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Electronic Band Structure and Optical Properties of

PbTe, PbSe, and PbS+

- *
S. E. Kohn, P, Y. Yu,1 Y. Petroff, Y. R. Shen,
Y. Tsang, and M. L. Cohen
Department of Physics, University of California
and ,
Inorganic Materials Research Division,

Lawrence Berkeley Laboratory,
Berkeley, California 94720

ABSTRACT

By using tﬁe techniques of wavelength-modulation
spectroscopy, we have measured the reflectivity, R(w), and Fhe
derivative of the reflectivity, 1/R dR/dw,lfor PbTe, PbSe, and
~ PbS from 1.5 to 6 eV. We havg cglculated the band structure,
frequency dependent dielectric function, density of states,
and derivative reflectivity spectrum for all three compounds

by the Empirical Pseudopotential Method.
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I. INTRODUCTION
Tﬁe narrow gap IV-VI semiconductors have been the object of
extensive research over the past few years., " Compounds of Pb, Sn,
and Ge have been studied, and a great deal is known about many of them.
Particular emphasis has‘béeﬁ pladéd on studies of the band edge properties
énd the fundameqtél gap. The locationvof the gap in the Brillouin zone,

the temperature and pressure dependence,6’7

and the alloy dependence of-
the fundamental gap7 have been studiedvextensively. Higher energy gaps
have also been.explored, but less is known ébouf these gaps, and few
experimental measuremeﬁts have beén made at higher energies.

In this paper we will present experimental 6pt1cal data and
theoretical band structure calculations for the lead chalcogenides PbTe,
PbSe, and PbS. Sévefal band structure calculations of these compounds

11 the Green's

4,13

are available in the literature using the APW method§_
function method,12 and two versions of the pseudopotential method,
All of these calculations ha§e a minimum diredt gap at the L point in

the Brillouin Zone and many other features in common. There are
differences, however, of the order of 1 eV for the energy bands aﬁay'
from the fundamental gap. These differences lead tovdifferent‘intet~
pretations of the opticél spectrum. These interpretations can be tested
by .calculating the optical constants in the visible and ultra-violet
regions from the various band structure calculations, and then comparing
the results with the measured optical spectra. Some calculations of this

5,14,15 ,

kind exist for the IV-VI semiconductors, but not all of the above

band structure calculations have been tested in this way.

4,5

’
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Until recently, the only optical data in the visible and Qltra—
violet spec;ral reglons available for comparison to theoretical calcu-
lations have been the near-normal incidence reflectivity measurements
of Cardona and Greenaway],'6 and of Bellé.l7 Since these expériments.were
performed, derivative spectroscopic techniﬁues have become very popular.
Aspnes and Cardonalg.have measured the electroreflectance of all fhreé
lead salts. In their experiment, the electfic field inside the éaﬁples
was considerably distorted from the ideal square wave shape because of
the high'dieléctric constant.of the compounds. This ﬁade the usual

18

interpretatidn of the electroreflectance data more difficult, Nishino,

gg‘gi.lg'have measured the electroreflectance and thermoreflectance of
PbSe, showing some differences between these measurements. We have
measured the wavelength—moduiated reflectance of PbTe, PbSe, and PbS
from 1.5 to 6 eV at temperatures ranging from 5° to 300°K. The only
previously published wavelength-modulation refléctivity measurements

on any of these compounds is the work of Korn, Welkowsky, and Brauﬁstéin

on the Pben xTe alloy system.20

1-
We have also made Empirical Pseudopotential.Method (EPM) calculations
of the band structure and Ez(w) spectrum of PbSe, and PbS, In addition,
by Kramers—Krgnig transformations of the theoretical Ez(w) spectrum, the
reflectivity derivative spectrum 1/R dR/dw is calculated for PbTe, PbSe,
and PbS, and compared with the experimental measurements. Thése results
confirm the cfitical point assignment for the ez(w) spectrum of PbTe
made previously by Cohen and Tsang.7 By using the method of Gilat and

Dol}.ing,2l we have also calculated the density of states for all three

compounds .
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II. EXPERIMENTAL PROCEDURE

The theory of wavelength—modulatiqn sﬁeétroscop§ and a description
bof our experimental apparatus has been.given elsewhere.zz’ A double
beam optical system is used to normalize the reflectivity and to cancel
‘the backgroun&'conﬁributioﬁs tq the derivéti#e signal. The system is
operéted in a configuration that measures R(A) and dR/Rd)\ simultaneously.
These fesults are then converted to R(w) and dR/Rdw by a relatively
simple computer manipulation.

Samples of all three compouhds studied were bulk single erystals.
All of the samples used were cleaved to produce a clean, flat surface
and immediately piaced in the optical dewér; The PbS crystal was large
and cleaved very Welll The crystals of PbTe and PbSe were relatively
small, and their cleévages were not as perfect. Therefofe, the abgolute’
magnitude of their rglectivity measurements may not be_correct, though
the relative measurements are still very acceptable. Once inside the
dewar, the samples were continﬁously maintained in a helium atmosphere.
Temperature coﬁtrol-was achieved by flowing helium gas past the samples.

The spectra thus obtained are always reproducible.

-
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T
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III. EXPERIMENTAL RESULTS

The experimentally measured reflectivity spectra R(w), and deriva-
tive reflectivity spectra dR/Rdw fér PbTe, PbSe, and PbS are presented
in Figs. 1, 2, and 3 along with theoretical calculations of the deriva-
tive spectra. All experimental results presented here were medsured
at 5°K. The main feature of the dR/Rdw spectrum of PbTe agrees quite
well with the results of Korn gg_gl.zp at 80°K. The derivative spectrum
of all three compounds are strikingly similar;‘ In all of the spectra,
the E2 and E3 structures (in the notation of Cardona and Greenawayl6)
are well resolved. It is of particular interest to note the fine
structure in the derivative spectra, particularly the existence of
several peaks on the léw ehergy sidé of the E2 peak. These peaks are
very similar in the spectra of all three compounds.

A Kramers-Kranig analysis of the dR/Rdw spectra was performed to
determine el(w), CZ(Q), del/dw, and dez/dw. The results of these
calculations are presented in Figs. 4 and 5. A description éf the
method of calculation is given in tﬁe appendix. The results agree
well with the calculations of Korn et al. in the case of PbTe. A
quick glance at the Ez(w) and dez/dw spectra shows that the dEz/dw
spectra reveals considerably more structure than the ez(w) gpectra,

- and 1is therefore useful in identifying critical pbints and finer
details of the optical spectrum,.

Criticéi points obtained from the experimental spectra are listed

in Table 1, along with experihental results of previous work. They
were determined in two ways. First, critical.poiuts in the reflectivity

were determined from the dR/Rdw spectra. However, in the Kramers-Kronig
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analysis §f the experimental data, structures were shifted. Therefore,
a second list of critical point energies is given. These were determined
by comparing the theoreticallez(w) with the dezldm calculated from the
experimeﬁtalvdata. The ideptification of the transitions then follows
the resulfs of the thebfétical calculation, o | o .
It-ié possible for structuresvin 1/R dR/dw to originate from
structures in cl(m) rather than ez(w), Asgpnes and Cardona’® showed
, that, in élgétroreflectance, AR = - Ael near the'E2 peék for all three
lead salts. A close comparison of our experimental data and the calcu-

lated delfdw confirms this result.

IV. CALCULATION
The Empirical Pseudopotential Method (EPM) has now been widely
applied to many compounds, and the pseudopotential form factors for

many elements (extracted from different EPM band structure calculations)

are now available.23 These existing'pseudqpotential form factors V(q)

for Pb, Se, and S‘are plotted respectively in Figs. 6, 7a, and 7b.24

¢

A smooth curve is drawn through each set. The values of the form factors
can be read directly from theése curves aqd can be properly scaled to

. the lattice constants‘of PbSe aﬁd PbS to givé the startiﬁg sét of

form factors. The lattice constants of PbSe and PbS are taken to be
6.124 A and 5.936‘A. Following the EPM scheme, these. form factors are
slightly adjusted to fit several optical gaps. The choice of these
optical gaps are based on tﬁe agsumption that the cortésponding struc-

tures in the refleetivity spectrum in PbS and PbSe arise from the
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same regions of the Brillouin zone as in PbTe, which have been analyzed
previously.a In Table I1 are listed the starting set of form factors
for PbS and PbSe interpolated and scaled from thé Pb, S, and Se
poteutials,23 as discussed above. This Table also contains the final
set used in calculating the band structufe and optical propefties. The
Startiﬁg and final sets of forh factors are remérkably close. The
adjustment from the former tolthe latter set is minimal.

Spin-orbit coupling effects are included in the EPM calculation.

23,25

The symmetric and antisymmetric spin orbit paramecters AS,A in each

A
material are chosen so that the ratio, XS/XA, corresponds to that of
the constituent outer most core atomic spin orbit splitting.

vahe resultant band structure for PbSe and PbS are shown in
Figs. 9 énd 10 respectively. The minimuﬁ direct gap Eg is at the
L point of the Brillouin zone with symmetry Lz for the top valence
band and symmetry L; fér the bottom conduction band, as in PbTe. The
fundamental gaps are 0.172 eV and 0.287 eV respectively for PbSe and
PbS. From studies of interband magneto-absorption, the corresponding
experimentally measured values are 0.165 * .005 eV and 0.286 + 003 eV.26
The overall features of the band structures for PbSe and PbS are similar
and resemble that for PbTe (Fig. 8).

Ap intrinsic property of an EPM calculation is that the high energy
bands crowd together as a result of the truncation of the Hamiltonian
matrix.23 This is illustrated by the PbS conduction bands at I'. 1In a
non-relativistic calculation, the coﬁduction band symmetry at I for the
counting upWard.in energy from

lead salts would be T FZS" and T

15’ 12°

the forbidden gap. The spin-orbit coupling splits the rlS into Yg and
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- n + + v ..V 3 g
F8, PZS' to F7 and IB and F12 to Tg' In Pbs, the levels arising from

FZS' gnd r

drop beiow, the Fg level of PlS' This same effect of the crowding of

12 crowd together as they decrease in energy away from, and

- the higher enérgy»bapds is seen in the optical spectrum where the
:engrgies of the theofeticalvhigh énefgy structure (E4, E5, E6) deviate
éomewhat ffom the measured data; |
The imaginary»part of the frequency dependént dielectric funection
.Cz(w) hés the form
o2

| " 2 .3
e,(w) = —5— ) [8(E () -E ) - hm)l(uk'VIYIUk’C YT dk (D
3tm w C,V . ~ o~

k,v k,c

~ ~

where u and u are tﬁe periédié parts of the Valgpce and conduction
band Bloch wavefunctions at k, Ev(g), and EC(E) arevthe energies of
these states. Iﬁ the previous calculation of Ez(w) for PbTe,4 these
wavefunctions and energles are obtained by diégonalizing a pseudop@&ential
Hamiltonian at 356 mesh points in the 1rreducib1e part of the fcc cubic
Brillouih'zone. Approximately 3 x 106 random sampling points'are then
chosen uéing a Monte Carlo mefhod. The energy eigenvalues and dipole
matrix elements associated with each point are chosen by linear |
interpolation between the 356 mesh points., The prominent structure in
the ez(w) originate from Van Hove singularities23 at critical points
where Vk(Eé(E) ~'EV(E)) = 0. This can be more clearly seen if we write
the k i;tegration in Eq. (1) in terms of an integration over a surface

§, corresponding to a constant interband energy difference Ec(k) = Ev(k).

Assuming the dipole matrix to be a constant,
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: ds
€, ~ [ - . . ' (2)
2 7 v @ () - E ()] |

The expreSsion on the right in Eq.‘(2) is the joint density of states
Gilat and Dolling21 deyeloped a different method ;f galculatién'

first applied to a computation of the phonon density of states fér a

cubic crysta1.27 This method proved to be of much higher resolution,

speed and accuracy in.comparison with traditional random point sampling

methods. This method also involves dividing the irreducible section’

.qf tﬁe first Brillouin zone into a cubic mesh, but instead of taking

discrete random points within the mesh, the constant frequency surfaces

inside every small cube are approxi&ated by a set of pafallel piénes

(the directions of the planes are determined by VEE(E) at the mesh

points) and may be continuouslyAintegrated. Sinc; the spectra contains

two importantvfactors, the density of states and the transition probability

or dipole matrix element, these have to be known accurately when coﬁparing

with high resolution experimentally measured spectra. Gilat et al.

~obtain such accuracy for the density of stateé in references 21 and 27

by treating the matrix element of each cube as a constant. This implies

that fine details of the computed spectrum ;ould be significantly

distorted. The computation of the matrix elements was later taken to

2
the same degree of accuracy as the density of states by Gilat and Kam. 3

Along with the . experimental derivative reflectivity

data of the present work, we employ the Gilat schemez in computing
the E?(w) for PbTe, PbSe and PbS. The pseudo-Hamiltonian is diagonalized

at 308 k points within the frreducible part of the Brillouin zone. The
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mesh chosen is slightly different from the former calculaeion for
PbTeé in thét here the mesh points are shifted away from symmetry
difections to avoid degeneraéy, a necessary condition of the Gilat
Schémé. For this calculation, the dipole matrix element inside each
mesh 1is takén to- be ahgonétant equal to the value at the mesh point.
This is done for two reasons. Firét of all, previous'expefience with
PbTe indicates the usefulness of even the.joint density of states in
detefmining.the brigin of the main Structurevin the reflectivity.

. Secohdly, a first brder perturbafion calculation on the dipole matrix
elemept at the mesﬁ point to allow interpolation between points requireé
far more'computer time than doing a perturbation calculation on the

energy. Therefore, as a first attempt, we have taken the matrix elements

as constant in each small cubic mesh.

V. DISCUSSION

_The final theoretical results are presented in Figs. 1 to 3 and
the fheoretical dR/Rdw spectra are shown as dashed lines in Figs. 1-3,
together with the experimental spectra. The corfesponding band struc-
tures for PbTe, PbSe, and PbS are given in Figs. 8-10 respectively,
In Fig. 11, the correspondiﬁg Cz(w) spectra are shown. They agree
well witﬁ the ez(w) (Fig. 4) obtained from the experimental data.

The peaks in ez(w) are typically shiftedvdown in energy from the

reflectivity spectrum by about 0.3 eV. The purpose of the theoretical
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.and experimental ﬁz(w) curves (Figs. 11 and 4) are then to display the
position of the main peaks and shoulders, whereas the experimental and
theoretical derivative reflectivity spectra (Figs. 7, 9, and ll)_are
designed to display the finé structure on the main ones. In Table 1 -
are listed'quf critical point assignments for PbTe,7 PbSe and PbS using
the EPM calculations, and experimental values of critical pointé obtained
6,18 :

for the E_—g6

by us and by othersl ]
critical point assignment for all three materials are almost identical.

structures. Note that the
The values of EQ, ES’ and E6 in the theoreﬁical E2 all group together
and are shifted down in energy, owing to the crowding of higher energy
conduction bands previously discussed.

To obtain the theoretical derivative spectrum, a Kramers-Kronig

transformation was performed on the theoretical €,(w) with an appropriate
' &

23
cutoff’

for PbTe, PbSe, and PbS are 8.5 eV, 9.0 eV and 9.5 eV.

tail function29 for frequencies above w The respective

wcutoff
In the fbllowing discussion for the results of_the PbTe, PbSe,
and PbS, fhe nbpations EO—E6 of Cardona and Greénawayl6 will be used
freely since the optical spectra for the three waterials are indeed
qualitatively similar and discussion of a qualitative nature is applicable
to all three cases. |
a) PbTe (Figs. 1 and 1la) - The solid curve in Fig. lla is the
previous theoretical Ez(w) calculation obtained from a randoh point~
sampling. The dotted curve is the present calculation using the Gilat
sampling scheme. Note how thé critical points are accentuated in the

present (Gilat) scheme. The approximation that dipole matrix elements

are constant within each cube in the present scheme shows up most
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obviously at the bumps at 0.3, 0.6, and 1.2 eV. The previous random
point sampling scheme, which gives less resolution than the present
séheme when structure arises from'critical point singularities, does
- take account of Lhe 1nt9rpolat10n of dipole matrix elemcnts within the
cubic mesh and. probab]y portrays more faithfully the actual EZ(w)'
.This is particularly true for the fine structure arising mainly from .
volume effects such as those at 0.3, 0.6, and 1.2 eV in PbTe. The
ﬁheoretical ez(w) curve is therefore much sharper than the experimental
ez(w) since the théofetical ez(w) expression contains the singularities
as discussed above. The agreement for the energy positions and the
general profile between the theoretically calculated and experimental
ez(w) is gqod. The theoretical derivative réflecﬁivity spectrum
.dgrived froh'cz(w) is extremely sensitive to any slight variation of
the slope as well as the main peaks and shoulders in the €, (w). A
comparlson of the theoretical 1/R dR/dw with experiment in Fig., 7 is
therefore encouraging. The theoretical dR/Rdw would resemble the
experimental curve at 3.35 eV if the E3 shoulder in the theoretical
ez(w) were slightly flatter. The experimentél‘dR/Rdw cﬁrve changes
slope féom‘negative to positive at.S.A eV due to an upward turn of
slope in cz(w) at energies just below the E4(6.3 eV as measured from
reflectivity) structure. The theorétical E4 value is at 7.1 eV, and
thus the theoretical dR/Rdw continues to have a negative slope at 5.4 eV,
These results seem to indicate that oﬁr previous critical point
éssignment4 for PbTe were essentially correct.

b) PbSe (Figs. 11b and 2) - One essential feature that differenti-

ates PbSe from PbTe in the experimental dR/Rdw spectrum (Figs. 2) is

P T N i 1 S
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the broad structure with small peaks between 2.0 and 3.1 eV in the

dR/Rdw spectrum. The corresponding structure in PbTe (Fig. 1) is

much narrower, having a width of only 0.5 eV. This can be understcod

from the theoretical critical point analysis (Table 1) ana the theoretical
Ez(w) curves (Fig; 1la and 11b). For PbSe, there are critical points

at 1.9 eV, 2.3 eV, both with moderate dipole matrix elements. The main

peak E, is composed of two critical poiﬁts with large dipole matrix

2
elements at 2.7 eV and 2.9 eV. This cluster of critical points with
increasing dipole matrix element pives rise to the gentle rising E2
peak. In PbTe, the moderate dibole matrix elements of critical points
are at 1.07 and 1.27 eV while the iérge dipoie matrix elements of
éfitical points are at 2.00 and 2.02 eV. Thus, the moderate matrix
elements in PbTe are farther away in enérgy from the large matrix
elements than in PbSe while the large matrix elements of PbTe occur

at almost the'same energy. This results in a sharper and narrower Eé
peak in PbTe than in the case of PbSe.

The sméll structure on the main peaks arise from varying dipole
matrix elements for different regions of k space. As can be seen by
the'abo;e arguments, both the position of the critical points and the
dipole matrix elements are important to give the optical spectrum.
This point will_be even more appafgnt when discussing PbS. The struc—
ture near the 4.4 eV region in the experimental dR/Rdw (Fig. 2) is

again due to the E_, shoulder -in €z(w) and the rise in slope at 6.1 eV

3

-égain arises because of the EA structure ét 7.1 eV.
c¢) PbS (Figs. llc and 3) - The theoretical Ez(w) in Fig. llc

shows that in addition to the E_-E, structure, there is an extra bump

176
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between 3.5 and 4.1 eV. No critical point is found in this energy
regioﬁ. A close examination of all the energy gaps that may contribute
to € (w) in thls energy range uncovers the following: 1) the contribu-
_t;qn to this part of Ez(w) arises from the same band transitions
vessentia;ly invﬁeighboriné cubic mesh, i.e., volume effect, (each

mesh covers en energy level of about 0.2 - 0.3 eV) and 2) the dipole
matrix elements of these neighbqring_meshvpoiﬁts vary by a factor of
two or fhree.v Recall that the matrix element in each cubic mesh ie
taken to be constant and equal to the value at the mesh point, whereas
the energy is allowed to vary continuously within the mesh, Therefore
in the continuous energy range of above 6.6 eV, the dipo]e matrix
element jumps dlscontlnuou:ly by about a factor of 2 to 3 at every 0.2
or 0.3 eV interval.

v if'one now uses linear interpolation for the matrix elements in
the continuous energy range of these particular neighboring cubic mesh
points in question, the resultanf ez(w) between 3.5 eV and 4.1 eV will
follow the dottedlline in Fig. llc. In the region of the spurious
bump, there remains now only eome smoeth structure, which does show up
when treﬁsformed to the theoretical 1/k dR/dw in Fig. 3. This structure
deviates considerably in shape from the experiment 1/R dR/dw in the
region from 3.5 to 4.5 eV. The Gilat Scheme21 would be necessary'if
one were intereéted‘in.obﬁaining an undistorted spectrum and tetainiﬁg
the qualitative features of the fine etructures of the optical spectrum,
because it takes into aceount the interpolation of the matrix alements
within each cubic mesh. The distortion of the fine stfucture-is

especially important when the structure arises from volume effects. In

e L E
e e N
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PbSe and PbTe, the E, critical points are close in energy to the E

3 2

critical points. The singularities help to mask the distortion of
fine structures arising from the approximation imposed on the dipele
matrix elements. We are less fortunate in PbS in that E3 critical

points are much higher in energy than the E_, critical points, éllowing

2
- volume effects to dominate in betwéen. vThe structure between 2 - 3.5 eV
in the éxperimental 1/R dR/dw (Fig. 3) is even broader than the corres-
ponding one in PbSe. This is again a result of the clustering of
critical poin?s at 1.6 eV, 1.9 eV, 2.94 eV, and 3.5 eV. Note the two

large matrix element critical points that give rise to the I -peak

2
(2.94 eV and 3.5 eV) are separate by 0.56 eV. This glves rise to a
very broad Ez peak. |

In measuring the refleétivity spectrum of PbS as a function of
' temperéturé, we ébserved a pronounced sharpening in the fine structure
at 5.08 eV as fhe temperature decreases. - This sharpeﬂing is observable
even between liquid nitrogen and liquid helium temperatures. This is
shown in Fig. 12. No other Structure ip the spectra of all:three
compounds has a similar behavior. The sample used in this measurement
was n-type with a carrier concentration of - 1016/cm3 as obtained from
HallAeffect méasurements. . However, when wa‘repeated'the measurement
on an n-type sample with a carrier concentration of -~ 1018/¢m3, this
5.08 eV structure became less pronounced at low temperature, and did
not show appreciable change as the temperature varied from 80 to 5°K.

30

This result, similar to what was observed for the E, peaks of Ge,

1

indicates that this structure is not simply due to band transitions.

The strong temperature dependence together with the dependence on the
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carrier density seems to suggest that the structure may be due to

1

excitonic effect. According to Herman gE‘g;.l the E3 peak 1is due to

M1 and MZ critical point transitions at % and A, and hence, based on

»the'Tbydzawa'model,3l hyperbolic excitons can exist in the E, peak.

3
One may use_thé high’dieiectric constant of PbS to argue;against the
idea of excitons,ih PbS. Hoyevér,.in our- case, the excitons iﬁvolving
electrons in the high conduction bands may see a smaller effective
dieieéfric constant than even the high-frequency dielectric constant €e
The free carriers tend to screen the attractive interaction between
electrons and holes, and this would explain why the excitonic effect
decreasesvwith'higher carrier-concentration in our observation,.

- For completecness, we also present theoretical calculations of the
density of states of PbTe, PbSe, and PbS in Fig. 13. Again, these
are basedvpn the EPM band structures and the Gilat sampling scheme.
The valence band édge is taken to be the zero energy reference. The.
energy ranges from -12 to +12 eV. This energy range covers four véléncé
bands  and five conduction bands. The lowest valence band in the EPM
calculation for ' the three materials are more than 13 eV below theltop
valence band edge. Since these band structures have given reasonable
results in explaining the reflectivity data, one would anticipate
that the density of states could also be useful in studying photoemission
expériments. | |

Wa§elength—modulation spectroscopy has proved capable of détecting

many fine structures in the optical spectrum of PbTe, PbSe, and PbS.
The agreement of the experimental and theoretical 1/R dR/dw and ez(w)

is quite good. Based\upon’these'results, we conclude that the EPM gives
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band sfructurés of the lead'chalcogenides that are esgsentially correct
throughout the Brillouin zoné; With these band structures, we have
gaiﬁed'confidence in a more thorough un&erstanding of the optical
properties of_the lead chalcogenides. The computational techﬁiques

_may be improvea by changing fhe approximafion used in handiing the
aipolé_matrix elcmen£s. If this is done, we believe that the band
structure.calculétions are capable of.giving not only thé méin structure

but also the very fine structure in the optical reflectivity spectra.
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APPEND IX.
Krémers~Kr8nig Analysis
‘To obtain el(w) and ez(w), we need to know both the absolute
_reflectivity, R(w), and the corresponding phase angle, 6(w).33 These

two quantities are related by the Kramers-Kronig relation

o) = - %-f dx’ &E—3§il% . (3)
- 0 ()2

This can be transformed into the form

o(\) = - ——-[ ar’ LA () gn 'i*;.l (4)

which‘i§ more appropriate for our own case, since we measure dfnR/d\
‘with greater acéuracy than R. This. method of calculation'has the dis-
advantage that the function 2nfk+k /A=A does not go to zero as fast

as 1/(\' —Az)as A' becomes very different from A. Hence, the calculation
is a little more sensitive to the extrapolation conditions'used for

the low and high energy limits of the integral.

By differentiating Eq. (4) with respect to A, we have

AD | .
- 48 (\) = - 1 [ dr’ anR (A" —LR_L..). _ (5)
a | (a2

The derivatives of € and €, can be then calculated from d&nR/dX and
d'g/dA.
- In evaluating the integrals for © and dB/dx, it is necessary to

" make truncatihg approximations for the low and high energy limits of
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the integrals. It is well known that the reflectivity of semiconductors
becomes approximateiy cdnstant at very low energies. Tt is common to
take R(A\) as constant for long wavelengths when computing 6 via Eq. (3).33
We have made a.similar approximation &ﬁnR/dw = 0 for leng wavelengths.

R Also, structure in»dlnR/aA far aWa& from the long wavelength limit of

Eqs; (4) and (g) tend to oscillate around zero, giving small contributions
td the integrals. At very high energies,. it is expected, from a.Drude
fype'of dielectric fgnction, that the reflectivity should decrease

roughly as wa. Tﬁerefbre, we appfoximated a functional dependence for

R of w—A, wheré A.is an adjustable paraméter around 4. To make the

_ calculafions less sensitive to A, the room temperature reflectivity

data of Cardona and‘Greenaway16 from 6 to 20 veéreused in cbmputing the
integrals. The results are very ‘insensitive to the choice of A used.
Varying A by over a factor of 2 does not change the shape of the curves
appreciably, but does change the overall magnitudes somewhat. The
absolute magnitudes of the curves are also somewhat in error because

the absolute magnitude of 1/R dR/d) is a little uncertain, although this

does not have a very strong effect in the Kramers-Kronig analysis.
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:Table Captions

Table I. .CritiCal poiht energies of a) PbTe, b) PbSe, and c) PbS. The
setoﬁd'colﬁmn contains critical points derived from experimentally
measured 1/R dR/dw. vThe third column has critical points from the
d€2/dwvs§ectra obtainéd by'Kramgrs—KrSnig anélysis.: The fourth
column contaiﬁs the results'§f EPM cglculgtions.
+ Reference 4
(a) Reference 16 -
‘(b) Reference 18
(w) Weak

* Structure in 1/R dR/dw due to structure in €y

Table II. The interpolated and final set of pseudopotential form factors

used for the calculation of the band structures 6f PbSe and PbS.
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TABLE 1A
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TABLE 1C
PbS

1/R dr/dw
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Symm,

N (4

Transition

L(5 + 6)

L(5 =+ 7)
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™
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7)
6)

$

A4

Transitions near [’ and X.



TABLE 2

PbSe |  PbS
Interpblated , Final ~Interpolated . Final
: : Adjusted ‘ Adjusted
vS@y - -.233 Ry -.2377 Ry - -.256 Ry, ~.2532 Ry
Vo (8) -.0171 -.0171 . -.0116 -.0181
vSa2) - .0097 .0097 L0242 L0242
viay o LoesT .0735 091 0859

vian L0154 o L01224 .0154 .01038
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FIGURE CAPTIONS

1. Reflectivity and derivative reflectivity of PbTe at 5°K. The

dotted curve is the theoretical 1/R dR/dw spectra calculated by

the EPM.

2. fRefléctivity-aﬁd_dérivativé reflectivity of PhSe at 5°K. The
doftedvcurve is the theorefical'lledR/dw spectra calculated by
EfM. '

3. Reflectivity énd_derivative reflectivity of PbS at 5°K. The
dotted cﬁrve is,fﬁe theoretical 1/R dR/dw spectra calculated by
EPM.: | ‘

4, El(w).énd Ez(w) of>a) PbTe, b) PbSe, and ¢) PbS calculated
by Kramers—Kanig'anélysis of the 1/R dR/dw spectra.

5. del/dw and déz/dw of a)-bee,-B) PbSe, and c¢) PbS calculated
by Kramers-Kronig analysis of thé 1/R dR/dw spectra.

6. Pseudopotential.form factors for Pb. The points are derived

from PbTe data,Z>?2%

7. Pseudopotential form factors for a) Se and b) S.23’24
8. Energy band structure of PbTe.(a reproduction from Ref. 4).
9. Energy band structure of PbSe.

10. Energy band structure for PbS.

11. The theoretical imaginary part of the frequency dependent

dielectric function ez(w) for a) PbTe, b) PbSe, and c) PbS.

12, Temperature dependence of the derivative reflectivity, 1/R dR/dw,

of PbS around the E3 structure.

13. Density of states (number of states per eV per primitive cell)

for a) PbTe, b) PbSe, and c) PbS.
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