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The angular-resolved energy distributions for photoelectrons emitted from the (100), (110), and (111)
crystal faces of aluminum are presented for photon energies in the range 7.0-11.6 eV. The emission in this
photon energy range is dominated by surface photoemission excited by the normal optical field or the surface-
plasmon field. Three structures in the spectra are identified as emission from electronic surface states that
have been predicted in theoretical calculations. Two of these surface-state bands, seen in emission from the
(100) and (110) crystal faces, are associated with the sp band gap around the X point in k space. We
interpret a structure in the emission from the (111) crystal face as due to a surface resonance band also
associated with the sp band gap around the X point. No conclusive evidence for the existence of structures
in the spectra due to direct transitions in the bulk has been obtained.

I. INTRODUCTION

The technique of angular-resolved photoemis-
sion has earlier been applied to the study of elec-
tronic states of single crystals of numerous ma-
terials.! It has been successful in the examination
of bulk and surface electronic structure for noble
and transition metals, while there have been only
comparatively few measurements reported on al-
uminum and other nearly-free-electron metals.?
This is surprising, since there are several theo-
retical papers which predict the existence of sur-
face states on the (100), (110), and (111) crystal
faces of aluminum.>” Most previous photoemis-
sion studies on aluminum have been focused on
either the polarization dependence of the yield at
different photon energies®® or the oxidation pro-
cess.!®2 Gartland and Slagsvold® have measured
the angular-resolved photoemission from the
A1(100) crystal face using resonance radiation
(11.7, 16.8, and 21.2 eV). They reported emission
from a two-dimensional band of surface states
which connects to a surface resonance band going
up to the Fermi level. In this paper we confirm
their results and we also report emission from two
different surface-state bands on the Al1(110) crys-
tal face and one surface resonance band on the
Al(111) crystal face.

We also discuss the contribution to electron
emission by decaying surface plasmons as com-
pared to bulk photoemission and surface photo-
emission through the optical field. It is known that
the decay of surface plasmons gives a considerable
contribution to the yield in photoemission®®'* and
it is not negligible in secondary-electron emis-
sion.’* For photoemission, this mechanism varies
strongly with photon energy, being most import-
ant close to the surface-plasmon energy. By re-

. cording spectra at different photon energies, and
varying the angle of light incidence we have found
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that the surface-plasmon field is the main excita-
tion source at energies around the plasmon energy
fwg, (10.5 eV for aluminum).

An attempt was also made to correlate our ex-
perimental results with the bulk band structure.
The energy positions of peaks due to direct trans-
itions in the bulk were obtained using the band
structure calculated by Snow.!®

II. THEORY

The complete theoretical description of the photo-
emission process has not yet been achieved. Sev-
eral authors'®’'” have derived a Golden Rule ex-
pression for photoemission within the framework
of the independent-particle model. For cases in
which hole damping may be neglected, the photo-
current at the detector can be written'”
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where the operator (3 is defined by
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The wave function ¢, needed to calculate the ma-
trix elements is a time-reversed low-energy elec~
tron-diffraction (LEED) function.

Although not quite correct,'® it is very useful to
separate different terms in the operator when dis-
cussing different mechanisms for photoemission.
The total matrix element for the photoemission
process then appears as'®
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The direction of the surface normal is given by
Z, while V_ is the surface-barrier potential and
V3 is the bulk potential. The first term gives the

1562 ‘ : © 1978 The American Physical Society



bulk photoemission which, in the case of weak
damping, is described as being due to direct inter-
band transitions. The remaining two terms are
responsible for the surface-induced photoemission
and are called the surface-potential term and the
surface-field term, respectively.

The importance of the surface-field term at high
photon energies has not been established experi-
mentally, while for photon energies below the
plasmon energy it is very important. For a cor-
rect description of the surface-potential term, it
is necessary to know the microscopical variation
of the vector potential A. Feibelman'® has calcu-
lated the surface-photoelectric effect self-consist-
ently using the jellium model. He showed that the
contribution from the surface-photo effect depends
strongly on photon energy. A peak in the yield was
obtained in the interval 0 <w<w,. This peak moves
closer to w, and decreases in magnitude as the
steepness of the surface potential barrier increases.

Pendry®® has calculated the angular-resolved
photoemission considering the bulk potential and
surface-potential terms assuming a constant vec-
tor potential (A vector). For the photon energies
used (11.7, 16.8, and 21.2 eV), the emission in the
investigated directions is nearly all due to the sur-
face-potential term, since the effective potential
of the ion cores is weak.

A further complication in photoemission from
nearly-free-electron metals is the effect of surface
roughness. It is well known that the photoelectric
yields for aluminum and magnesium have large
peaks, when the photon energies are close to the
surface-plasmon energies.®® The height of these
peaks is strongly dependent on the surface rough-
ness and can in fact be used as a measure of this
quantity 2° The increase in the yield is due to the
deexcitation of surface plasmons by the emission
of electrons. A perfect surface does not couple
the incident light to surface plasmons, but the ex-
istence of surface roughness mediates surface-
plasmon creation. Even for the smoothest sur-
faces of free-electron-like metals used in photo-
emission, the roughness-induced surface plasmons
have been important as excitation source.??*

An important feature of the roughness-induced
surface-plasmon excitation is that it is not very
sensitive to the polarization of the incident light.
The weak polarization dependence observed is due
to the varying coupling between the incident light
and the surface plasmons and is not an inherent
property of the surface-plasmon field. The sur-
face-plasmon field can be described formally as
the optical field of the light coming in at an com-
plex angle of incidence at grazing incidence, i.e.,
the surface-plasmon field is p-polarized with a
major component of the A vector normal to the
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surface.?? Hence, for a real surface, there is an
increase in the yield at the surface-plasmon ener-
gy due to surface photoemission excited by an A
vector normal to the surface, independent of the
polarization or angle of incidence of the light.

A major objective of this study has been to check
the bulk and surface energy band structure of
aluminum. We have performed a four-orthogonal-

- ized-plane-wave band calculation including three

free-electron bands. The parameters were chosen
to be V,,,=0.0437 Ry, V,,,=0.0146 Ry, and m *
=1.06m,. With this choice of parameters, the band
calculation is within 0.1 eV from the self-consist-
ent augmented-plane-wave calculation of Snow'®
for states below the Fermi level. Using this band
structure we have calculated the angular variation
of peak energy positions assuming direct transi-
tions in the bulk.

Caruthers et al.*™® have made calculations of the
electronic surface states on the A1(100), A1(110),
and Al(111) crystal faces, predicting surface states
on all crystal faces. Their results for the A1(111)
crystal face have been confirmed in a self-consist-
ent pseudopotential calculation by Chelikovsky et
al.” These calculations have been concentrated on
the existence of surface states within the absolute
gaps between bands of the same symmetry. There
are regions of %, values where the projected band
gap between two bulk energy bands is intersected
by the projection of a third bulk energy band. If
all three bands have the same symmetry there will
be mixing of the bands due to the presence of the
surface. The effect of the mixing with the third
band is then to “fill the band gap” between the first
two bands. Sometimes new band gaps are cre-
ated.*® If the mixing is small, it is possible to
get surface resonances within these “filled band
gaps.” Gartland and Slagsvold® have shown that
the dominant feature in emission from the A1(100)
crystal face at certain angles can be accounted for
by such a surface resonance. By making projec-
tions of the band gaps on to the three planes in-
vestigated, we show that surface resonances or
surface states originating from the widest band
gap (around the X point) describe features of our
spectra on all surfaces in a satisfactory manner.

III. EXPERIMENTAL

The experimental setup has been described in
fuller detail elsewhere.?? The experiments were
performed in an ultra high vacuum chamber con-
nected to a McPherson Model No. 225 monochroma-
tor. Our light source is a Hinteregger-type hydro-
gen discharge lamp. The 127° cylindrical deflec-
tion analyzer has an energy resolution of 2%, i.e.,
AE <0.2eV. The electrons enter the analyzer in
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a near-conical distribution with a mean cone angle
of +4°. ’

The samples were high-purity single crystals of
aluminum which had been spark cut, mechanic-
ally polished, and electropolished according to
standard procedures. The orientations of the sur-
face normals were checked using the channeling
pattern technique in a scanning electron micro-
scope and found to be within 2° of the desired sym-
metry directions. The channeling-pattern tech-
nique was also used to check the surface order be-
fore and after the measurements.

The samples were cleaned in ultrahigh vacuum by
repeated cycles of argon sputtering and annealing
at 350°C. Each crystal was sputtered for more
than 120 min (600 V, 10 pA/cm?). In the measure-
ment on the A1(100) crystal face, the base pressure
in the vacuum chamber was 5x 107! Torr, while
it was 8x 107° Torr in the measurements on the
A1(110) and Al(111) crystal faces. With this rather
high pressure, contamination was evident as
changes in the spectra about 5 h after a cleaning
cycle.?® All spectra shown have been taken less
than 4 h after a cleaning cycle.

The variable angles in the setup are the angle of
light incidence 6,, the polar emission angle of the
analyzed electrons in the plane of incidence 6,, and
the azimuthal angle of the sample ¢. Two sets of
measurements have been performed. In the first,
we kept all angles fixed and measured the normal
emission for different photon energies. Within
such a series the intensities were normalized ar-
bitrarily without relating them to the photon flux.
The second independent set was obtained by fixing
photon energy, angle of light incidence, and azi-
muthal angle, and then varying the polar angle of
the analyzer. These angular-resolved energy-dis-
tribution curves (AREDC’s) show the true relative
intensities, i.e., intensities can be compared with-
in one set of curves.

IV. RESULTS
§ A. Al(100)

The emission in the normal direction for differ-
ent photon energies is shown in Fig. 1. The dom-
inant feature is a peak A, located about 2.75 eV
below the Fermi level for all photon energies high
enough to emit electrons with this initial energy.
All spectra also show a very similar nearly linear
increase in intensity from -1.7 eV towards the
Fermi energy called structure B. The lack of
changes in the AREDC’s with photon energy indi-
cates that direct transitions in the bulk are not
important. Comparison with the bulk band struc-
ture also shows that structures A and B cannot be
due to direct transitions. What we see are features

in the initial density of states for 12,, =0, modulated
by a factor which includes the matrix elements.

The band calculation shows that there is a band
gap in the [100] direction between —2.0 and —3.2
eV, i.e., the position of peak A is close to the
middle of the band gap. As Gartland and Slagsvold
did, we interpret this peak as emission from a
surface state in the X-point band gap. We have
also measured the emission for different polar
angles in the two symmetry planes (010) and (011).
Figure 2 shows the AREDC’s in the (011) plane for
polar angles in the range —30° to 75°. Peak A
shows a very strong and symmetric dispersion
passing the Fermi level at about 45°. Within the
experimental accuracy the dispersion in the (010)
plane was the same. Assuming a parabolic form
of the dispersion curve, the best least-squares
fit to experiment gives an effective mass of m*
=1.02 +0.05 in units of the free-electron mass.

In Fig. 3, the peak position is plotted as function
of E,, for both measurement series, assuming a
work function of 4.41 eV.?* Error bars corres-
ponding to a maximum total uncertainty of 5° in
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FIG. 1. Experimental spectra of photoelectrons emit-
ted normal to the (100) crystal face for photon energies
between 7.0 and 11.6 eV.
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FIG. 2. Photoemission spectra measured on the (100)
crystal face for different polar angles in the (011) plane.

emission angle are indicated. Also drawn are the
three lowest energy bands along the line in K space
containing the X-point and parallel to both the (100)
plane and one of the symmetry planes. The left-
hand side shows the peak position and the bands in
the (010) plane, which in the two-dimensional Bril-
louin zone corresponds to going from T towards
M. At about 0.75 A™, the band gap is intersected
by the band originating from the (1,1,1) or
(1,-1,1) point in the repeated-zone scheme. This
band does not, however, mix with the other two
since it has different symmetry (Z, vs Z,). In
agreement with theory, the experiments give a
dispersion curve reaching up to the Fermi level.
There are no changes in the spectra which can be
attributed to mixing.

The right-hand side of Fig. 3 shows the peak

-INITIAL ENERGY (eV)

08 06 04 02 00 02 04 06 08
-~ rm R// (A-1) |=)-( —_—
FIG. 3. Dispersion of peak A in emission from the
(100) crystal face (rings), the extra structures in the
spectrum for 6,=30° are included (dots). Also drawn are
the three lowest bulk energy bands showing the sp band
gap around the X point. f;“ is in the [001] direction on the
left-hand side of the figure, and in the [011] direction on

the right-hand side.

position and the projected bands in the (011) plane.
In contrast to Caruthers et al.,* we have chosen to
draw the bands assuming the mixing is negligible.
The reason for doing this is primarily to show
where one can expect to see surface resonances
if the induced mixing between bulk bands at the
surface is small. Figure 3 thus shows an absolute .
band gap for |k, |<0.5 A in the T'X direction while
there is a “filled band gap” for |k, [>0.5 A™. Ex-
perimentally, we see strong emission in the re-
gion of the “filled band gap” where there should be
no surfacé states according to Caruthers et al.*
We interpret this as emission from a surface reso-
nance band, which from an experimental point of
view is comparable to the surface-state band.
Neither intensity nor dispersion is drastically dif-
ferent in the two regions. We see, however, in-
dications of mixing in the shape of the spectra in
Fig. 2. For 6,=30°, there is one structure on
either side of the main peak. These structures are
seen in a very narrow angle interval that corres-
ponds fairly well to the value of K at which band
No. 3 crosses the band gap in the three-dimension-
alk space. The reason why only one extra struc-
ture is seen in the 8,=-30°spectrum is probably
the uncertainty in the polar angle setting. The
change in the AREDC’s from 6,=22° to 6,=30° is
very drastic, and the 6,=- 30° spectrum seems to
correspond to an intermediate angle. In Fig. 3 the
extra structures are marked as dots which are
within 0.1 A™ from the crossing of the band gap.
The large half-width of the peak at 6,=37° is due
to the finite angular resolution. Note that these
extra structures were not seen in emission in the
(010) plane, where mixing is possible only very
close to the Fermi level.

Several authors have measured the yield as a
function of photon energy from polycrystalline or
single-crystal aluminum. They report a drastic
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increase in the yield close to the surface-plasmon
energy, due to emission of electrons by surface-
plasmon deexcitation.®”®?! The creation of surface
plasmons is mediated by surface imperfections
and is insensitive to the polarization and angle of
incidence of the incoming light. Emission of elec-
trons can thus be obtained through two different
excitation fields: excitation by the surface-plas-
mon field or excitation by the normal optical field.
Both fields can excite electrons through the bulk
potential (direct transitions), through the surface
potential or through the variation in the & vector
at the surface. The surface photoemission from
the normal optical field is very sensitive to the
polarization of the incident light due to the selec-
tion rules for an optical transition.

At 8.6 or 11.6 eV, the yield due to surface-plas-
mon decay is low.*®2! Figure 4 shows the strong
decrease in both structures A and B when changing
the angle of incidence from 45° to 0°. This indi-
cates surface photoemission through the normal
optical field at these photon energies. At 10.2 eV,
one is close to the maximum in yield due to sur-
face-plasmon decay and the AREDC’s are indeed
found not to be very sensitive to the angle of light
incidence, i.e., the polarization (Fig. 4). The in-
tensity of emission from initial energies below the
surface-state energy is quite insensitive to the
light polarization even at 11.6-eV photon energy.
This is not clearly understood, but we suggest that

-2

it is due to emission from the bulk. We also note
that low-energy emission increases very sensi-
tively with contamination.

B. Al(111)

The normal emission from Al(111) for different
photon energies has very little structure. Just
like from Al(100), there is a region close to the
Fermi level with an intensity which is almost
linearly increasing with energy. The variation of
the AREDC’s with polar angle in the (011) plane is
shown in Fig. 5. For 6,<45° there is no sharp
structure, but at about 6,=50° a peak C is seen
near the Fermi level. This peak moves downward
in energy with increasing angle. The dispersion®
of peak C is plotted in Fig. 6 together with the pro-
jection of the bulk energy bands in the (100) plane
going through the X point. For all angles, the po-
sition of peak C is within the projection of the band
gap, i.e., peak C may be due to emission from a
surface resonance in that band gap. We denote it
by surface resonance, since there are projected
bulk bands crossing over the band gap. We also
compare it with the calculated polar angle depen-
dence of the contributions due to direct transitions.
In Fig. 6 the dispersion of direct transitions be-
tween bands Nos. 2 and 3 invoking the 6200 recip-
rocal-lattice wave vector is shown by the dotted
line. This primary cone'® emission is also a pos-~
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FIG. 5. Photoemission spectra for an Al (111) surface.
The polar angle is varied in the (011) plane.

sible explanation of peak C.

To clarify the origin of peak C, we have perform-
ed the traditional tests for surface states, i.e.,
sensitivity to light polarization, gas adsorption,
and disordering of the surface. The emission at
6,="75°, with angles of light incidence of 45° and
0°, respectively, is shown in Figs. 7(a) and 7(b).
Both peak C and the emission close to the Fermi

Al (111)

INITIAL ENERGY (eV)
1

| 1 1 1 1 ’ | |
00 02 04 06 08 10 12
F kKA R— W
FIG. 6. Dispersion of peak C in emission from the
(111) surface. This is compared with the projection of
the band gap around the X point onto the (111) plane. The

dotted line is the calculated variation of the peak position
for direct transitions between band Nos. 2 and 3.
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FIG. 7. Emission from the (111) surface at a polar
angle of 75°. The analyzer is in the (011) plane, near the
[100] direction (8;yy=54.7°). (a) Clean annealed surface,
0;=45°. (b) Clean annealed surface, 6;=0°. (c) After
exposure to 100 L of O,, 6;=45°. (d) Disordered sur-
face through argon sputtering, 6;=45°.

level are decreased for 6,=0°, indicating emission
from the surface. This decrease is stronger than
the corresponding decrease in the emission from
the (100) crystal face at the same photon energy.
As mentioned earlier, the deexcitation of surface
plasmons gives a considerable contribution to the
emission at 10.2 eV photon energy, that is only
weakly dependent on the polarization. The strength
of this mechanism depends on the degree of surface
roughness and it has been shown that our cleaning
procedure gives (111) surface that are smoother
than the (100) surfaces.?® The polarization depen-
dence in Fig. 7 thus shows that we have noticeable
excitation through the X vector of the incoming
light and that the intensity of peak C depends on the
polarization.

Figure T(c) shows the effect of exposure to 100
langmuir (one langmuir=10~° Torr sec) of O,,
corresponding to 0.6—-0.8 monolayer of oxygen.'!
The intensity of peak C is greatly reduced, while
we get an increase in the low-energy part of the
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spectrum. Finally, in Fig. 7(d) we show the emis~
sion from the Al(111) surface after 12 min sputter-
ing with argon ions at 600~V kinetic energy with
approximately 10 uA/cm? ion-beam current. After
this disordering, peak C is hardly detectable and
in addition the intensity near the Fermi level has
increased. Annealing the surface at 350°C for

1 h restores order and the AREDC changes back to
its original shape as in Fig. 7(a).

The value of the polarization-dependence test is
always doubtful, but the sensitivity to oxygen ex-
posure and sputtering leads us to assign peak C as
being due to a surface resonance.”® A rigid test
of the existence of this surface resonance would
be to measure on an Al(311) crystal face, from
which the emission from the surface resonance
should be clearly separable from any bulk contri-
butions.

C. Al(110)

The normal emission from the Al(110) crystal
face for different photon energies is shown in Fig.
8. In contrast to the results for emission from the
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FIG. 8. Experimental spectra of photoelectrons emit-

ted normal to the Al(110) surface for photon energies
between 7.0 and 11.6 eV.

(100) and (111) crystal faces, we do not get the lin-
early increasing intensity close to the Fermi level.
Instead, we get a smaljl structure D at about -0.9
eV for all photon energies, which indicates an in-
itial-state effect. Between K and X in the 'K di-
rection there is a band gap, because of the mixing
of the two bands with Z, symmetry. The midpoint
of this gap is at —1.1 eV in our calculation, while
Caruthers et al.’ find the band gap between ~0.44
and -0.83 eV. We interpret structure D as the
surface state predicted by Caruthers et al.® in the
I' point gap. This surface state moves across the
Fermi level with increasing angle in agreement
with our results. There is also a broad structure
E between ~2.0 and ~3.5 eV seen at normal emis-
sion. It has a minimum in intensity at 10.2-eV
photon energy. There are many possible contribu-
tions to this peak. Our calculation of direct trans-
itions shows that within an angle +7° from the nor-
mal we can have transitions between bands 1-4,
1-5, 1-6, 2-4, 2-5, and 2-6 in this energy region.
Also there are energy gaps in the regions of both
initial and final states.

The selection rules for photoemission in the [110]
direction say that the =, initial states can only be
excited by an X vector in the normal direction
[110], while the Z; states are excited with the X
vector in the [001] direction.?” Now, surface plas-
mons can be considered as p-polarized light near
grazing incidence. This means that at 10.2-eV.
photon energy the emission from X, states should
increase, while emission from the 2, states should
decrease as compared to emission at the other pho-
ton energies used. : Since structure D has a maxi-
mum and peak E a minimum at 10.2-eV photon en-
ergy, we conclude that the initial states are Z,
states for structure D and Z, states for peak E.
This is consistent with our interpretation that O is
a surface state in the band gap between =, states
and having the same ¥, symmetry. We interpret
peak E as photoemission from the lowest band,
which has a saddle point near ~3.2 eV at X. The

-electronic states in this band have the correct =,

symmetry.

The polar angle dependence of the AREDC’s in
the (001) plane is shown in Fig. 9. The low-en-
ergy portions of the spectra are left out, since
they were distorted due to a short circuit between
the entrance slit and one cylindrical segment in
the analyzer. This error changes the intensity of
the parts of the spectra shown by less than 10%.2®
For emission angles ]06 | > 30°, there is a peak F
moving downwards in energy with increasing angle.
This peak was very sensitive to oxygen exposure.
The peak energy position as a function of the para-
lle! momentum E, is shown in Fig. 10, assuming
a work function of 4.28 eV.** Also shown are the
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FIG. 9. Photoemission spectra measured on the Al
(110) surface for different polar angles in the (001) plane.

projections of the bulk bands in the (100) plane
going through the X point in K space. I?,, is in the
KW direction in the three-dimensional Brillouin
zone. The dispersion of peak F is in agreement
with the extension of the band gap centered at the
X point which corresponds to K~1.1 A™. A surface
state in this band gap has been predicted in the cal-
culation by Caruthers et al.’
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FIG. 10. Dispersion of peak F in emission from the

(110) crystal face. This is compared with the projection
of the band gap around the X point onto the (110) plane.
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The angular variation of peaks due to direct tran-
sitions has been calculated for emission from the
Al1(110) crystal face. This show that structures
D and F cannot be accounted for as direct transi-
tions. : ’

V. DISCUSSION

In the photon energy range used the photoemis-
sion from aluminum is a very complex process.
There are two different excitation fields which can

give emission: the normal optical field and the

surface-plasmon field. Both fields can excite el-
ectrons through the gradients in the bulk potential
VVB, and surface potential ‘V’VS, or through the
variation of the vector potential at the surface
8A/8z. There are also cross terms which give
important interference effects between the differ-
ent contributions.?® The relative importance of the
optical and the surface-plasmon fields varies with
photon energy. The main difference between them
is the direction of the & vector: the surface-plas-
mon field is always p-polarized, while the polari-
zation of the normal optical field is variable.
There is also a difference in the probing depths for
the two excitation fields. The surface-plasmon
field is more localized to the surface than is the
normal optical field,?* thus increasing that part of
the emission related to the surface density of
states. :

The theoretical calculation by Pendry*® shows
that even for a constant optical field the main con-
tribution to the emission is due to surface photo-
emission, i.e., the electrons are excited by the
component of the X vector normal to the surface.
The effect of the surface-plasmon field is to in-
crease the numbers of electrons excited by surface
photoemission, but the energy positions of struc-
tures in the density of states probed will not
change.

If we were probing the bulk density of states
(DOS), we would expect to see sharp band edges
near the band gaps. For example, the states at
the band edges in the [100] direction have A, sym-
metry and they could, according to the selection
rules, be excited by p-polarized light in a surface
or bulk photoemission process. Gartland and Slag-
svold® have assigned structures in the AREDC’s
at 16.8 eV photon energy to emission from the band
edges. In their 11.8 eV spectrum one edge can be
seen, while we see no sign of band edges at all in
the photon energy range 7.0-11.6 eV. We believe
that this is due to the extreme surface sensitivity
of the surface photoemission process, particularly
near the surface-plasmon energy.

It has been shown that the surface DOS at a band
edge in the tight-binding approximation is less than
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TABLE 1. Effective mass, in units of the free-electron mass,
for the three surface states or resonances assigned to the band
gap around the X point. m¥ and m;‘ are effective masses for
the projections of the bulk bands at X.

Crystal face Peak m* my my
(100) A 1.02 £ 0.05 1.08 . 1.18
(111) C 0.32 £ 0.06 0.36 0.39
(110) F 06 +0.1 0.54 0.59

in the bulk.*>%' Caruthers et al.* did not calculate
the DOS’s in the different layers in their thin-film
calculations. The energy bands they reported for
the 13-layer (100) aluminum film show larger band
gaps than in the bulk calculation. It can also be
inferred from the energy bands they show that there
are no peaks in the DOS at the band edges in the
film calculations. The distance between adjacent
bands below the band gap at T increases monoton-
ically with energy all the way up to the band gap.
Since the energy bands of the film give an integra-
ted DOS over the whole volume, we expect the DOS
at an A1(100) surface to differ even more from the
bulk DOS.

The emission from the A1(100) cyrstal face, as
calculated by Pendry, was mainly due to the sur-
face-potential term, which probes the density of
states at the surface for a certain IZ,. In full agree-
ment with our experimental results, there are no
structures due to the band edges of the bulk bands
in his calculation. There is also agreement bet-
ween our experimental results and Pendry’s cal-
culation with respect to the shape of the AREDC’s.
The AREDC’s have a nearly linearly increasing
part near the Fermi level, giving a minimum in the
intensity on the high-energy side of the surface-
state peak. The low-energy side of the surface-
state peak is very slowly decreasing and the in-

tensity is much higher than one would get from an
extrapolation of the intensity near the Fermi level.

Four structures have been assigned to emission
from surface states or surface resonances. Three
of them (A, D, and F) have earlier been predicted
as surface states in theoretical calculations. The
experimental dispersion of peak A extends outside
the calculated surface state region, where it is
interpreted as a surface resonance. Peak C has
no counterpart in the theoretical calculations, but
the dependence on oxygen exposure and disordering
leads to the conclusion that it is a surface reso-
nance. The dispersion of peak C coincides with
the projection of the band gap between the two low-
est bands at the X point, just as for peaks A and
F.

We have calculated the effective mass m * for
the surface states or surface resonances assuming
a parabolic dispersion:

E=E,+1(ky = ko J*/2m* . (4)

A least-squares fit to the experimental values
was made assuming that E,=2.75 eV and that 1'('0”
equals the projection of the I'X vector ontc each
plane. The effective masses are compared in Table

I with the corresponding effective masses m} and

my for the projection of the two bulk bands giving
the band gap around the X point.

To summarize, we state that the angular-resolv-
ed photoemission from aluminum single crystals
is dominated by surface photoemission at photon
energies below 11.6 eV. Depending on the photon
energy, this surface photoemission is due to the
normal optical field or the surface-plasmon field.
The surface-plasmon field, being p-polarized,
increases the yield due to surface photoemission.

. Independent of the details of the excitation field,

structures seen in the spectra reflect the surface
DOS.
Four structures have been assigned to emission

TABLE II. Summary of predicted and experimentally observed surface states and surface resonances.

Theoretical

Location in

predictions

Experimental interpretations

Crystal " two-dimensional Caruthers et al. Gartland and Slagsvold

face Peak Brillouin zone (Refs. 4-6) (Ref. 2) Present work

(100) A r-M state state state

(100) A F->X state state, state
resonance resonance

(111) r->M state

(111) C M-T resonance

(110) D r-x state state

(110) F X->T state state
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from surface states or surface resonances. Table
II shows a summary of our interpretation of these
structures together with theoretical predictions.
We have included only predicted surface states
which can be studied with photon energies below
11.6 eV. One predicted surface state on the (111)
crystal face has not been observed, probably since
it is too close to the low-energy edge of our spec-
tra.
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