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The electronic structure and frequency dependent dielectric funeioh of rocksalt semiconductors PbSe
and PbTe are investigated using the local density approximétidA) 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[e,(w)] and imaginary e,(w)] parts ofe (w) 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 iy bo)hand
e,(w). The agreement with experimental results is satisfactory.

[. INTRODUCTION ing different degrees of agreement with the experiments.
Also, modernab initio calculations have been performed,
The electronic structure, structural properties, and dielecene involving a full potential linearized muffin-tin orbital
tric functions of the 11-VI semiconductors have been previ-using a Dirac relativistic versiohpbtaining good agreement
ously investigated both experimentally and theoretically, bywith experimental bulk band structurgsnd another involv-
a variety of band structure techniquedhe lead chalco- ing a general-potential linearized augmented plane-wave
genides or lead salts PbSe and PbTe are 1V-VI semiconduenethod, obtaining a good description of the electronic and
tors. The study of these semiconductors is mainly motivatedtructural propertie$.
by their importance in long-wavelength sensor devices, di- In this paper, we employ the full potential linearized aug-
ode lasers, and thermophotovoltaic energy conveft@iee  mented plane wavéFP-LAPW) method within the density
lead salts crystallize in the rocksalt structure and are polafunctional theory as implemented in theieNg7 codel®
semiconductors. They possess some unusual electronic amdiich results in a very accurate scheme for electronic struc-
structural properties, such as a very narrow energy gap, higture studies in solids. We perform calculations in order to
carrier mobilities, high dielectric constants, and a positivestudy the electronic structure, structural properties, and di-
temperature coefficient of the gap that may be unique amonglectric functions of PbSe and PbTe. It is known that, in
polar semiconductors. Furthermore, the band gaps hawmany cases when the exchange and correlation effects are
negative pressure coefficients, i.e., they decrease with irtreated within the density functional approach using the stan-
crease in pressure, in contrast to what is observed in Ill-\ard local density approximatigi.DA), it fails to yield sat-
and I1-VI semiconductoré? Also, PbSe and PbTe provide a isfactory results and that using the generalized gradient ap-
case in which the minimum energy gap of a compound semiproximation (GGA) gives better results. Also, the inclusion
conductor increases as the atomic number of the anion imsf spin-orbit interaction effects is known to improve the re-
creases. All these factors have contributed toward the interestlts of electronic structure studies when heavy elements are
in the fundamental study of this group of semiconductors. present, and for the lead salts, it seems to be particularly
There are presently in the literature several electronimecessary. To this end, in this study we include the spin-orbit
structure studies of the lead salts PbSe and PbTe. Some effect and employ two exchange and correlation approxima-
thenf~® involve one or more adjustable parameters, obtaintions (LDA and GGA) in order to compare the results ob-
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TABLE |. Calculated equilibrium lattice constands,, bulk modulusB, and pressure coefficie®'.

Aeq (AU B(MBar) B’
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 3.6449
PbSe(with spin-orbit coupling 11.419 11.777 0.5726 0.4699 0.4-0.5 4.4156 4.6236
PbTe(without spin-orbit coupling 12.037 12.391 12.2114 0.5144 0.4030 ®0.4 5.5010 4.2746
PbTe(with spin-orbit coupling 12.057 12.420 0.4982 0.3938 5.7623 3.9163
®Reference 1.
bReference 16.
tained using the two procedures. and Wang? reparametrization of the Ceperley-Alder LDA

This paper is organized as follows. In Sec. I, we give adata and the GGA3 respectively. The Brillouin zonéBZ)

brief description of the method used and details of the calintegration was done with 7R points in the irreducible part

culations. In Sec. Ill the total energy calculation as well asof the BZ. The energy as a function of lattice constant, the

structural parameters, band structure, and density of statefensity of states, and the band structure were calculated with

are presented. AISO, results for the dielectric functions argnd without Spin_orbit Coup"ng using both LDA and GGA

pres_ented and analyzed. Conclusions are drawn in the lagims of exchange-correlation potential.

section. For the calculation of the bulk static properties of the

compounds, we evaluated the total energy as a function of

Il. DETAILS OF THE CALCULATIONS lattice constant. Around the region of the total energy mini-

In this paper, we used theneno? FP-LAPW code, the ~Mum, the bulk modulu$, the pressure coefficied’, and
theoretical details of which are described by its authorghe equilibrium lattice constart,, were obtained by fitting
elsewherd? The crystal structure of these IV-VI semicon- the data to Murnaghan's equation of stet&he total energy
ductors is rocksalt with two atoms per unit cell. For the bandfor each crystal was calculated using the two exchange and
structure and dielectric function calculations, we used theorrelation schemes with and without spin-orbit coupling.
experimental values of the lattice constant$which are Once the band structure of a material is self-consistently
6.124 A for PbSe and 6.462 A for PbTe. The implementatiorobtained, one can obtain the frequency dependent dielectric
of the FP-LAPW method was carried out in the scope of thefunction e(w) due to interband transitions. The imaginary
LDA using as the exchange-correlation potential the Perdewpart of the dielectric function Ifz(w)]=¢,(w) is treated
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FIG. 1. Calculated electronic band structure for Po@gScalar relativistic without spin-orbit interactiofl) with spin-orbit interaction.
In the latter case, the band spin-orbit splitting gives a better description of the ban@gde from the underestimation of the LDA
approximation. (c) Spin-orbit band structure for PbSe.
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TABLE II. Calculated band gapsn eV) at experimental lattice
constants,. so indicate spin-orbit coupling.

Crystal LDA GGA LDA-so GGA-so Expt
PbSe 0.190 0.295 0.012 0.121 0.765
PbTe 0.570 0.730 0.028 0.160 0.1%0

®References 2 and 11.

by Ambroch-Drax| and ABP as

Il ()] =e2(0) =(47°e)(M°0?) 3 f (iIMIf)2w,

X(1=Wp) 8(Ei—Ei— w)d’k, ()
whereM is the dipole matrixj andf are the initial and final
states respectively; is the Fermi distribution function for
theith state, andg; is the energy of the electron in théh

state. From the imaginary part of the dielectric function we

TABLE Ill. Comparison between our results and available ex-
perimental values, for valence band critical point energiegV),
so indicates spin-orbit coupling.

Experimental ExperimentaP LDA-so°©

PbSe

I's 1.45 1.8 1.53
Ty 2.2 2.5 2.17
Te 6.25 6.31
Te 12.95 13.51
X7 2.75 3.2 2.88
Xe 3.3 3.7 3.34
Xe 4.45 51 4.89
X 7.7 7.36
Xg 12.35 12.04
Spin-orbit splitting

atT 0.75 0.6 0.63
Spin-orbit splitting

atX 0.60 1.1 0.50

PbTe

I's 1.0 1.3 1.06
Iy 2.1 2.5 2.12
e 6.35 5.80
re 11.8 12.16
X7 2.45 2.5 2.55
Xs 3.55 3.4 3.23
Xs 4.5 4.5 4.60
Xo 7.85 7.45
Xo 10.75 10.50
Spin-orbit splitting

atl’ 1.10 1.15 1.06
Spin-orbit splitting

atX 1.10 0.9 0.70

%Reference 8.
bReference 17.
“This work.
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FIG. 2. Density of states for PbTe with spin-orbit interaction.
Total (bottom plo}, contribution from Pb atonimedium plo}, and
from the Te aton(top plob.

can extract the real part of the dielectric function Rev) ]
=¢,(w) using the Kramers-Kronig relation in the form

k
o'ew)do'[(0'?— w?),

(2

where P means the principal value of the integral. For the
calculation of the optical properties, a dense meshpdints

is required. The BZ integrations were done using the tetra-
hedron metod with 16% points in the irreducible BZ with-
out broadening.

R 2
de(@)]=ea(w) =1+ P

0

IIl. RESULTS AND DISCUSSION

A. Structural properties

The ground state bulk properties of the crystals were ob-
tained using the calculations of the total energy as a function
of lattice constant. For each compound, the calculations were
performed with and without spin-orbit coupling. The bulk
properties from the total energy calculations are summarized
in Table | together with available experimental data. The
LDA underestimates the equilibrium lattice constant while
the GGA, on the other hand, gives larger values. However,
the deviation in the values predicted with either approxima-
tion scheme lies within=2% of the experimental values.
One of the effects of the spin-orbit coupling is to lower the
total energy by about 0.2 Ry in the compounds. For the bulk
modulusB, the agreement with the experimental data is sat-
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4 v T T T ; T T mated value of 0.570 eV. The maximum of the valence band
(VBM) obtained at this pointl(; symmetry results from
hybridization with 18% Pls- and 28% Tep-like character.
The next lower band appears from the neakhysymmetry
24 i = valence band, having Teglike character. The band forming
£ the VBM gets closer to this one, merging together in going
] through theA direction, resulting in degeneracy at the
p-s //U\/\ /.,/‘:/\ point. Deeper in energy appears anotlhgr band wi.th a
. S strong Pbs character, which plays an important role in band

Se total DOS

ot m—————

0 ' ' ' gap formation, since this state interacts strongly with the
< Pb total DOS VBM, both having the same symmetty; at the edge of the
2 1 Y . Brillouin zone.
2 it s Our results also show, as expected, that these bands are
2 modified and some of them split by the spin-orbit interaction,
8 ; which will provide important modification at thé point
e P leading to an improved band gap valiiie terms of the usual

s-p //\"'J\ underestimation of the LDA formalismin the double-group

] notation, theL; state(derived from the formet.; band is

" PbSe total DOS the VBM, and close to it appear the time reversal doubly
degeneratd; andL. states, and anothér; at lower en-
ergy (all three derived from thé& 5 band. Deeper in energy

] is theL{ state corresponding t®state Pb. This band origi-
2+ nates in the deep, non-spin-orbit band, mantaining its
shape and values with little change. In this double-group
| symmetry state labeling, it is easier to see the drastic reduc-
0 . 1-0 . :5 . (-) . s tion of the band gap value. The conduction band minimum

(CBM) hasLg symmetry, while the next higher conduction
band (CB) state is agairLg ; the mutual repulsion moves
FIG. 3. Density of states for PbSe with spin-orbit interaction. down the CBML¢ state, shrinking the gap. The VBM is an
Total (bottom ploy, contribution from Pb atontimedium ploj, and L4 state and does not interact with these states; however, it
from the Se atonttop plog. is pushed up by the inndry s-state Pb. As a result, the band
gap decreases considerably with respect to the non-spin-orbit
isfactory particularly for PbSe, although there is a wideyalue. In Table Il these results are compared at the experi-

Energy (eV)

range of variation in the experimental data. mental lattice constants for each compound.
The spin-orbit splitting of the bands at thé point has
B. Band structures and densities of states simpler consequences than before, since there is no coupling

etween states, and the main effect is that bothltheva-

The calculated energy band structures along the principfe :
symmetry directions for the two semiconductors PbSe andf"¢® bandVB) (p-like Se and Tand thel'ss CB states,

PbTe were calculated using the experimental values of the€Parated by the band gap energy, are split intd hejua-
lattice constants for the respective crystals. In Fig. 1, wedruplet and thd’s doublet. This VB splitting is 0.63 eV for
have displayed some of the band structures for comparisofr,pSe and 1.06 eV for PbTe, in close agreement with experi-
performed in the LDA with and without the spin-orbit inter- mental valuegsee Table Ill. BothI'g states maintain about
action. These band structures will be used in the discussioifie same energies as their predecessor non-spin-Brhit
as representative of all the situations. Calculations were alsstates. At theX point, VB spin-orbit splitting occurs between
done by treating the exchange and correlation effects using,; andXg , being 0.5 eV for PbSe and 0.70 eV for PbTe.
the GGA, and comparison of all band gaps is shown in Tablé®ur values are in very satisfactory agreement with available
Il together with the experimentally determined values. experimental results, specially with those from angle-
Even when no spin-orbit is considered, the scalar relativiesolved photoemission by Hinkelt al,® as we show in
istic terms are included in our scheme. They are the massrable Ill. Also, the essential features of the band structure of
velocity and the Darwin terms, which become important forPbSe and PbTe are reproduced by our calculations and agree
heavy elements such as in our case the Pb cation. Theswite well with results obtained in previous calculatiéns,
contributions(which do not split the bandsire known to be  especially those using similar full potential procedutes.
rather dependent on the angular momentum character of the In Fig. 2 we show the calculated total density of states for
band, particularly forp-like states. As a consequence, the PbTe, which presents three well defined regions below the
effects vary as a function of thie vector, becoming more Fermi energy. These regions correspond, respectively, to the
important fork points with lower symmetry, which consid- first bunch of bands close -, and to the two next deepest
erably affects the band gap value formed atltheoint. Our  bands in Fig. 1. The region close K forming the edge of
non-spin-orbit results show this behavior, giving a generallythe valence band has a sharp pike originating in thepTe
good account of the band structure, obtaining correctly atates and to a lesser extent in theates, this last con-
direct band gap at thé point, although with an overesti- tribution forming the VBM. The bulk of this region extends
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FIG. 4. Calculated real and imaginary parts of the dielectric
function for PbSe with spin-orbit interaction. The values for the fine ~ FIG. 5. Calculated real and imaginary parts of the dielectric
structure of theE, to E; regions are shown in Table IV and dis- function for PbTe with spin-orbit interaction. The values for the fine
cussed in the text. structure of thekE, to E; regions are shown in Table V and dis-
cussed in the text.

up to —4.6 eV, and it is also formed mainly from the Pe

states with a small amount of Rbcharacter. The second functione(w); wavelength-modulation spectroscoffelec-
region is narrower with a pronounced spike -a8.29 eV  troabsorption and electroreflectarf@eand reflectance and
correspondig to the Pb and some contribution of Te-p  transmissiorf* The experimental results consist of rather
states. The last region is deepest in energy and slightly naproad peaks for these materials, and, as a consequence, dif-
rower than the previous one; it has a pronounced spike aferent techniques give appreciable differences in the energy
—10.4 eV corresponding to the Bestates. A small amount \yhere the peaks are positioned. Following Cardona and
of Pbs also contributes to this peak. A rather similar situa-greenaway'd notation, the main characteristics of the
tion is obtained for PbSe as shown in Fig. 3, although the, () spectra in the energy range of interest from 0 eV to 5
first region close toE is a little wider, and the deepest oy 416 the threshold pediq, which should coincide with the
valence region corresponding to Seccurs at deeper ener- band gap value, the first 'shouIdErl, the highest peak in

gies, having its maximum peak at12.09 eVv. magnitudeE,, called the reflectivity peak which can show
In order to show the effect of pressure on the energy gap

in these semiconductors, we have also calculated the ener xperimentally a fine ;tructure tq some ext’é)rmjd theks
gaps at the equilibrium lattice constants obtained by usin gh-energy shoulder in the region of the main peak. The
the two exchange and correlation schemes, namely, LD heoretical treatment show for bo_th_ compt_)unds that peaks
and GGA. It is of interest to note that the expected negativd’0SS€SS _strulctures, which are originated in the Van Hove
pressure coefficient, which is experimentally observed, is obsingularities. .

tained in our calculations. The trends in the values of the We have calculated the real and imaginary parts of the

energy gaps at the corresponding lattice constants show thigequency dependent dielectric functiefw) for PbSe and
PbTe for photon energies up to 5 eV, using Ed$.and(2),

respectively, in the framework of the LDA scheme for ex-
change and correlation, with spin-orbit coupling. These real

Different experimental techniques have been employed te(w) and imaginarye,(w) parts are plotted in Fig. 4 for
measure optical properties in the lead chalcogenides, such 8vSe and in Fig. 5 for PbTe. The inclusion of spin-orbit
spectroscopic ellipsometfy:8which permits direct measure- coupling leads to a considerably greater number of peaks in
ment of the real and imaginary parts of the pseudodielectriboth e ,(w) ande,(w).

C. Dielectric functions
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TABLE IV. Calculated critical point energies for PbSe, as dis-

pseudopotential method calculations.

E. A. ALBANESI et al.

PRB 61

TABLE V. Calculated critical point energies for PbTe, as dis-
cussed in the text, compared to collected available experimentalussed in the text, compared to collected available experimental
results and other theoretical calculations. EPM means empiricalesults and other theoretical calculations. EPM means empirical

pseudopotential method calculations.

Theory Theory
Region ExperimenteV) EPM?2(eV)  This work (eV) Region ExperimenteV) EPM?2(eV)  This work(eV)
Eg 0.31 0.17 0.26 Eo 0.19 0.15
E, 1.59¢ 1.6 1.65 E, 1.08° 1.07-1.27 1.02-1.45
1.97-2.18 1.9,2.3 1.95 1.25-1.6¢
1.6 E, 1.98-2.% 2.02-2.03 1.81-1.89
1.53-1.7¢ 21-2.3
E, 2.65-3.12 2.7-2.9 2.19-251 2.02°
2.73P (= 3.32 2.78-3.1 2.76-3.55
3.1° 3.50d
Es 4.40-5.3 42-4.3 3.63-4.20 3.25°
4.10°
4.5¢ dReference 19.

8Reference 19.
bReference 3.

bReference 18.
‘Reference 21.
dReference 20.

‘Reference 21.
tained, provided that the absolute magnitudes have been ad-

The results for both compounds are very similar, as couldus'[e.oI from experlmenltgs. Oun(w) curves agree with those
obtained by Kohret al.

be expected from the similarities in the band structure from
which the optical transitions take place. In Tables IV and V
for PbSe and for PbTe, respectively, we have collected avail- IV. CONCLUSIONS

able experimental results; it can be seen that our results agree \ye have presented a systematic study of the electronic
quite well with them and also with other theoretical calcula-gng structural properties, as well as the dielectric functions,
tions. The main transitions originating from the peaks arey the lead salts PbSe and PbTe, using the all-electron FP-
assigned as followst (5—6) (in numbering the bands we | Apw method with different forms of exchange and corre-
have taken the usual notation, 1 as the deepkanhd atE,;,  |ation potentials. We have studied the structural properties,
3(5—6)[L(5—7)] at E;,A(5—6)[2(5—7)] at Ey, and  comparing the results obtained with the LDA and the GGA,
A(4—6)[2(4—T7)] atEs. without and including spin-orbit interaction. In any case, the
The E, threshold appears at 0.29 eV in PbSe and at 0.1%clusion of spin-orbit coupling in the calculations signifi-
in PbTe. The nexEl shoulder shows a fine structure of two Cant]y improved the agreement of the band structure and di-
peaks at 1.65 and 1.95 eV in PbSe and at 1.02 and 1.46 eV Kectric functions with experiments. Both schemes, LDA and
PbTe. After this, the maift, peak ine,(w) appears. Thisis GGA, give good agreement with experimental values, GGA
the most important feature of the spectrum, since it can giv@eing better for the structural properties. We compared the
a measure of the absolute value of the reflectivity fora giverband_gaps in the same manner, obtaining the usual result that
sample. Also, in the framework of spectroscopicthe LDA underestimates the energy gap, while on the other
ellipsometry>8it permits one to recognize the cleanest Sur-hand, the GGA improves these results making the GGA

face, which provides a more bulklike dielectric function. Spin-orbit band gaps Comparab|e with their experimenta| val-
Fine structure can be found also for the third pakat 3.63  yes.

and 4.20 eV for PbSe and 2.76 and 3.55 eV for PbTe. After The energy band structures and density of states are very
going through this peak, the calculateg{ w) decreases with well described by our calculations performed in the frame-
increasing energy. The peaks in the spectra are better defin@grk of the LDA, as we have shown in Sec. Ill B, applying
in PbTe, characterized by the fact that both maximum finghem to the calculation of dielectric functions for both mate-
structure critical points aE, occur at almost the same en- rials. We have explained the main features of available ex-
ergy (only 0.09 eV apait resulting in a sharper and narrower perimental data, as well as compared our results with other
e,(w) spectrum as can be seen by comparing Figs. 4 and %heoretical calculations.
Also, the peaks corresponding Ey are more separated in
energy from thekE, peaks in PbTe than in PbSe, improving
definition. In contrast, the PbSg(w) spectra is broader and
have more relief. The authors acknowledge finnancial support from the
For the real dielectric function, the most important quan-Consejo Nacional de Investigaciones Ciécéis y Tenicas
tity is the zero frequency limig1(0) which is the electronic de Argentina(CONICET). One of the authoréC.M.1.0)) is
part of the static dielectric constafft.From the &,(w) grateful to the TWAS and the CONICET for providing fi-
curves, approximate values of the electronic part of the statinancial support under the TWAS South-South Fellowship
dielectric constant in the zero frequency limit can be ob-program during his stay at IFLYSIB, La Plata, Argentina.
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