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The bulk band structure of the IV-VI semiconductors PbSe and PbTe was determined experimen-
tally through angle-resolved photoemission from cleaved PbSe(100) and PbTe(100) surfaces, using
synchrotron radiation for photoexcitation. By analyzing spectra recorded in electron emission nor-
mal to the surface over a wide range of photon energies, it was found that a large number of photo-
emission peaks showed dispersion with photon energy, proving that the spectra can be interpreted
through direct (i.e., k-conserving) transitions. We analyze the dispersion in terms of transitions
from occupied to unoccupied bands, on the basis of the free-electron final-state model. In order to
relate the experimental data to calculated band structures, we have carried out linearized muffin-
tin-orbital calculations for both solids. The experimental occupied band structure shows excellent
agreement with these calculations. We discuss our results in the light of previous experimental and

theoretical studies of these materials.

I. INTRODUCTION

It is now widely recognized that the electronic struc-
ture of metals, semiconductors, and insulators can be
determined by means of angle-resolved photoelectron
spectroscopy. It has been shown that the bulk and sur-
face emission can be separated, and that the bulk and sur-
face band structure of a solid can be mapped in terms of
an E (k) relation with high precision.!™> While a large
range of metals has been investigated, including those in
which relativistic effects, i.e., spin-orbit coupling, play an
important role in shaping the bands, most studies of
semiconductors have concentrated on those III-V com-
pound semiconductors in which spin-orbit coupling, al-
though important, does not dominate the band structure.
Here, we treat the IV-VI compound semiconductors PbSe
and PbTe, in which such effects are very pronounced.
The band structure of these materials has been the sub-
ject of a number of calculations, which arrive at rather
dissimilar results. As far as the interpretation of the pho-
toelectron spectra are involved, Grandke et al.,® in one of
the first extensive angle-resolved photoemission studies of
semiconductor surfaces, concluded that photoemission
spectra from the PbS, PbSe, and PbTe(100) surfaces could
not be interpreted in terms of either direct transitions or
nondirect transitions. They found reasonable agreement
when analyzing their data using a ‘“‘weighted-indirect-
transition model,” to be discussed below. Since the au-
thors were restricted to two fixed photon energies from
resonance lamps, their data base was necessarily limited
as far as a variation of the wave vector normal to the sur-
face k, is concerned. In view of the fact that in many
angle-resolved photoemission data from well-ordered and
not heavily reconstructed semiconductor surfaces a large
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number of peaks can be interpreted in terms of direct
transitions, we have reinvestigated these surfaces using
synchrotron radiation for photoexcitation. We analyze
our data in terms of the simple free-electron final-state
model. This is a good first approximation since we can
infer, directly from the data, those photon energies at
which we reach either the center or the boundary of the
Brillouin zone, and these values are in excellent agree-
ment with those expected from a free-electron parabola.
In order to provide a firm basis for the comparison of our
data with calculations, we present new linearized muffin-
tin-orbital (LMTO) calculations”® for the band structure
of these materials. We find very good agreement between
the experimental data and the calculations, despite the
fact that no corrections are taken into account in the
comparison.

II. EXPERIMENT

Photoemission experiments were carried out at the
BESSY (Berliner Elektronen-Speicherring-Gesellschaft
fiir Synchrotronstrahlung) storage ring, on the TGM 2
toroidal-grating monochromator,” giving us access to
photon energies fiw from 9 to 200 eV. Spectra were
recorded with a commercial angle-resolving photoelec-
tron spectrometer (ADES 400 by VG Scientific Ltd.,
Great Britain), with a base pressure of 1X 107 mbar.
The joint resolution ranged from about 100 meV at
#io=10 eV to about 400 meV at 140 eV. The crystals
were cleaved in situ by the double-wedge technique, and
showed no sign of contamination even after measuring
times of 10 h. The cleaved faces exhibited large terraces
of flat surfaces, separated by a few large-scale steps.
They showed excellent crystalline order as evidenced by a
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sharp low-energy electron diffraction (LEED) pattern
which was observed in situ, with no signs of twinning.

III. DETAILS OF THE CALCULATION

The electronic structures of PbSe and PbTe were de-
rived by means of the LMTO method’ using a Dirac rela-
tivistic version.® The crystal structure is B1 (rocksalt),
and since this is a rather open structure we have opti-
mized the LMTO scheme by introducing two (equivalent)
“empty spheres.” These are treated in the same way as
usual atomic spheres in the self-consistency cycle, i.e.,
like atoms with no nuclear charge. The band structures
were taken to be the unmodified eigenvalues obtained
from the density-functional scheme within the local-
density approximation (LDA). We used the exchange-
correlation parametrization as given by von Barth and
Hedin.!° Experience from a large number of (zinc-
blende-type) semiconductors has shown that this type of
calculation yields accurate relative positions of the
valence bands, whereas substantial errors in the energetic
position of the conduction bands with respect to the
valence bands (the “LDA band-gap problem”) as well as
the conduction-band dispersion are to be expected.!! The
analysis presented in the present work only needs the
valence bands, and therefore the simple LDA band struc-
tures were assumed to represent a useful theoretical basis.

IV. RESULTS AND DISCUSSION

The most common method for bulk band-structure
determinations through angle-resolved photoemission is
to take spectra along a high-symmetry direction of the
crystal. The most practical solution for a crystal speci-
men with a low-index surface orientation involves the
recording of spectra in normal emission. The lead chal-
cogenide semiconductors crystallize in the rocksalt struc-
ture, and the (100) surface is the cleavage face. Hence,
when recording normal-emission spectra, we detect elec-
trons with their wave vector lying along the I'-X direc-
tion in the three-dimensional Brillouin zone. Such spec-
tra, recorded with photon energies from 13 to 30 eV, are
shown for PbSe(100) in Fig. 1. The spectra exhibit rich
structure in the region from E to about 8 eV below Ey.
It is quite obvious from Fig. 1 that some peaks exhibit
large dispersion effects, i.e., shifts with photon energy;
these have been connected by dashed lines for clarity. At
the lowest photon energies, only the electron levels most
closely situated with respect to E can be excited. As the
photon energy increases, the deeper levels can also con-
tribute. This effect is demonstrated in the spectra of Fig.
2. Some peaks, which are marked by asterisks, are due to
excitation of the Pb 5d level by second-order light from
the monochromator grating. The lowest band (binding
energy about 12 eV) is only observed for photon energies
above 28 eV. The full range of peaks throughout the
valence-band region is shown in the spectra in Fig. 2,
which were recorded using photon energies from 35 to
140 eV. Here also, dispersion effects are quite obvious,
particularly in the bands at 8 and 12 eV binding energy.
The behavior of the peak at 8 eV binding energy is some-
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what more complex, because here two peaks are superim-
posed, with the one at higher binding energy being sta-
tionary, while the one at lower binding energy disperses;
this is particularly evident in the spectra recorded with
photon energies between 40 and 65 eV. The coexistence
of stationary and dispersing peaks from one particular
band is direct evidence for the occurrence of direct and
indirect transitions. Dispersion effects are also quite ob-
vious in the region near the top of the valence bands. An
analysis of the peaks in terms of the direct transitions will
be presented below.

The close similarity of the physical properties of PbSe
and PbTe should be reflected in their electronic struc-
tures and therefore in the photoemission spectra. This is
in fact the case, as can be seen from a comparison of the
PbSe(100) spectra in Figs. 1 and 2, and those of
PbTe(100) shown in Figs. 3 and 4. Figure 3 shows the
valence-band spectra of PbTe(100) recorded with photon
energies from 9.5 to 30 eV. Here also, shifts of peaks
with photon energies are evident, with one peak shifting
from close to the valence-band maximum (VBM) to about
4 eV below the VBM. This peak is quite intense in this
range of photon energies, and its behavior presents a text-
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FIG. 1. Photoelectron spectra of the valence-band region of
PbSe(100), recorded in normal emission; photon energies in the
range from 13 to 30 eV as indicated in the figure.
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book example of the manifestation of direct transition in
angle-resolved photoelectron spectra. Often, consider-
able intensity variations occur in one particular peak as
the photon energy is varied, such that dispersion effects
are not immediately obvious, and only emerge from an
analysis in which the energy of all peaks is plotted versus
photon energy. Figure 3 provides a nice example in
which dispersion can be seen immediately. The spectra
recorded with higher photon energy (Fig. 4) also exhibit
the same overall features as those of PbSe. The peak at
about 8 eV binding energy is composed of two com-
ponents, one of which is stationary, while the other
disperses. Components from higher-order light are
marked by asterisks as usual. No evidence for surface
states was found in these normal-emission spectra.

In order to analyze the peaks in the spectra in terms of
direct transitions, and to extract information about the
occupied bands, one has to make assumptions about the
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FIG. 2. Photoelectron spectra of the valence-band region of
PbSe(100), recorded in normal emission over a photon-energy
range from 35 to 140 eV.
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final-state bands. This is in fact the weak point of the
band-mapping procedure, since calculations involving a
realistic description of the final state, e.g., by using a
time-reversed LEED final state, are usually not available.
However, one can obtain an estimate of the shape of the
final bands experimentally from the trend in peak shift
with photon energy. This can be carried out in the so-
called “structure plot,” where the binding energy of all
peaks with respect to the valence-band maximum is plot-
ted over final energy. Now we use the fact that the band
energies exhibit extrema at the Brillouin-zone center and
boundaries, if the latter are true critical points'? and
therefore all peaks in the valence-band spectrum need to
have their largest or smallest binding energy there. Con-
sider the structure plot for the peaks in the PbTe spectra
shown in Fig. 5. The band at around 6-8 eV binding en-
ergy is particularly instructive. Its binding energy exhib-
its a minimum close to Eg,, =10 eV (Ej,, with respect
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FIG. 3. Photoelectron spectra of the valence-band region of
PbTe(100), recorded in normal emission; photon energies in the
range from 9.5 to 30 eV as indicated in the figure.
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FIG. 4. Photoelectron spectra of the valence-band region of
PbSe(100), recorded in normal emission over a photon-energy
range from 35 to 78 eV.

to the Fermi energy E), a maximum at 26 eV, and a fur-
ther minimum at 53 eV. By recourse to calculated bands
we know that this particular band has a binding-energy
minimum at the I' point and a maximum at the X point.
Thus we can locate those photon energies at which direct
transitions will take place at these points in k space; the
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FIG. 5. Plot of binding energy of peaks in the spectrum of
PbTe(100) vs electron kinetic energies.
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I' point will be reached at photon energies where the
electron final energy is 10 and 53 eV.

From the separation of the final energies at which the
I’ and X points are reached, we can construct a rough
shape of the final band, if we assume that it is described
by a parabola with

272
Eﬁnal:ﬁk—a_VO ’ (1)

2
where V), the inner potential, is a free parameter, and
a=1.0 for a free-electron parabola. By calculation the
values for k for each of those transitions which occur at
T or X, we obtain a best fit for the extrema shown in the
structure plot of Fig. 5 for ¥;=7.17 eV. Based on this
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FIG. 6. Experimental band structure for PbSe, derived from
spectra in Figs. 1 and 2. Transitions into the second, third,
fourth, fifth, -and sixth Brillouin zones are marked by triangles,
open circles, solid squares, open squares, and solid diamonds.
The lines represent the results of our LMTO band-structure cal-
culation. [Energies are given relative to the valence-band max-
imum (VBM) at the L point.]
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TABLE I. Experimental results for the critical-point energies of PbSe along the I'-X line, compared
with the experimental determination of Grandke et al. (Ref. 6) and results from several band-structure

calculations.
Experiment Calculations
This Grandke
work et al.® APW® EPM* EPM‘ LMTO®
s 1.45 1.8 1.83 20 1.8 1.35
s 2.2 2.5 2.43 2.6 2.35 2.05
ré 6.25 5.75 5.15 6.25
ré 12.95 24.55 14.95 13.45
X7 2.75 32 2.99 3.2 3.85 2.75
X¢ 33 3.7 343 3.6 4.2 33
X¢ 4.45 5.1 4.94 4.9 6.4 4.95
x¢ 7.7 5.65 6.8 7.2
x¢ 12.35 24.30 13.30 12.2
spin-orbit 0.75 0.6 0.60 0.55 0.55 0.7
splitting at "
spin-orbit 0.55 0.5 0.44 0.35 0.35 0.55
splitting at X
Ag(max) 0.60 1.1 1.39 1.15 0.80 0.65

#Reference 6.
*In Ref. 6.
°Reference 18.
dReference 13.
*This work.

value, we find that transitions take place at the X point at
a kinetic energy of 26 eV, and at the I" point at 8 and 52
eV. Thus there is good agreement between the experi-
mental critical points and the values derived from the
free-electron final band, giving confidence to our attempt
to use this final band also for a determination of the
shape of the occupied bands in the k-space between the
Brillouin-zone center and boundary. A similarly good
description for the final band was found in the structure
plot also for PbSe, giving final energies of 9.5 eV (I'), 29.5
eV (X), 58 eV (I'), and 94 eV (I') at which the critical
points were reached, with a=1.

We have analyzed the dispersing peaks in the PbSe and
PbTe spectra in terms of transitions from the occupied
bands to this final band. The resulting experimental band
structure of PbSe between I' and X is shown in Fig. 6.
For this plot, the inner potential ¥, was derived from a
structure plot similar to that shown for PbTe in Fig. 5.
The best fit for ¥V, was 8.0 eV, close to the value for
PbTe. The different symbols in the band structure mark
direct transitions which take place in the second, third,
higher (up to sixth) Brillouin zones. The two lowest
bands are well characterized throughout the whole range
of k between I"' and X. For the region closer to the VBM,
three bands can be clearly identified at the X point.
Around halfway through the Brillouin zone, band cross-
ing renders an assignment difficult. However, two bands
are well separated at I'. Even for the most strongly
dispersing bands, the data points from all transitions in
the higher zones are quite close in E and k, indicating
that our simple final state works well beyond all expecta-
tions. We shall attempt an explanation for the astonish-
ing success of this simple ansatz below.

Also shown in Fig. 6 is the calculated LMTO band
structure. The experimental bands have been lined up
with respect to the valence-band maximum by taking the
usual extrapolation to zero intensity in the spectra as the
position of the VBM; the minimum binding energy of the
experimental band is then 0.4 eV below the VBM. The
energies of the critical points as derived from the present
experiments, as well as the study of Grandke et al.® and
several band-structure calculations®!>!* are given in
Table 1. The empirical-pseudopotential-method (EPM)
bands deviate strongly from our experimental E (k) rela-
tions, particularly with respect to the position of the
bands close to the VBM at the X point, but also as far as
the total bandwidth is concerned. Consider the third
band from the VBM: while its experimental bandwidth is
about 2.2 eV, the value calculated by Martinez et al. is
3.9 eV. The energy of the third band from VBM at the X
point also differs from the experimental value by almost 2
eV; larger discrepancies exist for the lowest band. In
view of the way in which the parameters for the EPM
calculation are derived, the discrepancy for the bands at
higher binding energy is not surprising.

The bands calculated here by the LMTO method con-
tain no adjustable parameters. For PbSe, one observes
immediately that agreement between theory and experi-
ment is very good for all bands. For the group of bands
close to the VBM, the experimental data points lie on the
calculated bands or not further than 0.1 A~! and 0.2 eV
away. The difference in energy between the topmost A,
band and the VBM in the calculated band structure is
about 0.9 eV, ie., within 0.1 eV of the experimental
value. In view of the difficulties in the precise experimen-
tal determination of the valence-band maximum, this
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agreement is excellent. This statement also applies to the
determination of the Ag(max) point, for which experimen-
tal and theoretical data are also given in Table I. Agree-
ment is also very good for the two lower Ay bands. In
principle, deviations from experimental values are expect-
ed for these low-lying chalcogen s-derived bands because
of shortcomings in the description within the local-
density approximation. Jackson and Allen,!® in their
study of the occupied and unoccupied band structure of
Si, Ge, GaAs, and ZnSe by x-ray photoelectron and
bremsstrahlung isochromat spectroscopy and density-
functional band-structure calculations, found that the
calculated densities of state for the valence bands had to
be shifted between 0.3 and 0.8 eV towards higher binding
energies in order to obtain good agreement with each
other. The amount of shift was determined by the char-
acter of the specific level and its degree of localization.
The deviations were attributed by Jackson and Allen to
self-energy corrections, which would have to be included
in these calculations. Such self-energy corrections are
well known, and are particularly strong in the nearly-
free-electron metals, where deviations of up to 30% in
the bandwidth occur.!® In contrast to this, the present
data suggest that any corrections to the present calcula-
tions cannot be simply given by a rigid shift to the bands,
and that they would have to change sign between the
lowest and second band. In view of the good overall
agreement between the experimental and calculated
bands, despite the strong localization (as derived from the
amount of dispersion) of the two lowest bands, a straight-
forward conclusion about self-energy corrections such as
that suggested by Jackson and Allen cannot be drawn
from the present study.

In this context, PbSe is not an exception, because the
same conclusions can be drawn from a comparison of the
experimental band structure with the calculated bands of
PbTe, shown in Fig. 7. The band structure shows quite
similar features, with t}ge band maximum of the highest
Ag band about 0.2-0.3 A7l away from I'; as in PbSe, the
valence-band maximum is located at the L point. The
solid lines give the LMTO bands. For the s-derived Ag
bands at about 6—7 eV and 11.5-12.5 eV binding energy,
the LMTO bands agree well with the experimental data,
with respect to both binding energy and dispersion, al-
though there seems to be an apparent splitting of the Ag
and A, bands at I', giving rise to a deviation between ex-
perimental and theoretical values of about 0.4 eV at this
point. There seems to be a rigid shift in the A band at a
binding energy of around 6 eV when compared with
theory; its dispersion is quite similar to the LMTO calcu-
lation. Energies of critical points for PbTe are collected,
and are compared with results from other calculations in
Table II. As far as the self-energy corrections are con-
cerned, Fig. 7 shows that in the case of PbTe, the correc-
tion would have to change sign between the A¢ band at
about 6 eV and that at about 12 eV binding energy. Such
reversal of sign is not likely to be explained by the
difference in localization and character of the band. This
observation also excludes the possibility of interpreting
our detailed k-dependent band-structure data in terms of
a k-dependent self-energy correction.

V. HINKEL et al. 40

The magnitude of spin-orbit interaction in the lead
salts is one of the causes for the difficulties which are en-
countered in band-structure calculations; hence it is of in-
terest to determine the spin-orbit splitting at specific
points in the Brillouin zone. The spin-orbit splittings
consist of contributions from the Se 4p and Te 5p levels
(0.42 and 0.84 eV, respectively!”) and the Pb 6p level [1.27
eV (Ref. 17)]. Depending on the character of the electron
wave functions at specific points in the Brillouin zone, the
spin-orbit splitting is expected to change.® From the
dispersion of the experimental bands shown in Figs. 6
and 7, we have determined the spin-orbit splitting at the
I" and X points, i.e., the splitting between 'y and I'¢ and
X7 and X4 . A comparison of the values given in Tables
I and IT shows that the agreement between the experi-
mentally determined values and the LMTO calculations
is very good for PbSe, whereas for PbTe there is a some-

PbTe

Energy below VBM (eV)
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0
r

FIG. 7. Experimental band structure for PbTe, derived from
spectra in Figs. 1 and 2. Transitions into the third, fourth, and
fifth Brillouin zones are marked by open circles, solid squares,
and open squares. The represent the results of a LMTO band-
structure calculation.
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TABLE II. Experimental results for the critical-point energies of PbTe along the I'-X line, compared
with the experimental determination of Grandke et al. (Ref. 6) and results from several band-structure

calculations.
Experiment Calculations
This Grandke
work et al.? APW® EPM° EPM* LMTO®
I's 1.0 1.3 0.88 1.0 0.9 0.95
Iy 2.1 2.5 1.98 2.9 2.0 2.15
s 6.35 6.45 5.7 6.0
rd 11.8 16.30 12.7 12.28
X7 2.45 2.5 2.37 2.1 2.6 2.65
Xs 3.55 3.4 3.06 2.8 3.2 3.45
X¢ 4.5 4.54.7) 4.63 4.20 4.5 4.85
xXd 7.85 6.35 7.4 7.5
x; 10.75 16.15 113 10.7
spin-orbit 1.10 1.15 1.03 1.1 1.1 1.2
splitting at T°
spin-orbit 1.10 0.9 0.67 0.7 0.55 1.35
splitting at X
Ag(max) 0.30 0.7 0.33 0.60 0.25 0.40

2Reference 6.
*In Ref. 6.
‘Reference 14.
9Reference 13.
°This work.

what larger (but in absolute terms still small) discrepancy
on the order of 0.1-0.2 eV. Note that the other band-
structure calculations also give reasonable values for the
spin-orbit splitting.

It is instructive to compare our experimental results
and their interpretation with the photoemission data of
Grandke et al.® These workers used rare-gas resonance
lines of 16.85 and 21.22 eV photon energy, and con-
sidered dispersion effects both as a function of photon en-
ergies, as well as a function of k by collecting data at
different polar angles of electron emission, in the two mir-
ror planes normal to the (100) surface. On the basis of
their band-structure calculations, which included a
description of the complex conduction band structure (al-
though not within the full LEED formalism), they con-
clude that spectra recorded in off-normal geometries are
dominated by indirect transitions in which k is not con-
served, while in normal emission, direct transitions play a
more important role, because the number of final bands
which couple strongly to the plane-wave states in the vac-
uum are quite small in this particular geometry. Some of
these final states bear a close resemblance to a parabolic
final state, such as that employed in the present study (cf.
Fig. 9 of Ref. 6). As a result of their calculations, they
conclude that the main contribution to the normal-
emission spectra from the lead chalcogenides is due to
only one conduction band. As is evident from Figs. 12
and 13 in Ref. 6, this final state is parabolic. Grandke
et al. fit this band by a parabola with an effective-mass
parameter a=1.1 in Eq. (1), i.e., a small deviation from
the free-electron shape. Since they obtain this fit of the
calculated bands between 15 and 25 eV, we believe that

there is no real disrepancy with respect to our assump-
tion of a=1, derived over a much larger range of final en-
ergies directly from experimental data (viz., the structure
plot in Fig. 5). Thus there is no discrepancy between the
conclusion drawn by Grandke et al. that the best
description of the photoemission spectra is a “weighted-
indirect-transition model” and our determination of the
band structure of PbSe and PbTe on the basis of direct
transitions. Both processes play a significant role, as can
be read off directly from the spectra, from the stationary
and dispersing contributions to the peak at about 6-eV
binding energy in Figs. 2 and 4.

One might argue that at very low photon energies the
approximation of the final state by a parabola must break
down eventually. Middelmann et al.,' in a photoemis-
sion band-structure determination of a-Sn, have indeed
shown that strong deviations from parabolic behavior
may occur for low final energies, and can be determined
once the shape of the occupied bands is known from
direct transitions at much higher photon energies. The
present band-structure data were derived from transitions
to three or, in the case of PbSe, even four Brillouin zones,
and data from these transitions show good agreement
among each other. Thus the deviation of the final band
from parabolic shape is probably restricted to very low
photon energies such that our band determination is now
affected. Middelmann et al.'® have shown that, in the
case of a-Sn, the deviations from parabolic shape were
very small beyond a final energy of about 13 eV. If a
similar value were to apply in the case of PbSe and PbTe,
most of the data points in Figs. 6 and 7 would not be
affected.
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