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The structural and energetic properties of the PbTe/CdTe�100�, �110�, and �111� interfaces are investigated
using an ab initio pseudopotential method within a slab approximation. A scheme is proposed to calculate
interface energies for polar faces with a resulting dipole moment. The atomic relaxation gives rise to similar
effects as those observed for free surfaces. At �110� interfaces the rebonding leads to pronounced additional
lateral displacements. The PbTe/CdTe�111� interface is the most energetically stable interface studied. The
interface energies are used to predict the equilibrium crystal shape of a PbTe quantum dot embedded in a CdTe
host matrix by means of a Wulff construction.
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I. INTRODUCTION

Fabrication of electronic, optoelectronic, and sensoric de-
vices has renewed the interest in self-organization and self-
assembly of nano-objects �dots, wires, molecules� in solid
matrices as well as on solid surfaces and interfaces. A variety
of structures and materials is found to be promising for fu-
ture applications in optoelectronics or nanoelectronics.
Nanostructures such as quantum dots �QDs� with quantum
confinement of the electron or the hole wave functions are of
particular interest, since they exhibit properties similar to
those of atoms1,2 or molecules.2,3 Heiss and co-workers4 re-
cently demonstrated that PbTe QDs in a CdTe host matrix
exhibit an intense room-temperature mid-infrared lumines-
cence. The availability of light sources in the mid-infrared
spectral region is crucial for many applications, e.g., molecu-
lar spectroscopy and gas-sensor systems for environmental
monitoring or medical diagnostics. High-resolution transmis-
sion electron microscopy �HRTEM� studies4,5 demonstrate
for the annealed PbTe/CdTe systems the existence of rather
ideal PbTe nanocrystals with �111�, �100�, and �110� inter-
faces with the CdTe host matrix. Their diameters vary in the
range of 2 to 10 nm. There is seemingly an almost lack of
imperfections related to other QDs prepared within a
Stranski-Krastanov growth process, such as an interconnect-
ing two-dimensional wetting layer, inhomogeneous alloying
with the host material, or shape asymmetries.6 The preceding
annealing procedure and the almost vanishing lattice mis-
match between PbTe and CdTe suggest a situation for the
nanostructured system close to thermal equilibrium. Conse-
quently, the shape of such embedded PbTe QDs should be
mainly determined by the interface energetics and hence the
PbTe/CdTe interface energies.

The determination of interface energies needs the knowl-
edge about the atomic structure. Unfortunately, practically
nothing is known in the case of the PbTe/CdTe interfaces.
To the best of our knowledge, properties of such interfaces
were studied only in growth experiments and by few
authors.7–10 There are practically no theoretical predictions
for PbTe/CdTe heterostructures. However, there are experi-
mental and theoretical studies of the clean surfaces, in par-
ticular for CdTe �see Refs. 11–13 and references therein�. For
the PbTe�001� surface both experimental14 and total-energy15

investigations indicate a remarkable rumpling effect.16 For
the nonpolar �001� surface of the PbTe rocksalt crystal, each
atomic layer contains the same number of cations and anions
with the same bulk z coordinate in such a xy plane. In the
presence of a surface the equilibrium atomic positions are
not fixed by symmetry and, hence, can be different for dif-
ferent atomic species, inducing a surface rumpling.

The theoretical investigation of the tellurides PbTe and
CdTe, in particular of their surfaces and interfaces, is a chal-
lenging task for different reasons. There is a remarkable
ionic contribution to the chemical bonding in PbTe and
CdTe. The ionicity coefficients f i in the Phillips scale are
0.67 and 0.65 for CdTe and PbTe, repectively.17,18 Theoreti-
cal studies of PbTe make an estimate of about 1.5 electrons
for the charge transfer from Pb to Te, demonstrating the
strong ionic character of this material.19 CdTe has a nonva-
nishing charge distribution along the Cd-Te bonds suggesting
a covalent contribution to its bonds.20 As a consequence
PbTe crystallizes in the rocksalt �RS� structure with the space
group Fm3m �Oh

5�, whereas the more covalent CdTe crystal-
lizes in the zinc-blende �ZB� structure with space group

F4̄3m �Td
2�. Although both crystal structures have a fcc Bra-

vais lattice, their ideal surface geometries are different.16 For
instance, while for rocksalt the �001� surface is nonpolar and
hence represents the cleavage face of the crystal, the �001�
orientation in the ZB structure leads to a polar �cation-or
anion-terminated� surface. In the ZB case the only nonpolar
cleavage face is �110�. The different atomic arrangements at
surfaces of the same orientation, but of bulk with different
crystal structures, result in a drastic misfit of the dangling
bonds at the interface with respect to position, orientation,
and hybridization degree.

PbTe and CdTe contain heavy elements and this fact leads
to relatively long bond lengths and narrow fundamental en-
ergy gaps. Another difficulty related to tellurides is the strong
relativistic effects.13,21–23 A spin-orbit splitting of about 1 eV
is measured for the uppermost valence bands at an L point
�PbTe� �Ref. 23� or at the � point �CdTe�.24,25

The determination of surface and interface energies is a
difficult task for both experimental and theoretical investiga-
tions, since they depend on the surface and interface
orientations.16 So far, for a variety of orientations, only in-
terface energies for group-IV crystals surrounded by vacuum
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were calculated �see Ref. 26 and references therein�. While
the measurements of interface energies are difficult, theoret-
ical estimates of those quantities require very time-
consuming computer calculations to determine the interface
atomic structure and energy values, which correspond to an
isolated interface or surface.

The usual approximation to describe interfaces between
two different materials or even different crystal structures is
the repeated-slab �or superlattice� approximation16,27–30 inde-
pendent of their orientation and lattice mismatch. Two thin
films are combined to a unit cell along the normal direction.
The advantage of the slab approximation is the conservation
of a three-dimensional translational symmetry, whereas its
disadvantage is the need of the simultaneous treatment of
two interfaces. Only in the cases of electrostatically neutral
atomic layers perpendicular to the interface normal, e.g.,
�110� of zinc blende and �100� as well as �110� of rocksalt,
and the same bonding geometry one can construct a symmet-
ric slab with identical interfaces. Slabs mimicking polar sur-
faces, e.g., �001� and �111� of zinc blende and �111� of rock-
salt, display a net charge in each layer and on the two
surfaces themselves. The combination of two polar slabs or
of a polar slab with a nonpolar one leads to a supercell with
chemically, structurally, and electrostatically different inter-
faces, which are indicated in the following by A �cation ter-
minated� and B �anion terminated�. The two different polari-
ties of the two interfaces will introduce a spurious electric
field in both material slabs of the supercell, which may affect
the interface geometry and other results.

In the case of polar surfaces, i.e., of slabs with A and B
surfaces separated by vacuum, a slab dipole potential is cre-
ated. This effect can be partially corrected using the so-called
dipole correction suggested by Neugebauer and
Scheffler,31,32 where a potential step is introduced in the
vacuum region. For interfaces, an accurate and efficient treat-
ment is still an open question. This holds particularly for the
interfaces between the strong ionic materials PbTe and CdTe
with different crystal structures.

The three-dimensional equilibrium shape of a small crys-
tal at a certain temperature can be obtained from the aniso-
tropy of the surface free energy in the thermodynamic
limit.16 In a Wulff construction33,34 one neglects kinetic and
strain effects and the influence of edge and vertex energies.
Such a construction should also be possible for nanocrystals
embedded in a solid matrix, at least in the thermodynamic
equilibrium, as discussed above for the RS-PbTe nanocrys-
tals in a crystalline ZB-CdTe layer. This however requires
knowledge of the corresponding interface energies for the
most important orientations.

In this paper, we investigate the PbTe/CdTe �110�, �100�
and �111� interfaces. In Sec. II, we describe the method ap-
plied to calculate the total energies as well as a method to
calculate interface energies within the slab approximation in
an accurate and efficient way. The results for the interface
geometries and energies are presented and discussed in Sec.
III. The actual three-dimensional shape of the PbTe nano-
crystallites is then obtained from the free interface energies
using the Wulff construction. A summary of the results and
conclusions is given in Sec. IV.

II. MODELING OF INTERFACES

A. Total-energy calculation method

We applied density-functional theory �DFT� within local-
density approximation �LDA� as implemented in the Vienna
ab initio simulation package �VASP�.35,36 To evaluate the in-
fluence of relativistic effects we performed test calculations
including noncollinear spins;37 in particular the spin-orbit
coupling was taken into account. The interaction of the va-
lence electrons with the remaining ions is modeled by
pseudopotentials generated within the projector augmented
wave method.38 In II-VI semiconductors the outermost d
states give rise to shallow semicore bands, which contribute
essentially to the chemical bonding.39 Therefore, we treat the
outermost Cd and Pb d electrons as valence electrons. An
energy cutoff of 15 Ry for the plane-wave basis is sufficient
to obtain converged structural properties. The total-energy
expression contains a Brillouin zone integration, which is
replaced by a summation over special points of the
Monkhorst-Pack type.40 For the bulk fcc structures we apply
11�11�11 k-point meshes, whereas for the repeated-slab
systems, we use 5�7�1, 7�7�1, and 9�5�1 k-point
meshes for the �110�, �100�, and �111� interfaces, respec-
tively. The atomic geometries are allowed to relax until the
Hellmann-Feynman forces are smaller than 20 meV/Å.

B. Slab approximation

In order to model the different PbTe/CdTe interfaces we
use the common slab approximation,27 and take advantage of
two facts. First of all the two cubic crystals CdTe and PbTe
have nearly the same lattice constants a0 and isothermal bulk
moduli B �see Table I�. The lattice mismatch is smaller than
1%. This enables us to construct rather strain-free slabs. In
all calculations we use an averaged �theoretical� lattice con-
stant of a0=6.41 Å, which is closer to the equilibrium lattice
constant of bulk CdTe. Since PbTe quantum dots are embed-
ded in a CdTe matrix, it is a reasonable assumption that the
PbTe lattice tends to follow the lattice constant of the CdTe
host matrix. Secondly the two crystals have different struc-
tures, rocksalt and zinc blende, but the cation and anion sub-
lattices have the same fcc translational symmetry as the com-
mon Bravais lattice. The two sublattices are only differently
displaced with respect to each other by one-quarter �ZB� or
one-half �RS� of a body diagonal. Without lack of generality

TABLE I. Equilibrium lattice constants a0 �in Å� and bulk
moduli B �in GPa� of PbTe and CdTe crystals. LSDA indicates the
local-spin-density approximation.

LDA LSDA Experiment

PbTe a0 6.385 6.374 6.443a

B 48.9 46.6 40a

CdTe a0 6.421 6.423 6.48b

B 46.6 45.6 42c

aReference 21.
bReference 39.
cReference 46.
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we start the interface modeling with a common fcc Te sub-
lattice in the entire supercell system. For the construction of
the unrelaxed ideal slab geometries in the supercells, we
complete the PbTe slab by a fcc Pb sublattice displaced by
� 1

2 , 1
2 , 1

2
�a0, whereas in the CdTe slab of the supercell the fcc

Cd sublattice is displaced by � 1
4 , 1

4 , 1
4

�a0.
Slabs with an AB stacking and one common sublattice

give rise to different interface separations at interfaces with
different terminations. To check the validity of the construc-
tion scheme, we compared the results of �100� interface slabs
with a common Te sublattice with a �100� slab system of
equal interface separations but a small offset between the Te
sublattices in each of the slabs of the supercell. We found
that the total free energy of the slab system with fixed Te
sublattice is the smallest. From this fact it can be understood
that the slabs with equal interface separation are energeti-
cally less stable than the slabs used in our calculations.

One major challenge of the slab approximation is the
treatment of polar interfaces, which in the ZB or RS case are
the interfaces with �100� and �111� orientations. The superior
electric field, introduced by periodic boundary conditions,
results in an artificial electrostatic potential �. The differ-
ence of its plane average �� �see Fig. 2 below� between the
left- and right-hand sides of a material slab can be calculated
by

�� = −
�

�0�̃2

d1d2

d1 + d2
, �1�

where d1 and d2 are the thicknesses of material slabs 1 and 2,
respectively. We have introduced the average dielectric con-
stant

�̃ =
�zz

2 d1 + �zz
1 d2

d1 + d2
, �2�

where �zz
1 and �zz

2 are the zz components of the dielectric
tensor of materials 1 and 2, and �0 denotes the permittivity of
the vacuum.

The induced interface charge density � is defined by the
difference of the zero-field polarization fields P1 and P2 in
the materials 1 and 2,

� =
P1 − P2

�̃
. �3�

Since the zero-field polarization is proportional to the inter-
face dipole density � divided by the material thickness,

Pi �
�

di
, �4�

which is true in the case of cubic materials, �� is indepen-
dent of the slab size. In other words if one increases the slab,
the slope of the artificial dipole potential and thus the result-
ing nonphysical forces decrease. Therefore we have to con-
struct large-sized supercells to achieve convergence with re-
spect to the atomic displacements at the interface. Each slab
of such an electrostatically neutral and stoichiometric super-
cell should be a multiple of the irreducible crystal slab for a
given orientation,16 in order to guarantee translational invari-

ance along the interface normals. These irreducible crystal
slabs consist of six atomic layers �three bilayers of cations
and anions� for ZB and RS �111�, four atomic layers �two
bilayers� for ZB �100�, and two neutral atomic layers for ZB
and RS �110� and RS �100�. Together with the condition of
equal numbers of Cd and Pb atoms in each supercell, we use
28-�bi�layer slabs for the �110� and �100� orientations and a
24-�bi�layer slab for the �111� orientation. Further enlarge-
ment of the slabs would change the resulting interface dis-
placements by less then 0.05 Å. Tests gave no evidence for
an interface reconstruction such as 2�1 �which we widely
studied� for all considered orientations. So simple 1�1 in-
terface cells are used. Because of the equivalence of the two
sublattices in rocksalt and zinc blende, fortunately, lateral
unit cells of the same size and shape can be constructed. A
general construction of CdTe/PbTe supercells consisting of
two crystal slabs, as shown in Fig. 1 for the case of a �110�
interface.

C. Interface energies

The interface energies or more exactly the excess free
interface energies Efree

inter�hkl� can be calculated in the low-
temperature limit from the difference of the total energy of
the supercell Etot�CdTe/PbTe��hkl� and the corresponding
total energies of slabs with bulk atomic structures
Etot�CdTe��hkl� and Etot�PbTe��hkl� as

Efree
inter�hkl� =

1

2
�Etot�CdTe/PbTe��hkl� −

1

2
Etot�CdTe��hkl�

−
1

2
Etot�PbTe��hkl�� . �5�

A drawback of the supercell method is that one can only
calculate the average value of the two intrinsically formed
interfaces. For crystal orientations that lead to nonpolar in-
terfaces, it is always possible to construct slabs with identical
interfaces, whereas for crystal orientations that lead to polar
interfaces that is not possible. Therefore, when we discuss
interface energies of polar slabs, we refer always to the av-
erage energy value of the two different A and B interfaces.
There exists a consistent method to calculate surface and
interface energies of isolated lateral objects. It is based on
the energy-density formalism of Chetty and Martin41 and can

FIG. 1. Schematic representation of a �110� supercell consisting
of CdTe and PbTe slabs. The Te �Cd, Pb� atoms are presented by
open �filled, shaded� circles. Note the coordination incompatibility
across the interface plane �dashed lines�.
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be combined with a structural relaxation, though in this case
it demands too much computer time.42 For free surfaces
whose stoichiometry and geometry are allowed to vary with
respect to the bulk atomic positions, the variation of the sur-
face energy with the polarity is not too strong. In the case of
ZB-InAs the surface energy per area varies between
42 meV/Å2 �for A�111�� and 49 meV/Å2 �for B�111��.43 In
our case the small variations of the energies can be ne-
glected, since the interfaces are stoichiometric and their en-
ergies are, therefore, independent of the chemical potential of
the constituents.

For the Wulff construction we apply interface energies
that arise from different slab calculations. To minimize nu-
merical uncertainties due to the different supercells we use
the same slab sizes, the same MP k-point sets, and the same
energy cutoff in the calculations for all three interfaces. We
make an estimate of about 0.01 J /m2 for the error bar of the
nonpolar interface energies due to numerical uncertainties. In
the case of polar slabs the artificial electrostatic potential �
�see Fig. 2� causes an additional contribution to the total
energy. We follow the suggestions by Neugebauer and
Scheffler,31 who introduced a dipole field that compensates
the artificial interaction of A and B surfaces across the
vacuum region. To avoid the resulting potential jump, we
have generalized this procedure developed for the solid-
adlayer-vacuum interfaces to solid-solid interfaces, and have
introduced a dipole correction that compensates the artificial
field within the periodic supercell calculations. It consists of
two parts, a compensating potential that cancels the artificial
electric field and an energy correction term. According to a
remark in Ref. 44 the complete expression for the energy
correction is

Edipc =
1

2�	 ��r�n�r�d3r − 

I

ZI��RI�� , �6�

where ZI is the valency, RI is the position of the Ith ion, and
n�r� is the valence electron density. To calculate the interface
energies of polar slabs with the same accuracy as for nonpo-
lar ones, we use the valence electron density n�r� from the
previous ionic relaxation to correct the total free energy by
Edipc in Eq. �6�, where the dipole potential � is determined
directly from the plane-averaged electrostatic potential of the
PbTe/CdTe slab.

In general this procedure has to be done self-consistently,
i.e., after the correction of the electrostatic potential and the
total free energy, the electron density n�r� has to be recalcu-
lated. This leads to a new electrostatic potential, which has to
be used to update the energy correction term and the com-
pensating field and so on. However, in practice, we perform
just the first iteration step, which can be considered as a
first-order correction. This results in a uncertainty of about
0.04 J /m2 for the interface energies of the polar slabs con-
sidered.

D. Wulff construction

As mentioned above, the equilibrium crystal shape �ECS�
of PbTe nanocrystallites embedded in a CdTe matrix should
depend mainly on the interface energies. The anisotropy of
Efree

inter�hkl� with respect to the interface orientation �hkl� leads
to ECSs different from a sphere; the latter corresponds to the
case of perfectly isotropic interface energies. Our calculation
of the ECS is based on the Wulff theorem,33 which states that
the ECS is determined by the minimal interface energy F of
the crystallite under the constraint of a fixed volume V and a
fixed number of Pb atoms. The PbTe quantum dot is assumed
to be at least mesoscopic-or nanometer-sized in such way
that the energy terms corresponding to the edges and vertices
can be neglected. The interface energy with respect to the
total interface area A=A�V� is given by

F = �
A�V�

Efree
inter�hkl�dA , �7�

where the interface element dA=n dA is parallel to the nor-
mal n of the facet �hkl�.

III. RESULTS AND DISCUSSION

A. Relativistic effects

One expects strong relativistic effects due to the occur-
rence of heavy elements in the telluride heterostructures un-
der consideration. For electronic properties such as band
gaps, effective masses, and similar quantities, that is cer-
tainly the case. However, for structural properties the neglect
of relativistic and spin effects is a reliable approximation.
Not only for tellurides but also for other compounds such as
group-III nitrides, the inclusion of spin-orbit effects does not
have a significant influence on the structure.45 As shown in
Table I, spin-polarization and spin-orbit effects have only a
marginal influence on the values of the equilibrium lattice

FIG. 2. Plane-averaged electrostatic potential along the �100�
direction of a �100� interface supercell �top panel�, the artificial
potential � �middle panel�, and the resulting electrostatic potential
with compensation �bottom panel�. The vertical dotted lines mark
the ideal atomic positions.
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constants. The excellent agreement with experimental values
�apart from the well-known LDA overbinding effect� demon-
strates that the LDA exchange-correlation functional is accu-
rate enough to allow investigations of the atomic displace-
ments at CdTe/PbTe interfaces. This observation may be
traced back to the electron distributions in the two bulk ma-
terials, which have spin-paired electrons and no magnetic
ordering. For ZB-CdTe each of the four bonds in the unit cell
is occupied with two paired electrons. In RS-PbTe the bond
ionicity is so large that Pba+ �Tea−� ions appear, whose out-
ermost electron shells are nearly empty �filled�. Here a
stands for a number close to 2.

B. Atomic displacements

To obtain the atomic displacements of different interfaces
shown in Table II, we allowed ionic relaxation until the x, y,
and z components of the interatomic forces are less than
0.02 eV/Å. Figure 3 shows schematic ball-and-stick repre-
sentations of the relaxed interface geometries.

The combination of the polar ZB-CdTe �100� and �111�
surfaces with the corresponding RS-PbTe surfaces gives rise
to interfaces with different terminations of the ZB crystal.
These A and B interfaces are completely different with re-
spect to extent �averaged distance of the outermost atomic

planes of the two crystals� and bonding behavior, as a con-
sequence of the construction principle discussed in Sec. II B.
At �100� / �111� interfaces with a Cd termination of the
ZB crystal we find a nominal interface extent of
�a0 /4� / �3a0 /12�, whereas the extent at Te-terminated inter-
faces is found to be �a0 /2� / �3a0 /4�, in good agreement
with recent HRTEM investigations.5 In both cases only dis-
placements parallel to the interface normal occur. The main
effect is some kind of rumpling, known from the free
PbTe�100� surface.14 At Cd-terminated interfaces this effect
is significant larger than at Te-terminated interfaces, where
we find a nearly bulklike geometry. One possible reason for
that is the different interface separation. Overall we state that
both �100� and �111� interfaces show a very similar behavior.

At the nonpolar �110� interface the rumpling effect results
in a weak splitting of the electrostatic neutral and stochio-
metric PbTe�110� planes into bilayers. The effect vanishes in
the slab center and increases toward the interfaces. The split
bilayers change the polarity in an oscillating way. But the
most prominent effect at this kind of interfaces is an offset of
0.38 Å in the �001� direction �parallel to the interface� be-
tween the PbTe and CdTe crystals, which may be interpreted
as the result of two tendencies. First of all the Cd�1�CdTe

atoms try to occupy a fourfold-coordinated site and second

TABLE II. Atomic displacements �in Å� at the interfaces with respect to the ideal starting coordinates for
the first two interface layers �1� and �2�. In the nonpolar case displacements in normal �110� direction �upper
line� and parallel to the cubic axis �001� �second line� are listed. In the case of polar interfaces only normal
displacements are shown. The interface termination is derived from the ZB structure. In all other directions
displacements are not observed.

Interface Te�1�PbTe Te�2�PbTe Pb�1�PbTe Pb�2�PbTe Te�1�CdTe Te�2�CdTe Cd�1�CdTe Cd�2�CdTe

�110� �0.15 �0.12 �0.24 �0.02 �0.09 ±0.08 ±0.17 �0.04

�110� 0.25 0.30 0.38 0.35 −0.16 −0.27 −0.24 −0.27

�100�Te-term. ±0.05 ±0.00 ±0.16 ±0.23 �0.03 �0.05 �0.10 �0.07

�100�Cd-term. ±0.05 �0.18 �0.41 �0.24 ±0.29 ±0.25 ±0.30 ±0.29

�111�Te-term. �0.02 �0.04 ±0.22 ±0.16 �0.05 �0.05 �0.07 �0.06

�111�Cd-term. ±0.06 �0.09 �0.32 �0.26 ±0.20 ±0.15 ±0.24 ±0.17

FIG. 3. �Color online� Schematic representation of the atomic arrangements at the relaxed PbTe/CdTe interfaces �left panel, �110� face;
middle panel, �100� face; and right panel, �111� face�. In the case of the polar �100� and �111� faces the upper panel shows the Cd-terminated
and the lower panel the Te-terminated interfaces. The atoms are represented by open �Te�, filled �Cd�, and shaded �Pb� circles.
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there are repulsive forces between the Pb�1�PbTe and
Te�1�CdTe ions.

To verify this idea, we have plotted the valence electron
density n�r� in Fig. 4 �top panel�. Due to the treatment of the
Cd 4d and Pb 5d electrons as valence electrons we find very
high densities localized at the Cd and Pb ion positions. To
enhance the resolution we have restricted the density to val-
ues between 0.26 and 0.6 Å−3. Therefore the gray regions in
Figs. 4 �lower panel� and Fig. 5 correspond to regions with
very low �interatomic regions� or very high �regions around
the ions� densities. At the �110� interface we find an en-
hanced valence charge density between the Cd�1�CdTe and the
Te�1�CdTe atoms, which gives strong evidence for a partially
covalent bond across the interface. The tendency for the for-

mation of such a Cd-Te bond can be understood as a con-
tinuation of the zinc-blende structure into the interface re-
gion. The 3/4 electron from the Cd sp3 hybrid may
contribute to fill the valence level of the Te atom, which is
missing 1/3 electron at the free �110� surface. The bond
picture is in good agreement with the obtained interface ge-
ometry, where the Cd�1�CdTe is in a fourfold-coordinated site.
On the other hand the interaction between the Pb�1�PbTe and
Te�1�CdTe atoms is dominated by repulsive electrostatic
forces resulting in the small lateral offset between the PbTe
and CdTe slabs.

A very similar behavior can be observed at the Cd-
terminated �111� interface, where a partially covalent bond
between the Cd�1�CdTe and the Te�1�PbTe is formed across the
interface; or better to say in the interface region, because in
practice it is not possible to define an exact interface layer by
construction, i.e., it is not possible to determine to which slab
the Te interface layer belongs. Therefore, after atomic relax-
ation, it is more convenient to refer to an extended interface
region than to a sharp interface. Keeping this in mind at the
Te-terminated interface a very similar bonding structure is
observed. Again a partially covalent bond between the
Cd�1�CdTe and the Te�1�CdTe is found. In the same sense as
for the �110� interface this effect can be understood as a
continuation of the zinc-blende structure into the interface
region. In contrast to the nonpolar �110� interface, here the
electrostatic forces between the Pb�1�TbTe and Te�1�CdTe ions
are parallel to the interface normal. Therefore no displace-
ments parallel to the interface occur.

At the �100� interfaces, we found no evidence for a par-
tially covalent bond inside the interface regions. The bonding
between both materials is dominated by electrostatic interac-
tions. This is probably related to the very stable structure of
the free RS �100� surface, which has only one missing neigh-
bor per atom.

For subsequent comparisons of our results the values of
the displacements at the considered interfaces are listed in
Table II. The signs of the displacements parallel to the inter-
face normal depend on the stacking order of the PbTe and
CdTe slabs along the interface normal. The upper plus and
minus signs correspond to the stacking order PbTe/CdTe
and the lower signs to the stacking order CdTe/PbTe.

FIG. 4. �Color online� Valence electron density �in arbitrary

units� in a �11̄0� plane around the �110� interface �indicated as
straight line�. The color scale varies from very low densities �blue
�light gray�� to very high densities �red �dark gray��. The upper
panel shows the complete valence electron density, while the lower
panel shows the restricted valence electron density, where the gray
fields correspond to regions with almost zero �or rather high� den-
sities. The atoms are represented by open �Te�, filled �Cd�, and
shaded �Pb� circles. Partially covalent bonds are shown by solid
lines, while mainly ionic bonds are indicated by dashed lines.

FIG. 5. �Color online� Restricted valence
electron density �in arbitrary units�: right, in a

�11̄0� plane around the �111� interface �indicated
as straight line�; and left, in a �001� plane around
the �100� interface �indicated as straight line�.
The upper panel shows the Te-terminated and the
lower panel the Cd-terminated interfaces. The
color scale varies from very low densities �blue
�light gray�� to very high densities �red �dark
gray��. The gray fields correspond to regions with
almost zero �or rather high� densities. The atoms
are represented by open �Te�, filled �Cd�, and
shaded �Pb� circles. Partially covalent bonds are
shown by solid lines, while mainly ionic bonds
are indicated by dashed lines.
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C. Interface energies and consequences

Once the structural relaxation is performed, the interface
energetics can be computed by means of Eqs. �5�
and �6�. The average interface energies per area A,
	�hkl�=Efree

inter�hkl� /A, are listed in Table III for three orienta-
tions.

The energies of the polar interfaces without the correction
term of Eq. �6� are strongly overestimated due to the artificial
dipole potential � introduced within the supercell approxi-
mation. According to the dipole-corrected DFT LDA ener-
gies in Table III, the �110� and �100� interfaces, respectively,
are the least stable from the energetic point of view. How-
ever, the energy differences are smaller than the accuracy of
our calculations, which is about 0.04 J /m2. All three inter-
face energies are roughly close to their average value
0.2 J /m2. But in contrast to the corresponding free surfaces
there is no clear physical trend for the average interface en-
ergies in Table III. In agreement with the surface polarity and
the number of dangling bonds the surface energies show a
relatively clear ordering 	�110�
	�111�
	�100� for zinc
blende and 	�100�
	�110�
	�111� for rocksalt. The same
order of surface energies versus orientations was predicted
by other authors for ZB-InAs and RS-NaCl.43,47 The differ-
ence in energy ordering of the two sequences does not sug-
gest a unique picture for RS and ZB interfaces, but it con-
firms the weak variation with the orientation of the corrected
averaged energies in Table III.

We use the obtained interface energies to predict the ECS
of embedded PbTe nanocrystallites by means of a Wulff con-
struction. The obtained ECSs are presented in Fig. 6 �top
panel�. They demonstrate a remarkable sensitivity of the
shape with respect to tiny variations of the interface energies.
Concerning the three interface orientations �110�, �100�, and
�111�, we always find a rhombocubo-octahedral ECS. Only
the relative ratios of the areas of the �110�, �100�, and �110�
facets vary with the absolute values of the interface energies.
In any case, Fig. 6 clearly indicates that the three interfaces
�110�, �100�, and �111� are thermodynamically stable. The
resulting shape may be interpreted as a consequence of the
cubic symmetry of both nanocrystal and host material. It
may be constructed by a regular octahedron with �111� inter-
faces truncated at each apex by �100� planes perpendicular to
the cube axes but at similar distances from the octahedron
centers. In addition to this, the 12 edges of the octahedron
are replaced by �110� facets.

The �110� projections of the ECSs shown in Fig. 6 �lower
panel� are compared to a HRTEM image of a real PbTe
quantum dot embedded in CdTe matrix of Ref. 4. The pro-
jections indicate the best agreement for a Wulff construction

with interface energies of 0.20, 0.23, and 0.22 J /m2 for the
�110�, �100�, and �111� facets, respectively.

The ECR constructed with the dipole-corrected values
from Table III seems to have poorer agreement with the ex-
perimental observations of Heiss and co-workers.4 However,
the shape of the experimentally observed dots varies slightly
with the size, confirming the small variation of the interface
energies with respect to the orientation. On the other hand,
there are at least two limiting factors of our theoretical de-
scription. First, the ECS given by the Wulff construction is
very sensitive to the calculated interface energies and the
latter have a relatively large uncertainty in this case. By
varying the interface energies in the range of the energy error
bar, one could in principle obtain ECSs, which are very simi-
lar to the nanocrystallite shown in Ref. 4. Second, the energy
contribution due to the edges and vertices can have a consid-
erable influence on the stability of small nanocrystallites. For
more accurate predictions of the ECS of small PbTe quantum
dots, one has to perform explicit ab initio calculations for
PbTe quantum dots embedded in a CdTe matrix, or at least,
to model the system with capped nanocrystallites as sug-
gested in Ref. 48.

IV. SUMMARY AND CONCLUSIONS

We investigated structural and energetic properties of
PbTe/CdTe interfaces, which consist of two different cubic
crystal structures with partially ionic bonds. An ab initio
total-energy method was applied to derive the equilibrium
atomic positions at the interfaces and to compute the inter-
face energies. The results were combined with a thermody-
namic method to construct the equilibrium shape of a PbTe

TABLE III. Average interface energies �in J /m2� for
PbTe/CdTe interfaces calculated within the DFT LDA according to
Eq. �5� and with the dipole correction of Eq. �6�.

Face �110� �100� �111�

LDA 0.20 0.70 0.35

LDA+correction 0.20 0.23 0.19

FIG. 6. �Color online� The upper panel shows equilibrium crys-
tal shapes of PbTe embedded in CdTe matrix �not shown�. The
green facets represent �110�, the red facets �100�, and the blue facets
�111� faces. The ECS at the left is constructed using the values of
Table III, for the ECS at the middle we have changed the �111�
interface energy to 0.22 J /m2 �within the estimated error bar�, and
the ECS at the right is constructed using equal interface energies of
0.2 J /m2. In the lower panel a projection along the �110� zone axis,

with the abscissa along �11̄0� and the ordinate along �001�, is
shown.
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nanocrystal embedded in a CdTe matrix. We reported a
method to calculate the interface energies of polar interfaces
within the repeated-slab approximation with an accuracy
of about 0.04 J /m2. Our results predict that the
PbTe/CdTe�111� interface is the most energetically favor-
able interface, whereas the �100� and �110� interfaces are the
least stable ones. The variation of the interface energies with
respect to the orientation is small. Based on these interface
energies and on the Wulff construction, we proposed an equi-
librium crystal shape for a PbTe quantum dot embedded in
CdTe host matrix. The shape represents a rhombocubo-
octahedron with 26 interface facets. The relative size of the
facet areas for different orientations depends sensitively on
the actual relative values of the interface energies. Orthogo-

nal projections of the shape exhibit strong similarities with
HRTEM images of PbTe quantum dots in a CdTe matrix.
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