (QHC  and  SdH)  obtained
for  the  strained  100  nm thickness  Hg1−xCdxTe  layer  are  interpreted  on  the  basis  of the  8  ×  8 kp model  and
an  advantage  of  the Hg1−xCdxTe as  topological  insulators  is shown.  This  article is an  expanded  version
of  the  scientific  reports  presented  at the  International  Conference  on Semiconductor  Nanostructures  for
Optoelectronics  and  Biosensors  2016  ICSeNOB2016,  May  22–25,  2016,  Rzeszow,  Poland.

© 2017  Association  of  Polish  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.
. Introduction

Mercury Cadmium Telluride Alloys (MCT) are still main material
or infrared devises [1] on the one hand but semimetal MCT  is nat-
ral analogue of graphene in 3D on the other hand [2,3]. In another
ords, semimetal MCT  is a 3D topological Dirac semimetal.

One of the obvious properties of semiconductors is their strong
ependence on external conditions such as temperature, illumi-
ation, or pressure. Topological insulators (TI) discovered during
he last decade have augmented our knowledge in this matter. TI
s a new class of quantum matter with conducting surface states,
opologically protected against time-reversal-invariant perturba-
ions and an insulating bulk. The physics of TI links the structures
f d dimensions with their boundaries in d-1 dimensions: a TI is a
tate of quantum matter that behaves as an insulator in its interior
nd as a metal on its boundaries [3].

This topic review paper describes experimental results obtained
or bulk Hg1−xCdxTe samples with x ≈ 0.13–0.16 corresponding to

 semi-metallic type of band-structure, i.e. the �8 band is higher

han �6 (in normal semiconductors as CdTe it is contrary: the
6 band is above the �8 bands and play role of the conduction
and but �8 bands are valence bands – bands of light and heavy

∗ Corresponding author.
E-mail address: slizpawel@gmail.com (P. Śliż).

ttp://dx.doi.org/10.1016/j.opelre.2017.06.006
230-3402/© 2017 Association of Polish Electrical Engineers (SEP). Published by Elsevier
holes), however, it is close to the critical point at which the �6
and �8 bands cross, that should occur in the temperature region
from 0.4 to 150 K depending on the x value. Chapter III presents the
experimental details: the samples grown by MBE  technology, the
magneto-transport experiment procedure, and experimental data
including the SdH oscillations, the QHE behaviour of the Hall resis-
tance observed in a wide temperature region for the samples with
a different level of doping including comparably thick layers. In
Chapter IV the origin of the Quantum Hall Conductance behaviour
of the Hall resistance for thin strained MCT  layers is discussed and
for thin not strained layers and comparatively thick ones. Finally,
in Chapter V are summaries of these findings and conclusions.

2. Topologically protected surface states (TPSS)

The first topological insulators which were observed via the
quantum spin Hall effect concern a two-dimension electron gas
(2DEG) with a spin structure on a 1D edge. They were discussed
theoretically [4,5], predicted to occur in HgTe quantum wells [6],
and then experimentally verified by König et al. [7]. Thereafter,
Liang Fu et al. [8] proposed the 3D version of topological insu-
lators, predicted to occur in Bi-Sb alloys by Fu and Kane [9], and

experimentally detected with angle-resolved photoemission spec-
troscopy ARPES by Hsieh et al. [10].

Subsequently, the quantum Hall effect (QHE) in the surface layer
with states caused by crossing of bands at surface – Topologically
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rotected Surface States (TPSS) – was observed via transport exper-
ments in strained bulk mercury telluride (HgTe) [11]. As predicted
y Bernevig et al. [6], TPSS occur at the surface of HgTe as massless
irac points (Dirac cones with a linear dependence of the electron
nergy on momentum in terms of the band structure) because of
he �6 and �8 band crossing. Generally, it is caused by strong a
pin-orbital interaction in these materials which lifts the �8 band
bove the �6 band in the bulk part of the sample [12].

This kind of TPSS is characterized by a Z2 topological invariant,
equiring gapless electronic states to exist on the boundary of the
ample, which is a strong topological insulator and is robust in the
resence of disorder [6,13,14]. Such strong topological insulators
ave surface states, with the Fermi surface enclosing an odd num-
er of Dirac points and being associated with the Berry phase of
ef. [15]. This defines a topological metal surface phase which is
redicted to have novel electronic properties [16–18].

There is some similarity with the half-Heusler alloys. For exam-
le, PtMnBi show semi-metallic properties in the � phase, and the
ffects of the spin-orbit interaction shifts of the valence bands and
he indirect semiconducting gap with respect to the spin polarized
esults [19,20]. Also BiSb alloys, Bi2Se3, Bi2Te3 and Sb2Te3 crystals
how the 3D TI properties [21–24]. The next class of bulk topolog-
cal insulators discovered during the last decade includes TlSbSe2,
lSbTe2, TlBiSe2 and TlBiTe2 [25,26], as well as septuple-layer topo-
ogical insulators [27].

Recently, well-developed TPSS were reported to occur in the
HE of BiSbTeSe2, an intrinsic TI bulk material, 120 and 160 nm

hick [28]. In addition, the dominate contribution of the surface
etallic conductivity in the total sample resistance of BiSbTeSe

bove 120 K, was noticed. Thus, a new feature of the electron
ransport properties of semiconductors with a strong spin-orbital
nteraction could take place: the surface metallic conductance. The
ame, as will be shown below, can be said of mercury cadmium
elluride solid solutions – arguably the best material for infrared
evices [29–31]. The QHE according to Brüne et al. [11] (similar
esults were presented later in Ref. [32]) was displayed for compa-
ably thin (70 nm)  strained samples. It is interesting to check the
ame experiment for thin strained layers of semimetal alloys of
gCdTe, as well as for no strained layers of these alloys.

. MBE  growth

MBE  is the most advanced technology for obtaining semicon-
uctor layers widely used for synthesis of the layers of II–VI
ompounds [33–35]. The Hg1−xCdxTe samples were grown in a
iber Compact 21 molecular beam epitaxial (MBE) system. The
dTe and Te fluxes were chosen and subsequently adjusted in order

o grow the Hg1−xCdxTe layers with a zero gap at approximately
–50 K. Several conditions should be fulfilled during the growth
rocess of the Hg1-xCdxTe layer with 0 < x < 0.16 of high quality –
ith surface close to ideal and low density of defects (hillocks) [35].

able 1
arameters of the samples grown by MBE.

No. Composition x, mol. Substrate Thickness

A4 0.155 GaAs/CdTe(001) 100 

A9  0.135 GaAs/CdTe(001) 100 

AB4 0.155 CdZnTe(112)B 100 

AB9  0.135 CdZnTe(112)B 100 

B4  0.155 CdZnTe(112)B 840 

B5  0.135 CdZnTe(112)B 2480 

B6  0.150 CdZnTe(112)B 1280 

B8  0.145 CdZnTe(112)B 950 

B9  0.135 CdZnTe(112)B 1100 

arameters of the resulting layers are shown in Table 1. Fifteen samples with different co
 Review 25 (2017) 188–197 189

First, the substrate temperature should be controlled with an
accuracy not worthy than ±0.5 ◦C because of its strong influence
on composition. The substrate temperature determination needs
specific calibration due to lack of physical contact for thermocouple
with a molybdenum substrate holder. Therefore, this thermocouple
is calibrated by using the melting point of In, Sn and PbSn on holder.

Second, the determination and stabilization of the beam equiva-
lent pressure (BEP) of sources (fluxes in others words) is principally
important at MBE  growth for each compound. In case of the
Hg1-xCdxTe layer growth additional factor is essential: stabilization
of the Hg-flux is difficult and long – for 2 h long. The composition is
determined by the Cd/Te flux ratio whereas, the flux ratio Hg/Te is
important for quality of received layers. Stabilization of these two
ratio at the growth is crucial: deviation of BEP in the framework of
10−8 Torr able to change considerably the composition in the case
of the Cd/Te ratio, as well as to increase the hillock density, electron
concentration and decrease the electron mobility, in the case of the
Hg/Te ratio.

Two  types of substrates were used to perform the experiment:
i) (001) oriented GaAs substrates were applied with the MBE  grown
CdTe buffer that produced ∼0.3% mismatch with the next thin MBE
grown Hg1−xCdxTe layer; ii) (112)B orientated CdZnTe substrates
were employed and the Hg1−xCdxTe was grown directly on the
CdZnTe(112)B substrate surface which has a lattice constant practi-
cally (with an uncertainty of 0.01%) equal to that of bulk Hg1−xCdxTe
(x ≈ 0.13). Consequently, three types of samples were grown and
measured, namely: type A – Hg1−xCdxTe thin strained layers on the
GaAs/CdTe substrates (about 100 nm thick); type AB – Hg1−xCdxTe
thin not strained layers on the CdZnTe(112)B substrates (about
100 nm thick); type B – Hg1−xCdxTe thick not strained layers on
the CdZnTe(112)B substrates (samples B4, B6-B9 are about 1 �m
thick, the sample B5 is above 2 �m thick). The Hg1−xCdxTe layers
were substantially doped with iodine by means of a CdI2 effusion
cell for samples A9, AB9, B8 and B9 and by means of an In effusion
cell for samples A4, AB4, B4, B5 and B6. SIMS measurements and
the reflection maxima of E1 and E1 + �1 in the region of fundamen-
tal absorption of the Hg1−xCdxTe alloys [36] were used to confirm
the composition, level of doping and thickness of the grown layers
(see Table 1).

4. Magnetotransport measurements

2 The magneto-transport measurements were performed using
a cryo-magnet system from ICEoxford, which is capable of volt-
age measurements in the temperature region from 0.25 to 290 K in
magnetic fields up to 14 T. The direction of the magnetic field B was
perpendicular to the plane of the investigated layer in the samples.

Four-terminal longitudinal (Rxx) and Hall (Rxy) resistances were
measured with standard lock-in techniques at a low-frequency
(<20 Hz) and with an excitation current of 0.5–1.0 �A. Four mea-
surements were made, i.e. for the two  directions of the magnetic

, nm Level of the iodine bulk
doping 1017 cm−3

Level of the indium bulk
doping 1017 cm−3

0.5
5.0

0.5
5.0

0.5
0.8
3.0

0.5
5.0

mpositions (x = 0.13–0.16), thicknesses and levels of doping, were investigated.
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ig. 1. Magneto-resistances, Rxx and Rxy vs magnetic field in the temperature regio
hese  plateaus in the temperature region of 0.4–20 K is equal to values h/�e2 when 

eld and for increasing and decreasing magnetic fields, with the
ubsequent averaging of each measurement of the longitudinal
agneto-resistance and Hall resistance at a given temperature.
The results of the magnetotransport measurements obtained

or sample A9 – strained thin layer on the GaAs/CdTe substrate –
re presented in Fig. 1. The Rxx(B) and Rxy(B) curves are shown for
ifferent temperatures over a wide range from 0.4 K to 50 K. The
elldefined quantized plateaus in Rxy with values h/(2e2) = 12.9 k�,

ccompanied by vanishing Rxx is observed at 0.4 K.
It is seen pronounced plateaus in Rxy at values equal to about

.5 k� as well as one less clear at about 4.3 k� The Rxx(B) curves
xhibit pronounced SdH-oscillations which positions of maxima
trongly corresponds to stairs before plateaus on the Rxy(B) curve.
escribed particularities on the Rxx(B) and Rxy(B) curves of sample
9 explicitly indicate on the Integer Quantum Hall Effect (IQHE)
nd Shubnikov-de Haas (SdH) oscillations characteristic for a 2D
lectron gas. The quantization in the integer multiples of �0 = e2/h
s evident with the Landau filling factor � equals 2, 4 and 6. It is
ecessary to underline that the Rxx(B) and Rxy(B) curves are repro-
ucible up to 20 K and above this temperature the Integer Quantum
all Conductivity (IQHC) is observed up to 50 K.

The same magneto-transport measurements are repeated for
ample AB9 – no strained thin layer on the CdZnTe(112)B substrate.
he remarkable temperature stability of the Rxx(B) and Rxy(B) curves
haracteristic for sample A9 is repeated for sample AB9 (see Fig. 2a).

Similarly, one can see the plateau-like features of the Rxy curve
nd corresponding SdH maxima on the Rxx(B) curve, but the quan-
ization in integer multiples of �0 = e2/h is not evident. The latter
an be attributed to the availability of a parallel conductance chan-
el from the sample interior that decreases the values of the Rxy

esistance in the plateaus [37,38]. In order to more quantitatively
stimate the surface contribution to the total conductance, we fit
ur data to a simple model used in Refs. [38,39], where the total con-
uctance is the parallel sum of the bulk conductance of Hg1−xCdxTe
x = 0.13) and the 2D surface conductance. According to this scheme,
he values of Rxy for the plateaus of QHE decrease proportionally
ue to the contribution of the bulk part of the sample. The calcu-

ation of the Rxy resistance (for the whole sample) assumed that
he QHE values Rxx = h/�e2 of the voltage are generated in the sur-

ace sheet, and the classic Hall Effect occurs in the bulk part of the
ample. The results of calculation and experimental data obtained
or the sample AB9 are compared in Fig. 2b. It can be seen that the
esults of simulation approximate very well the observed plateaus
4–50 K for sample A9. Three plateaus are seen on the Rxy curves; the resistances in
 and 6.

in the case of odd values of the filling factor: � = 3, 5, 7. Similar exper-
imental data take place for sample AB4 also thin layer of semimetal
Hg1−xCdxTe (x = 0.155) grown on the CdZnTe(112)B substrate.

Figs. 3–4 show the measurements for four samples from those
listed in Table 1: B4, B5, B6 and B9 which are thick not strained
layers. The Rxx(B) and Rxy(B) curves recorded for sample B9, are
shown in Fig. 3a for different temperatures over a wide range
from 0.4 to 50 K. It is noteworthy that the results are reproducible
at different temperatures up to 50 K that seems unexpected for
this thick sample (about 1 �m, see Table 1). Temperature increase
beyond 50 K makes the plateaus less pronounced. The amazing
temperature stability also concerns the positions of the observed
SdH-oscillation maxima. These positions are reproducible up to
45 K and the amplitude of the SdH-maxima decreases slowly with
increasing temperature above 50 K. The plateaus like features in Rxy

in Figs. 3a and 4 are reminiscent of the IQHE but in the present case
the values of the Rxy resistance in the plateaus for sample B9 are low,
of the order of 10–20 �.  From other hand, in case of sample B9 the
ratio RIII

xy (B)/RV
xy(B) = 20.0 �/13.0 � = 1/3: 1/5 and RV

xy(B)/RVII
xy

(B) = 13.0 �/11.0 � = 1/5:1/7 where RIII
xy is the value of resistance

in the plateaus at 11.0–14.0 T, RV
xy(B) is the value of resistance in

the plateaus at 7.0–8.5 T and Rxy
VII(B) is the resistance at 5.5–6.5 T.

Thus, these values of the resistance correspond to the magnitude
for corresponding values of the filling factor of � = 3, 5 and 7, but
they are smaller due to the parallel resistance in the sample. Sim-
ilarly to the sample AB9, the calculation of the Rxy resistance (for
the whole sample) assumed that the QHE values Rxy = h/�e2 (� is an
integer) of the voltage are generated in the surface sheet, and the
classic Hall Effect occurs in the bulk part of the sample. The results
of the calculation are compared with the experimental curve for
sample B9 in Fig. 3b. It can be seen that the results of simulation
approximate satisfactorily the observed plateaus in the case of odd
values of the filling factor: � = 3, 5, 7.

Similar curves were obtained for all samples of the B series. The
results of the magneto-transport measurements obtained for sam-
ples B4, B5 and B6 are shown in Fig. 4 at approximately the same
temperature (within an interval of 0.42–2.25 K). They exhibit the
QHE behaviour similar to that observed for the sample B9, even
though the plateaus values of the resistance are different due to

their dependence on the resistance of the bulk part of the samples.

Moreover, the proportions between values of the Rxy resistance
corresponding to odd values of the � factor in different plateaus
are retained. For sample B5 the plateaus in the Rxy(B) curve are less



G. Tomaka et al. / Opto-Electronics Review 25 (2017) 188–197 191

Fig. 2. a) Magneto-resistances, Rxx and Rxy vs magnetic field in the temperature region of 0.4–50 K for sample AB9; b) Calculations (blue line) of the Rxy resistance for the
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ntire  sample AB9 at 1.7 K performed according to a scheme of taking the paralle
oltage in the bulk part of sample AB9. It can be seen that the odd values of the fillin
.7  K.

istinct. The results of calculating the Rxy(B) resistance obtained in
 similar way as for the samples AB9 and B9, are shown in Fig. 4
lso. The stability of the Rxy and Rxx curves for samples B4 and B6 in
he temperature interval of 0.4–45 K is similar to that of the sample
9. Other temperature behaviour is observed for sample B5: the
lateaus and SdH oscillations disappeared after reaching 30 K.

It is interesting to note that in the case of 2DEG in the
gCdTe/HgTe/HgCdTe quantum well the resistance at the charge
eutrality point was found to be temperature independent at low
emperatures [40].

. Electron transport on TPSS

.1. General consideration

The model proposed for bulk HgTe [11] seems the most appro-

riate tool to explain the above results of magnetotransport
easurements made for the Hg1−xCdxTe strained layer A9 (similar

nes are for A4). The TPSS exist at the border of the sample surface
ayer with air, as well as at the border with the substrate whose
of the QHE values of the voltage generated in the surface sheet and a classic Hall
or � = 3, 5, 7 and 9 correspond to experimentally observed plateaus at temperature

2D-layers with Dirac fermions contribute to the electron transport
of the whole sample with the energy gap in the interior. Based on
the studies made by cited above authors [11,30,37] and consider-
ing earlier works [41,42] we  can understand the observed IQHC as
the sum of a half integer QHC from the top surface and another half
integer QHC from the bottom surface. In other words, the IQHC is
quantized according to

�total
xy = �

e2

h
= �top

xy + �bottom
xy = (�t + �b)

e2

h
= (Nt + Nb + 1)

e2

h
(1)

with top (bottom) surface QHC

�top(bottom)
xy = �t(b)

e2

h
=

(
Nt(b) + 1

2

)
e2

h
(2)
where �t(b) and Nt (b) are the Landau filling factor and Landau level
index of top (bottom) surface corresponding to the QH state.
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ig. 3. a) Magneto-resistances, Rxx and Rxy vs. magnetic field in the temperature r
ntire  sample B9 at 4.2 K performed according to the same scheme as for sample 

xperimentally observed plateaus.

When top and the bottom surface have the same filling fac-
or, and both surfaces have the same density, i.e. Nt = Nb then the
esulting expression for the QHC, according to (1), is as follows:

xy = (2N + 1)
e2

h
(3)

Hence, the filling factor � can only have odd values.

In case of asymmetric conductivity along top and the bottom

urface the expression (1) should be applied and the filling factor
 can be even or half-integer value if the conductivity along the
ottom surface disappeared.
 of 0.4–50 K for sample B9; b) Calculations (blue line) of the Rxy resistance for the
t can be seen that the odd values of the filling factor � = 3, 5 and 7 correspond to

5.2. Samples of A series

The strong TI exists in the case of the sample A9: the energy
gap of about 10 meV  is formed in the sample interior due to the
tension, and the TPSS are on surfaces due to the crossing of the �8
and �6 bands, similarly to a HgTe strained layer [11]. On the other
hand, we should assume that the conditions of electron transport
are different on the top and bottom surfaces because the first one
is practically ideal (according to the AFM picture), but the bottom
surface could be in a different situation at the interface with the
CdTe buffer layer due to a mismatch. It means that the asymmetric

conductivity along the top and bottom surfaces could be produced
by the latter fact, namely – different density of the fermions.

As was shown in Chapter II the Rxy(B) curves demonstrate the
QHE with the Landau filling factor � equals 2, 4 and 6 in the case
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Fig. 4. Magneto-resistances, Rxx and Rxy vs. magnetic field i

f sample A9. So, the filling factor is even, and, according to the
xpression (1) the next situation may  be realized, for example: in
ase of � = 2−Nt = 0 and Nb = 1, for � = 4−Nt = 1 and Nb = 2 and for

 = 6−Nt = 2 and Nb = 3. The theoretical analyses of these results will
e performed in Chapter V.

.3. Samples of AB series

The sample AB9 was obtained by MBE  growth on the
dZnTe(112)B substrate with practically ideal match. Thus, there
re no strains, and there is no origin of the energy gap in the
ample interior. On the other hand, it is difficult to refute that in
emimetallic Hg1−xCdxTe (x < 0.16), between the nominally desig-
ated conduction and valence bands, a small gap can occur due
o various reasons (finally, this gap may  be generated by a mag-

etic field). So, it possible to assume that TPSS can exists in case
f samples AB9 and AB4 on the background of a small energy gap
r on the background of the heavy hole states [4,43] (without gap
etween of the �1/2

8 and �3/2
8 states, which they could be named as
temperature region of 0.4–2.3 K for samples B4, B5 and B6.

some resonance interface state, see more discussions below). This
makes possible the same density of the Dirac fermions on top and
bottom surfaces. In this case the IQHC according to Eq. (3) could
be realized with odd values of the filling factor � but the parallel
classic Hall effect takes place in the interior of the sample without
an energy gap. This assuming is confirmed by Fig. 2b where the
simulation curve approximates very well the observed plateaus on
the Rxy experimental curve for sample AB9 and odd values of the
filling factor: � = 3, 5, 7. High temperature stability of the observed
plateaus visible on the Rxy curves and of the SdH oscillations on the
Rxx curves can be explained by this assuming the electron trans-
port on the TPSS [or on the resonance interface state [43,44] (RIS)]
dominates the electron transport in the whole sample AB9. This
assuming concerns the sample AB4 also.

If the model of the electron transport applied to the sample AB9
is adequate, it becomes important to determine the thickness of a

layer in which the Dirac fermions transport dominates. The exper-
imental data obtained for the samples of B series could give an
answer to this question.
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Fig. 5. Landau level index for the data of Figs. 2b, 3b and 4 plotted as a function of inverse magnetic field. The intercept of this plot for infinite magnetic field gives a value of
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1/2  for samples AB9, B9, B4 and B6, which provides evidence that the observed IQH
plitted maxima of the SdH-oscillations are visible and the positions corresponded
nergy band structure with TPSS is shown.

.4. Samples of B series

It is appropriate to start with the sample B9 which can be consid-
red as a thicker version (1100 nm thick) of the sample AB9. As was
hown in Chapter II, for the sample B9, the plateaus at 11.0–14.0 T
orrespond to � = 3 and next one at 7.0–8.5 T−to � = 5, and another
ne at 5.5–6.5 T−to � = 7 (see Fig. 3b). Thus, the odd integer IQHC
s observed as it has been described for the sample AB9, but the
lateaus resistances are considerably less because of the substan-
ial contribution from the classical Hall Effect in the sample bulk.
igh temperature stability of plateaus on the Rxy curves, as well as
f the SdH oscillations on the Rxx curves shown in Fig. 3a in wide
emperature range, allows advancing the hypothesis concerning a

ajor role which the electron transport on the RIS (or on the TPSS)
lays in the electron transport within the whole sample B9, as well.

As to the samples B4 and B6, it should be noted that experimen-
al data confirm the hypothesis given above. The only exception is
he sample B5 with the thickness of 2840 nm (Table 1).

.5. Landau index as function on 1/B

The above mentioned interpretation of the experimental results
oncerning the Landau level structure of a Dirac system can be
onfirmed by plotting the Landau level index as a function of 1/B
11,37,42]. That concerns mostly the samples of the series AB and
. Fig. 5 is created through taking the magnetic field values corre-
ponding to the Hall plateaus with � = 9, 7, 5, 3 from the Rxy curve in
igs. 2b, 3b and 4 to plot the resulting N as a function of 1/B accord-
ng to Eq. (3). The intercept of these plots for infinite magnetic field
ives in case of samples AB9, B9, B4 and B6 a value of −1/2, that

rovides additional evidence for describing the observed IQHC by
he two Dirac cones model. For the sample B5 the intercept gives

 0 value that means the peculiarities visible on the Rxx curves can
e attributed rather to the bulk part of the sample.
 be well described by the two Dirac cones model. In the case of the B5 sample a spin
 −N Landau index, are plotted what gives intercept “0”. In the insert, the proposed

It is an unexpected result that the 2D-TPSS conductance (in
case of thick samples B9, B4 and B6 we prefer to call: the elec-
tron transport on the RSI) contributes to the total conductance
in these slab-shaped samples with parallel top and bottom sur-
faces which surround (together with the side walls) a thick (about
1 �m)  semimetal bulk component (topologically it is the same as a
sphere). Surprisingly the Dirac point in the surface layer can exist in
conjunction with the (heavy hole) band in the bulk part of the sam-
ple (see inset in Fig. 5) without an energy gap (in case of samples of
series AB and B) which usually takes place in TI. As was  shown in
Ref. [43], such TPSS states, designated as interface states, can cou-
ple to a heavy hole state and thus could be modified. Jie Ren et al.
[44] illustrated the topological phase transition from bulk CdTe to
HgTe upon alloying and the massless Dirac-Kane semimetal phase
at the critical composition (x < 0.16) by computations based on a
mixed-pseudopotential simulation confirmed by the ARPES exper-
iment: a topological surface state (TSS) band connecting from the
�6 band to the upper �8 band (above the Fermi level) takes place.

An alternative interpretation of above presented results on the
AB and B series samples could be the possibility of a surface layer at
interface layer-air produced due to increase of the mercury content
at surface of the layer. That could form a narrow quantum well with
2DEG at interface what could generate observed IQHC. Probability
of that is negligible due to whatever any increase in the Hg content
at surface was registered by SIMS in samples investigated. On the
other hand, if such quantum well could exists at surface, the QHE
would show all integer values of the Landau filling factor not only
odd values and the intercept of the resulting N plotting as a function
of the 1/B would give value 0 not −1/2 as it takes place for samples
AB9, B9, B4 and B6 (see Fig. 5).
Another interesting feature is that the observed IQHC is more
pronounced in samples B6 and B9 which have higher electron den-
sities. Specific screening properties of Dirac systems [45–47] can
originate this phenomenon.
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Table 2
Band-structure parameters of the 8 × 8 kp model of the CdTe and HgTe applied
proportionally to composition x to Hg1−x Cd xTe.

HgTe CdTe HgTe CdTe

Eg −0.303 eV 1.606 eV K −0.4 −1.31
Ev 0 −0.570 eV C −3.83 eV −4.06 eV
�  1.08 eV 0.91 eV a 0 −0.7 eV
Ep 18.8 eV 18.8 eV b −1.5 eV −1.17 eV
F 0 −0.09 d −2.08 eV −3.2 eV
	1 4.1 1.47 C11 53.6 GPa  53.6 GPa
	 0.5 −0.28 C 36.6 GPa  37.0 GPa

F
t
s
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Increase of temperature leads to increase in the contribution of
nterior of sample. At low temperatures (0.4–50 K) this contribution
s less and the conductivity of a surface layer with TPSS (about of

 nm thickness) dominates and leads to amazing temperature sta-
ility of electron transport. This unique fact can be explained in that
he scattering on ionized impurities, parent at low temperatures in
rdinary semiconductors, practically do not play a role in the elec-
ron transport on TPSS. As it was noticed in Chapter II this kind of
PSS is characterized by a Z2 topological invariant, requiring gapless
lectronic states to exist as edge states on the boundary of the sam-
le and is robust in the presence of disorder. That means the Dirac
ermions form the Kramer’s pairs each with different spin and can-
ot be scattered because different spin means opposite direction of
oving and common momentum should be zero [5,13].
Increase of temperature above 50 K causes that the contribution

f 3D bulk conductivity overcomes the 2D conductivity on TPSS and
he plateaus disappear on the Rxy curves while the SdH oscillation

axima are shifted toward higher magnetic fields on the Rxx curves:
lectrons of interior of a layer with more high effective mass con-
ributes into the SdH oscillations what leads to the shift of positions
f SdH oscillations.

. Advantages of semimetal MCT  as topological insulator

The experimental results on magneto-transport (QHC and SdH)
btained for the strained 100 nm thickness Hg1−xCdxTe layer were
nterpreted on the basis of the 8 × 8 kp model [48]. The kp model
sed an eight band description of the band structure including
ll second-order terms representing the remote-band contribu-
ions with the first-order terms attributed to the � 3/2

8 – heavy

ole, � 1/2
8 – light hole bands, and the � 1/2

6 – conduction band, as

ell � 1/2
7 – cleaved by the spin-orbital interaction. The available

and-structure parameters used in the eight band description, are
resented in Table 2. The detailed descriptions of the calculation
nd the results for the mixed Hg1−xCdxTe 3D TI for the different
hickness of the layers and different tensile strain are presented
n Ref. [48]. The calculations of the energy spectrum are provided
n the framework of the envelope function approach where z –
xis coincides with the growth direction of the 3D system. The
nite difference method with the common central difference form
s particularly employed in the discretization procedure.
The results of magneto-transport measurements are compared

ith the calculation of the Landau Level (LL’s) energy obtained for
9 sample which was grown on GaAs/CdTe substrate (see Table 1).

ig. 6. Proposed conception of the electron transport in the semimetal bulk Hg1-xCdxTe: 

he  metallic Berry phase (red colour) surround the bulk semimetal part (grey colour). As 

ample.)
2 12

	3 1.3 0.03 C44 21.2 GPa  19.9 GPa

The LL energy is presented in Fig. 7a. The even filling factor � val-
ues of 2, 4 and 6 means that two  independent surfaces should be
taken into account in the fermion transport – on top and bottom of
a sample. As it is shown in Fig. 7c and d to get the filling factor � = 2 it
is necessary to have the Landau index Nb = 1 (bottom surface) and
Nt = 2 for top surface. The LLs presented in Fig. 7 were calculated
from above mentioned eight band kp model but the experimen-
tal data can also be fitted by the LL’s fan energy obtained from
graphene-like Hamiltonian. In order to obtain a good agreement
with the graphene-like LL’s energies and experimental curves of
Rxy and Rxx the difference between the positions of the Dirac points
for two surfaces should by equal about 40 meV. It is necessary to
underline that the LL’s fan calculated by the 8 × 8 kp model with
band-structure parameters presented in Table 2, are in excellent
agreement with that obtained using the graphene Hamiltonian as
it is presented in Fig. 7a but then the Fermi level velocity is equal
to about 0.95 × 106 m/s.

It is interesting to note that the same calculations per-
formed for pure HgTe (x = 0) lead to the Fermi level velocity
vF = 0.43 × 106 m/s  what confirms the result obtained by authors
of Ref. [11] (hvF = 280 meV*nm). Using the relation EF = h kF vF , it is
possible to obtain from Fig. 7 the Fermi velocity for the electron at
the TPSS. For the HgCdTe strained layers the velocity of the charges
for the TPSS located on the right side of the structures – at the
boundary with the vacuum (see Fig. 7c) – is two  times higher than
for the pure HgTe, and is equal vF = 0.9 × 106 m/s.

Such velocity allow to observe the quantized Hall conductance
on TPSS even without external gate voltage and on the background
of the bulk states. It is interesting to remark that the TPSS are visible

in magneto-transport for the wide range of the gate voltage applied
into the pure HgTe 3D 70-nm-thick sample due to their remarkable
screening properties according to Ref. [47]. This hypotheses could

the 2D-TPSS on parallel top and bottom surfaces (as well as on the side walls) form
a result, metallic conductance on surfaces dominates the conductance of the entire
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ig. 7. a) The SdH oscillations and the IQHE for 4.2 K for 100 nm wide Hg0.865Cd
epresent the LL’s under the magnetic field region between 5 and 8T and 8 and 14 T

e applied to our Hg0.865Cd0.135Te sample also because high elec-
ron density. Besides, the high temperature stability of observed
PSS was shown in Ref. [2].

It is shown in Fig. 7 that the LL’s fan calculated for TPSS for
tudied HgCdTe alloy using the 8 × 8 kp model corresponds to
he one calculated by graphene Hamiltonian and characterized by
F ≈ 0.95 × 106 m/s  what is in excellent agreement with experimen-
al IQHE- and SdH-curves. On the other hand, this value of the Fermi
elocity is two times greater as for the strained HgTe TI [11] and for
thers kind of TI – approximately 5 × 105 ms−1, for Bi2Se3 [20], or
.4 × 105 ms−1 for the same compound according to Ref. [21].

So, the strained 3D Hg0.865 Cd0.135Te is Topological Insulator
ith high value of the Fermi velocity (approximately the same as for

raphene) what means significant advantages for future applica-
ions. Besides, the more high value of the energy gap inside sample
s in case of strained HgTe, as well as a higher position of the Dirac
oints on the energy scale (all these advantages follow from signifi-
antly lower value of the electron momentum on the Fermi level in
omparison with pure HgTe: the energy dispersion is closer to lin-
arity in the wider range of the momentum) leads to an increase in
he attractiveness of the Topological Insulator based on semimetal
gCdTe alloy for future applications: as massless Weyl fermions for
xample with addition of non-compensated spins of Mn  [49].

. Conclusions

Presented above review of results concerning the semi-metal

CT  enable us to formulate some new properties of this class of
aterial.
First, a quantized Hall conductance in the 3D Hg1−xCdxTe sam-

les (x < 0.16) with the thickness from 100 to 1280 nm and with
Te and b) the LL’s fan calculated for two Dirac cones for two interfaces; c) and d)
ectively.

different levels of n type doping, using either iodine or indium as
dopants, was  observed [2] over a wide temperature region from 0.4
to 50 K.

Second, the experimental results lead to the hypothesis that
quantum Hall conductance on the 2D-TPSS (or on the RSI) con-
tributes to conductance of entire samples of semi-metallic MCT.

Third, a simple model with two Dirac cones satisfactorily
explains the most salient features of the transport measurement
of MBE  grown and comparatively thick samples (up to 1280 nm)
of semimetal Hg1−xCdxTe. In another words, the conductance due
to the TPSS (or RIS) at the interfaces of the approximately 3 nm
thick lower layers with the semimetal bulk part of the investigated
sample with the thickness from 100 to 1280 nm,  can dominate
the conductance of the entire sample (see Fig. 6). That are new
conceptions [2] of the electron transport in the semimetal bulk
Hg1−xCdxTe that could require a reinterpretation of previous exper-
imental results on semimetal Hg1−xCdxTe layers (with thickness
less as 1300 nm)  which have been obtained over the last 40 years
[29–31].

Forth, in comparison with pure HgTe energy dispersion of semi-
metallic HgCdTe is closer to linearity in the wider range of the
momentum [48] what leads to an increase in the attractiveness
of the Topological Insulator based on semimetal HgCdTe alloy for
future applications.
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