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We present ab initio calculations on the structural and electronic properties of the narrow-gap lead chalco-
genides PbX �X=S, Se, and Te�. Particular emphasis is put on the correct description of their exceptional
electronic properties compared to III-V and II-VI semiconductors, such as the very small magnitude of the
band gap, the unusual order of the band gaps within the series �Eg�PbS��Eg�PbTe��Eg�PbSe��, and the high
effective charge-carrier masses. Within standard density-functional theory �DFT�, the local-density approxima-
tion �LDA� as well as the generalized gradient approximation �GGA� to the exchange-correlation potential
clearly fail to describe important aspects of the band structure of these materials. This problem is overcome by
applying methods that go beyond the local or semilocal approximation. We show that hybrid functionals are
very successful in giving the correct results for the electronic but also for the structural properties. The lattice
constants and bulk moduli as well as the fundamental band gaps and effective masses are in much better
agreement with experiment than within DFT-LDA/GGA. The order of the band gaps is also properly obtained.
For comparison, partially self-consistent GW0 calculations are reported, yielding highly accurate values for the
band gaps.
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I. INTRODUCTION

The lead chalcogenides PbX �X=S, Se, and Te� and their
alloys represent an attractive class of materials in semicon-
ductor research. Compared to their III-V and II-VI counter-
parts, these narrow-gap IV-VI semiconductors exhibit unique
structural and electronic properties, which make them poten-
tial candidates for different technological applications, e.g.,
thermoelectric, optoelectronic, or spintronic devices. Their
importance for long-wavelength sensors, infrared diode la-
sers, and thermophotovoltaic energy converters1 has been
recognized during the last decades. Furthermore, a techno-
logical breakthrough has been recently achieved: the first in-
frared quantum dot laser based on PbSe/PbEuTe has been
realized.2

The outstanding properties of these materials motivated a
variety of experimental3,4 as well as theoretical investiga-
tions, where the latter comprise calculations on different lev-
els ranging from tight-binding calculations5 to the empirical
pseudopotential method6,7 and finally to density-functional
theory �DFT� methods.8–10 Compared to the conventional
zinc-blende III-V and II-VI semiconductors, the PbX are po-
lar salts that crystallize in the rocksalt structure.3 Many of
their peculiar electronic properties are governed by the inter-
action of the high lying Pb s electrons that form bands in the
valence region with the valence p electrons of the anion X.
Due to symmetry, strong level repulsion occurs at the L point
of the Brillouin zone �BZ�, which in turn explains that the
fundamental and direct band gap Eg is located at the L point
and not at the � point as in the III-V and II-VI
semiconductors.8 Besides, the electronic band gap in bulk
PbX �X=S, Se, and Te� is very small, ranging from
145 to 286 meV at 4 K �278–410 meV at 300 K� and fol-
lowing the unusual order Eg�PbS��Eg�PbTe��Eg�PbSe�
within the series. Moreover, these materials are characterized
by high carrier mobilities �highly anisotropic in the case of
PbTe�, high dielectric constants, a positive temperature coef-

ficient of the band gaps, as well as a negative pressure de-
pendence of the band gap3 in contrast to conventional semi-
conductors.

Concerning the theoretical description, the narrow-gap
PbX are interesting and challenging materials. An accurate
evaluation of the band structure requires the localized semi-
core Pb d states to be included as valence states and the
inclusion of relativistic effects �spin-orbit coupling �SOC��
for the Pb valence electrons. While standard DFT calcula-
tions, i.e., treating the exchange correlation �xc� potential
within the local-density approximation �LDA� or generalized
gradient approximation �GGA�, have been successfully ap-
plied to many conventional semiconductors, it turned out that
they fail to describe most of the unique electronic properties
of the lead chalcogenides. In particular, the band character of
the valence-band maximum �VBM� and conduction-band
minimum �CBM� is reversed at the L point, resulting in
negative band gaps, the wrong order of band gaps, and much
too low carrier masses. We will show here that a significant
improvement can be achieved by methods that go beyond the
semilocal approximation, such as hybrid functionals11,12 or
the GW approach.13

The main motivation for this work is the ab initio inves-
tigation of these aspects on the level of standard DFT-GGA
as well as by employing hybrid functionals and the GW
method. We have performed calculations using the projector
augmented wave �PAW� method and the full potential �lin-
earized� augmented plane wave plus local orbital
�FP-�L�APW+LO� method. We present a detailed compari-
son of the results obtained by the different approaches re-
garding the applied functionals and the underlying basis set
�PAW versus APW+LO�. Although several DFT LAPW
studies of PbX �Refs. 8–10� have been reported previously,
we have also performed FP-APW+LO calculations, since
different approximations concerning either the treatment of
the semicore Pb d states or the SOC have been utilized: in
Ref. 8 the underestimation of the LDA band gap was rem-
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edied by applying a constant potential to the conduction-
band states such that the calculated gaps matched the experi-
mental values and the uncorrected LDA band gap is not
stated. Moreover, the calculations were performed using the
experimental lattice constants at ambient conditions, whereas
the LDA gaps were corrected such that they match the ex-
perimental values observed at low temperature. In Ref. 9, the
Pb 5d states were included as core states in the basis set �the
Pb 5d band is lacking at around −16 eV in Fig. 1�b� of this
reference� and in Ref. 10 spin-orbit effects were treated
within the Slater-Koster formalism of tight-binding theory. In
the latter approach, the band gaps are adjusted by varying the
spin-orbit parameter. In contrast, the results obtained by the
PAW and the FP-APW+LO methods presented herein con-
sistently take into account SOC, are parameter-free �except
for the approximations involved in the applied density func-
tionals�, and incorporate the semicore Pb 5d states as valence
states.

II. COMPUTATIONAL DETAILS

A. PAW calculations

Most of the results presented in this work have been ob-
tained using the Vienna ab initio simulation package
�VASP�.14,15 In particular, the PAW method16,17 has been uti-
lized to construct the basis set for the one-electron wave
functions. For standard DFT calculations, the xc energy has
been treated within the GGA using the parametrization of
Perdew, Burke, and Ernzerhof �PBE�.18 Recently, VASP has
been extended to screened hybrid functionals19 as well as the
GW method,20,21 which are employed for a better description
of the band gaps. Although there is per se no reason to ex-
pect a generalized Kohn-Sham scheme to yield good quasi-
particle energies, the screened hybrid functional proposed by
Heyd et al.22 �HSE03� is performing extremely well for
many solids,23–26 in particular, for band gaps, and thus has
been used in this work.

On the DFT level, both the exchange �Ex� and correlation
energy �Ec� are treated by an approximation �e.g., LDA or
GGA�. In contrast, the exchange energy is calculated exactly
in the Hartree-Fock �HF� method, whereas the correlation
term is usually completely omitted. As a consequence, the
HF band gaps of semiconductors are typically significantly
too large. On the other hand, the LDA/DFT band gaps are
inherently too small due to the lack of the integer disconti-
nuity of the exchange-correlation energy derivative �the
well-known band-gap problem of DFT�.27 The idea of com-
bining both methods leads to the hybrid functionals. In gen-
eral, hybrid functionals are constructed by using the DFT
correlation energy and adding an exchange energy that con-
sists of 25% Hartree-Fock exchange and 75% DFT ex-
change. Furthermore, the HSE03 functional proposed by
Heyd et al.22 avoids the expensive integrals of the slowly
decaying long-ranged part of the Fock exchange by further
separating the �Ex� into a short-ranged �SR� and long-ranged
�LR� term, where the latter is replaced by its DFT counter-
part according to

Exc
HSE03 =

1

4
Ex

HF,SR��� +
3

4
Ex

PBE,SR��� + Ex
PBE,LR��� + Ec

PBE.

�1�

In Eq. �1�, the additional parameter � defines the range sepa-
ration. Nevertheless, the CPU time needed for these HSE03
calculations is by one to two orders of magnitude larger than
for standard DFT calculations using �semi�local xc function-
als, which strongly depends on the k-mesh representation of
the wave function and q-mesh representation of the Fock
exchange potential. More details about the implementation
of the HSE03 functional in the VASP program can be found in
Ref. 19. In the present work, � was consistently set to �
=0.3 Å−1�0.15 a.u.−1 for both the HF and the DFT parts.
Strictly speaking, this is not equivalent to the HSE03 imple-
mentation of Heyd et al.28

With respect to the GW calculations, it is important to
emphasize that the quasiparticle energies have been com-
puted partially self-consistently �GW0�. In the GW0 ap-
proach, based on DFT-PBE wave functions the eigenvalues
are updated in the Green’s function G until self-consistency
is reached, whereas the dielectric matrix of the screened po-
tential W is calculated in the local-density approximation. A
recent elaborated study on the GW band gaps of various
semiconductors and insulators by Shishkin and Kresse has
shown that the GW0 performs better than the commonly uti-
lized single-shot G0W0 and also the fully self-consistent GW
�the eigenvalues are updated in the Green’s function as well
as the dielectric matrix�.21 They found the trend that the
former gives underestimated gaps, whereas the latter yields
consistently too large band gaps. Moreover, in the present
VASP implementation of the GW method, the inclusion of
SOC is not possible. Therefore, the effect of SOC on the
band gaps has been estimated from HSE03 calculations and
subsequently added to the GW results.

Except for the evaluation of the effective masses, all
band-structure calculations have been performed at the ex-
perimental equilibrium lattice constants a at 300 K, which
are 5.936, 6.124, and 6.462 Å for PbS, PbSe, and PbTe, re-
spectively. Since the effective carrier masses have been mea-
sured at low temperature �roughly 4 K� by Shubnikov–de
Haas experiments, these quantities have been calculated us-
ing low-temperature lattice constants,29 which are a�PbS�
=5.909 Å �30 K�, a�PbSe�=6.098 Å �40 K�, and a�PbTe�
=6.428 Å �30 K�. Since the thermal expansion coefficients
below 30–40 K are negligible, it is assumed that the lattice
constants at 4 K do not significantly differ from these values.

The parameters for the PAW potentials applied in the
present work, i.e., core radii rc and energy cutoffs Ecut, as
well as the states treated as valence states are summarized in
Table I. The Brillouin-zone integrations have been carried
out on �-centered k meshes using the tetrahedron method.30

In the case of DFT-PBE calculations, the equilibrium lattice
constants, bulk moduli, and energy gaps have been calcu-
lated using �12�12�12� grids �corresponding to 72 k
points in the irreducible wedge of the BZ�, whereas the
HSE03 results have been obtained with �8�8�8� grids.
The core electrons of Pb have been treated fully relativisti-
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cally �Dirac equation�, whereas the SOC of the Pb valence
electrons has been included scalar relativistically.

For evaluating the theoretical lattice constants a0 and the
bulk moduli B0, the volume dependence of the static lattice
energy has been fitted to a Murnaghan equation of state,31

covering the range � /�eq=0.9–1.1 with constant steps of
0.01, where �eq is the experimental equilibrium volume. In
order to avoid effects from the changes in the size of the
basis set due to changes in the unit cell volume �, the energy
cutoff Ecut has been increased to 300 eV.

The band structures E�k� have been computed on a dis-
crete k mesh following high-symmetry directions, i.e., from
the BZ center � with the reciprocal coordinates �0,0,0� to the
L point �0.5,0.5,0.5� and W point �0.25,0.5,0.75� in units of �
2� /a, 2� /a, 2� /a�. The effective carrier masses m�

* and m�
*

have been evaluated by fitting the valence band �conduction
band� to a parabola according to E= �2k2

2mem�,�
* , where me de-

notes the electron rest mass, in a very small range close to L
in order to guarantee parabolicity. Note that m�

* corresponds
to the direction toward �, whereas m�

* is perpendicular to m�
*

�L toward W�.
In the case of the GW0 calculations, the BZ integrations

have been performed on �8�8�8� k-point grids using 150
bands for calculating the quasiparticle energies. For more
technical details, see Ref. 20.

B. FP-APW+LO calculations

For comparison, we have also applied the FP-APW+LO
formalism32 as implemented in the WIEN2K code33 to calcu-
late the theoretical lattice constants, bulk moduli, and elec-
tronic band gaps of PbX at the GGA level. In order to guar-
antee equivalence between the PAW and the APW+LO
calculations, identical k meshes for the BZ integration and
the same xc energy functional �PBE� have been used. The
most important WIEN2K specific input parameters RMT and
RMTKmax, which determine the accuracy of the calculations,
are listed in Table II together with the valence electrons and
local orbitals �LOs� used for the wave-function basis sets. In
the case of ground-state calculations without SOC, eigenval-
ues and eigenvectors of the Hamiltonian up to a maximum
energy of 2.5 Ry �Emax parameter� have been taken into ac-
count for generating the valence charge density expansions.
Except for PbS, the largest vector in the Fourier expansion of
the charge density �Gmax� has been set to 14 Ry and the lm
combinations, where l �m� denotes the angular momentum

�magnetic� quantum number, up to lmax=6 have been in-
cluded for the lattice harmonics expansion. In the case of
PbS, the former has been increased to 24 Ry and the latter to
8, respectively.

Similar as described above for the PAW method, SOC is
included fully relativistically for the Pb core electrons and by
the second-variation method34 using scalar relativistic eigen-
vectors for the valence states. For this procedure, it is neces-
sary to significantly increase Emax. Convergence tests with
respect to this energy cutoff have proven that an Emax of
9.0 Ry is required for obtaining a converged SOC for the
Pb 6p states and the energy gap. The present version of
WIEN2K also provides an improvement of the spin-orbit basis
set by adding a local orbital with a p1/2 radial wave function.
Thereby, the variational flexibility of the basis set is in-
creased and the dependency of the results on Emax and RMT is
significantly reduced.35 For this reason, we have extended
the basis set with a Pb 6p1/2 LO �the linearization energy of
this orbital has been set to a value close to the Fermi energy�,
which has given converged results using Emax of 4.5 and
5.5 Ry.

As we will see later, the band gaps are strongly influenced
by the magnitude of the SOC of the Pb 6p states, which is
1.37 eV for the lead atom, as obtained from the solution of
the fully relativistic Dirac equation. However, second-
variation methods, in particular, without a relativistic LO, are
not able to exactly reproduce this value. Therefore, the effect
of the chosen basis set and the energy cutoff �Emax� on the
amount of SOC has been thoroughly analyzed by supercell
calculations with a single lead atom in a box using the �
point only. By analogous PAW supercell calculations, it has
been found that a box size of 10�10�10 Å3 is sufficient to
correctly describe the rather extended lead 6p wave function.
The outcome of these calculations will be discussed together
with the band gaps in the following section.

As previously shown by Kuněs et al. for face centered
cubic �fcc� thorium,35 the inclusion of an additional Pb 6p1/2
LO does hardly change the theoretical equilibrium volume,
since the SOC in fcc thorium has no major impact on the
states involved in the bonding mechanism. This might not be
applicable to the lead chalcogenides, since the Pb 6p states
hybridize with the valence states having mostly anion p char-
acter, which is the main bonding mechanism in these
materials.36 Therefore, the volume optimization and calcula-

TABLE I. Core radii rc and energy cutoffs Ecut for the PAW
potentials. Non-local projectors were generated for the states listed
in the column “Valence.” As local PAW-potential a pseudopotential
was generated for the states indicated in the column “Local.”

Valence Local rc �a.u.� Ecut �eV�

Pb 5d10 6s2 6p2 5f 2.5 240

S 3s2 3p4 3d 1.9 280

Se 4s2 4p4 4d0 4f 2.1 210

Te 5s2 5p4 5d0 5f 2.3 175

TABLE II. WIEN2K specific input parameters: the semicore and
valence orbitals together with the plane-wave cutoff RMTKmax and
the atomic sphere radii RMT as well as the orbitals for which local
orbitals �LOs� have been included in the basis set are listed. An
additional Pb 6p1/2 LO was added for a more accurate treatment of
spin-orbit coupling. Note that Kmax

2 corresponds to the energy cutoff
in the PAW calculations.

Solid Valence RMT �a.u.� RMTKmax LO

Pb 5d10 6s2 6p2 2.50 10.0 5d 6s �6p�
S 3s2 3p4 2.50 10.0 3s

Se 3d10 4s2 4p4 2.50 10.0 3d 4s

Te 4d10 5s2 5p4 2.50 10.0 4d 5s
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tion of the elastic properties have been performed using the
usual as well as the Pb 6p1/2 LO extended basis set in the
second-variational method for SOC.

III. RESULTS AND DISCUSSION

In the following sections, we discuss the calculated struc-
tural, elastic, and electronic �band structures and effective
carrier masses� properties of the small-gap lead chalco-
genides. Particular emphasis is put on the comparison of
standard DFT-PBE results obtained with different basis sets
�PAW and FP-APW+LO method� to previously reported cal-
culations. Thereby, it is shown that DFT-PBE is not able to
accurately describe the electronic properties of these materi-
als and the underlying reasons for that are pointed out. This
clearly indicates that methods which go beyond a local ap-
proximation are required. By applying the hybrid functional
HSE03 or the GW method, a significant improvement is
achieved and therewith obtained results are in excellent
agreement with experimental data.

A. Lattice constants and bulk moduli

In Table III, the calculated lattice constants a0 and the
bulk moduli B0 of PbX obtained by the different approaches
used in the present work are summarized. For comparison,
earlier reported results from first-principles calculations9,10

and experimental data3,37 are included as well. As expected,
the GGA-PBE xc functional overestimates the theoretical lat-
tice constants of the lead chalcogenides, resulting in bulk
moduli that are significantly smaller than the experimentally
observed ones. This finding applies to both the PAW as well
as the FP-APW+LO calculations. The comparison between
the two types of FP-APW+LO calculations differing in the

treatment of SOC reveals that the extended basis set in the
second-variational method very slightly decreases the lattice
constants ��0.1% �. The corresponding changes in the bulk
moduli are minor. When comparing the present FP-APW
+LO results �fifth row in Table III� to earlier reported FP-
LAPW lattice constants and bulk moduli,9,10 the largest ob-
served discrepancies amount to 0.03 Å and 4.6 GPa in PbSe
for a0 and B0, respectively. These are most likely related to
the fact that either the extended Pb 5p states were not in-
cluded in the valence9 or spin-orbit coupling was treated
differently.10 The previous agreement for the bulk moduli of
PbSe and PbTe was clearly fortuitous. We believe that the
present results are better converged, as demonstrated by the
agreement between the PAW and the FP-APW+LO results.

In fact, the theoretical lattice constants agree within 0.1%,
i.e., in the milliangstrom range, whereas for the bulk moduli
the largest deviation of approximately 2% is found for PbS.
Except in the case of the bulk modulus of PbS, the
FP-APW+LO method gives slightly larger numbers than the
PAW method for both the lattice constants and the bulk
moduli. The excellent agreement between the present
FP-APW+LO and the PAW results supports the high accu-
racy of both our calculations. However, consistently, the lat-
tice constants are overestimated. Thus, the bulk moduli are
underestimated compared to experiment when using the gra-
dient corrected functional, i.e., for roughly 20% in the case
of PbS and PbSe and �8% for PbTe.

The values given in Table III furthermore show that the
results obtained by the HSE03 functional are much closer to
the experimental findings than those provided by the semi-
local functionals. The HSE03 lattice constants are within 1%
of the experimental values and the agreement of the bulk
moduli is much better, i.e., roughly within 5% in the case of
PbS, 10% for PbSe, and 2% for PbTe. The improvement

TABLE III. The theoretical lattice constants a0 and bulk moduli B0 calculated using different basis sets
�FP-APW+LO and PAW� and xc functionals �GGA-PBE and the hybrid functional HSE03� compared to
previously reported values obtained by the FP-LAPW method �Refs. 8 and 9� and experimental data from
Refs. 3 and 37. Spin-orbit coupling �SOC� has been included in the theoretical description.

PbS PbSe PbTe

a0 �Å� B0 �GPa� a0 �Å� B0 �GPa� a0 �Å� B0 �GPa�

Literature

FP-LAPW PBEa 6.232 47.0 6.572 39.4

FP-LAPW GGAb 6.012 53.3 6.196 49.1 6.565 41.4

This work

FP-APW+LO PBE 6.012 52.0 6.226 44.5 6.582 37.5

FP-APW+LO PBE+rel. LO 6.007 50.3 6.221 44.8 6.572 37.6

PAW PBE 6.004 51.2 6.214 44.6 6.568 37.2

PAW HSE03 5.963 55.0 6.170 48.3 6.519 40.4

Experiment �300 K�
Ref. 37 5.936 62.8 6.124 54.1 6.462 39.8

Ref. 3 5.929 62.2 6.117 54.1 6.443 41.1

aReference 9.
bReference 10.
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achieved by screened hybrid functionals for the description
of structural, elastic, and electronic properties has already
been previously pointed out by Heyd et al.24 and recently
confirmed by Paier et al.25,26 for a number of conventional
semiconductors, metals, as well as insulators. The promising
results shown in the present work for the narrow-gap semi-
conductors PbX are a further indication that hybrid function-
als outperform semilocal functionals for semiconducting ma-
terials.

B. Band structures

First, we will discuss the main features of the PbX band
structures E�k� and the effect of including SOC in the stan-
dard DFT-PBE calculations. In Fig. 1, the band structures
E�k� are shown along the most important high-symmetry
lines in an energy range close to the Fermi level. In contrast
to the conventional II-VI and III-V semiconductors, the cat-
ion �Pb� 6s band is occupied and lies close to the valence
bands, which are mainly of anion �X� p character. This Pb 6s
band possesses the same symmetry as the highest valence
band at the L point. Since states with equal symmetry repel
each other, this gives rise to strong level repulsion, which
determines the main features of the band structures and is the
origin of their peculiarities, such as �i� the appearance of the
direct fundamental band gap at the L point resulting from
pushing the anion p states upward, �ii� the particular order of
the band gap within the series �Eg�PbS��Eg�PbTe�
�Eg�PbSe��, and �iii� the negative pressure dependence of
the band gaps.3,8 Since the level repulsion is not present at
the � point, the band gaps there are in the usual order
�Eg�PbS��Eg�PbSe��Eg�PbTe��. In Fig. 1, the most impor-
tant effect introduced by SOC is also illustrated. Due to SOC
of the Pb 6p states, which mainly form the conduction bands,
one conduction band is lowered in energy at the � point. The
spin-orbit splitting �SOS� of the Pb 6p states at � decreases
from 2.4 eV in PbS to 2.2 eV in PbSe and 2.0 eV in PbTe.
The hybridization between Pb 6p and anion p states, increas-
ing significantly from PbS to PbTe,36 also contributes to the
SOS of the valence states at �, which amounts to 0.3, 0.6,

and 1.1 eV for PbS, PbSe, and PbTe, respectively. These
values are in excellent agreement with the results of angle-
resolved photoemission experiments, i.e., 0.3 eV �PbS�,
0.55–0.75 eV �PbSe�, and 1.10–1.15 eV �PbTe�.38,39

Besides the SOS at the � point, there are also significant
SOC effects at the L point, where the direct energy gap is
located. Let us focus on the second and third valence and
conduction bands, when going downward and upward from
the Fermi level, respectively. Without considering SOC,
these bands are degenerated at the L point. Due to SOC, this
degeneracy is lifted, as evidenced by Fig. 1. Similar to the
features observed at the � point, the SOS of the conduction-
band Pb p states decreases within the series from 0.9 eV
�PbS�, 0.8 eV �PbSe�, to 0.5 eV �PbTe�. While in PbS, the
corresponding SOS of the valence states is negligibly small
�0.02 eV�, it amounts to 0.2 eV and 0.6 eV in PbSe and
PbTe, respectively. However, the main effect on the band
structure due to SOC is that the topmost valence band is
shifted upward, whereas the lowest conduction band is
moved downward in energy, resulting in a significant reduc-
tion of the direct energy gap at the L point. Even worse, the
band character at the L point is interchanged such that the
valence-band maximum exhibits Pb p character and the con-
duction band mainly anion p character �see Fig. 1�. This
means that the conduction band drops below the valence
band, giving rise to negative band gaps. In previous ab initio
calculations,8,9,36 the well-known underestimation of the
DFT-LDA/GGA band gaps in PbX has been stressed, but a
thorough analysis of the band character at the L point has not
been undertaken. Therefore, the qualitative failure of semilo-
cal functionals yielding negative band gaps has not been pre-
viously recognized.

Concerning this issue, a qualitative improvement is
achieved by applying hybrid functionals. The band structures
of PbX calculated using the HSE03 functional are depicted in
Fig. 2. Hybrid functionals have already been proven to suc-
cessfully describe the band gaps of a variety of solids,24 but
band structures of extended systems calculated using HSE03
or similar types of hybrid functionals �B3LYP or PBE0� have
only been sparsely discussed in the literature.40–42

Compared to DFT-PBE, the main features of the band
structures are preserved in the HSE03 calculations, i.e., �i�
the direct energy gap is located at the L point and �ii� the
SOS of the valence and conduction bands at � as well as the

FIG. 1. �Color online� Standard DFT-PBE band structures of
PbS, PbSe, and PbTe along �LW including SOC. The band charac-
ter is indicated by circles, where the size correlates with the amount
of Pb s, Pb p, and X p characters, respectively. The Fermi level is
indicated by the dashed line.

FIG. 2. �Color online� Analogous to Fig. 1: Band structures of
PbX calculated using the screened hybrid functional HSE03.
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L point amount roughly to the same values as given previ-
ously. The main differences are observed in the details of the
band structure. First, compared to the case without SOC, the
character of the highest valence and lowest conduction bands
is not interchanged at the L point, resulting in a qualitatively
correct band-gap order. Second, the band dispersion of most
bands, in particular, of those closest to the Fermi level and of
the Pb 6s band, is significantly increased. Roughly speaking,
it is between 0.1 and 0.4 eV larger, depending on the evalu-
ated direction and material. As we will see later, this en-
hancement positively affects the effective carrier masses.

C. Fundamental band gaps

The fundamental band gaps of PbX are listed in Table IV.
The results of the present work obtained by FP-APW+LO
and PAW calculations within standard DFT-PBE without tak-
ing into account SOC as well as including SOC, PAW calcu-
lations using HSE03, as well as GW calculations on the basis
of DFT-PBE wave functions are opposed to previously re-
ported DFT values9,10 as well as experimental data.37 For the
calculations referred to in Table IV, the experimental lattice
constants determined at 300 K have been used unless explic-

itly quoted. For this reason, the theoretical values are com-
pared to the experimental gaps measured at 300 K and not at
low temperatures, as it has often been done before.8–10

First, we want to discuss the DFT-PBE results of the FP-
�L�APW method compared to the PAW method and the
changes due to the inclusion of SOC in both methods. With-
out taking into account SOC, the band gaps of all three com-
pounds perfectly match �PAW, FP-�L�APW� and they agree
well with the literature data of Albanesi et al.9 The larger
differences between the present FP-APW+LO band gaps
and the values obtained by Mehl et al. are assumed to origi-
nate from a different GGA xc potential that had been used in
the latter work. With respect to experiment, standard DFT-
PBE largely overestimates the band gap in PbTe, whereas
they are in reasonable agreement in the case of PbS and
PbSe. As a consequence, the order of the band gaps in the
series is not correctly reproduced by semilocal functionals.
When SOC is taken into account, the FP-APW+LO method
yields a slightly smaller reduction of the band gaps than the
PAW method. In order to trace back these differences, we
have performed supercell calculations for a single Pb atom in
a box and analyzed the SOS of the Pb 6p states, which is
given in the last column of Table IV. It was found that the

TABLE IV. The fundamental band gaps Eg �in eV� at the L point obtained using different xc functionals
�DFT-PBE and HSE03� as well as by the GW approach compared to previously reported values calculated
with the FP-LAPW method �Refs. 8 and 9� and experimental data from Ref. 37. Values computed without
taking into account SOC as well as including SOC are listed. The band gaps correspond to room-temperature
values and lattice constants unless explicitly quoted. In the last column, the spin-orbit splitting �SOS� of the
Pb 6p states �in eV� calculated for the lead atom in a supercell is given.

Eg �eV� xc PbS PbSe PbTe SOS Pb 6p

Literature

FP-LAPWa PBE 0.295 0.730

FP-LAPW+SOCa PBE 0.121 0.160

FP-LAPWb GGA 0.340 0.380 0.737

FP-LAPW+SOCb GGA 0.187 0.214 0.188

This work

FP-APW+LO PBE 0.37 0.29 0.73

FP-APW+LO+SOC PBE 0.05 −0.07 0.06 1.23

FP-APW+LO+SOC+rel. LO PBE −0.07 −0.18 −0.03 1.36

PAW PBE 0.37 0.30 0.73

PAW+SOC PBE −0.01 −0.12 −0.01 1.30

PAW HSE03 0.67 0.58 0.98

PAW+SOC HSE03 0.31 0.18 0.25

PAW+SOC at low temp. HSE03 0.26 0.13 0.20

PAW+SOC GW0 0.45 0.23 0.30

PAW+SOC at low temp.c GW0 0.35 0.15 0.24

Experiment

Ref. 37 at 300 K 0.41 0.28 0.31

Ref. 37 at 4 K 0.29 0.15 0.19

aReference 9.
bReference 10.
cReference 21.
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SOC, as it is implemented in the PAW method �VASP code�,
gives a slightly larger SOS of the Pb 6p states �1.30 eV� than
the corresponding FP-�L�APW implementation �1.23 eV ob-
tained with the WIEN2K code�. Both values are below the
result of the solution of the relativistic Dirac equation for the
Pb atom �1.37 eV�. This is inherent to methods that use sca-
lar relativistic wave functions in the basis set. It is assumed
that the differences between the two codes are due to the
more flexible PAW basis set made up of plane waves in the
entire simulation cell even in the vicinity of the atoms. This
is also supported by further FP-APW+LO calculations,
where the basis set has been extended by a relativistic local
orbital �radial wave function of the Pb 6p1/2 orbital�. The
latter raises the SOS to 1.36 eV, which is now close to the
fully relativistic solution. This increase of roughly 0.1 eV is
also reflected in the corresponding values for the FP-APW
+LO+rel. LO band gaps, which are now even smaller �more
“negative”� than the PAW ones. In summary, compared to the
best converged DFT results �FP-APW+LO PBE+SOC+rel.
LO�, PAW is as close as 60 meV in the case of PbS and PbSe
and 20 meV for PbTe.

Including SOC worsens the agreement between theory
and experiment in both the PAW and the FP-APW+LO
methods. As already pointed out in the last section on the
band structures, the calculated band gaps are negative due to
the change of the band character of the valence-band maxi-
mum and conduction-band minimum at the L point. This had
not been found in previously reported FP-LAPW �Refs. 9
and 10� studies, which we believe is either due to the missing
Pb 5d semicore states in the valence basis set, differences in
the treatment of SOC, or due to differences in input param-
eters, e.g, muffin-tin radii or energy cutoffs, which are par-
ticularly important in calculations using SOC. It is also pos-
sible that the band character had not been carefully inspected
in Refs. 9 and 10, when evaluating the band gaps of the PbX.

Second, we focus on the results of the methods that go
beyond semilocal functionals, which are those obtained by
the HSE03 functional and the GW method. Both significantly
improve the theoretical findings qualitatively as well as

quantitatively. PAW HSE03 calculations including SOC
yield band gaps of 0.31, 0.18, and 0.25 eV for PbS, PbSe,
and PbTe, respectively, which are not only in reasonable
agreement with the experimental values of 0.41, 0.28, and
0.31 eV but also reproduce the correct order of the band gaps
within the series. While the HSE03 functional underesti-
mates the band gaps in all three compounds with a maximum
deviation of 0.1 eV, the GW0 values, i.e., 0.45 eV �PbS�,
0.23 eV �PbSe�, and 0.30 eV �PbTe�, are in excellent agree-
ment with the experimental findings.

Third, we concentrate on the temperature dependence of
the band gaps. The HSE03 band gaps calculated using the
low-temperature lattice constants are 0.26 eV �PbS�, 0.13 eV
�PbSe�, and 0.20 eV �PbTe�. These values are in good agree-
ment with the experimental data at 4 K, i.e., 0.29 eV,
0.15 eV, and 0.19 eV for PbS, PbSe, and PbTe, respectively.
However, they are only 50 meV smaller than the values ob-
tained from the room-temperature lattice parameters in all
three compounds, whereas the differences known from ex-
periment are 0.12 eV �PbS�, 0.07 eV �PbSe�, and 0.12 eV
�PbTe�. Thus, the experimentally observed significant reduc-
tion of the PbS and PbTe band gaps with temperature is not
well reproduced using the HSE03 functional. On the other
hand, the low-temperature GW0 calculations perfectly repro-
duce the temperature induced band-gap reduction in the case
of PbS and PbSe but underestimate it in the case of PbTe.

D. Effective charge-carrier masses

The effective charge-carrier masses were evaluated at the
L point from the band dispersions of the VBM and CBM as
described in Sec. II A. In Table V, the results obtained by the
HSE03 functional including SOC are summarized for both
the longitudinal �m�

*� and transversal �m�
* � effective electron

�indicated by the superscript “CBM”� and hole �“VBM”�
masses. As example, the DFT-PBE results obtained for PbSe
are included as well. For comparison, experimental values
taken from Refs. 4 and 37 are also listed. Since effective
masses are determined at low temperature �usually 4 K� by

TABLE V. Effective longitudinal �m�
*� and transversal �m�

* � masses at the valence-band maximum �VBM�
and conduction-band minimum �CBM� in units of the electron rest mass me calculated using the HSE03
functional. For comparison, the DFT-PBE results are given for PbSe. Spin-orbit coupling has been included
in the calculations. The experimental values are taken from Refs. 4 and 37.

�m�
*,VBM /me� �m�

*,VBM /me� �m�
*,CBM /me� �m�

*,CBM /me�

PAW PBE

PbSe 0.142 0.144 0.126 0.135

PAW HSE03

PbS 0.103 0.071 0.096 0.081

PbSe 0.075 0.040 0.070 0.041

PbTe 0.296 0.029 0.223 0.027

Experiment

PbS 0.105±0.015 0.075±0.100 0.105±0.015 0.080±0.010

PbSe 0.066±0.005 0.036±0.002 0.069±0.005 0.037±0.002

PbTe 0.255±0.010 0.024±0.005 0.210±0.005 0.021±0.002
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Shubnikov–de Haas measurements, the PAW HSE03+SOC
calculations have been performed at the low-temperature lat-
tice constants. As a consequence of the interchange of VBM
and CBM and the concomitant smaller band dispersions,
standard DFT-PBE calculations cannot provide correct effec-
tive carrier masses. As exemplarily shown for PbSe in Table
V, DFT-PBE significantly overestimates both the longitudi-
nal as well as the transversal effective masses. Moreover, the
large anisotropy between the longitudinal and transversal
carrier masses characteristic for the narrow-gap PbX is not
found in the DFT-PBE calculation. In contrast, the HSE03
functional �i� provides absolute values of the longitudinal
and transversal effective electron and hole masses that are in
excellent agreement with the experimental findings for all
three materials under investigation, �ii� consistently yields
longitudinal masses that are larger than the transversal ones
in all PbX, and �iii� reproduces the anisotropy between the
longitudinal and transversal carrier masses, which is most
pronounced in PbTe, where it amounts roughly to a factor 10.

IV. CONCLUSIONS

In this work, we have presented both FP-APW+LO and
PAW calculations of the structural and electronic properties
of narrow-gap lead chalcogenides using the standard DFT-
PBE functional, as well as the screened hybrid functional
HSE03 and the GW method. The DFT-PBE results of both
methods are very close, e.g., 0.1% for the lattice constants
and 10 meV for the band gaps �if SOC is not included�,
demonstrating that well converged PAW and FP-�L�APW
calculations yield practically the same technical accuracy
within the limits established by the applied density function-
als. However, local and semilocal functionals �GGA as well
as LDA, not shown here� are not able to correctly describe
the details of the band structure of these materials, in particu-
lar, if spin-orbit coupling is included. As a consequence, �i�
the band gaps are severely underestimated leading to nega-
tive band gaps due to an inversion of the band character of

the valence-band maximum and conduction-band minimum
at the L point, and �ii� the effective charge-carrier masses
cannot be correctly estimated from the band structure. Fur-
thermore, the DFT-PBE lattice constants are overestimated
compared to experiment, resulting in significantly underesti-
mated bulk moduli.

A significant improvement of the theoretically predicted
properties of PbX is achieved by applying the screened hy-
brid functional HSE03. The HSE03 lattice constants are only
slightly larger than the experimental values and the PbX bulk
moduli agree within 5% in the case of PbS, 10% for PbSe,
and 2% for PbTe with experiment. Regarding the band gaps,
the HSE03 functional yields values in good agreement with
experiment, in particular, the order of gaps within the series
is correctly reproduced. The band gaps are underestimated
by 0.06 eV in PbTe and by 0.1 eV in PbS and PbSe. The best
results are achieved by the partially self-consistent GW0
method, which yields band gaps of 0.45, 0.23, and 0.30 eV
for PbS, PbSe, and PbTe, respectively.

The perfect agreement of the calculated longitudinal and
transversal effective carrier masses with measured data is
also an indication for the success of the HSE03 functional in
describing the electronic properties of the lead chalco-
genides. This gives motivation to further ab initio investiga-
tions of the pressure dependence of the band gaps �deforma-
tion potentials� and band offsets for the interfaces between
PbX materials, as well as the dielectric constants, which will
be the subject of future work.
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