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SURFACE AND INTERFACE BANDS
OF THE CdTe–HgTe–CdTe HETEROSTRUCTURE:
EVIDENCE OF METALLICITY

Performed full-relativistic DFT calculations have demonstrated that thin HgTe layers are
metallic and, with increasing thickness, do not become insulators – either ordinary band in-
sulators or topological insulators. The variations of the potential at the CdTe–HgTe interfaces
are found to be negligible in comparison with those at the terminating surfaces of the CdTe–
HgTe–CdTe films, so that the interfaces in fact do not form any potential well. It is shown
that the interface-related bands of the CdTe–HgTe–CdTe films are situated well below 𝐸𝐹 , so
that a dominant input into the density of states at 𝐸𝐹 and, therefore, to the conductivity is
provided not by the interface states, but by the surface bands of the net layered system. It is
reasonable therefore to consider an alternative interpretation of the reported thickness depen-
dence of the conductivity of the system, such as the possible surface segregation of components
or unavoidable contaminations, which seems much more realistic than the interpretation based
on involving topological insulators and topologically protected surface states.
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1. Introduction
The discovery of the quantum Hall effect [1] initi-
ated a dramatic increase of the interest in proper-
ties of thin films, in particular, electronic surface
states of two-dimensional (2D) insulators. Since the
application potential of the quantum Hall effect is re-
stricted by the requirement of a large magnetic field,
a new class of topological states called quantum spin
Hall (QSH) states or topological insulators (TI) was
emerged [2–9]. In contrast to the quantum Hall effect,
the spin separation in the QSH phase does not require
any external magnetic field and is attributed to the
spin-orbit coupling (SOC) and the special topologi-
cal order of a 2D system. In particular, it was pro-
posed that the QSH phase is a time reversal invari-
ant electronic state with a bulk electronic band gap
that supports the transport of a charge and a spin
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in gapless edge states. These edge states (or surface
states in 3D) were suggested to be topologically pro-
tected and, thus, insensitive to the weak disordering
and interactions in the system. The most important
prediction of the developed theory was the possibil-
ity to get a spin current by means of surface states
without the dissipation.

The concept of TI was supported by reports on
the experimental evidence of the appearance of the
QSH phase in HgTe layers sandwiched between CdTe
layers [6–9]. Thus, it was suggested that thin layers
of HgTe behave themselves like an ordinary (“band”)
insulator because of an influence of the CdTe cover-
ing films which dictate its electronic structure to the
HgTe film, while for thicker films (more than 70 Å),
this influence effectively diminishes, and, therefore,
the HgTe layers suddenly become TI. It should be
noted that this interpretation treats the CdTe–HgTe–
CdTe quantum wells as insulators with well separated
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valence and conduction bands (which is mandatory
for the existence of the QSH phase, i.e., topological
insulator), with topologically protected gapless edge
states, somehow appeared for thicker HgTe films.

The discovery of the QSH state in CdTe–HgTe–
CdTe quantum wells has been of an enormous im-
portance for the emerging search for other QSH ma-
terials. However, calculations of the electronic struc-
ture performed so far [9–13] have not finally resolved
certain discrepancies in the interpretation of the ex-
periments, and applications of the theory (in partic-
ular, topology) to this system arise serious questions
to be clarified. Küfner and Bechstedt [10] performed
the DFT study of the edge states of HgTe quantum
wells and qualitatively verified the previous result ob-
tained by Bernevig et al. [6] using a four-band 𝑘 · 𝑝
approach. In contrast, Luo and Zunger [11], using an
atomistic pseudopotential method, showed that the
topological states of the HgTe/CdTe heterostructure
are two-dimensional (2D) interface states, instead of
1D edge states as suggested in [6].

The main purpose of the present article is to at-
tract attention to a certain doubt concerning the ap-
plicability of the concept of topological insulators to
real surfaces. With this aim, we have performed full-
relativistic (i.e., with account for the spin-orbit cou-
pling) DFT/LDA calculations of electronic structures
of HgTe and CdTe bulk crystals and films with an ac-
cent on surface bands, which have been found crucial
for the formation of the electronic structure of the
layered system.

2. Methods

The calculations were performed with the ABINIT
set [14] using the plane-wave decomposition of the
wave functions with Troullier–Martins [15] norm-
conserving pseudopotentials. The local density ap-
proximation (LDA) exchange-correlation potential
was taken in the Goedecker–Teter–Hutter form
[16]. The surface Kohn–Sham band structures were
computed using the supercell (repeated slab) model
with the vacuum gap about 10 Å. The non-shifted
(i.e., including Γ point) 6× 6× 1 lattice of 𝑘-points
for the slab and 6× 6× 6 for bulk calculations and
the energy cutoff of 24 Ha provided the 10−4 Ha con-
vergence of the total energy. The standard (Broyden-
type) [14] structural optimization was performed in
all cases until the forces on atoms became below

0.05 eV/Å, which allowed the determination of atomic
positions with an accuracy of 0.02 Å.

The quality of chosen pseudopotentials was fur-
ther verified by means of calculations of the lattice
constants of equilibrated bulk crystals with the zinc-
blende structure (which is a diamond-type structure
with two fcc lattices 1/4 shifted along the cube diago-
nal). In particular, the estimated lattice constant for
CdTe was found to be of 6.47 Å, which is consistent
with the experimental value 6.48 Å. For HgTe, the op-
timized lattice constant was 6.43 Å, which is slightly
(by 3.5%) less than the experimental 6.66 Å. Surface
states/resonances were distinguished by significant
weights of wave functions at surface atoms, which
can be characterized by a relative electronic charge
of outermost surface layers. In the present study, the
surface states are defined as those having more than
50% localization at surfaces. The surface weights for
every band and 𝑘-point were estimated by the inte-
gration of the partial local electron density within
atomic spheres.

3. Results and Discussion

It has been a common practice to present the en-
ergy diagrams for heterostructures like if the building
blocks had the electronic structure of a bulk mate-
rial. For example, in the schemes presented in [5–8]
for the CdTe–HgTe–CdTe layered system, the HgTe
semiconductor layer lies in the quantum well built by
potential barriers induced by the relatively wider en-
ergy gap of confining CdTe films. The reader might
learn that thin HgTe films are insulators with a “nor-
mal ordering of the bands”, dictated by the electronic
structure of confining CdTe layers, but transform into
insulators with an “inverted band ordering” [17–20]
pertinent, as suggested in [5–8], to HgTe layers free of
the CdTe influence for sufficiently thick films. Thus, it
was suggested that, in bulk CdTe, the band ordering
is normal, because, like in many other semiconductors
with zinc blende structure, the 𝑠 band lies above 𝐸𝐹 ,
while the 𝑝 band is placed below 𝐸𝐹 , forming the
conductive and valence bands, respectively. In con-
trast, in bulk HgTe, the band ordering was suggested
to be inverted due to the strong spin-orbit coupling,
which apparently agrees with the general mechanism
for finding topological insulators [5, 6].

This scheme is really confusing. Indeed, while CdTe
bulk crystals are semiconductors, HgTe bulk crystals
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Fig. 1. Relativistic band structures of CdTe and HgTe crys-
tals. Dash blue lines show bands calculated without SOC

Fig. 2. Surface bands (marked by red-yellow circles) and DOS
of 9-layer (001) CdTe and HgTe films with Te-terminated sur-
faces. The shaded areas show projections of the bulk band
structures. The bands crossing 𝐸𝐹 and related significant DOS
at 𝐸𝐹 prove the metallicity of the film

are metals (or semimetals, because of a rather low
density of states (DOS) at 𝐸𝐹 ), as is evident from
the calculated Kohn–Sham band structures shown
in Fig. 1. (It should be noted that, for bulk CdTe,
the experimental band gap is of 1.5–1.6 eV, while
present calculations of the optimized CdTe lattice
constant give 1.03 eV without the spin-orbit coupling
and 0.74 eV with SOC; such underestimation of gaps
in DFT is well-known – a brief review can be found in
[21].) Evidently, there is no any energy gap in HgTe,

Fig. 3. Band structure of the layered CdTe–HgTe–CdTe sys-
tem (a). Electron density distribution in surface and interface
states (b). Fermi surface of the layered CdTe–HgTe–CdTe sys-
tem (c). Potential energy distribution along the normal to the
surface (d). Green circles in (a) and arrows indicate inter-
face states (i.e., located predominantly on interface Te atoms),
while yellow-blue circles mark surface states of the net CdTe–
HgTe–CdTe system

so it is of no sense speaking about the band inver-
sion because of a strong band hybridization. The SOC
only slightly changes the main character of the HgTe
band structure (as can be seen in Fig. 1, b by com-
paring the bands calculated with and without SOC),
but does not accomplish the band inversion and does
not open a gap.

Hence, the presentation of the CdTe–HgTe–CdTe
layered system as a quantum well is irrelevant already
because of the intrinsic metallicity of HgTe. It is re-
ally strange that this point, well known to physicists
working with tellurides, has been completely ignored
both in the suggested interpretation of experiments
and subsequent theoretical studies. Furthermore, the
later first-principles calculations have led to contro-
versial conclusions about the dependence of the elec-
tronic structure of HgTe films on the thickness. An-
versa et al. [12] found that the applied biaxial stress
or electric field leads to the opening of the band gap
in HgTe films (with inverse band ordering!) which
decreases with the film thickness, so that the films
approach a metallic state. In turn, Brüne et al. [13]
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performed transport studies on a three-dimensional
70-nm- thick HgTe layer, which is strained by the
epitaxial growth on a CdTe substrate and suggested
that the strain induces a band gap in the otherwise
semimetallic HgTe, which, thus, becomes a three-
dimensional topological insulator.

That is, the less the thickness, the wider the
gap. This means that the HgTe film could be a topo-
logical insulator, when the film is thin enough to
allow the CdTe capping layers produce a sufficient
stress to open a gap in the band structure with the
inverse band ordering, but thick films must become
metallic. Note that this conclusion is just opposite to
the interpretation of the behavior of the CdTe–HgTe–
CdTe layered structure suggested in [5–8].

The similarity of surface bands of CdTe and HgTe
films is well seen in Fig. 2, which compares the
band structures calculated for 9-layer films with Te-
termination. It should be noted that the formed sur-
face bands are very similar despite quite different sur-
face projections of the bulk band structures for CdTe
and HgTe. In particular, it is the surface bands cross-
ing 𝐸𝐹 that provide the metallicity of CdTe films,
while a metallic state for HgTe films could be ex-
pected already from a semimetallic bulk electronic
structure. Again, the role of the SOC in forming the
surface electronic structure is only minor.

The sandwich system built from 2-layer HgTe lo-
cated between CdTe films is also metallic (Fig. 3),
as is evident from the surface bands crossing 𝐸𝐹 . It
should be noted that the only surface band crossing
𝐸𝐹 originates from the surface states located at the
CdTe surfaces (shown by blue circles), but not from
the interface layers. The other coupled bands cross-
ing 𝐸𝐹 in a vicinity of Γ stem not from surfaces,
but from inner states of HgTe, as is evident from
the charge distributions across the slab estimated for
these bands (Fig. 3, b). There are also two bands re-
lated to the CdTe–HgTe interfaces (marked by green
circles in Fig. 3, a). These bands located in a vicinity
of Γ lie well below 𝐸𝐹 and, therefore, cannot provide
any conductance of the layered system.

The Fermi surface calculated for the CdTe–HgTe–
CdTe layered structure (Fig. 3, c) clearly demon-
strates that the metallic state of this system is pro-
vided by electrons of the peripheral part of the Bril-
louin zone, which was missed in earlier calculations
[6–12], where all attention was focused on the region
near point Γ. Thus, the role of interface states in the

creation of conduction channels in this structure is
only marginal, if any. Another important feature of
the layered structure is the absence of the potential
well for HgTe electrons (Fig. 3, d), which was pre-
sumed in the interpretation of the properties of the
CdTe–HgTe–CdTe layered structure to be responsi-
ble for the formation of a topological insulator state
in thicker HgTe layers.

4. Conclusion

The most important result of the performed calcu-
lations is that thin HgTe layers are metallic and,
with increasing thickness, do not become insulators –
either “band insulators” or topological insulators.
Concerning the reported conductivity of the CdTe–
HgTe–CdTe structure, it would be reasonable to con-
sider other possibilities of the interpretation, rather
than just to suggest the appearance of a topologi-
cal insulator. Indeed, it is known that HgTe hardly
retains stoichiometry, the destruction of which, as
well as various impurities, significantly affect the elec-
tronic structure [9]. Thus, thicker layers will take
longer to be deposited, so the film unavoidably will be
more contaminated. The segregation of components
(and impurities) can strongly affect the electronic
structure, so such interpretation is much more nat-
ural than that provided by involving exotic theories.

With this example, we are once again convinced
that the agreement between theory and experiment
can be apparent. Probably, this drawback results
from a certain misunderstanding between theorists
and physicists, who have different views and speak
different languages. For a theorist, the statement “this
is from experiment” usually serves as a decisive argu-
ment in the interpretation, while an experimentalist
hardy could understand the intricacies of the theory
and the significance of accepted assumptions. As a
result, theory and experiment tend to spontaneously
adjust to each other, and such a synergy sometimes
leads to discoveries, which, as my now deceased
teacher V.K. Medvedev used to say, should be cov-
ered back as soon as possible.
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I.М.Яковкiн

ПОВЕРХНЕВI ТА IНТЕРФЕЙСНI
ЗОНИ ГЕТЕРОСТРУКТУРИ CdTe–HgTe–CdTe:
ДОКАЗИ МЕТАЛЕВОСТI

Проведенi повнорелятивiстськi DFT розрахунки продемон-
стрували, що тонкi шари HgTe є металевими i зi збiльшен-
ням товщини не можуть стати iзоляторами – анi звичайни-
ми, анi топологiчними. Варiацiї потенцiалу на iнтерфейсах
CdTe–HgTe виявляються незначними порiвняно з тими, що
на зовнiшнiх поверхнях плiвок CdTe–HgTe–CdTe, так що
iнтерфейси насправдi не утворюють потенцiального коло-
дязя. Показано, що iнтерфейснi зони плiвок CdTe–HgTe–
CdTe розташованi набагато нижче 𝐸𝐹 , так що домiнуючий
внесок у густину станiв на 𝐸𝐹 , а отже i на провiднiсть, за-
безпечується не станами iнтерфейсу, а поверхневими зона-
ми всiєї шаруватої системи. Тому пропонується розглянути
альтернативну iнтерпретацiю повiдомленої залежностi про-
вiдностi системи вiд товщини, наприклад, можливу поверх-
неву сегрегацiю компонентiв або неминучi забруднення, що
здається набагато бiльш реалiстичним, нiж iнтерпретацiя,
заснована на концепцiї топологiчних iзоляторiв.

Ключ о в i с л о в а: поверхневi стани, DFT-розрахунки,
HgTe–CdTe шари.
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