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The angular dependence of uv- (21.2-eV photon energy) induced photoemission from
single-crystal PbS has been investigated. The dependence of the positions of observed
peaks on k~~ is compared with the prediction of band-structure calculations. Nearly per-
fect agreement between theory and experiment is found by assuming that only peaks in
the appropriate one-dimensional density of initial states calculated along lines of fixed
k~~ contribute to the observed spectra.

The interpretation of angle-resolved photo-
electron spectra (ARPES) in terms of electronic
band structures suffers from the lack of informa-
tion about the normal wave-vector component k ~
of the photoexcited electron inside the crystal.
Therefore, nearly all recent ARPES experiments'
have been confined to layer compounds with k~
fixed in the direction normal to the layers; for
such compounds, little or no energy dispersion is
expected along k ~. Only a few exceptions' deal
with "three-dimensional" crystals, and no
straightforward and satisfying interpretation of
the results has been given so far. In this Letter,
we report the first ARPES measurements of PbS,
which has the rock salt structure and a reason-
ably well-known band structure. '" The positions
of the peaks observed in the energy distribution
spectra plotted versus the wave-vector compo-
nent parallel to the crystal surface, k~~, can be
understood almost completely in terms of the
one-dimensional density of states calculated
along lines defined by k ~~= const in reciprocal
space.

The experiments were performed in a comrner-
cially available photoemission spectrometer de-
scribed elsewhere. ' The hemispherical electron
analyzer was operated at a pass energy of 10 eV
corresponding to a resolution of approximately
0.3 eV. The opening angle of the acceptance cone
was O'. A PbS single crystal was cleaved in vac-
uum along a (100) plane, the base pressure being

less than 1&10 "Torr. Immediately after cleav-
ing, the resulting surface was analyzed in situ by
means of low-energy electron diffraction (LEED).
Nearly the whole cleavage plane with an area of
approximately 10 mm' exhibited the square LEED
pattern of a perfect (100) surface of a face-cen-
tered cubic crystal. No evidence for surface dis-
order or surface reconstruction could be detect-
ed. The diffraction pattern preserved its sharp-
ness for at least 48 h under ultrahigh-vacuum
conditions. No changes were observed in the an-
gle-resolved uv-induced photoemission spectra
during this time'either, confirming that the sur-
face remained free of contaminants.

The orientation of the crystal was established
inside the ultrahigh-vacuum chamber by means
of its LEED pattern, The configuration used in
the ARPES measurements described here was as
follows: Designating the surface normal as the
[100j direction, the electron acceptance cone was
chosen to lie in the (010) plane. Consequently,
the projection k~~ of the electron momentum orito
the surface was parallel to the [001] direction.
All spectra were taken using the Hel (21.2 eV)
photons emitted by a differentially pumped reso-
nance lamp. The incidence angle of the light, 8,
was kept constant at 45' whereas the electron ac-
ceptance direction varied from 6 = -28.5 to 8
=+21.0' in steps of mostly 1.5' (all angles refer
to the surface normal).

In Fig. 1 we present some selected ARPES
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FIG. 1. Angle-resolved uv photoemission spectra,
angle-integrated x-ray photoemission spectrum (Ref.
6), and uv photoemission spectrum (of polycrystalline
PbS; Ref. 7). The zero of energies is taken at the po-
sition of the Fermi level.

spectra obtained at different angles 0. For com-
parison, an angle-integrated x-ray photoemission
(XPS) spectrume and a rather similar uv photo-
emission (UPS) spectrum of polycrystalline PbS'
are incorporated in the same figure. The most
intense group of peaks in the ARPES spectra cor-
respond to the peaks I and 1' in the XPS and UPS
spectra. All other features in the ARPES spectra
are much less prominent because of the low cross
section of s-derived bands for uv photoexcitation.
We therefore make no attempt to interpret them
in terms of the band structure of PbS and focus
on the p-derived valence bands within the first 5

eV binding energy.
Before comparing the ARPES spectra with the

calculated band structure of PbS, we give a short
outline of the theory of angle-resolved photo-
emission. The process of photoexcitation can be
treated as the result of a transition between va-
lence-band states and time-reversed (initial)
states of the LEED problem. ' Because of trans-

lational symmetry parallel to the surface, the
LEED states are eigenstates of k ~~, and .this k

~1

must be conserved to a reciprocal-lattice vector
(we assume, in agreement with the I.EED pa.ttern,
no surface reconstruction). Because of the small
penetration depth of these states into the solid,
the final states are not eigenstates of k~ and con-
servation of this quantity plays no role in photo-
emission. '

We assume in the conventional manner that the
transition-matrix elements are not strongly de-
pendent on the energy of the initial state. This
hypothesis is corroborated by the agreement be-
tween the angle-integrated XPS spectrum, the
UPS spectrum of a polycrystalline sample, and
the density of valence states of PbS." We thus
find for the angle-resolved photocurrent with
electron energy E induced by photons of energy
~ (in atomic units) to be

1(E) -Qfd'k„5(E„+E -(u)5(k~~„-k~~), (1)

where k„ is the crystal momentum of a valence-
band state k

~~
the component of this momentum

parallel to the surface, k~i the corresponding
component of the photoelectron momentum, and

E„ the energy (measured with respect to the vac-
uum level) of the valence-band state of momentum

k„. The momentum kii is related to E through

(k~~ j =(2E)' 'sing. (2)

In Eq. (1) we avoid the use of reciprocal-lattice
vectors of the two-dimensional translation lattice
by working in the extended-zone scheme.

Two possible modes of measurement arise nat-
urally. The easiest for the experiments, and the
one used here, corresponds to keeping 0 con-
stant. Theoretically, however, it is more con-
venient to treat the case in which k

t~
is kept con-

stant: According to Eq. (2) this would corre-
spond to varying 0 while the energy E is being
swept. We treat this case first.

Since, for a given 0 and E, ki~ is fixed, only
those valence electrons with k~~„=kii contribute
to the photocurrent. Thus, according to Eq. (1),
the ARPES spectrum represents the density of
states of. the one-dimensional sections of the va-
lence bands obtained by setting k

~~
„=k

i~
..

I(E, k~~) -[dE„(k~)„,k~„)/dk~„]s — s '. (3)

Equation (3) must be summed over all valence
bands under consideration. In view of the sharp
peaks associated with the singularities in the one-
dimensional densities of states, we estimate that
the condition 8=const, used in our experiment,
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FIG. 2. Extended-zone scheme of the fcc structure.
Our measurements were confined to irreducible wave
vectors k„ lying within the square X-X-X-I'. One-di-
mensional densities of states were calculated along kII„
=const, as indicated by the vertical lines.
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does not significantly shift the peaks in an ARPES
spectrum.

We point out that the results of Eq. (3) will be
modulated by a transition probability which is as-
sumed to be weakly dependent on energy. The
correctness of this assumption is justified be-
cause in our experiments we only see peaks re-
lated to singularities in the one-dimensional den-
sity of states of Eq. (3). The small width of only
-0.1 eV of these singularities ensures negligible
shifts of these structures due to a slowly varying
transition probability. It can happen, however,
that this transition probability is zero (no final
states available for the transitions); in this case,
the corresponding structure in the ARPES spec-
trum disappears.

The positions of lines in reciprocal space de-
fined by kII„=kII= const depend on the specific ori-
entation of the investigated crystal relative to the
electron analyzer. In Fig. 2 we have sketched the
irreducible parts of these lines, within the ex-
tended-zone scheme of an fcc crystal, which cor-
responds to our experimental situation. The one-
dimensional density of states along these lines
was calculated according to Eq. (3). For the
computation of the energy bands E(k„), we have
utilized the empirical pseudopotential method and
the pseudopotential coefficients given by Kohn et
aE.' For simplicity we have neglected the spin-
orbit interaction which causes splittings of about
0.25 eV in the valence bands of PbS."

FIG. 3. (a) Dependence of the energies of critical
points in the one-dimensional density of states on kII„.
The solid lines refer to critical points at kj „——0, the
dashed lines to critical points at kg „=2&/a, and the
dotted lines to critical points at an intermediate value
of k». (b) Peak positions vs electron momentum com-
ponent kII. The experimental points are connected by
lines to give energy-vs-momentuin curves similar in
shape to those of (a). The experimental and calculated
energies of ten selected points {marked 1 to 10} are
compared in Table I.

The energy dependence of the maxima in I(E) as
given by Eq. (3) as a function of k,~„ is plotted in
Fig. 3(a) for the upper valence bands, mainly de-
rived from the 3p levels of sulfur. We note that
full lines correspond to critical points located at
k~„=0 (i.e., along the line I'-b, -X), dashed lines
to critical points at k ~„=2v/a (i.e., along the
lines X-Z-W-Z-X), and dotted lines to critical
points at some intermediate value of k~„.

In Fig. 3(b) we have plotted the peak positions
E versus the corresponding electron momentum
component k„. The crosses stand for intense
peaks in the ARPES spectra, while the open cir-
cles refer to weak peaks or shouMers. First, we
emphasize that it is possible to connect these dis-
crete points by continuous lines very similar in
shape to those of Fig. 3(a). Thereby we are able
to assign every observed peak to a critical point
in the one-dimensional density of initial states.

In Table I we compare the experimental and
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TABLE I. Comparison of the energies of selected
features in the experimental and calculated &-vs-Terai
curves. The numbers 1 to 10 refer to Fig. 3. Energies
are given relative to the top of the valence bands.

No,
Symmetry
des ignation Experimental

(eV)
Calculated

1
2
3
4
5
6
7
8
9

10
We, W'7

1.20
2,70
5.20
0.65
1.10
1.20
2.05
3.40
4.70
3.80

1.60
2.80
5.25
0.70
1.45
1.60
2.60
3.40
4.65
3.80

calculated energies of some representative fea-
tures of the E-vs-kt~ curves marked I to 10 in
Fig. 3. The splittings of 0.2 eV at point F around
2.7 eV and at ski, i=0.75 A 'around 3.7 eV bind-
ing energy are attributed to the spin-orbit inter-
action neglected in our calculation. We believe
that the agreement between theory and experi-
ment shown in Table I is within what can be ex-
pected for the accuracy of any band-structure
calculation. Some minor disagreements occur
around ikiii =+0.25 A ', where weak shoulders
that appear apparently do not correspond to any
calculated critical point. The absence of about
30/p of the predicted peaks is attributed to the ab-
sence of appropriate final states. This problem

could be circumvented by using several different
photon energies (e.g. , with synchroton radiation).

Finally, we stress the importance of using the
one-dimensional density of states instead of sin-
gle symmetry lines coinciding with the direction
of the experimental k, t

for interpreting the ARPES
spectra. This is especially true for the highest
observed peak that cannot be explained by only
using the band structure along the lines I"-6-X
and X-Z-W-Z-X.
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