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The electronic structure and frequency dependent dielectric function«(v) of rocksalt semiconductors PbSe
and PbTe are investigated using the local density approximation~LDA ! and the generalized gradient approxi-
mation as two different exchange and correlation approximations, within the full-potential linearized aug-
mented plane-wave approach. Spin-orbit coupling has been incorporated in the study. The results are presented
and compared with other recent calculations and experimental data. Structural properties are also obtained by
means of calculations of total energy as a function of lattice parameters. The bulk structural parameters are
sensitive to the choice of exchange and correlation approximation. The essential features of the band structure
and density of states of PbSe and PbTe are reproduced by our calculations and agree quite well with available
experimental results. The position of the minimum energy gap is correctly predicted, although the value of the
gap is as usual, underestimated by the local density approximation with respect to the experimental data. This
gap value is improved by the inclusion of the generalized gradient approximation. Also, we have calculated the
real @«1(v)# and imaginary@«2(v)# parts of«(v) for both compounds, in the framework of the LDA scheme
for exchange and correlation. The inclusion of spin-orbit coupling leads to a richer structure in both«1(v) and
«2(v). The agreement with experimental results is satisfactory.
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I. INTRODUCTION

The electronic structure, structural properties, and die
tric functions of the II-VI semiconductors have been pre
ously investigated both experimentally and theoretically,
a variety of band structure techniques.1 The lead chalco-
genides or lead salts PbSe and PbTe are IV-VI semicon
tors. The study of these semiconductors is mainly motiva
by their importance in long-wavelength sensor devices,
ode lasers, and thermophotovoltaic energy converters.2 The
lead salts crystallize in the rocksalt structure and are p
semiconductors. They possess some unusual electronic
structural properties, such as a very narrow energy gap,
carrier mobilities, high dielectric constants, and a posit
temperature coefficient of the gap that may be unique am
polar semiconductors. Furthermore, the band gaps h
negative pressure coefficients, i.e., they decrease with
crease in pressure, in contrast to what is observed in II
and II-VI semiconductors.2,3 Also, PbSe and PbTe provide
case in which the minimum energy gap of a compound se
conductor increases as the atomic number of the anion
creases. All these factors have contributed toward the inte
in the fundamental study of this group of semiconductors

There are presently in the literature several electro
structure studies of the lead salts PbSe and PbTe. Som
them4–6 involve one or more adjustable parameters, obta
PRB 610163-1829/2000/61~24!/16589~7!/$15.00
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ing different degrees of agreement with the experimen
Also, modernab initio calculations have been performe
one involving a full potential linearized muffin-tin orbita
using a Dirac relativistic version,7 obtaining good agreemen
with experimental bulk band structures;8 and another involv-
ing a general-potential linearized augmented plane-w
method, obtaining a good description of the electronic a
structural properties.9

In this paper, we employ the full potential linearized au
mented plane wave~FP-LAPW! method within the density
functional theory as implemented in theWIEN97 code,10

which results in a very accurate scheme for electronic str
ture studies in solids. We perform calculations in order
study the electronic structure, structural properties, and
electric functions of PbSe and PbTe. It is known that,
many cases when the exchange and correlation effects
treated within the density functional approach using the st
dard local density approximation~LDA !, it fails to yield sat-
isfactory results and that using the generalized gradient
proximation~GGA! gives better results. Also, the inclusio
of spin-orbit interaction effects is known to improve the r
sults of electronic structure studies when heavy elements
present, and for the lead salts, it seems to be particul
necessary. To this end, in this study we include the spin-o
effect and employ two exchange and correlation approxim
tions ~LDA and GGA! in order to compare the results ob
16 589 ©2000 The American Physical Society
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TABLE I. Calculated equilibrium lattice constantsaeq , bulk modulusB, and pressure coefficientB8.

aeq ~a.u! B(MBar) B8
Crystal LDA GGA Expt LDA GGA Expt LDA GGA

PbSe~without spin-orbit coupling! 11.410 11.745 11.5727 0.5954 0.4888 4.7636 3.64
PbSe~with spin-orbit coupling! 11.419 11.777 0.5726 0.4699 0.4–0.5a 4.4156 4.6236
PbTe~without spin-orbit coupling! 12.037 12.391 12.2114 0.5144 0.4030 0.4b 5.5010 4.2746
PbTe~with spin-orbit coupling! 12.057 12.420 0.4982 0.3938 5.7623 3.91

aReference 1.
bReference 16.
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tained using the two procedures.
This paper is organized as follows. In Sec. II, we give

brief description of the method used and details of the c
culations. In Sec. III the total energy calculation as well
structural parameters, band structure, and density of s
are presented. Also, results for the dielectric functions
presented and analyzed. Conclusions are drawn in the
section.

II. DETAILS OF THE CALCULATIONS

In this paper, we used theWIEN97 FP-LAPW code, the
theoretical details of which are described by its auth
elsewhere.10 The crystal structure of these IV-VI semicon
ductors is rocksalt with two atoms per unit cell. For the ba
structure and dielectric function calculations, we used
experimental values of the lattice constants,2,11 which are
6.124 Å for PbSe and 6.462 Å for PbTe. The implementat
of the FP-LAPW method was carried out in the scope of
LDA using as the exchange-correlation potential the Perd
l-
s
tes
e
st

s

d
e

n
e
w

and Wang12 reparametrization of the Ceperley-Alder LD
data and the GGA,13 respectively. The Brillouin zone~BZ!
integration was done with 72k points in the irreducible par
of the BZ. The energy as a function of lattice constant,
density of states, and the band structure were calculated
and without spin-orbit coupling using both LDA and GG
forms of exchange-correlation potential.

For the calculation of the bulk static properties of t
compounds, we evaluated the total energy as a function
lattice constant. Around the region of the total energy mi
mum, the bulk modulusB, the pressure coefficientB8, and
the equilibrium lattice constantaeq were obtained by fitting
the data to Murnaghan’s equation of state.14 The total energy
for each crystal was calculated using the two exchange
correlation schemes with and without spin-orbit coupling.

Once the band structure of a material is self-consiste
obtained, one can obtain the frequency dependent diele
function «(v) due to interband transitions. The imagina
part of the dielectric function Im@«(v)#5«2(v) is treated
A

FIG. 1. Calculated electronic band structure for PbTe.~a! Scalar relativistic without spin-orbit interaction;~b! with spin-orbit interaction.

In the latter case, the band spin-orbit splitting gives a better description of the band gap~aside from the underestimation of the LD
approximation!. ~c! Spin-orbit band structure for PbSe.
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by Ambroch-Draxl and Abt15 as

Im@«~v!#5«2~v!5~4p2e2!/~m2v2!(
i , j

E ^ i uM u f &2Wi

3~12Wf !d~Ef2Ei2v!d3k, ~1!

whereM is the dipole matrix,i and f are the initial and final
states respectively,Wi is the Fermi distribution function for
the i th state, andEi is the energy of the electron in thei th
state. From the imaginary part of the dielectric function

TABLE II. Calculated band gaps~in eV! at experimental lattice
constantsa0. so indicate spin-orbit coupling.

Crystal LDA GGA LDA-so GGA-so Expt

PbSe 0.190 0.295 0.012 0.121 0.165a

PbTe 0.570 0.730 0.028 0.160 0.190a

aReferences 2 and 11.

TABLE III. Comparison between our results and available e
perimental values, for valence band critical point energies~in eV!,
so indicates spin-orbit coupling.

Experimentala Experimentalb LDA-so c

PbSe
G8

2 1.45 1.8 1.53
G6

2 2.2 2.5 2.17
G6

1 6.25 6.31
G6

1 12.95 13.51
X7

2 2.75 3.2 2.88
X6

2 3.3 3.7 3.34
X6

2 4.45 5.1 4.89
X6

1 7.7 7.36
X6

1 12.35 12.04
Spin-orbit splitting
at G 0.75 0.6 0.63
Spin-orbit splitting
at X 0.60 1.1 0.50

PbTe
G8

2 1.0 1.3 1.06
G6

2 2.1 2.5 2.12
G6

1 6.35 5.80
G6

1 11.8 12.16
X7

2 2.45 2.5 2.55
X6

2 3.55 3.4 3.23
X6

2 4.5 4.5 4.60
X6

1 7.85 7.45
X6

1 10.75 10.50
Spin-orbit splitting
at G 1.10 1.15 1.06
Spin-orbit splitting
at X 1.10 0.9 0.70

aReference 8.
bReference 17.
cThis work.
can extract the real part of the dielectric function Re@e(v)#
5«1(v) using the Kramers-Kronig relation in the form

Re@«~v!#5«1~v!511
2

p
PE

0

k

v8«2~v8!dv8/~v822v2!,

~2!

whereP means the principal value of the integral. For t
calculation of the optical properties, a dense mesh ofk points
is required. The BZ integrations were done using the te
hedron metod with 165k points in the irreducible BZ with-
out broadening.

III. RESULTS AND DISCUSSION

A. Structural properties

The ground state bulk properties of the crystals were
tained using the calculations of the total energy as a func
of lattice constant. For each compound, the calculations w
performed with and without spin-orbit coupling. The bu
properties from the total energy calculations are summari
in Table I together with available experimental data. T
LDA underestimates the equilibrium lattice constant wh
the GGA, on the other hand, gives larger values. Howev
the deviation in the values predicted with either approxim
tion scheme lies within62% of the experimental values
One of the effects of the spin-orbit coupling is to lower t
total energy by about 0.2 Ry in the compounds. For the b
modulusB, the agreement with the experimental data is s

FIG. 2. Density of states for PbTe with spin-orbit interactio
Total ~bottom plot!, contribution from Pb atom~medium plot!, and
from the Te atom~top plot!.
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isfactory particularly for PbSe, although there is a wi
range of variation in the experimental data.

B. Band structures and densities of states

The calculated energy band structures along the princ
symmetry directions for the two semiconductors PbSe
PbTe were calculated using the experimental values of
lattice constants for the respective crystals. In Fig. 1,
have displayed some of the band structures for compari
performed in the LDA with and without the spin-orbit inte
action. These band structures will be used in the discus
as representative of all the situations. Calculations were
done by treating the exchange and correlation effects u
the GGA, and comparison of all band gaps is shown in Ta
II together with the experimentally determined values.

Even when no spin-orbit is considered, the scalar rela
istic terms are included in our scheme. They are the m
velocity and the Darwin terms, which become important
heavy elements such as in our case the Pb cation. T
contributions~which do not split the bands! are known to be
rather dependent on the angular momentum character o
band, particularly forp-like states. As a consequence, t
effects vary as a function of thek vector, becoming more
important fork points with lower symmetry, which consid
erably affects the band gap value formed at theL point. Our
non-spin-orbit results show this behavior, giving a genera
good account of the band structure, obtaining correctl
direct band gap at theL point, although with an overesti

FIG. 3. Density of states for PbSe with spin-orbit interactio
Total ~bottom plot!, contribution from Pb atom~medium plot!, and
from the Se atom~top plot!.
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mated value of 0.570 eV. The maximum of the valence ba
~VBM ! obtained at this point (L1 symmetry! results from
hybridization with 18% Pbs- and 28% Tep-like character.
The next lower band appears from the nearbyL3 symmetry
valence band, having Tep-like character. The band forming
the VBM gets closer to this one, merging together in goi
through theL direction, resulting in degeneracy at theG
point. Deeper in energy appears anotherL1 band with a
strong Pbs character, which plays an important role in ba
gap formation, since this state interacts strongly with
VBM, both having the same symmetryL1 at the edge of the
Brillouin zone.

Our results also show, as expected, that these bands
modified and some of them split by the spin-orbit interactio
which will provide important modification at theL point
leading to an improved band gap value~in terms of the usual
underestimation of the LDA formalism!. In the double-group
notation, theL6

1 state~derived from the formerL1 band! is
the VBM, and close to it appear the time reversal dou
degenerateL4

1 and L5
1 states, and anotherL6

1 at lower en-
ergy ~all three derived from theL3 band!. Deeper in energy
is theL6

1 state corresponding tos-state Pb. This band origi
nates in the deepL1 non-spin-orbit band, mantaining it
shape and values with little change. In this double-gro
symmetry state labeling, it is easier to see the drastic red
tion of the band gap value. The conduction band minim
~CBM! hasL6

2 symmetry, while the next higher conductio
band ~CB! state is againL6

2 ; the mutual repulsion move
down the CBML6

2 state, shrinking the gap. The VBM is a
L6

1 state and does not interact with these states; howeve
is pushed up by the innerL6

1 s-state Pb. As a result, the ban
gap decreases considerably with respect to the non-spin-
value. In Table II these results are compared at the exp
mental lattice constants for each compound.

The spin-orbit splitting of the bands at theG point has
simpler consequences than before, since there is no coup
between states, and the main effect is that both theG15 va-
lence band~VB! (p-like Se and Te! and theG15 CB states,
separated by the band gap energy, are split into theG8

2 qua-
druplet and theG6

2 doublet. This VB splitting is 0.63 eV for
PbSe and 1.06 eV for PbTe, in close agreement with exp
mental values~see Table III!. Both G8

2 states maintain abou
the same energies as their predecessor non-spin-orbitG15
states. At theX point, VB spin-orbit splitting occurs betwee
X7

2 andX6
2 , being 0.5 eV for PbSe and 0.70 eV for PbT

Our values are in very satisfactory agreement with availa
experimental results, specially with those from ang
resolved photoemission by Hinkelet al.,8 as we show in
Table III. Also, the essential features of the band structure
PbSe and PbTe are reproduced by our calculations and a
quite well with results obtained in previous calculation8

especially those using similar full potential procedures.9

In Fig. 2 we show the calculated total density of states
PbTe, which presents three well defined regions below
Fermi energy. These regions correspond, respectively, to
first bunch of bands close toEF , and to the two next deepes
bands in Fig. 1. The region close toEF forming the edge of
the valence band has a sharp pike originating in the Tp
states and to a lesser extent in the Pbs states, this last con
tribution forming the VBM. The bulk of this region extend

.
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up to 24.6 eV, and it is also formed mainly from the Tep
states with a small amount of Pbp character. The secon
region is narrower with a pronounced spike at28.29 eV
correspondig to the Pbs and some contribution of Tes-p
states. The last region is deepest in energy and slightly
rower than the previous one; it has a pronounced spike
210.4 eV corresponding to the Tes states. A small amoun
of Pb s also contributes to this peak. A rather similar situ
tion is obtained for PbSe as shown in Fig. 3, although
first region close toEF is a little wider, and the deepes
valence region corresponding to Ses occurs at deeper ene
gies, having its maximum peak at212.09 eV.

In order to show the effect of pressure on the energy
in these semiconductors, we have also calculated the en
gaps at the equilibrium lattice constants obtained by us
the two exchange and correlation schemes, namely, L
and GGA. It is of interest to note that the expected nega
pressure coefficient, which is experimentally observed, is
tained in our calculations. The trends in the values of
energy gaps at the corresponding lattice constants show

C. Dielectric functions

Different experimental techniques have been employe
measure optical properties in the lead chalcogenides, suc
spectroscopic ellipsometry,3,18 which permits direct measure
ment of the real and imaginary parts of the pseudodielec

FIG. 4. Calculated real and imaginary parts of the dielect
function for PbSe with spin-orbit interaction. The values for the fi
structure of theE0 to E3 regions are shown in Table IV and dis
cussed in the text.
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function«(v); wavelength-modulation spectroscopy,19 elec-
troabsorption and electroreflectance,20 and reflectance and
transmission.21 The experimental results consist of rath
broad peaks for these materials, and, as a consequence
ferent techniques give appreciable differences in the ene
where the peaks are positioned. Following Cardona
Greenaway’s21 notation, the main characteristics of th
«2(v) spectra in the energy range of interest from 0 eV to
eV are the threshold peakE0, which should coincide with the
band gap value, the first shoulderE1, the highest peak in
magnitudeE2, called the reflectivity peak which can sho
experimentally a fine structure to some extent,20 and theE3

high-energy shoulder in the region of the main peak. T
theoretical treatment show for both compounds that pe
possess structures, which are originated in the Van H
singularities.11

We have calculated the real and imaginary parts of
frequency dependent dielectric function«(v) for PbSe and
PbTe for photon energies up to 5 eV, using Eqs.~1! and~2!,
respectively, in the framework of the LDA scheme for e
change and correlation, with spin-orbit coupling. These r
«1(v) and imaginary«2(v) parts are plotted in Fig. 4 for
PbSe and in Fig. 5 for PbTe. The inclusion of spin-or
coupling leads to a considerably greater number of peak
both «1(v) and«2(v).

FIG. 5. Calculated real and imaginary parts of the dielec
function for PbTe with spin-orbit interaction. The values for the fi
structure of theE0 to E3 regions are shown in Table V and dis
cussed in the text.
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The results for both compounds are very similar, as co
be expected from the similarities in the band structure fr
which the optical transitions take place. In Tables IV and
for PbSe and for PbTe, respectively, we have collected av
able experimental results; it can be seen that our results a
quite well with them and also with other theoretical calcu
tions. The main transitions originating from the peaks
assigned as follows:L(5→6) ~in numbering the bands w
have taken the usual notation, 1 as the deepests band! at E0 ,
S(5→6)@L(5→7)# at E1 ,D(5→6)@S(5→7)# at E2, and
D(4→6)@S(4→7)# at E3.

The E0 threshold appears at 0.29 eV in PbSe and at 0
in PbTe. The nextE1 shoulder shows a fine structure of tw
peaks at 1.65 and 1.95 eV in PbSe and at 1.02 and 1.46 e
PbTe. After this, the mainE2 peak in«2(v) appears. This is
the most important feature of the spectrum, since it can g
a measure of the absolute value of the reflectivity for a giv
sample. Also, in the framework of spectroscop
ellipsometry,3,18 it permits one to recognize the cleanest s
face, which provides a more bulklike dielectric functio
Fine structure can be found also for the third peakE3, at 3.63
and 4.20 eV for PbSe and 2.76 and 3.55 eV for PbTe. A
going through this peak, the calculated«2(v) decreases with
increasing energy. The peaks in the spectra are better de
in PbTe, characterized by the fact that both maximum fi
structure critical points atE2 occur at almost the same en
ergy~only 0.09 eV apart!, resulting in a sharper and narrow
«2(v) spectrum as can be seen by comparing Figs. 4 an
Also, the peaks corresponding toE1 are more separated i
energy from theE2 peaks in PbTe than in PbSe, improvin
definition. In contrast, the PbSe«2(v) spectra is broader an
have more relief.

For the real dielectric function, the most important qua
tity is the zero frequency limit«1(0) which is the electronic
part of the static dielectric constant.22 From the «1(v)
curves, approximate values of the electronic part of the st
dielectric constant in the zero frequency limit can be o

TABLE IV. Calculated critical point energies for PbSe, as d
cussed in the text, compared to collected available experime
results and other theoretical calculations. EPM means empi
pseudopotential method calculations.

Theory
Region Experiment~eV! EPM a ~eV! This work ~eV!

E0 0.31 0.17 0.26
E1 1.59c 1.6 1.65

1.97–2.18a 1.9,2.3 1.95
1.6b

1.53–1.78c

E2 2.65–3.12b 2.7–2.9 2.19–2.51
2.73b

3.1c

E3 4.40–5.3a 4.2–4.3 3.63–4.20
4.10b

4.5c

aReference 19.
bReference 3.
cReference 21.
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tained, provided that the absolute magnitudes have been
justed from experiments. Our«1(v) curves agree with those
obtained by Kohnet al.19

IV. CONCLUSIONS

We have presented a systematic study of the electro
and structural properties, as well as the dielectric functio
of the lead salts PbSe and PbTe, using the all-electron
LAPW method with different forms of exchange and corr
lation potentials. We have studied the structural propert
comparing the results obtained with the LDA and the GG
without and including spin-orbit interaction. In any case, t
inclusion of spin-orbit coupling in the calculations signifi
cantly improved the agreement of the band structure and
electric functions with experiments. Both schemes, LDA a
GGA, give good agreement with experimental values, GG
being better for the structural properties. We compared
band-gaps in the same manner, obtaining the usual result
the LDA underestimates the energy gap, while on the ot
hand, the GGA improves these results making the G
spin-orbit band gaps comparable with their experimental v
ues.

The energy band structures and density of states are
well described by our calculations performed in the fram
work of the LDA, as we have shown in Sec. III B, applyin
them to the calculation of dielectric functions for both ma
rials. We have explained the main features of available
perimental data, as well as compared our results with o
theoretical calculations.
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TABLE V. Calculated critical point energies for PbTe, as d
cussed in the text, compared to collected available experime
results and other theoretical calculations. EPM means empir
pseudopotential method calculations.

Theory
Region Experiment~eV! EPM a ~eV! This work ~eV!

E0 0.19 0.15
E1 1.08b 1.07–1.27 1.02–1.45

1.25–1.60d

E2 1.98–2.2c 2.02–2.03 1.81–1.89
2.1–2.3a

2.02b

E3 3.3a 2.78–3.1 2.76–3.55
3.5c,d

3.25b

aReference 19.
bReference 18.
cReference 21.
dReference 20.
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