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%'e present calculations related to the optical properties of PbSe and PbTe in an energy range from 0
to 26 eV based on recently developed band-structure models. The results are compared to measurements
of the low-energy real part of the refractive index, to modulated reflectivity measurements for energies
up to 6 eV, to energy-loss experiments for energies up to 20 eV, and to synchrotron-radiation reflectivity
measurements involving transition from core d levels. The agreement between the experimental data and
theory can in some cases be improved by using orthogonalized-plane-wave functions in calculating
transition-matrix elements. Differences between synchrotron-radiation reflectivity measurements and
photoemission data are analyzed and discussed.

I, INTRODUCTION

In a previous paper' we have presented models
for the band structures of PbSe and PbTe based on
the empirical pseudopotential method (EPM). As
shown in this paper, the EPM scheme had to be im-
proved by the introduction of an effective mass and
a fully nonlocal d-like potential. We have also
shown that the band structures obtained in this way
reproduce quite well the band-edge effective masses,
the Knight-shift experiments, and the UPS and XPS
photoemission results for both compounds. In this
paper we shall compare the results of optical ex-
periments to calculations of the optical constants.
The experimental data, ref lectivity and modulated
ref lectivity, are now available over a range of
about 28 eV. Thus comparing our models to these
measurements over this range of energy can be
considered as a very good test of the validity of
our band structures.

In Sec. II we present the procedure to calculate
the imaginary part of the frequency-dependent di-
electric function ez(&u), as well as the real part
e, (&u) for normal EPM calculations and for a model
in which the dipole-matrix elements are evaluated
using wave functions which are orthogonalized to
the core wave functions. In Sec. III we compare
our results to wavelength-modulated ref lectivity
between 2 and 6 eV. Section IV will contain a dis-
cussion of all the optical spectra for valence-to-
conduction-band transitions in the range from 0 to
18 eV. In Sec. V we compare new optical-reflec-
tivity measurements for transitions from lead d
core levels into conduction states with the results
of our calculations.

II. DERIVATION OF THE DIELECTRIC FUNCTION

The imaginary part of the transverse dielectric
function for @=0 is given by

where c, v are the band indices for conduction and
.valence bands, I M I is the absolute-squared di-
pole-matrix element between these bands, and
Av, „ is the energy separation between them. Once
e2(&u) is known, e~(&u), the real part of the dielectric
function, can be calculated by means of a Kramers-
Kronig transformation, assuming a reasonable
analytical tail function for e2(&u) at very high fre-
quencies. Knowing e, (&u) and e~(~), optical data.
such as ref lectivity and its derivative can easily
be calculated. To evaluate Eq. (I), we need to
know the band structure and the transition-matrix
elements at a large number of k points in the ir-
reducible part of the Brillouin zone. The k-space
integration has been done using the scheme de-
veloped by Gilat and Dolling, which consits of
dividing the irreducible part of the Brillouin zone
(4'8) into a mesh of small cubes. In each cube, we
calculate v, , for all c and v, the corresponding
~M I, and the gradient of the energies (d, „with
respect to k, which is necessary for an interpola-
tion procedure between each cube. All matrix ele-
ments and energy gradients are calculated in a k ~ p
scheme. The use of pseudo-wave-functions instead
of orthogonalized wave functions is believed to cause
only small errors in the integration scheme. How-
ever, the process of orthogonalization can have
remarkable effects on the transition-matrix ele-
ments. This has already been encountered in cal-
culating core-to- conduction- band transitions. For
valence-to-conduction-band transitions, this ef-
fect is smaller in the usual optical-constant cal-
culations, but it can still be important, e. g. , for
reproducing the exact absolute value of the index
of refraction (or [&,(0)j' ) at zero frequency. It is
therefore interesting to calculate the optical con-
stants in both ways, with and without orthogonalized
wave functions, and to demonstrate the effect of
orthogonalization. The orthogonalized wave func-
tion gf(x) can be expressed in terms of pseudo-
wave-functions QI(z) and core wave functions b, as
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Here I 5, & is any core (t) wave function correspond-
ing to any atom n; it can be written
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Furthermore, the optical-dipole-matrix element
between a valence band v and a conduction band c
is given by
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where a& stands for a core orbital, R„ is a transla-
tion vector, and ~ describes the position of atom
n in the primitive cell. N is the number of cells
in the crystal. We first require that the new wave
function be normalized, which leads to
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TABLE I. Comparison between calculated structure in the ref lectivity (R) and its
first derivative (R') and experimental ref lectivity and absorption (A) and emission
(E) measurements for PbTe and PbSe. The calculations are done for O'K; the tem-
peratures for the various experiments are indicated. The important transitions
giving rise to structure are identified and their locations in k-space are given.
The point P has the coordinates (0.625, 0.46, 0). The table corresponds to Figs.
1, 3, and4.

Type of experiment,
reference, and
temperature

Experimental
energies

Theoretical Critical-point
energies symmetry

PbTe

Transition

A, 7, 4'K
R, 5, 300 K

R', 6, 4'K
R', 6, 4'K
R', 6, 4'K
R', 6, 4'K
R', 6, 4'K
R', 6, 4'K
R', 6, 4 K

R, 5, 300 K

R, 5, 300 K

R, 5, 300'K
R, 5, 300'K

A, 7, 4 K
E, 8, 4'K

R, 5, 300'K
R', 6, 4'K
R', 6, 4 K
R', 6, 4'K
R', 6, 4 K
R', 6, 4 K
R', 6, 4'K

R', 6, 4'K

R, 5, 300'K
R, 5, 300'K
R, 5, 300 K

R, 5, 300'K

R, 5, 300'K

0.190
l. 24
2. 16
2. 25
2. 36
2. 56
3.47
4. 83
5. 90

7. 3

7.8

11.2
12.5

0. 160
0. 150

l. 54—l. 59
1.97)

2. 65
2. 84
3.12

5.52

6. 3
7. 1
7.7

12. 5

0.189
1.20
2. 10
2. 21
2.46
2. 70
3.40
4. 90
6. 00

8.05

11.15
12.5+0.2

PbSe

0. 157

1.48

2. 0

2. 75
3.00
3.27
4. 35

{5.44

6. 50
7. 3
7.83

8.90

12.3 +0.3

Mp

Mg

Mg
volume
1VIg-Mp

volume
Mg

volume
Mg

Mp

volume

M2
volume

Mp

M&

volume

volume
ilfg-Mp
volume

M&

volume
M&

volume
volume
volume

volume

volume

L, (5-6)
z(5-6)
z(4-6)
~(5-6)

Z(5-7), ~(5-6)
around P(5-6)

z(4-7)
around A(3-8)

X(5-6)
Z(4-10)
Z(5-8)

Y near I'(3-10)
z(4-lo)
Z(5-12)

Z near IY(3-11)

I.(5-6)

z(5-6)

around A(5-6)

~(5-6)
z(4-6), ~(5-6)
around Z(4-6)
Z(4-7), I.(3-8)
around A(3-8)

z(5-8)
6 near X(5-6)
6 near I'(3-7)
~ near r(5-10)

Z near I'(4, 5-10)

around Z(5-12)
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where the first term on the right-hand side is the
usual pseudo-matrix-element for the optical transi-
tion. Assuming negligible overlapping between the
core wave functions centered at different atoms,
we can rewrite Eq. (5) as

&(")pl &)'& =&+')I)
I

('& -2 (&('")I &;&«; Ip I

+'&

+&@"Iplb &&b
I
+'&

—Z &(")lb;&&);)l~)l&;&&);I('&) .

The pseudo-wave-function is expanded in plane
wave s~

I &l(r)& = „~&o(k) ~'" "=~ &o(k) IK&, (&)

where K=k+G and 0 is the volume of the crystal.
To evaluate expressions (4) and (5) we need to cal-
culate the overlapping integrals &bP I K). These
integrals are of the same kind as those needed in
Paper I to express the spin-orbit interaction or
the nonlocal potenbal in the Hamiltonian. As we
showed in that paper, it is reasonable to consider
only those contributions t coming from the outer-
most core shell of each atom. Furthermore, we
shall assume that the core wave functions are well
represented by atomic orbitals and that a&(r) in
Eq. (3) can be written

a, (r) =Q C,' R",(r) Y) (8, @),

where t describes the set of quantum numbers
(n, l,j,j,) and the coefficients C',„are spinors. We
find

increase is about(10-20)% for the sciuare of the
matrix elements at low energy (between 0 and 5

eV) and less for higher energies. The effect of
this on the optical properties will be discussed be-
low. We shall also need to interpret ref lectivity
measurements including transitions from 5d-level
core states to conduction bands (see Sec. V). This
involves calculating matrix elements of the form
&b~„Ip I(1)'&, which can in the same fashion as in (5)
be written

&b'
I p «'& =&b'.. IP ~ &-Z&b'„Ip lb, &&b, l~ &,
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where the summation over t is restricted owing to
selection rules to 5P lead core levels. In this case
the square of the matrix elements using orthogonal-
ized wave functions is an order of magnitude larger
than those computed with pseudo-wave-functions, ~

x drr R",(r)j, (Kr)
~o

and, similarly,

&b, lvlK&= (2&+1)K&"(G)Zc &" (k))0 m
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I
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I
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I
I
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I

I
I
I

dr r R ((r )j ((Kr ), (10)

where Qo is the volume of the unit cell, j,(Kr) the
spherical Bessel function of order l, and S (6) the
structure factor for the atom a. Finally, it is
necessary to calculate the matrix elements
(b,'Ip I

b('.
& in (5). This was done by use of the

standard selection rules of atomic dipole transi-
tions and by use of atomic wave functions given
by Hermann Skillmann. The result is that the
orthogonalization procedure leads to a general in-
crease of the momentum matrix elements. This

I I

4 5
ENERGY (eV)

FIG. l. Experimental modulated reflectivity of (a)
PbTe and (b) PbSe as obtained from Ref. 6. The theoret-
ical curve is the calculated first derivative of reflectiv-
ity.
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which demonstrates the necessity for the orthogon-
alization correction in this case.

III. MODULATED REFLECTIVITY

l2

IO
~+

X6 All Z

L6
-lo-

L6
-12

X K, U

Pb Te

ply. 2. Band structure of PbTe as calculated in Hef.

In the energy range from 0 to 6 eV, a large num-
ber of experimental measurements are available.
Because of the precision and because they have been
obtained at helium temperatures, the modulated re-
flectivity spectra' are useful for comparison with
the calculated spectra. This comparison is shown
in Fig. 1 for PbTe and PbSe. The quantitative com-
parison is made in Table I, where we also assigned
the different structures to transitions at critical
points in k space. To facilitate the discussion of
these assignments, we have reproduced in Fig. 2
the band structure of PbTe as derived in Paper I.
This band structure (in the present context) can be
assumed to be typical for both lead salts. The po-
sitions of the peaks in &2 or in the ref lectivity do
not depend on the kind of matrix elements —with or
without orthogonalization —used for the calculation.
The assignments show that the two main peaks in
&» located at 2. 2 eV for PbTe and at 3. 2 eV for
PbSe, are due to several transitions. Among them
the most important transiti. ons come from a region
in k space around the point P with the coordinates
(0. 625, 0. 46, 0). This "volume effect" has al-
ready been found for the E~ peak of germanium, 'o

and it is probably a general feature for most of the
semiconductors. It is worth noting that this point
P is not far away from the "Baldereschi" point,
k=(0. 6223, 0. 2953, 0), for face-centered cubic
crystals.

IV. OPTICAL PROPERTIES FOR ENERGIES LOWER
THAN 18 eV

All transitions described in Sec. III fall in this
energy range. In addition, after 6 eV we enter a
range in which transitions into d conduction bands
occur. The onset of these transitions corresponds
to the transition at +5-6) at 5. S eV for PbTe and
at 6. 3 eV for PbSe. We see in Table I that all the
high-energy transitions involve extended regions
in k space, which follows from the fact that the
oscillator strength for different transitions is de-
creasing rapidly and becoming approximately equal
for large areas in k space above an energy of the
order of 6-7 eV. We also see from Table I that
the main structures in this range are generally
reproduced correctly.

In Fig. 3 (PbTe) and in Fig. 4 (PbSe) we show
the imaginary part of the dielectric function ez(~)
calculated using pseudo-matrix-elements and using
OPW matrix elements. As already mentioned, the
use of OPW matrix elements significantly increases
the imaginary part of the dielectric function in the
low-energy range (&6 eV). We have also presented
in these figures the ref lectivity spectra calculated
with the OPW matrix elements; these are compared
in the range of 2-6 eV to experimental data. e For
this quantity the corresponding curve obtained with
the use of pseudo-matrix-elements is only a little
lower for the whole energy range and has not been
reproduced here. A problem arises when we try
to compare the absolute values of the ref lectivity
with those found experimentally at high energies.
Typically, it is found' that at 12 eV the ref lectivity
(at 300'K) should have a magnitude between 0.12 and
0.16. We calculated in this energy range a reflec-
tivity of at least 0.25, whereas at lower energies the
agreement between theory and experiment is very good.
This discrepancy is quite difficult to explain. As
far as temperature effects are concerned it would
be difficult to understand why the temperature
would influence the ref lectivity at high energies
and not at low energies. On the other hand, we
might think about the influence of local field effects
on the dielectric function. A simple approximate
way to include them would be to use a classical
I,orentz-I. orenz relation, as has been done by
Bergstresser and Rubloff. ~ This procedure is
claimed to lead to a decrease of the ref lectivity at
higher energies, provided at least one of the levels
involved in the transition is fairLy localized This, .
however, seems not to be jusbfied in our case, as
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TABLE II. Comparison between experimental energy loss data and calculated struc-
ture in the imaginary part of 1/&. The calculations are done with and without OPW
matrix element corrections. The origins of the various peaks are also indicated.
The table corresponds to Figs. 5 and 6.

Experimenta]
peaks (eV)

Calculated Calculated
with pseudo- with OPV/

matrix-elements matrix elements Origin

PbTe

PbSe

5. 7
9.7

15
20. 7
22. 7

7. 0

ll. 0
15.8
20. 5
22. 8

5. 6
9. 5

13.8
20. 5
22. 6

14. 0
20. 6

5. 65
9.6

15.5
20. 5
22. 6

15.4
20. 6
23. 0

p valence states
s lead valence states

all valence states
5d lead states

5d lead states

p valence states
s lead valence states

all valence states
5d lead states
5d lead states

~aeference 13,

PbTe and 11 eV for PbSe is not clearly resolved
by our band-structure calculation. It should origi-
nate from the exhaustion of transitions starting
from the lead s val. ence level. This peak is also
characteristic for ionic compounds. The position
of the main plasmon peak at about 15.5 eV is
somewhat sensitive to the cutoff of &2(&u) we used
in our calculations. The curves presented here
are obtained by cutting the valence-to-conduction-
band transitions at 17 eV and replacing them with
a tail function which varies like the imaginary part
of the dielectric function for a plasmon (-1/uP).

A critical measure for the quality of the present
band structures is obtained by comparing the ex-
perimenta1, ' ' and calculated low-energy index of
refraction, This is done in Fig. 7 for PbSe and
PbTe. The discrepancies between the energies at
which the peaks occur are due to temperature ef-
fects on the gap and (or) to Burstein shifts arising
from the doping of the thin layers used in the ex-
periments. Therefore only the absolute values of
the index of refraction are interesting for compari-
son. It follows from the figure that it is important
to use the OP% matrix elements for a fairly ac-
curate reproduction of the experimental results for
the absolute value of the index of refraction. Other
interesting information can be deduced from I ig.
7. The jump of the index of refraction between
zero energy and gap energy is about 0.6 for PbTe
and 0. 3 for PbSe; this is very well reproduced by
our calculations. This jump is to first order pro-
portional to the square of the matrix elements in-
volved in transitions at the fundamental gap. Its
difference by a factor of 2 indicates that the transi-
tion-matrix elements at the gap are twice as im-
portant for PbTe as for PbSe. This is an indirect
confirmation of the different band ordering we have
chosen for the conduction bands of PbTe and PbSe

(see Paper l), since the band inversion is the only
possible way to explain such a difference in the
magnitude of matrix elements.

V. OPTICAL PROPERTIES IN THE ENERGY RANGE
FROM 18 to 26 eV

Recent experiments ' using synchrotron radia-
tion gave for the first time detailed information on
transitions with energies over 18 eV. In this range
we expect to see primarily transitions from the
cation core d levels into conduction states. Since
the core levels retain their atomic-like character
in the solid, i.e. , they are essentially dispersion-
less, these transitions add new important informa-
tion about the nature of conduction-band states.
Depending upon the angular momentum character
of the core level, the core-conduction-band transi-
tions "filter out" specific angular momentum states
of the conduction bands. In particular, if the initial
state is a d-like core state and if the f character of
the conduction band is small or nonexistent, then
we obtain from ref lectivity measurements the
density of P states in the conduction bands weighted
by transition-matrix elements.

To perform the calculations of ea(&u) involving tran-
sitions from core d states, we used OPVf matrix ele-
ments, as derived in Eq. (9). As already men-
tioned in Sec. II, the transition-matrix elements
calculated this way exceed the "pseudo"-matrix-
elements by a factor of 3 to 4 and the contribution
to e2(&u) arising from such transitions is an order
of magnitude larger than that arising from valence-
band-to-conduction-bands transitions. We can
therefore safely assume that all structures appear-
ing in this energy range are due to transitions
from d core lead levels into conduction bands. The
tota. l value of ez(~) is then obtained by adding to
this contribution a background decreasing like
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I/~' whose absolute value and slope are matched
to the small interband e, (u&) at 18 eV. c, (&u) is ob-
tained by a Kramers-Kronig analysis of &2(&u) over
the full range of energies (0-40 eV). In Figs. 8
and 9 we compare the calculated ref lectivity with
the experimental spectra taken on PbSe and PbTe.
The theoretical and experimental spectra are
aligned at the transition threshold energies. The
following discussion of the spectra holds qualita-
tively for both lead salts. We saw in Paper I that
in agreement with Knight shift experiments in
both compounds the conduction band at I. is domi-
nated by Pb states having 6p character. 2 Transi-
tions from the highest core d levels (5d'~ ) are
therefore forbidden at this band edge. The first
transitions which we expect to be allowed appear
at slightly higher energy for transitions into con-
duction states near Z. This shifts the onset of
core-5d transitions to the conduction band to
higher energies by about 0. 8 eV (for PbTe) and
1.0 eV (for PbSe) at 800'K with respect to the

FIG. 7. Index of refraction for PbTe obtained exper-
imentally in Ref. 17 (dashed line) and in Ref. 18 (dotted
line). For PbSe only one experiment (Ref. 17) is avail-
able. The data are compared to calculated spectra
using pseudo-wave-functions and OPW'S, respectively.
The calculations are done for 0 K, while the experiments
were done at 80'K (Ref. 17) and 25 K (Ref. &8), respec-
tively, with doped samples. This accounts for the shift
in energy of the experimental peaks with respect to
theory.
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FIG. 8. Reflectivity (a) and second-derivative spec-
trum for measured reflectivity (b) for PbSe. The theo-
retical reflectivity curve is indicated by the broken line.
The assignments in part (b) are explained in Table III.

minimum energy at I. The first prominant peak
at 20 eV for PbSe and 19.6 eV for PbTe originates
from transitions from the 5d' level into several
closely spaced energy bands above the critical point
at Z. The individual transitions can be identified
with structure in the measured second-derivative
ref lectivity spectrum as summarized in Table Ill.

Transitions from the lower core d levels (5d )
start at about 20. 6 eV for PbTe and 20. 8 eV for
PbSe. Unlike the 5d case, these transitions in-
volve states at the conduction-band edge at I.. Thus
for transitions from the core 5d ~ level the onset
coincides with the band edge. Taking the spin orbit
splitting for the lead core d states to be 2. 65 eV,
as determined by XPS and UPS measurements, ~'

and considering the shifts of 0. 8 eV (PbTe) and
1 eV (PbSe), respectively, for the onsets of the
5d' ' transitions, we obtain an energy separation
of the two thresholds for transitions from 5d' ~

and 5d'~ levels of about 1.85 eV and 1.65 eV,
respectively, in very good agreement with the
ref lectivity data. This result confirms the as-
sumption, which is based on selection rules, that
the 5d'~2 transitions start at the Z(8) band edge.
Transitions from the 5d' levels i.nto the 6P /

conduction states are also allowed. They give rise
to the shoulder or peak in the ref lectivity at 22. 8
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eV for PbSe and 22. 6 eV for PbTe. These struc-
tures, however, are also due to transitions from
5d' to higher conduction bands around I'8.

The relative heights of the two main peaks in the
ref lectivity can be explained by the different num-
ber of allowed transitions from the spin-orbit split-
core d levels; there exist 12 transitions from 5d ~

into 6ps and 16 transitions from 5d into 6P'
arid 6P' . This relative strength is not reproduced
in our calculation, which is probably due to the ap-
proximation made in using nonrelativistic atomic
radial wave functions. ' %e finally note that the
total density of conduction states is nearly constant
thus indicating that the observed peak structures
are dominated by matrix-element effects, i.e. ,
the structure represents the strongly varying
atomic character of conduction states.

Very interesting problems arise when attempting
to locate the core d levels on an absolute energy
scale using X-ray (XPS) or ultraviolet (UPS) photo-
emission-spectroscopy results. ' The reference
energy in these measurements is either taken to
be the Fermi level or some significant structure
in the valence bands. The combination of these
data with low-energy optical measurements allows
independent determination (compared to synchro-
tron-radiation measurements} of the energy sepa-
ration between core levels and known structure in
the conduction bands. In particular we can use the
Z(5)-to-Z(5) transition, which has been observed
at 300 'K in the near infrared region at 1.24 eV
for PbTe and 1.54 eV for PbSe. ' The energy at
300'K of the Z(5) critical point falls at most 50
meV for PbTe and 200 meV for PbSe ' below the

TABLE III, Assignment of minima in the experimental second derivative of the
reflectivity to individual core-conduction band transitions. The energy zeros are
taken at the respective reflectivity thresholds at Z(6) corresponding to 18.65 eV
for PbTe and 18.8 eV for PbSe. Z~, 6' and 6" stand for regions in K-space
around Z and 4 respectively. P is the critical point with the coordinates (0. 625,
0.46, 0) which also gives rise to the highest peak in e2 (see Table I).

Transition

PbSe

Theory Experiment Transition

PbTe

Theory Experiment
d'"- z(6}
d'"- A(7) 0.70

d5i2 z(7) l. 20z'(7)
d" -L,(6) 1.75
d'"-z(s) 2. 55

&(6) 3.05
P(6) 3.45""-'() .-,..
A(6)

d5 Lk'(6) 4. 55d"'- r(10)d'"- r(6)
~ ~ ~ ~ ~ ~

d"2-~"(7) 6.45 ~ 0. 2

0. 68

l. 24

1.85
2. 60

2. 82

4. 02

4. 57

5. 62
6.33 +0.1

d5/2 Z (6)

'(7)
d5i2

d —L(6)
ds'2- Z(6)

ds(2
P(6)

»2 r. '(6)
A(6)d"'- a'(6)

d'"-I (6)
d —D"(6)

0
0.70
1.20

1.55

l. 97
2. 55

3.15

3.65

4. 05
4. 50
5. 65

0 ~ 92

l. 58

1.99
2. 58

2. 85

3, 46

3.98
4. 36

5.30 y 0. 2
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valence-band edge. The lead 5d levels have
been found from recent high-resolution UPS mea-
surements or previous XPS measurements at
18.25+ 0. 1 eV below the valence-band edge for
both lead salts. We thus obtain for the 5d- Z(6) threshold energies,

hE (PbTe) = 18.25+ l. 24 —0.05 = 19,45 + 0. 1 eV,

EE(PbSe) =18.25+ 1.54- 0. 20=19.70+0. 1 eV.

Comparing these energies to the threshold ener-
gies [AE(PbTe) =18.65 eV and EE(PbSe) =18.8 eV]
measured in our experiment, we find a character-
istic shift in the ref lectivity data of about 0. 8 eV
toward lower energies.

This shift is too large to be attributed to finite
resolution effects or experimental errors. It
therefore must arise from the difference in the na-
ture of synchrotron-radiation ref lectivity measure-
ments and photoemission spectroscopy. One pos-
sible explanation might invoke excitonic effects.
Electron-hole interaction may play a role in
synchrotron-radiation ref lectivity measurements
but not in photoemission measurements. Excitonic
effects with characteristic energies of the order of
the observed shift (0. 8 eV) would necessarily in-
volve a large number of conduction bands, so that
individual assignments to critical points and an
interpretation in terms of classical excitons w'ould

not be justified. Moreover, the comparison of the
experimental and the calculated ref lectivity seems
to indicate that the electron-hole interaction results
in a rather uniform shift of all structures with
some deformation, but seithout the appearance of
new exciton-like peaks at lower energy. This de-
formation can be noticed, e.g. , for the main peak
in the ref lectivity which deviates from the calcu-
lated peak by about 0.4 eV, while the transition
onsets are exactly aligned. The correctness of
the conduction-band structure in this range can be
confirmed by inspecting the ref lectivity measure-
ments at low energies (see Sec. III).

We now return to the results of the energy-loss
experiment and compare these spectra with our
calculated Im(l/e) spectra (see Figs. 5 and 6 and
Table II). Again as in the comparison with the re-
flectivity data, the position in energy of the d states
has to be fit to experiment. In the ref lectivity case
a fit compatible with photoemission data could not
be obtained. However, .in analyzing the energy-loss
experiments we find consistent results between the
photoemission data and electron-energy-loss data.
In other words, the calculated Im(l/e), using the
energy positions of the d levels based on photo-
emission results, gives good agreement with elec-
tron-energy loss data.

We do not encounter the difficulties in calculat-
ing the position of the d-state plasmon peaks in
Im(1/t) that we had in determining the energy posi-
tion of the main Im(l/c) peak around 15 eV. In the
latter case problems arose from the tail function
used to extrapolate && to high energy. Since the
peak around 6 eV (caused by P-like transitions) is
also unaffected by the Ez extrapolation, we expect
the energy separations between this peak and the
d peaks to be free from computational errors. We
therefore have used these energy separations to
analyze the electron-energy-loss data. As stated
above, we did not observe (Table II) the 0. 9 -eV
shift found between the photoemission and r(: flec-
tivity data.

The above assertion depends on the resolution
of the structure in the electron-energy-loss ex-
periment. The data presented in Ref. 13 do not
include estimates of the errors inolved in choos-
ing the energy positions of the peaks. It is not
unlikely that these errors can exceed the 0. 9-eV
shift discussed above. If, however, the observed
difference between ref lectivity and electron-ener-
gy-loss measurements is real, then the common
practice of using the same dielectric function to
analyze ref lectivity and electron-energy-loss data,
is suspect. Further work, i.e. , high-resolution
experiments and theoretical studies is necessary
to clarify the situation.

VI. CONCLUSIONS

We have presented in this paper calculations re-
lated to several optical measurements of PbSe and

PbTe which are based on band-structure models
developed in Paper I. First, the calculated spec-
tra are compared to modulated ref lectivity mea-
surements for energies up to 6 eV. Most of the
empirical parameters in the band-structure cal-
culations were adjusted to fit these data with high
precision.

The real part of the refractive index which has
been calculated with and without the use of orthog-
onalized wave functions was compared to experi-
ment for low energies. The good agreement be-
bveen theory and experiment for the index is con-
sidered to be a strong indication of the quality of
the calculated wave functions. Several peaks in the
calculated imaginary part of I/a are attributed to
observed plasma oscillations of different "groups"
of electrons.

Finally, optical properties in the energy range
from 18 to 26 eV arising from transitions from the
cation core d levels into conduction states are in-
vestigated theoretically and compared to recent
synchrotron-radition ref lee tivity measurements,
to energy-loss experiments, and to XPS and UPS
photoemission data.
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