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Abstract

The full potential linearized augmented plane wave (LAPW) method was applied to study the electronic structure of the PbTe
compound. Calculations of the band structure, density of states, strain energy and total energy as a function of lattice constant
have been performed in the B1(NaCl) and B2(CsCl) structures. The equilibrium lattice constant, the band gap, the pressure
variation of the energy gap, the bulk moduli and the elastic constants are compared with experiment and other calculations. We
found that the local density approximation results in an energy gap that overestimates the experimental value, in contrast to
most materials where the energy gap is underestimated. We propose a simple way to adjust the gap to the experimental value by
performing a Slater–Koster fit and then varying thep on-site parameter of Pb. The inclusion of the spin–orbit coupling term in
the tight-binding Hamiltonian fit is shown to produce significant changes in the band structure. With these two steps, the
calculated band gap is found to be in good agreement with experiment. In the case of PbTe (CsCl) structure, our calculation
finds no gap in the bands, contradicting recent experimental data.q 2000 Published by Elsevier Science Ltd. All rights
reserved.
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1. Introduction

Over the past several decades, the naturally occurring
semiconductor PbTe has been the subject of many theore-
tical [1–12] and experimental [15–23] studies. Lead tell-
uride (PbTe), with a direct and narrow band gap, was
viewed as an important technological material [20–23] for
a wide of variety applications in infrared devices. This
compound crystallizes in the rock salt structure. Extensive
calculations of the band structure of this material have been
carried out using different methods, such as the tight-bind-
ing method (TB) [1], augmented-plane wave (APW) [2,4],
Green’s function method [5], orthogonalized plane wave
(OPW) [6], and the empirical-pseudopotential methods
[7–11].

Recently, a theoretical analysis of experiments [18]

was presented by Wei and Zunger [12] using the linear
augmented plane wave (LAPW) method [13]. A common
feature of the experimental results and the theory is the
existence of the band gap at theL point of the Brillouin
zone. Wei and Zunger adjusted their potential to reproduce
the exact value of the measured gap.

In this work we wish to investigate the size of the gap
without the adjustment made by Wei and Zunger [12] and
then explore a simple way for adjusting the gap via TB
theory. We want to explore this compound in the CsCl
structure in view of recent experiments [19] that propose a
semiconducting phase.

This paper deals with electronic structure calculations
carried out on the PbTe compound and is organized as
follows. In Section 2, we outline the computational details
used to obtain the equilibrium lattice constant, elastic
constants and the energy gap. Also we outline the treat-
ment of the spin–orbit interaction by means of the Slater–
Koster (SK) fit approach. In Section 3 we present the
results of LAPW calculations for PbTe in its stable B1
(NaCl) and in its potentially metastable B2 (CsCl) struc-
ture. We compare our calculation with experiment and
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previous theoretical results. The results of the band struc-
ture from SK fit, including spin–orbit coupling, are also
presented. Finally in Section 4 we summarize our
conclusions.

2. Method

The band structure calculations were performed self-
consistently using the general potential LAPW method
[13,14], in which the core electrons, (Pb, Xe core1 4f
states) (Te, Kr core1 4d states), are determined for each
iteration by a fully relativistic atomic-like calculation, and
the outer valence electrons were calculated scalar relativis-
tically without spin–orbit coupling. The total energy was
calculated from the usual local density approximation
(LDA) expression using the Hedin and Lundqvist [24]
exchange and correlation parametrization. Convergence
was assumed when the total energies of two successive
iterations agreed to within 1025 Ry.

We performed a calculation of the total energy as a
function of volume for PbTe in both the NaCl and CsCl
structures. In addition, the stability of these phases was
considered by calculating the elastic constants. To do this
we applied an external strain to the crystal (within the elastic
limit), and determined the elastic constants by calculating
the curvature of the total energy as function of strain. Three
independent elastic moduli,C11, C12 andC44, are needed to
describe the elasticity in a cubic crystal. A more detailed
descriptions of how to obtain elastic constants is presented
by Mehl et al. [25,26].

It is well known that in semiconductors the band gap is
not calculated accurately by the LDA. This is a shortcoming
of the LDA which is magnified in our LAPW calculations by
the omission of the spin–orbit interaction. To improve our
band gap result we first performed a SK [30] fit using an
orthogonal basis set of s and p orbitals. We followed a
procedure similar to that described in Ref. [31] which we
summarize later.

We used an orthogonal sp3 TB Hamiltonian which results
in an 8× 8 secular equation. We used as adjustable para-
meters 32 three-center interaction integrals, which include
first and second neighbors. These parameters were deter-
mined by a nonlinear least-squares fit to the muffin-tin
(MT) APW results. In this way, we have fit all 8 bands of
the MT APW calculations. The rms fitting error was less
than 5 mRy for all bands.

In the SK fit it is necessary to block-diagonalize the
Hamiltonian at high symmetry points and lines. For this
reason, we needed to identify unambiguously the symmetry
of each first principles eigenvalue to be fitted. This is done
conveniently in our MT APW program. We then compared
the resulting energy bands between full potential LAPW and
MT APW and found that the differences are negligible. It
should be noted, however, that the MT approach did not
produce satisfactory total energy results [32].

In the above fit, we did not take into account the spin–
orbit coupling effect. To address this issue we included the
spin–orbit coupling in the SK formalism of the TB theory.
The Hamiltonian was doubled in size, that is, a 16× 16
matrix is diagonalized to obtain the energy bands and
density of states.

The Hamiltonian matrix expression in the angular
momentum representation can be found in a review by
Hass et al. [29] which we write in the form:

~H 1 ~Hso�
H 1 Hso�""� Hso�"#�

Hso�#"� H 1 Hso�##�

 !
�1�

We give the detailed form of this Hamiltonian in Appendix
A (Tables A1–A3). The values of the two spin–orbit para-
meters of the atoms Pb and Te,l1 andl2, were taken from
Herman’s atomic structure calculations [28]. The remaining
SK parameters that appear in the matrix elements of Tables
A2 and A3 were determined from the SK fit described above
and are listed in Table 1.
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Table 1
SK parameters, orthogonal 3-center, B1 structure. On the left side
column we show the notation used in Tables A2 and A3

(Ry)

A1 20.32924 s; s�000� Pb–Pb
A6 0.36711 x; x�000� Pb–Pb
A2 20.00031 s; s�110� Pb–Pb
A3 0.01505 s; x�110� Pb–Pb
A7 0.00981 x; x�110� Pb–Pb
A8 20.01164 x; x�011� Pb–Pb
A9 0.02258 x; y�110� Pb–Pb
B1 0.00462 s; s�200� Pb–Pb
B2 20.00799 s; x�200� Pb–Pb
B4 0.05192 x; x�200� Pb–Pb
B5 0.00265 y; y�200� Pb–Pb
C1 20.44055 s; s�000� Te–Te
C2 20.00112 s; s�110� Te–Te
C3 20.00519 s; x�110� Te–Te
C6 0.17412 x; x�000� Te–Te
C7 20.00501 x; x�110� Te–Te
C8 0.01215 x; x�011� Te–Te
C9 20.00097 x; y�110� Te–Te
E1 20.01524 s; s�200� Te–Te
E2 20.00876 s; x�200� Te–Te
E4 20.01514 x; x�200� Te–Te
E5 0.00479 y; y�200� Te–Te
D1 20.02592 s; s�100� Pb–Te
D2 20.04522 s; x�100� Pb–Te
D3 20.10260 x; s�100� Pb–Te
D4 20.10422 x; x�100� Pb–Te
D5 0.04047 y; y�100� Pb–Te
F1 20.00462 s; s�111� Pb–Te
F2 20.00000 x; s�111� Pb–Te
F3 0.00658 s; x�111� Pb–Te
F4 20.00348 x; x�111� Pb–Te
F5 20.00068 x; y�111� Pb–Te



In the case of the (B2) structure we included the d-states
in our SK Hamiltonian to eliminate any uncertainties
regarding the existence of a gap.

3. Results

Using the full-potential LAPW formalism, we have calcu-
lated the equilibrium lattice constant of PbTe within the
LDA approximation. In Fig. 1 we show the total energy as
a function of volume in the (B1) and (B2) structures, as well
as the energy curve produced from the fit model equation of
state proposed by Birch [33]. It is clear that B1 is the stable
structure. The equilibrium lattice constants, bulk modulus
and the first derivative of the bulk modulus, along with the
corresponding experimental [18] and other calculated values
[12] are listed in Table 2. The lattice parameter value is
compared to the experimental value and to the Wei and
Zunger value. The small difference in the value of the lattice
constant between our value and that of Wei and Zunger is
probably due to the fact that they used the Ceperley–Alder

exchange and correlation functional as parameterized
by Perdew and Zunger [34] while we have used
Hedin–Lundqvist [24]. The bulk moduli agree well between
the two calculations and they both are significantly higher
than the experimental value of 0.400 Mbar. The value of the
bulk modulus 0.477 Mbar is obtained when it is determined
at the experimental volume. This is an improvement from
the value 0.517 Mbar at the theoretical equilibrium volume,
which is smaller than the experimental volume.

We have also calculated the elastic moduli for both struc-
tures at the equilibrium lattice constants. In Table 3, we list
the calculated and experimental [3] values of the elastic
constants. Our calculations overestimate the values of elas-
tic constants, consistent with the overestimation of the bulk
modulus. This discrepancy is reduced when we calculate the
Cij at the experimental value of the lattice parameter. There
are no experimental data available for the elastic constants
of PbTe in CsCl (B2) structure, but these calculations may
serve as a prediction. Our calculated positive value of the
elastic constants is indicative of the stability of this
compound in both NaCl (B1) and CsCl (B2) structure. To
predict the metastability of the B2 (CsCl) structure we
would also need to perform phonon frequency calculations.

For the PbTe stable B1(NaCl) structure, the energy bands
were calculated at the lattice constant 6.45 A˚ , which is very
close to the experimental value. From this calculation we
confirm the observation obtained by experimental [18] and
theoretical [4,12,7,8] studies which locates the gap for the
PbTe system at theL point. But the energy gap is found to be
0.642 eV in comparison with the Nimtz–Schlicht experi-
mental energy gap of 0.190 eV. This is an unusual result
because in most materials the LDA approximation under-
estimates the energy gap [35,36]. Wei and Zunger have
included spin–orbit to their LAPW calculation and they
have also adjusted the energy gap to the experimental
value by adding a constant potential to the conduction
band states.

As discussed in Section 2, in order to include the spin–
orbit coupling and to adjust the gap we have performed a SK
fit. When we include the spin–orbit interaction the band
structure obtained is in good agreement with Wei
and Zunger. The energy gap was found to beEg �
0:087 eV which is smaller than the experimental value.
Then we used a simple way of adjusting the gap to the
experimental value of 0.19 eV using the SK fit, i.e. we
shifted thep Pb on-site parameterx; x�000� to match the
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Fig. 1. Energy vs volume for the B1 and B2 structures of PbTe. The
full and open circles represent the LAPW calculated energies while
the dashed lines are the fits to the Birch equation of state.

Table 2
Summary of experimental, Wei and Zunger and our calculations for
PbTe. aeq, B, and B0 are lattice constant, bulk modulus, and its
pressure derivative, respectively, of the B1 structure

PbTe Calc.
(Wei and
Zunger)

Expt.
(Nimtz and
Schlicht)

Calc.
(present
results)

aeq (Å) 6.44 6.43 6.37
B (Mbar) 0.517 0.400 0.514
B0 4.52 4.08

Table 3
Elastic constants

C11

(Mbar)
C12

(Mbar)
C44

(Mbar)

B1 (NaCl) (LAPW) 1.535 0.004 0.150
B1 (NaCl) (expt) [3] 1.069 0.090 0.131
B2 (CsCl) (LAPW) 0.662 0.441 0.181



experiment. This adjustment changes this parameter from an
original value of 0.36711 Ry (4.995 eV) to the value
0.37635 Ry (5.121 eV). This procedure shows that the elim-
ination of d states in our SK calculations is reasonable and
gives an efficient way to determine the DOS of the PbTe
(B1) structure. The energy bands obtained from our adjusted
fit are shown in Fig. 2. The bands near the Fermi level (EF)
are predominantly a mixture of p states. The lowest band has
exclusively s-Te character while the next band has s-Pb
character and lies far below the gap. This, as was pointed
out by Wei and Zunger, is in contrast to the situation in the
conventional zinc-blende structure semiconductors, which
have the cation s-band unoccupied.

In Table 4 our calculated energy gap at the symmetry
pointsL andG is compared with the experimental and the
theoretical values. Our LAPW value (5.38 eV) for the
energy gap atG is found to be quite different from Wei
and Zunger calculated value (3.92 eV), this is due to the
effect of spin–orbit coupling used in the later calculation.
But when the spin–orbit coupling is included using the SK
fit an energy gap of 3.956 eV atG is obtained. In addition

the adjustment made to improve the energy band gap atL
leads to an energy gap value of 4.07 eV atG . This value is
still in agreement to within 4% of the Wei and Zunger value.

Fig. 3 shows the total density of B1 PbTe ata� 6:45 �A:

The lower four panels show the angular momentum, site
decomposed DOS. The site decomposed DOS of Fig. 3.
(bottom 4 panels) reveals the origin of the main features
of the DOS. The p-character states of Pb and Te dominate
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Fig. 2. The band structure along the symmetry lines of the BZ for PbTe (B1) at the lattice constanta� 6:45 �A: These bands were calculated with
the SK parameters of Table 1. Spin–orbit effects are included.

Table 4
Energy gap values for PbTe nearL andG

PbTe Calc.
(Wei and
Zunger)

Expt.
(Nimtz and
Schlicht)

FLAPW SK-fit
(with
spin–orbit)

Eg(L) (eV) 0.19 0.19 0.64 0.087
Eg(G ) (eV) 3.92 5.35 3.950

dEg�L�
dP

(eV/Mbar) 24.01 27.4 26.20

Fig. 3. Total and angular momentum-decomposed densities of states
for PbTe (B1) at the lattice constanta� 6:45 �A; derived from our
SK Hamiltonian. The position of the Fermi level is shown by the
dashed vertical line. The lower panels show the partial density of
states at each atom site, decomposed by the angular momentum of
the state.



the total DOS near the gap and are responsible for the
peaked structure shape within 6 eV above and 5 eV below
the gap. The site decomposed DOS for the s-character states
of Pb and s-character states of Te show a single peak feature
located at 8 and 10 eV belowEF, respectively.

Fig. 4 shows the volume dependence on the energy gap of
PbTe (B1). Between the lattice constant 11.3 A˚ and equi-
librium lattice constant, the energy gap is almost linearly
dependent on volume with a slope2E=2V � 0:0073: For

lattice constants higher than that of the equilibrium the
volume dependence is not quite linear. The pressure coeffi-
cient is determined when we increase the pressure, that is,
from the linear region of the energy gap versus the volume.
The pressure coefficient,2E=2P; is found to be26.20 eV/
Mbar. The experiment gives the pressure coefficient to be
27.4 eV/Mbar. The fact that the pressure coefficient is
computed with reasonable agreement to the experiment
indicates that the spin orbit effect would be uniform as a
function of volume. It is worth noting from Table 4,2E=2P
value of Wei and Zunger is significantly lower than the
experimental value.

Finally a proposed metastable PbTe in the (CsCl) structure
with a gap of 0.21 eV was measured by Baleva and Mateeva
using transmittance and reflectance spectra. A recent calcu-
lation [32] using the APW method and the calculations
performed here find no gap in the bands, as shown in Fig.
5, disagreeing with these experiments. The experimental
results indicate that the volume is reduced by 30% due to
the pressure involved in creating the metastable CsCl phase
but we find no gap for all lattice constants we calculated.

4. Conclusions

In this paper, we have performed LAPW calculations of
the PbTe energy bands in the B1 and B2 structure. The
calculated equilibrium lattice constant and the bulk moduli
in the (NaCl) structure agree well with the experiment and
calculated values of Wei and Zunger. The energy gap is
reproduced accurately only by constructing an orthogonal
s, p basis SK Hamiltonian with the spin–orbit coupling
included and varying the p on-site parameter of Pb. The
predictions are then consistent with existing experimental
data and the stable structure of the PbTe. Our calculations
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Fig. 4. Calculated volume dependent energy gap for PbTe (B1). The
pressure coefficient is determined in the linear region, i.e. below the
equilibrium volumeVo � 436:3 Bohr3:

Fig. 5. The band structure along the symmetry lines of the BZ for PbTe in the (B2) structure at the lattice constanta� 3:86 �A: These bands were
calculated using the SK Hamiltonian including the spin–orbit correlation.



for PbTe in the B2 structure contradict experiments which
suggest that this structure is a metastable semiconductor.
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Appendix A

Tables A1–A3
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Table A1
SK Matrix including spin–orbit interaction

1CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCA

0BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB@

s1 " px1 " py1 " pz1 " s2 " px2 " py2 " pz2 " s1 # px1 # py1 # pz1 # s2 # px2 # py2 # pz2 #
s1 " H1;1 G1;2 G1;3 G1;4 H1;5 G1;6 G1;7 G1;8 0 0 0 0 0 0 0 0

px1 " G2;1 H2;2 H2;3 2 il1 H2;4 G2;5 H2;6 H2;7 H2;8 0 0 0 l1 0 0 0 0

py1 " G3;1 H3;2 1 il1 H3;3 H3;4 G3;5 H3;6 H3;7 H3;8 0 0 0 2il1 0 0 0 0

pz1 " G4;1 H4;2 H4;3 H4;4 G4;5 H4;6 H4;7 H4;8 0 2l1 il1 0 0 0 0 0

s2 " H5;1 G5;2 G5;3 G5;4 H5;5 G5;6 G5;7 G5;8 0 0 0 0 0 0 0 0

px2 " G6;1 H6;2 H6;3 H6;4 G6;5 H6;6 H6;7 2 il2 H6;8 0 0 0 0 0 0 0 l2

py2 " G7;1 H7;2 H7;3 H7;4 G7;5 H7;6 1 il2 H7;7 H7;8 0 0 0 0 0 0 0 2il2

pz2 " G8;1 H8;2 H8;3 H8;4 G8;5 H8;6 H8;7 H8;8 0 0 0 0 0 2l2 il2 0

s1 # 0 0 0 0 0 0 0 0 H1;1 G1;2 G1;3 G1;4 H1;5 G1;6 G1;7 G1;8

px1 # 0 0 0 2l1 0 0 0 0 G2;1 H2;2 H2;3 1 il1 H2;4 G2;5 H2;6 H2;7 H2;8

py1 # 0 0 0 2il1 0 0 0 0 G3;1 H3;2 2 il1 H3;3 H3;4 G3;5 H3;6 H3;7 H3;8

pz1 # 0 l1 il1 0 0 0 0 0 G4;1 H4;2 H4;3 H4;4 G4;5 H4;6 H4;7 H4;8

s2 # 0 0 0 0 0 0 0 0 H5;1 G5;2 G5;3 G5;4 H5;5 G5;6 G5;7 G5;8

px2 # 0 0 0 0 0 0 0 2l2 G6;1 H6;2 H6;3 H6;4 G6;5 H6;6 H6;7 1 il2 H6;8

py2 # 0 0 0 0 0 0 0 2il2 G7;1 H7;2 H7;3 H7;4 G7;5 H7;6 2 il2 H7;7 H7;8

pz2 # 0 0 0 0 0 l2 il2 0 G8;1 H8;2 H8;3 H8;4 G8;5 H8;6 H8;7 H8;8

Table A2
SK Matrix (real part).x, y, z should be multiplied byp

H1,1 A1 1 4A2�cos�x� cos�y�1 cos�y� cos�z�1 cos�z� cos�x��1 2B1�cos�2x�1 cos�2y�1 cos�2z��
H1,5 2D1�cos�x�1 cos�y�1 cos�z��1 8F1 cos�x� cos�y� cos�z�
H2,2 A6 1 4A7 cos�x��cos�y�1 cos�z��1 4A8 cos�y� cos�z�1 2B4 cos�2x�1 2B5�cos�2y�1 cos�2z��
H2,3 24A9 sin�x� sin�y�
H2,4 24A9 sin�x� sin�z�
H2,6 2D4 cos�x�1 2D5�cos�y�1 cos�z��1 8F4 cos�x� cos�y� cos�z�
H2,7 28F5 sin�x� sin�y� cos�z�
H2,8 28F5 sin�x� sin�z� cos�y�
H3,3 A6 1 4A7 cos�y��cos�z�1 cos�x��1 4A8 cos�z� cos�x�1 2B4 cos�2y�1 2B5�cos�2z�1 cos�2x��
H3,4 24A9 sin�y� sin�z�
H3,6 H2;7

H3,7 2D4 cos�y�1 2D5�cos�z�1 cos�x��1 8F4 cos�x� cos�y� cos�z�
H3,8 28F5 sin�y� sin�z� cos�x�
H4,4 A6 1 4A7 cos�z��cos�x�1 cos�y��1 4A8 cos�x� cos�y�1 2B4 cos�2z�1 2B5�cos�2x�1 cos�2y��
H4,6 H2;8

H4,7 H3;8

H4,8 2D4 cos�z�1 2D5�cos�y�1 cos�x��1 8F4 cos�x� cos�y� cos�z�
H5,5 C1 1 4C2�cos�x� cos�y�1 cos�y� cos�z�1 cos�z� cos�x��1 2E1�cos�2x�1 cos�2y�1 cos�2z��
H6,6 C6 1 4C7 cos�x��cos�y�1 cos�z��1 4C8 cos�y� cos�z�1 2E4 cos�2x�1 2E5�cos�2y�1 cos�2z��
H6,7 24C9 sin�x� sin�y�
H6,8 24C9 sin�x� sin�z�
H7,7 C6 1 4C7 cos�y��cos�z�1 cos�x��1 4C8 cos�z� cos�x�1 2E4 cos�2y�1 2E5�cos�2z�1 cos�2x��
H7,8 24C9 sin�x� sin�z�
H8,8 C6 1 4C7 cos�z��cos�x�1 cos�y��1 4C8 cos�x� cos�y�1 2E4 cos�2z�1 2E5�cos�2x�1 cos�2y��
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Table A3
SK matrix (imaginary part).x, y, z should be multiplied byp

G1,2 24A3 sin�x��cos�y�1 cos�z��2 2B2 sin�2x�
G1,3 24A3 sin�y��cos�z�1 cos�x��2 2B2 sin�2y�
G1,4 24A3 sin�z��cos�x�1 cos�y��2 2B2 sin�2z�
G1,6 12D2 sin�x�1 8F3 sin�x� cos�y� cos�z�
G1,7 12D2 sin�y�1 8F3 sin�y� cos�z� cos�x�
G1,8 12D2 sin�z�1 8F3 sin�z� cos�x� cos�y�
G2,5 22D3 sin�x�2 8F2 sin�x� cos�y� cos�z�
G3,5 22D3 sin�y�2 8F2 sin�y� cos�z� cos�x�
G4,5 22D3 sin�z�2 8F2 sin�z� cos�x� cos�y�
G5,6 24C3 sin�x��cos�y�1 cos�z��2 2E2 sin�2x�
G5,7 24C3 sin�y��cos�z�1 cos�x��2 2E2 sin�2y�
G5,8 24C3 sin�z��cos�x�1 cos�y��2 2E2 sin�2z�


