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%e report a detailed calculation of the photoemission spectra of Na for electrons emitted normal
to the (110) surface. The experimental results of Jensen and Plummer have been taken as an indi-

cation that the conduction band of Na is severely distorted and hence that a charge-density ~ave
exists in the system. Our calculation confirms just the opposite, i.e., that the band is not strongly
distorted from a free-electron band. The calculation is able to reproduce the experimental data
closely; it also predicts an angle dependence of the spectra —a feature which needs to be examined
experimentally.

PACS numbers: 79.60.Cn, 71.25.Pi

Photoemission is generally considered to be a simple
process, in which one sends photons of a known fre-
quency (llto) towards a metal and measures the emit-
ted electrons. By using energy conservation, one
readily obtains the initial-state energy of the electron.
Further analysis of the angle dependence of the spec-
trum can provide valuable information on the elec-
tronic band structure. However, in a recent study of
the normal-emission spectrum from the Na (110) sur-
face, Jensen and Plummer' (JP) found certain features
which they were unable to explain. The band structure
of Na is usually believed to be well represented by a
nearly free-electron (NFE) band. ' For such a band
structure, one would expect that there is no photo-
emission from the Na (110) surface if 31.7&tto
& 37.9 eV. This gap is expected because vertical tran-

sitions at these photon energies would require initial
states that lie above the Fermi level (see Fig. 1 of Ref.
1). JP actually found that, throughout this expected
gap, there appears a stationary narrow peak that corre-
sponds to initial states at the Fermi level. From this
experimental result, they concluded that either the

conduction band of Na is severely distorted from a
NFE band, or there are important effects which have
been neglected so far.

In this Letter, we report a calculation which follows
closely a theory of angle-dependent photoemission by
Mahan. 2 We find that, by properly including various
surface and bulk effects as well as their interference
terms, we can explain JP's result with a NFE band.
Since this calculation is basically parameter free, its
close agreement with the experiment therefore pro-
vides a strong argument that the band of Na is not
strongly distorted from a NFE band. This assertion is
in complete disagreement with that of Overhauser, '
who regarded JP's findings as evidence that the band is
severely distorted and hence that a charge-density
~ave exists in the system.

According to Mahan's theory, z we calculate the
emitted current per solid angle per energy, d21/d 0 dE.
For normal emission, momentum that is parallel to the
surface vanishes. As a result, Mahan's theory reduces
to a simple one-dimensional integration (k; ~~

= 0 and
k;=k;~):

dk;
piM(p, kt) ti25(E —e(kt) —lito+ V(i),

d 0 dE 2srz "o:c 2n'
where e(k;) is the initial-state energy and E = pz/2m is the energy of the emitted electron measured externally.
The delta function spells out the energy conservation of the process, and Vo is the surface barrier which the pho-
toelectron must overcome to reach the outside. The excitation matrix element, M (p, k;), is discussed below.

As is well known, photon fields do not interact with a homogeneous electron system. 4 In other words, photo-
emission may take place only as a result of inhomogeneities in the system. We take into account those effects
from the surface potential V, (z), and from the crystal potential V, (z) =gG VGexp( —lGz), where the G's are
reciprocal lattice vectors. These inhomogeneous factors are included by the expression

M(pi ) =F( ) J dz P~ (pz)(( —8/t)z)[ V (z) + V, (z)] I@(k;,z), (2)

where the z axis is normal to the surface and ~F(to)(2~co 3. $(kt, z) is the initial-state wave function and

@
~ (p, z) is an ingoing wave which contains a factor describing the scattering by the surface.
It is clear that the calculation of the spectrum now hinges on the determination of qb and qb

~ . As was noted by
Mahan, once the surface potential is given, both @ and @~ can be determined by solution of a one-dimensional
Schrodinger's equation. If we approximate the metal surface by a step potential, we can express results in analytic
forms. 2 Such results are illustrative, but not accurate for real metals. This is because the mean free path (MFP) of
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FIG. 3. The calculated peak intensities and the peak
widths for photon energies in and around the gap. Both
quantities decrease sharply inside the gap.

culaiion. The heavy solid curves are unbroadened
spectra, which are then convoluted by a Gaussian of
0.3 eV in width to account for the reported instrumen-
tal broadening effect. ' These results (dashed curves)
show good overall agreement with JP's measurement,
except on the low-energy side of the spectra, where
the background contribution should be important but
is not included in our calculation.

We shall examine the spectra in further detail, espe-
cially with regard to the peak width, the edge shape at
EF in Fig. 1, and the narrow peak in Fig. 2. A key
feature is that the final states are very broad. As a
result, both V»Q and V22Q can contribute.

First look at Fig. 1, where the major contribution is
due to Vtto. The observed peak width is determined
by the final-state width times the ratio between the
derivatives of the conduction band and of the final-
state band —as has been discussed by JP' and
Overhauser. 3 What has not been looked at is the fact
that the sharp cutoff at EF in the conduction band
causes a similar structure in the spectrum, i.e., the
edge at EF in Fig. 1. The edge is thought' to be due to
momentum-nonconserving processes, e.g. , the surface
effect. Such a view is consistent with our findings,
since, with the electron states so broad, even transi-
tions due to the bulk effects no longer strictly conserve
the momentum. It should be noticed that the surface
term alone would be too small to explain the observed
edge structure.

We noticed that edge structure similar to that of Na
is also found in the spectra of Alto and Mg. " The ar-
gument we made in the discussion of Fig. 1 clearly ap-
plies to these cases too. But there is no structure at EF
in the spectra of Be(001).' This result is explained by
the fact that the Fermi level passes through a band
gap, ' i.e., there is no state around EF to form the
edge. These experimental findings, therefore, all sup-
port our explanation regarding the edge at EF

2Gtto kF+ X (4)

otherwise, the peak will be diminishing in the gap re-
gion.

A study on the angle dependence of the peak inten-
sity is shown in Fig. 4. This angle dependence varies a
lot depending on whether the applied photon energy is
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FIG. 4. The angle dependence of the spectrum intensity
(the peak height) at three chosen energies. The angle is
measured from the normal direction, and the instrumental
broadening is included.
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The composition of Fig. 2 is actually very similar to
that of Fig. 1. The difference is that the two branches
( V»0 and V2pp) almost have equivalent contributions
now, and, more importantly, that the cutoff at the Fer-
mi level causes a large portion of the peak to be erased
in Fig. 2. One immediate consequence is that the
"remaining" peak appears to have a width about one-
half that of the Ass=24 eV spectrum. This fact ex-
plains why the stationary peaks are very narrow. '

Another effect is that the peak strength should de-
crease near tee = 33 eV because much of the peak has
been blocked. Figure 3 shows the calulated peak
height and width. The two sets of data obviously vary
in a correlated manner, as we have just explained. The
calculated width matches with that from the measure-
ment, ' and the energy dependence of the peak
strength has actually been observed. '3

The reason that the peaks appear stationary across
the gap is the fact that the Fermi level is very close to
the band edge (k= 2Gttp). Such a band structure
makes it possible that, as &o& increases, the enhance-
ment of the V»0 term can compensate for the decrease
of the Vtto term. Accordingly, we can conclude that
the band must satisfy
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