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Experimental band structure of aluminum
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Angle-resolved photoemission utilizing synchrotron radiation as a source was used to
measure the occupied and unoccupied band structure of aluminum. The occupied portion of
the bands displays a dispersion in qualitative agreement with the nearly-free-electron model

and self-consistent band calculations. The measured occupied bandwidth is 10.6 eV, which

is 0.5 eV smaller than calculated, due to electron-electron interactions (self-energy). The
measured gap at X is 1.68+0.08 eV wide and centered 1.99+0.08 eV below the Fermi ener-

gy. The magnitude and position of this gap do not simultaneously agree with any calcula-
tion or fit to the Fermi surface. The band structures which are derived by fitting to the Fer-
mi surface or to optical properties reproduce the gap magnitude correctly, but not its posi-
tion. Band-structure calculations do not reproduce either the gap magnitude or position due

to -0.5-eV discrepancy in the Xl point. The experimental band structure above the vacu-

um level is in qualitative agreement with calculations, once inelastic scattering (short mean

free path) and evanescent waves from the vacuum solid interface are included. The lifetime

broadening of both initial and final states was measured. Finally, a new surface state was

observed on the Al(100) surface.

I. INTRODUCTION

Aluminum with the atomic configuration of
(Ne)3s 3p' is the textbook example of a trivalent
nearly-free-electron metal. ' Ashcroft has shown
that the Fermi surface and optical propertiess of
aluminum can be explained by a nearly-free-electron
band structure. This band structure can be pro-

duced with four plane-wave components and only
two adjustable Fourier coefficients of the pseudopo-
tential. The comparison of this nearly-free-electron
band structure and the free-electron bands is shown
in Fig. 1. The bottom of Fig. 2 shows the bulk Bril-
louin zone for a fcc solid. Figure 1 shows that the
bands in aluminum are free-electron-like except near
the Brillouin-zone boundary where there are degen-
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FIG. 1. Band structure of aluminum. The solid bands are calculated with the use of four plane waves and only the first
two Fourier coefficients of the potential (Refs. 2 and 4). The Fourier coefficients were chosen to fit the Fermi surface.
The dashed lines are the empty-lattice free-electron bands.
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Bulk and surface Brillouin zones for the (001)

face of an fcc metal.

crate free-electron bands. These degenerate states
are split by the weak periodic crystal potential.

The first two Fourier coefficients of the pseudo-
potential have been adjusted to fit the Fermi surface
and optical properties. This fit is obtained with

V2oo (I X in Fig. 2 lies along the positive x axis) in
the range 0.76 to 0.84 eV and V~ ~ ~ between 0.25 and
0.25 eV. This produces a gap of -1.6-eV width
at X and a smaller gap of -0.5 eV at L. The gap
at X moves up towards the Fermi energy as k goes
from X to W along the Brillouin-zone boundary (see
Fig. 1). How and where these bands cross the Fermi
energy near W determines the shape of the Fermi
surface in the third Brillouin zone of Al as well as
the optical absorption. ' More sophisticated band-
structure calculations of aluminum reproduce the
qualitative features shown in Fig. 1.

The concept of energy-band structure is funda-
mental to the theory of the electronic properties of
crystals. Only recently, however, have there been
direct experimental determinations of the band
structure away from the Fermi surface, through the
use of energy- and angle-resolved photoemission and
synchrotron light sources. Nearly all of these stud-
ies have been concerned with the noble and transi-
tion metals or compound semiconductors. Here we
have measured the band structure of a nearly-free-
electron metal (aluminum) along the I to X and X
to 8' directions in the bulk Brillouin zone. The re-
sults will be shown to agree qualitatively with the
band structure presented in Fig. 1, but significant
quantitative disagreement exists between our data
and the best band-structure calculations.

The measurement of the dispersion of bulk bands

using angle-resolved photoemission is not a direct
process. ' The energy and momentum of the emit-
ted electron is measured in the vacuum so that the
bulk is seen through the window of the two-
dimensional surface Brillouin zone (SBZ) (Fig. 2).
The parallel component of the momentun1 k~~ is
conserved across the interface (moduli a surface
reciprocal-lattice vector), so that for a given setting
of the analyzer with respect to the crystal, the value
of k

~ ~

inside the bulk can be calculated from the ex-
perimental k value in the vacuum
[k~~=(2mEKE/fi )' sin8, where EzE is the pho-
toelectron kinetic energy and 0 is the detection angle
measured from the surface normal]. The third com-
ponent of the crystal momentum (k~) inside the bulk
cannot be determined unless the final-band structure
is known along the rod in k space defined by

k~~
——const. This means that it is a complicated,

iterative procedure to determine both the occupied
and unoccupied band structure from these experi-
ments. %e have chosen to present this discussion in
Sec. III so that in Sec. II the physics of the occupied
band dispersion can be described without elaborate
details of the photoemission process.

Section IV will con1pare our measured unoccupied
bands with single-particle calculations. The lifetime
(imaginary part of the self-energy) of both the
initial- and final-band states in the photoemission
process have been measured and will be discussed in
Sec. V.

II. DISPERSION QF THE OCCUPIED
BANDS

Kf ——k;+G . (lb)

The crystaL furnishes the momentum in the photo-

Only a short discussion of the photoemission pro-
cess is given in this section so that it is clear which
properties of the aluminum band structure can be
n1easured directly and which depend upon a deter-
mination of the final band structure (Sec. III). We
will show that the critical energies in the band struc-
ture at the high-symmetry points of the bulk Bril-
louin zone can be determined directly, but the de-
tailed dispersion obtained from the photoen1ission
data depends upon the actual shape of the final
bands.

%e view the photoexcitation process in the bulk
as a "direct transition. " This phrase denotes a tran-
sition between an occupied band characterized by
E; and k; and an unoccupied band characterized by

Ef and Kf, such that both energy and momentum
are conserved. This requires that

Ef——fico —E;,
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excitation process by adding the bulk reciprocal-
lattice vector G. Equation (lb) is just the definition
for folding an extended-zone state KI back into the
reduced-zone scheme. If we write the reduced-zone
final crystal momentum as kI =K/ —G then crystal
momentum is conserved in the photoemission pro-
cess k/= k;. This is the origin of the term vertical
transitions. The transition is vertical in a reduced-
zone scheme picture.

If the angle-resolving detector is aligned normal
to an Al(100) crystal then the rod in the three-
dimensional Brillouin zone defined by k~~=0 is
along the I to X direction (see Fig. 2). We have
plotted part of the reduced-zone structure in this
direction for an empty lattice in Fig. 3. If we define
the axis normal to the surface as the z axis, then k
in the reduced-zone scheme is confined to the range
2n. /a(0, 0,—1)—2m/a(0, 0, 1) where a =4.05 A at
room temperature. The lowest energy band in Fig. 3
has the zero reciprocal-lattice vector associated with
it. The second band has an extended-zone momen-
tum K= k —(2m/a)(0, 0,2) and the third band has
K= k+ (2m. /a)(0, 0,2). Both of these bands have an
extended-zone momentum of the form
(0,0,k+4m/a) so that the excited electron pro-
pagates along the z axis normal to the surface.
There are many more unoccupied bands then those
shown in Fig. 2 (see Fig. 12 and Ref. 9), but they in-
volve different reciprocal-lattice vectors, e.g., of the
form Giii ——2 —(ir/a)(1, 1,1) which generate final
states K of the form (2m/a, 2n/a. ,k+2.n./a). This
wave does not come out in the normal direction.
When the crystal potential is turned on the picture is
not as simple because the bands folded back with
different G s will mix and hybridize, if the symme-
try allows for that. A detailed discussion of the fi-
nal bands is given in Secs, III and IV.

The criteria for a transition are easy to determin'e

using Fig. 3. The initial state must be occupied, i.e.,
below the dashed line which is the Fermi energy for
a trivalent metal. The final band must have the
same reduced momentum and be separated in energy
from the initial state by the photon energy. We
show in Fig. 3 the only allowed transition for
Ace=52 eV. The initial state is -10 eV below the
Fermi energy and the final state is -40 eV above
the Fermi energy. The value of k is -0.4(2m /a). It
can be seen from Fig. 3 that if the photon energy is
increased from 52 eV the value of k, where the tran-
sition occurs, will increase causing the initial-state
energy to move closer to the Fermi energy. If the
photon energy is decreased the value of k will de-
crease and the initial-state energy will move away
from the Fermi energy. At a photon energy that
matches the I' points (fico=A /2m[2(2n/a)] =37.
eV) the initial-state binding energy reaches its max-
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imum so that, as the photon energy is decreased
below 37 eV, the energy of the initial state involved
in the transition moves back towards the Fermi en-

ergy. In general, such extrema in the observed
binding energies correspond to transitions occurring
at points of high symmetry in the Brillouin zone.
The value of k is then known unambigously at these
critical points.

Figure 4 shows a series of normal-emission pho-
toelectron spectra as a function of photon energy.
These curves are all shifted to align the Fermi edge,
by defining an energy scale independent of photon

energy,

E;=EKE+Q fta), — (2)

where EKE is the measured kinetic energy and P is
the work function. The shaded peaks in Fig. 4 are
the direct transitions that we described before. At
fico =52 eV the binding energy of the initial state in-
volved in the transition is 9.4 eV compared to our
10-eV prediction from Fig. 3. As the photon energy
is increased the direct-transition peak moves toward
the Fermi energy. At much higher photon energies

k (,-)

FIG. 3. Empty-lattice band structure along the I to X
direction. Only those final bands are shown whose crystal
momentum is parallel to the I to Xdirection.
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FIG. 4. Normal-emission photoelectron spectra plotted
as a function of binding energy with respect to the Fermi
energy.

the surface- and bulk-plasmon losses off the intense
surface-state peak. These losses follow the disper-
sion and intensity of the surface state and their ener-
gies are fmb ——15.0+0.2 eV and Ace, =10.2+0.2 eV,
respectively.

Figure 5 shows the actual data for the initial-state
energy of the observed direct transition versus the
photon energy. The dashed line is the theoretical
prediction from the free-electron bands shown in
Fig. 3. There are several important conclusions that
can be drawn from Fig. 5 without further data
analysis.

(1) The free-electron band prediction is quite
good, especially near the Fermi energy. The de
Haas —van Alphen data of the second zone of alumi-
num show that the band is very nearly-free-
electron-like and they provide us with the value of k
at the Fermi energy (see Fig. 3).

(2) The measured bandwidth of aluminum is
—1.2 eV less than the free-electron bandwidth.
This can be determined directly from Fig. 5. The
maximum depth of the initial state is seen around
%co =43 eV.

(3) The presence of the gap at X can be seen near
%co =70 eV. It is obscured in this data by excitation
of the core level by second order from the mono-
chromator, the presence of the surface state, and the
Auger peaks seen in Fig. 4.

The second set of data which was accumulated,
required an off-normal collection. k

I I

was adjusted
for each photon and binding energy to be at

kII =(0,(2'/a)). This is the M point in the surface

it moves back away from the Fermi energy as Fig. 3
would predict. In the photon energy range between
70 and 80 eV no direct transitions could be resolved
as a consequence of several problems. First, the
transition is moving close to the intense surface-state
(SS) peak at —2.75 eV which makes locating the en-

ergy position of the direct transition difficult.
Second, for photon energies larger than 72 eV the 2p
core level can be excited to above the Fermi energy,
resulting in a large Auger signal in the valence-band
region. The fico=84 and 86 eV spectra show this
Auger peak moving away from the valence band.
The third problem in this photon energy range is
also related to core emission. The cross section for
exciting the 2p core electron with second-order light
from the -monochromator is as large as the valence
excitation with first order. Hence at fico =70 eV the
second order at Ac@=140 eV excites the 2p core so
that is appears in the spectrum approximately 2 eV
below the Fermi edge. The fico=72 eV spectrum of
Fig. 4 also has two small peaks approximately 13
and 18 eV below the Fermi level. These peaks are
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FIG. 5. Measured initial-state energy of the direct-
transition peaks in normal emission from Al(100) as a
function of photon energy. The dashed lines is the predic-
tion from free-electron bands. Open circles are weak
structures.
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Brillouin zone and defines a rod in the three-
dimensional zone as any k =(0,(2m/a), k, ) which is
the line running from X(0,(2m. /a ),0) to
W(0, (2~/a), ~/a ) in the reduced-zone scheme. An
equivalent reduced-band picture to the one shown in
Fig. 3 can be easily calculated for the X to W direc-
tion. Again we keep only those bands that have the
correct direction in the extended-zone scheme. Fig-
ure 6 shows the measured initial-state energy versus
photon energy for the range of 14&%co &90 eV.
The dashed line is the free-electron empty-lattice
prediction. The symmetry requirements associated
with the various measurement geometries will be
discussed in Sec. IV.

The following conclusions can be drawn from Fig.
6:

(1) The empty-lattice prediction (dashed line) is
again pretty good, if we keep in mind that the de-
generacy of the free-electron bands at the zone face
will be lifted by the crystal potential (Fig. 1).

(2) The symmetry of the data around fun =18 eV
tells us where the 8' point is and consequently the
initial-state energy of the doubly degenerate 8'3
point: W3 ——0.90+0.05 eV (see Fig. 1).

(3) The photon energy region between 30 and 40
eV shows the critical points in the band structure at
X. From this data the bottom of the gap is at
2.83+0.04 eV (X4 point) and the top at 1.15+0.04
eV (X~ point). These critical points are determined
without any assumptions for the final-state bands.

(4) The gap at X is not centered about the free-
electron band. In the simple nearly-free-electron
model the gap at X should have a magnitude of
2Vqoo, symmetric about the free-electron band. '

Table I lists our experimentally determined ener-
gies at the high-symmetry points and compares
them to various theoretically determined bands. Be-
fore we discuss this comparison in detail, the
energy-band dispersion will be presented and com-
pared to several calculated dispersions. Keep in
mind that the detailed shape of the dispersion de-
pends upon determination of the shape of the final-
band structure (Sec. III). The energies at the sym-
metry points given in Table I are independent of our
choice of final bands.

Figure 7 shows the occupied band dispersion
along the I to X direction. The dashed line is the
empty-lattice (free-electron) band and the dash-
dotted lines are the bands deduced from fitting the
Fermi-surface data. ' This figure shows that the
picture of aluminum being a nearly-free-electron
metal is basically correct. The energy bands look
parabolic except near the Brillouin-zone face, where
a 1.68-eV gap exists. The energy bands deduced
from the Fermi-surface topology' produce a gap of
the correct magnitude, but 0.5 eV too far from the
Fermi energy. The total bandwidth is experimental-
ly 1.2 eV narrower than the free-electron or weak
periodic potential bands.

The dispersion in the X to 8' direction is shown in
Fig. 8. This direction is perpendicular to the I to X
direction shown in Fig. 7 (see Fig. 2), so the data
start at the gap at X seen in Fig. 7 and go to 8'. The
dotted line is the free-electron band and the dashed
curves are the bands deduced from fitting the Fermi
surface to a simple four-plane wave, two-Fourier-
coefficient model. ' '" In this model the two ener-
gies at X will be
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FIG. 6. Initial-state energy of the bulk transitions along the X%X rod in the bulk Brillouin zone (Fig. 2). The dashed
line is the prediction from the free-electron bands. The different symbols are different measurement geometries.
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TABLE I. Critical points in the aluminum band structure.

Symmetry
points

Experimental
value

Fermi-surface
fitting

(Ref. 4)

Pseudo-
potential Model

(Refs. 10 and 11) potential'

Self-consistent Augmented
LGGO plane wave
(Ref. 5) (Ref. 6)

I ~ (bandwidth)

X)
X4
Gap at X
W3

L2
Li
Gap at L
K3
K)
K)

—10.6 +0.2 eV
—1.15%0.04
—2.83+0.04

1.68+0.08
—0.90+0.05

—4.55"

—0.75+0.2

—11.8 eV
—1.66
—3.31

1.65
—0.99
—5.07
—4.62

0.45

—11.50 eV
—1.7
—3.2

1.5
—0.97
—4.9
—4.5

0.4

—11.7 eV
—1.43
—3.07

1.64
—0.84
—4.76
—4.45

0.31
—1.93
—1.34
—0.18

—11.1 eV
—1.64
—2.96

1.32
—0.90
—4.62
—4.41

0.21
—1.40
—1.93
—0.4

—11.05 eV
—1.77
—2.76

0.99
—0.67
—4.53
—4.33

0.20
—1.72
—1.33
—0.59

'Nelson and Bunyan (Ref. 12) used the Heine and Abarenkov (Ref. 13) model potential theory and Shaw's (Ref. 14) optim-
ized model potential to calculate the band structure of Al.
Binding energy of surface state in gap at l.

E=A 2m
1

2m a

(X4 ) is p-like,

—V2oo

2
' 2 2

2m 4V~iiE = + V2oo-
2Nl a 2m

2m a

'2

(3a)

(3b)

fi 2m
1 2' a

(Ws) is p jd-like,

2m

2' a

2
5

4
—V2oo

5

4 + V2oo —2V

(XI ) is s/d-like.
The solutions at 8'will be

(4a)
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FIG. 7. Initial-state dispersion along the I to X bulk
direction. The dashed curve is the free-electron band and
the dash-dotted curve is the band structure obtained by
fitting the Fermi surface (Refs. 4 and 15). The data
points indicated by the circles are taken from Fig. 6.
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(Wz ) is p/d-like, and

2m 5
E3 —— —+ V2oo+2V

2m a 4
(4c)

(Wt) is s/d-like. The values of V200 and V»& used
were 0.84 and 0.24 eV, respectively. '

Figure 8 shows that the degeneracy in the free-
electron bands at the zone face is removed by the
periodic potential. The main problem, however, is
clear; the measured bands are not centered about the
free-electron band as Eq. (3) would predict [the con-
tribution from V»& in Eq. (3b) is only 0.025 eV,
compared to 0.84 eV from Vqoo]. The center of the

gap is shifted up by -0.5 eV with respect to the
free-e!ectron band. A second less obvious discrepan-

cy is observable if the values in Table I are com-
pared to Eqs. (3) and (4). The band connecting the
bottom of the gap at X with W should be free elec-
tron in shape, shifted down by V2oo with respect to
the free-electron band. At X the difference between
the free-electron band and the measured bottom of
the gap is 0.24+0.04 eV. At W this difference is
0.60+0.05 eV. This means that the experimental
band is not free-electron-like, in fact, it can be fitted
quite well by an effective-mass band with
m* = 1.18m.

The discrepancies between the experimental bands
and the calculated bands shown in Figs. 7 and 8

may well be a consequence of the simple theoretical
model used. The fact that these theoretical bands fit
the Fermi surface and low-energy optical data, ' '

does not assure that they are correct far away from
the Fermi energy. Therefore, we present in Figs. 9
and 10 a comparison of our data with the self-
consistent linear combination of Gaussian orbitals
(LCGO) calculation by Singhal and Callaway. "

Figure 9 and Table I show that the bandwidth in
the self-consistent band calculation is closer to the
experimental value than the free-electron (or nearly-
free-electron) bandwidth. However, there is still a
measurable difference between theory and experi-
ment in the position and shape of the bottom of the
band. Furthermore, the gap at X is not positioned
correctly, the X4 point is correct, but the X~ point is
calculated to be too far from the Fermi energy, re-

sulting in a gap which is too small by -20%. This
is seen clearer in the X to W direction shown in Fig.
10. The shape of the calculated Z3 band from X to
W is correct. Singhal and Callaway's calculated Z3
band has an effective mass of —1.15 where our ex-

perimental band has an effective mass of 1.18+0.05.
Let us summarize the comparison of the data

with the self-consistent LCGO calculation:
(1) The experimental bandwidth is still smaller

than the calculated value, 10.6 eV compared to 11. 1
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FIG. 9. Comparison of the experimental dispersion
from I to X to theoretical calculations by Singhal and
Callaway [Ref. 5(a)]. The dashed line is an effective-mass

band with m* = 1.1m (data for Ace & 70 eV, %co & 70 eV).
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FIG. 10. Comparison of the experimental dispersion
from I to 8' with theoretical calculations by Singhal and

Callaway [Ref. 5(a)].

eV. This can be rephrased in terms of an effective
mass. The band calculations predict an effective
mass at the bottom of the s band of m*=1.04m,
while our experimental band is best fitted by an ef-
fective mass of 1.10+0.02. '

(2) The gap at the X point is theoretically too
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small, 1.32 eV compared to 1.68 eV, experimentally.
Almost all of the error is at the X~ point. The cal-
culated value is 0.5 eV too far from the Fermi ener-

gy.
(3) The shape and position of the Z3 band in the

calculation is in very good agreement with the data.
This band has an effective mass of m" = 1.18m.

We will now attempt to address the physical ori-
gin of the two points of discrepancy between theory
and experiment; the bandwidth and the X& point.
There is a consistent and reasonable explanation for
the reduction in the bandwidth. Any theoretical cal-
culation using a local density approximation for ex-
change and correlation ignores the nonlocal portion
of the self-energy. ' ' The calculations are correct
at Ef but deviate when the energy differs from Ef.
Hedin et al. have calculated the nonlocal self-energy
for jellium, showing that it reduces the free-electron
bandwidth by about 5%, nearly independent of elec-
tron density. ' This means that the effective mass
of the correlated band is —1.05m. The calculation
of Singhal and Callaway"' or Szmulowicz and
Segali+" yield an effective mass of —1.04m for the
bottom s band, resulting from the periodic potential.
The two effects should be additive, yielding an effec-
tive mass for the bottom of the s band of —1.09m,
which agrees with the experimental result of
m* = 1.10+0.02m.

This effect should be quite general. The measured
width of the s band should be -5% less than the
value calculated by the best self-consistent local den-

sity calculation. The measured bottom of the s band
in Cu is at 8.6 eV, while the theoretical prediction
of Burdick ' is 8.9 eV, a 3% reduction. The calcula-
tions of Janak, Williams, and Moruzzi give a
bandwidth of 10 eV for Cu, which means that the
experiment differs by 14%.

An explanation of the differences in the theoreti-
cal and experimental points at X is not immediately
obvious. The first observation which can be de-
duced from Table I is that the experimental magni-
tude of the gap agrees much better with the early,
less sophisticated theoretical calculations than with
the more recent self-consistent schemes, which shift
the gap up towards Ef, but reduce its magnitude.
Both Singhal and Callaway and Szinulowicz and
Segall "give acceptable answers for the p state X4..
2.96 and 2.76 eV compared to 2.83 eV experimental-
ly. The s/d-like X~ point, however, is calculated to
be at 1.64 and 1.77 eV, respectively, compared to
1.15 eV, experimentally. It is interesting to note
that neither of these two calculations gives a com-
plete explanation of the low-energy optical data of
aluminum. Singhal and Callaway's band structure
reproduces the principle absorption peak at %co = 1.6
eV very well, but might be significantly off for the

second maximum at %co=0.5 eV. ' ' Szmulowicz
and Segall, ' on the other hand, have to use a
parametrized band structure, which increases the
gap at X to 1.56 eV .(X~ ———1.6 eV, X4 ———3.16 eV)
to obtain agreement with the measured optical con-
ductivity. Furthermore, the two calculations assign
different regions in k space as being responsible for
the parallel-band absorption peak at Ac@=1.6 eV

(near $V point" ' or the vicinity of X axis. + ').
There is also a potential experimental problem as-

sociated with measuring the X& point. The energy
bands near X& disperse towards the Fermi surface in
all directions as one moves away from X. Any
smearing in k resolution, either experimentally or
physically, would result in a measurement which is
an average over a region of k space around X. This
could give an experimental binding energy at X~
smaller than the actual energy and needs further
consideration. There are two mechanisms for k
smearing:

(1) The analyzer has a +2.5' collection angle,
which means we sum over a small range of k~~ (the
uncertainty due to the energy resolution is an order
of magnitude smaller in the present energy range).

(2) The final state in the photoexcitation process
has a short lifetime, resulting in an uncertainty in

energy, or a short mean free path, resulting in an un-
certainty in k.

The experimental contributions due to the
analyzer can be calculated. At Ace=30 eV the
analyzer is set at 37.8' so that a peak 1.2 eV below
the Fermi energy corresponds to kll ——M. The 2.5'
half angle of the analyzer produces a Akll=
A ' which is -5% of the zone-edge value of kll. If
we know the initial and final band structure then the
average of the direct-transition energy over this area
in kl

l

space could be calculated and compared to the
energy at X~ or X4. The initial-state energy near X&
can be approximated by

' 1/2

Ep=Ep(1+k )+2Ep k»+
4EO

(5)

with Ep ——(fi /2m )(2m/a) and all 0's are measured
in units of 2n/a with the. origin at X. k» is mea-
sured from X towards I . It is in this directions that
the bands disperse most rapidly away from X& to-
wards Ef. In either the X—+8' or X~U direction
(see Fig. 2) the bands are nearly-free-electron-like
and show only a small upwards dispersion near X
(see Figs. 1 and 8).

If we assume that the final bands near X are free
electronlike, then the error in measuring the X~
point with a given Akll resolution can be calculated.
We use a constant matrix element so the measured
energy at X& is the direct-transition energy weighed
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by the joint density of states at a specific k integrat-
ed over the smearing in k~ ~. This integral gives for a

kll=0. 08 A- a predicted shift in X1 which is
smaller than our experimental uncertainty. The
data at %co =80 eV also substantiate this conclusion.
At this high photon energy the +2.5' angular reso-
lution translates into 6k~~ ——0. 18 A '. There is no
major distortion at X& due to the finite angular col-
lection, because the rapidly dispersing bands have a
low density of states.

We will show subsequently that the final bands
near X are not free-electron-like. In fact, there is a
-6-eV gap in these bands which means that near X
the final bands will be nearly flat. Flat final bands
will reduce any potential error in the measurement
of the critical points due to finite angular resolution.

The k smearing caused by the finite lifetime of
the final states has only a small effect on the ap-
parent binding energy of the X~ point. In a subse-
quent section we will calculate the uncertainty in

Eked from our data. ski ranges from 0.08 A ' to
0.14 A ' for energies 30—90 eV above EF (see Sec.
IV). Since this uncertainty is constrained only to ki,
which is along the X-8' axis in our measurement,
there will be an insignificant shift in the measured
energy of the Xi point compared to the real Xi
point energy. If this ki smearing was important we
would see a systematic difference in the binding en-
ergies near fuu =30 eV and %co =80 eV. The mea-
sured Xi (Xz) binding energy at 80 eV would be
smaller (larger) than at 30 eV.

Thus from the experimental point of view the
critical-point energies X~ and X4 are exact. The
measured gap at X is, therefore, larger in magnitude
and closer to the Fermi energy than calculated. It
remains to be seen whether this discrepancy is due
to the uncertainties in the effective potential (includ-
ing exchange and correlation ' "

) used in the calcu-
lations, or the difference between an excitation spec-
trum and a ground-state band structure.

III. PHOTOEMISSION ASPECTS

A. Experimental

All of our data were taken with a constant-
transmission spectrometer which has an angular
resolution of +2.5'. The energy resolution could
be varied by adjusting the pass energy of the hemis-
pherical analyzer. The light from the electron
storage ring Tantalus at the University of %isconsin
was dispersed by a toroidal grating monochroma-
tor. The bandpass of the monochromator was
varied in order to maintain adequate resolution and
photon flux for good counting statistics. The in-

cident photon fiux was monitored with a tungsten
mesh photodiode. The polarization was estimated
to be -95%.

The aluminum crystals were oriented to within
0.5' of the (001) plane by Laue diffraction and sub-
sequent spark planing and polishing. The polishing
technique is known to produce extremely smooth
surfaces, the surface disorder being below the detec-
tion limits of typical low-energy electron diffraction
(LEED) instruments. The principle surface con-
taminant was oxygen. This was removed by argon-
ion bombardment, followed by annealing to 400'C
for typically 15 min. The data shown here were tak-
en with less than 1% of a monolayer of oxygen on
the surface.

The crystal was mounted on a two axis of rotation
manipulator, and the orientation determined both by
grazing incidence electron diffraction and the posi-
tion of the surface state in the second and third sur-
face Brillouin zones. When measurements were
made off normal at a fixed k~~, an iterative pro-
cedure was used. The angle of collection for a given
photon energy and initial-state energy was calculat-
ed, an energy distribution collected at this setting
and then a new angle calculated based on the bind-
ing energy of the observed peak. Usually two or
three iterations were necessary for %co & 30 eV.

The experimental chamber and monochromator
were pumped with ion pumps and Ti sublimation
pumps. The monochromator pressure was in the
low-10 " Torr range and the sample chamber in
the low-10 ' Torr range. The sample was normal-
ly sputtered and reannealed every 5 h.

B. Determination of the final band structure

The photoemission spectra as a function of fico

measure the separation in energy between the initial
and final states and the energy below the Fermi en-
ergy of the initial state. Since the transition is
direct, both the initial and final states have the same
reduced value of k. The angle-resolved detector
picks out a specific value of k~~, leaving only ki to
be determined. If we know the dispersion of the
initial-state band, we can use the data to calculate
the final-state dispersion or vice versa.

By far the most common practice is to assume
that the final bands are free electronlike. Knapp
et a/. made significant improvement upon this
procedure by measuring portions of the final bands
and then fitting a calculated band structure to the
data. They measured critical points and the photon
energy where the initial band crossed the Fermi en-
ergy and used the measured Fermi-surface topology
to find k. Our approach with Al is to attempt to
determine the final and initial bands in an iterative
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procedure without relying on any theoretical calcu-
lation. This is possible due to the simplicity of the
occupied bands in Al.

1. Normalemission: l toX

The surface state in normal emission is 2.75 eV
below the Fermi energy which is within 0.1 eV of
the band edge at X4 (see Fig. 4). Therefore, the sur-
face state is composed primarily of states of the
same character and k~~ value as the X4 bulk states
and it penetrates deep into the bulk. Louie et al."
showed that the cross section for photoexcitation of
a surface state like this will peak when the photon
energy is correct to excite it into a final bulk band
with a value of k corresponding to the band ex-
tremum. This allows us to measure the final-band
critical points at X. Figure 11 shows the measured
intensity of the surface-state peak in normal emis-
sion (first zone) and at k~~ =2.19 A ', which is I of
the second surface Brillouin zone. There are two in-
tense peaks at Am =71 and 74 eV in normal emission
and one major peak at fico=48 eV in the second-
zone emission. The empty-lattice free-electron
bands would have predicted energies of 73 and 46
eV, respectively, for the two zones.

The origin of the weak structures in the cross sec-
tions shown in Fig. 11 is not clear. They cannot be
explained by the same coupling mechanism to a
bulklike final state (none of the final states have the
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FIG. 11. Photoionization cross sections for the surface
state at I in the surface Brillouin zone (SBZ). One curve
is for the first Brillouin zone I (1) (kI~ ——0) and the other
for the second Brillouin zone I (2), as shown in the inset.

correct location in k space) nor is an atomic origin
due to the 2p threshold at %co-72 eV very likely,
since the structures depend on the position in the
surface Brillouin zone. However, it is possible that
the dip in the I (2) emission at fico -73 eV is caused
by an interference of the emission from I (1) and
I (2), whereby a surface reciprocal-lattice vector is
involved. This could lead to a Fano-type line shape
for the surface-state intensity at I (2).

The surface-state cross section for the first zone
shown in Fig. 11 gives two points of the final band
structure at X. These points are at 68 and 71 eV
above the Fermi energy. A third point can be ob-
tained from the Fermi-energy crossing at fuu=64 eV
seen in Fig. 5. The fitting procedure of Anderson
and Lane to the second-zone de Haas —van Alphen
data gives a value of kf =0.875(2m. /ci). Another re-
striction to the final bands is imposed by the mea-
sured bottom of the occupied band in the photon en-

ergy range fico=37 45 e—V (Fig. 5).
The experimentally determined final bands in the

I to X direction are shown in Fig. 12(a). The mea-
surements discussed above, where kj was known, are
shown by open circles. All of the other data points
are plotted assuming a specific dispersion for the in-
itial band. The closed circles represent the data of
Fig. 5 plotted as a final band dispersion, using
Singhal and Callaway's calculated dispersion for the
occupied bands. "' The data points produced in this
fashion agree with the E and k positions determined
from the Fermi-energy crossing and the X point, but
do not give an acceptable dispersion near I . The
crosses in Fig. 12(a) are the final band dispersion ob-
tained from the data of Fig. 5 assuming a free-
electron initial state with an effective mass of
m* =1.1m.

Figure 12 shows that the final bands are nearly-
free-electron-like except near I at an energy around
30 eV. The final bands determined from Singhal
and Callaway's initial band do not produce final
bands that reach I, because the occupied bandwidth
is larger than the measured width. We experimented
with initials bands of different effective masses,
maintaining 3 e/at. An effective mass of 1.10m
gives the best final-band structure. For m* g 1.1 the
final bands do not reach I and for m* g 1.1m there
are data points lying below the bottom of the occu-
pied band. Note that the assumption of the shape of
the initial band has little or no effect for
k &0.3(2n/a). The dashed line in Fig. 12 shows
the final band used to calculate the initial-state
dispersion shown in Fig. 7. The data points in Figs.
7 and 12 are not completely independent of each
other when using such an iterative procedure, which
only works for the case of a simple initial-state band
structure.
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2. Non-normal emission: X to 8'

The dispersion of the final bands in the X to W
direction was determined in a similar fashion to the
I to X bands discussed above, except that there is
more information about the initial-state dispersion
in this direction. The Fermi-surface crossings along
X to W are at 0.4 (2m /a) for the Z4 and at 0.43
(2n. /a ) for the Zi band, as determined by Anderson
and Lane (see Fig. 8). Figure 13 show the photo-
emission intensity at the Fermi energy as the photon
energy is changed with k~~ fixed at M. A peak in
the emission intensity is expected whenever a direct
transition disperses through the Fermi level or when

there is a high local density of final states. There
are three different geometries of collection shown,
which have bearing on the symmetry of the initial
states and will be discussed in Sec. IV. These
Fermi-surface crossings are shown in Fig. 14 as the
circled data points.

A Z3 initial-state band is constructed from the
measured critical-point energies and the surface-
state dispersion. In Fig. 15 we have plotted the
dispersion of the surface state in both the I X and
I'M directions of the surface Brillouin zone, as mea-
sured by Gartland and Slagsvold and Hansson and
Flodstrom. The dashed line is a free-electron pa-
rabola with an effective mass of m' =1.18m. Some



738 HARRY J. LEVINSON, F. GREUTER, AND E. W. PLUMMER 27

(Q) AII pM (b)
e, -45

c ~ I.PLANE

er '~e~
i s I I I I I I I I I I I I I I I

20 50 14 20 50

AIIr M

8-0I
J PLANE

I—
M 0.5—
bJ
I—
Z'.

w 14

1—

{c)
1.0—

I I I I

A I (100) AT M

II I'M el=0 IN PLANE,

AIIrM e, =45' 3 PLANE.

0 I I I I I I

&0 40 50 60 70 80 90
PHOTON ENERGY { eV )

I

100

FIG. 13. {a) Intensity vs photon energy for a fixed ini-
tial state at 0.15 eV below the Fermi energy. {b) Different
geometries and photon energy ranges are shown. {c)k~~ is
fixed at M.

of the data points at larger k~~ deviate from this line
due to the large angular acceptance used in the ex-
periment. A careful inspection of Figs. 1 and 2 re-
veals that the dispersion of the gap in the projected
band structure in the I to M direction of the surface
Brillouin zone is determined by the dispersion of the
Z3 and Z f bulk bands in the X to 8' direction.
At I' the surface state is only -0.1 eV above the
bottom of the gap. We assume that the Z3 band fol-
lows the surface-state dispersion, i.e., we assume an
effective-mass band with m'=1. 18m. The solid
curve in Fig. 1S shows this constructed band. It
crosses X, 8' and the Fermi energy at the appropri-
ate E and k, respectively. The data points in Fig.
14(a) were obtained using the initial-state band and
only the data in Fig. 6 for the lower (Z3) band. The
dashed lines in Fig. 14(a) are the final bands used to
calculate the initial-state dispersion for both the Z&

and Z3 band. The final bands are nearly-free-
electron-like except for a -6-eV band gap at X near
35 eV above EF and for energies above SO eV. The
discrepancy above 50 eV as well as the justification
for using the same final bands for Z& and Z3 initial
states will be discussed in Sec. IV.

C. Surface states along I X

The gap in the surface-projected band structure at
I, which is caused by the gap at X in the bulk-band

structure, disperses up towards the Fermi energy as
k

~ ~

increases. This gap disappears for
k~~ )0.5(2'/a). In the I X direction a small gap
exists for k~~ )0.5(2~/a) which moves away from
EF as k~~ increases. ' At X this gap will corre-
spond to the gap at the L point in the bulk Brillouin
zone (see Fig. 2). The inset at the top of Fig. 16
shows the calculated band structure along the rod
defined by k~~

——X. ' Two theoretical calculations
have predicted a surface state in this gap.

We have used the coupling of a surface state to
bulk final bands at the critical points ' to identify
the surface state in this gap. Some spectra at k~

~

=X
are shown in Fig. 16. The angle of the analyzer was
adjusted to keep the peak at —4.S5 eV at the ap-
propriate k

~

~. There are t~o dispersing bulk peaks
seen in the spectra and a peak with fixed binding en-

ergy at —4.55 eV, marked by the vertical line. This
surface state can only be seen when the photon ener-

gy is near the resonant condition with the final band

at L. The free-electron model predicts the resonance
at Ace=19 eV while Fig. 16 shows that the max-
irnurn intensity is at fico =20 eV. The calculations
of Spanjaard et al. ' find the surface state near the
bottom of the gap at L, i.e., near the L2 point. The
measured binding energy of the surface state at X
lies within the gap calculated by Singhal and

Callaway ~'
(—4.41 —4.62 eV) but is slightly out-

side of the gap calculated by Szmulowicz and

Segall (—4.33—4.53 eV). The free-electron value at
L is —4.85 eV for m'=m and —4.41 eV for
m'=1. 1m.

The rod defined by k~~ =1.5I X runs through the
E point in the bulk Brillouin zone (Fig. 2). At this
value of k~~ the surface state has a binding energy of
—1.9 eV (see Fig. 15). The emission from the sur-

face state has a maximum at fico -40 eV, which lo-

cates the final band at E The free-e. lectron final
bands would have predicted a resonance at 37.5-eV

photon energy.

IV. FINAL BAND DISPERSION
AND PHOTOEXCITATION INTENSITIES

The experimentally determined unoccupied bands
are plotted in Figs. 12(a) (I ~) and 14(a) (XZW).
They are nearly-free-electron-like except near the
zone center at I or the zone edge at X. In contrast
the calculated band structure for this energy range
in Al is very complicated and not free-electron-
like. ' ' For example, if we start with the free-
electron bands in the I ~ direction [Fig. 12(b)1 and
turn on a crystal potential, most of the degenerate
free-electron bands are split. This results in at least
40 different bands along I to X in the first hundred
electron volts above the vacuum level. Strong devi-
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ations from the free-electron behavior are expected
for Al in this energy region due to the presence of
the unoccupied 3d and 4f levels. These unoccupied
states can be seen in x-ray absorption spectra ' or
in angular momentum decomposition of the calcu-
lated energy bands. The most intense d- and f-like
features in the I-projected density of states are ob-
served at 20—25 eV and -35 eV above EF, respec-
tively. As a result the calculated band structure of
the final states is very complex [see Figs. 12(c) and
14(c)) and does not resemble our experimentally
determined bands. We will show that this is an ar-
tifact of the photoemission experiment and is caused
by symmetry restrictions, the surface matching con-
ditions for wave functions at the solid-vacuum inter-
face, and the strong inelastic processes in the photo-
emission final state.

The objective of this section is twofold. First, we
will present a rationale for the apparent discrepancy
between our measured final band dispersion and the

calculated band structure and then we will address
the issue of apparent violations of symmetry rules in
the data for the X to 8'direction.

The easiest way to proceed is to start with the
free-electron (empty-lattice) final bands and then
discuss the effects of the crystal potential and the
strong inelastic damping in the photoemission final
state. The following discussion is divided into two
sections, the first for the normal emission (I' to X)
and the second for the off-normal (X to W) data.

A. Normal emission, I to X

In normal emission the final state must be totally
symmetric under all point-group operations of the
surface. Accordingly, only 6& final bands contribute
to normal emission. ' The empty-lattice bands
with this symmetry are shown in Fig. 12(b) with the
corresponding reciprocal-lattice vectors indicated.
Figure 12(c) shows the calculated bands with b, i
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symmetry. The energy range 0—60 eV is taken from
Ref. 32 while the higher energies are from Ref. 9. &
comparison of Fig. 12(a) with either Fig. 12(b) or
Fig. 12(c) indicates that not all of the b, , symmetry
bands contribute to the normal-emission spectra.
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FIG. 16. Photoelectron spectra at various photon ener-

gies for k~~
——X (see Fig. 2). The line shows the fixed-

energy surface state (SS). The band structure (Ref. 35)

along the rod defined by k~~
——X is shown as an inset.

This is due, in part, to the directionality of propaga-
tion of the Bloch waves, which is obvious when we

write the final state as a sum of plane waves

(p) ei k r g C(n)(1 )ei 6 ~ r (6)
6

k is the reduced-zone crystal momentum, n is the
band index, and the 6's are bulk reciprocal-lattice
vectors. Equation (6) is particularly useful for dis-

cussing the photoemission process, since it relates

the reduced-zone to the extended-zone scheme,
which is the natural reference system for the photo-
emission final state. The partial wave

ei( k + 6 ) r

is a plane wave propagating in the k+6 direction
and its amplitude is given by the coefficient CG"'( k ).

Consider first the empty-lattice final-band struc-
ture shown in Fig. 12(b). If the initial state charac-
terized by k=(0,0,k, ) (0& k, & 1 in units of 2m. /a)
is excited into the final band associated with the
reciprocal-lattice vector (0,0, + 2), then the extended
zone Ir: is (0,0,k, + 1), which comes out of the crys-

tal in the normal direction. But if the excitation is
to the final band formed by any of the reciprocal-
lattice vectors (+1,+1,+1) then the extended zone
k is (+1,+l,k, +1). This wave comes out of the
crystal with kII =(+1,+1) which is the I' point in
the second surface Brillouin zone (see Fig. 11). This
excitation will not be seen in normal emission.
When the excitation is to a final band with a
(+2,0,0) or (0, +2,0) reciprocal-lattice vector the
emission is at I' in the third surface Brillouin zone.

When the periodic crystal potential is turned on
the bands of 5& symmetry will hybridize and mix so
that each band will be associated with several 6's.
The normal-emission intensity of any direct transi-
tion will be determined by the amplitude of the
plane-wave components associated with G's of the
form (0,0,2m), i.e., CIi"D2~(k) where m is an in-

teger. The bottom two bands in Fig. 12(c) present
the simplest illustration of this effect. The two
empty-lattice bands associated with G's of the form
(0,0, —2) and (+1,+1,—1) have hybridized. The
portion of the band b in Fig. 12(c) labeled b, is still
primarily associated with the reciprocal-lattice vec-
tor (0,0,2) while the b2 part of this band is primarily
of the form (+1,+1,—1). Likewise, the Ci part of
band C is associated with G(+1,+1,—1) while C2
is of the form G(0,0, —2}. Therefore, if we would
follow a direct transition in normal emission along
the band b, the intensity could be large for transi-
tions near X, but would go to zero as the transition
moves to I in the reduced-zone scheme. The inten-
sity of this transition from the initial band at I' to
the b2 band would come out at the second zone
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center [I'(2)].
The discussion above has ignored the problem of

matching the bulk Bloch states with plane waves in
the vacuum. This matching introduces two new ef-
fects. It is possible that an internal partial wave
propagating in the direction of detection is reflected
from the surface or it is also possible that an inter-
nal wave propagating in the wrong direction is elas-
tically scattered at the surface via an umklapp pro-
cess into the correct direction. In principle, the cou-
pling of a given 6& final band in the bulk to a plane
wave in the vacuum can be calculated using a stand-
ard LEED calculation, since the photoemission final
state is related to a time-reversed LEED state. Such
a calculation has been reported for Al(100) by Jepsen
et al. , where they determined for each energy the
transmitted flux into the different final bands from
an incident plane wave normal to the surface (no
realistic surface potential was included, however).
In Fig. 12(c) we show by the heavy lines the parts of
each final band which carries more than 50% of the
incoming flux. Every b,

~
band transmits some flux,

but this can be as low as 5% for portions of the
bands like c 1, b2, f2, gl, g3, and h l.

From this calculation we find that in general
one part of a band carries most of the flux, and as
we see from Fig. 12(c), these parts taken together
follow a broken-up free-electron band given by
G=(0,0, +2) (m~-1.09m is this calculation, which
is based on the Snow potential ). The same
behavior has been observed for the complicated
final-state band structure in GaAs. " Although
the present calculation extends only to -60 eV
above Ef, it is obvious from the shape of the final
bands in Fig. 12(c) that the matching conditions are
similar at higher energies.

The calculations we have considered so far do not
include any damping in the final state (no imaginary
part in the potential), as occurs in a real crystal.
The inclusion of an absorptive term has important
consequences on the observable band structure. '

Every k, acquires an imaginary part and the classifi-
cation in terms of evanescent gap states and un-

damped band states is washed out. Model calcula-
tions ' show that the bands associated with the
real part of the complex k vector can deviate signifi-
cantly from the band structure without absorption:
the magnitude of band gaps is reduced by tails that
extend into the gap, small gaps are removed (the
bands across the gaps are derived from the real lines
in the gap without absorption), and the overall band
structure for these damped Bloch waves is bent back
towards that of a free electron. (This, however, does
not imply that the wave functions should become
more like plane waves. ) We find that the experi-
mentally determined bands shown in Fig. 12 agree
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FIG. 17. Intensity of direct transitions in normal emis-

sion as a function of the initial-state energy.

with this picture for energies & 35 eV above Ef.
It is interesting to note that the experimental

bands above 40 eV are reasonably well described by
an effective-mass band of m*=1.0m, whereas the
calculation indicates m*-1.09m. In the I -X direc-
tion we observe a small deviation from the free-
electron band in the energy range 45—55 eV above

Ef, which might be a remnant of the zero-
absorption band structure (f1, g2, and h 2 bands).
The neglect of such non-free-electron effects in a
semi-empirical final-state model ' ' ' will, of course,
be projected back on the initial state.

In the normal-emission geometry, the photoemis-
sion properties are complicated for final-state ener-

gies (35 eV. This is caused in part by the large
final-state gap at I, which is not smeared out in the
complex band structure and by the poor coupling
condition of the final bands between 20 and 36 eV
with a plane wave in the vacuum. From Fig. 17 we
see that the intensity of the direct transitions dies
away very fast as we approach or penetrate the gap,
where the final state is a more strongly damped
evanescent wave. The intensity decrease for initial-
state energies & —6 eV in Fig. 17 is attributed to an
intensity borrowing by the surface state, which
resonates as the direct transitions approach X (Figs.
4 and 11). A similar behavior is observed for the A

&

surface state on Cu(111), ' but is not found for the
same surface state on the hexagonal Zn(0001)
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I I

AI (100)

D

C3

30 eV

36 eV

surface. At I the only dipole-allowed final state
is the p-like I &5 point, which, however, couples very
badly to the vacuum plane wave, as Fig. 12(c)
shows. For photon energies %co &40 eV we observe
two weak direct-transition peaks in the spectrum,
where the second peak (open circles in Fig. 5) has
typically 20—30% of the intensity of the main peak.
Figure 18 shows several normal-emission spectra in
the photon energy range of 30—45 eV. For fico & 30
eV we cannot resolve any direct transition. Between
35 and 40 eV two direct-transition peaks appear,
with the weak transition disappearing for %co ~40
eV. The intense peaks have their origin either from
band-gap emission or a weak coupling to the bands
d or e near I, while the weaker features at -7 eV
binding energy correspond to secondary cone emis-
sion with an associated G of the form (0, +2,0) or
(+2,0,0). Note that the data points agree with the
calculated dispersion of the band d, but not the band
e. The calculation by Hoffstein and Boudreaux
produces better agreement with the data.

A decomposition of the bands b 1,c2 and the oc-
cupied bands in terms of different angular momen-
tum components makes clear why no direct transi-
tions are observed in normal emission for Ace &30
eV. Near I the initial state is mainly s-like, whereas
the only final state that can couple to the outside
world, is dominantly d-like. As k moves towards X,
the initial state acquires more and more p character

and so does the final state, making dipole-allowed
transitions very weak. The situation is different for
other directions in k space, where direct transitions
can be observed at lower photon energies, as, e.g.,
along the Z axis (see Fig. 6).

B. Non-normal emission: X to 8'

The off-normal collection geometry (k
I I

=M )
samples states along the z axis of the bulk BriHouin
zone, i.e., from X to W in Fig. 2. In this direction
the behavior of the final bands can qualitatively be
explained with the same arguments presented for the
6 axis in the preceding section. There is, however,
one distinct difference: The symmetry is much
lower in the off-normal geometry than for normal
emission. The point-group symmetry of normal
emission is C4„while the z axis has C2„symmetry.
When the position of the detector is fixed at M, the
allowed symmetry of the final band is restricted to
those that are even with respect to this mirror plane
defined by the surface normal and M. Table II lists
the symmetry of all of the different Z bands for a
reduced-zone wave vector of the form k =(0,1,k, ),
0 & k, & —,, i.e., the M

~ point of the surface Brillouin
zone shown in Fig. 2.

In Fig. 14(b) we have plotted the empty-lattice
band structure along the z axis in the reduced-zone
scheme appropriate for the M

& point. The
reciprocal-lattice vectors associated with each back-
folded band are indicated. Each band of Fig. 14(b)
is at least doubly degenerate, as indicated by the
band labeling. The crystal potential splits the degen-
erate bands as can be seen in Fig. 14(c). We will
base the following qualitative discussion on the as-
sumption that the leading term in a plane-wave
decomposition of the actual final state is still given
by the same 6 vectors as for the empty-lattice
bands. Contributions from other G's are to be ex-
pected if a band with the correct symmetry lies near-
by in energy. Note that there is always a symmetry
change at the W point, such that Z3 goes to Z4 or

0-

CA
z'.
Ld
I— 39 eV

TABLE II. Symmetry operation. The symmetries of
states with reduced-zone wave vector k =(2m/a)(0, 1,k, ).
E is the identity operation, C2 is a 180 rotation about the
z axis, and 0. and 0.~ are reflections through the xz and
yz mirror planes, respectively. 1 and —1 denote even or
odd symmetry with respect to the given symmetry opera-
tion (Ref. 44).

-15 -10
45 eV

EF-0
State Oyz

INITIAL STATE (eV)

FIG. 18. Normal-emission photoelectron spectra for
transitions near the I point.
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vice versa. States of Z& (Z4} are even (odd) under a
reflection about the yz mirror plane and odd (even}
with respect to the xz plane, whereas the irreducible
representation Z~ has the full C2„symmetry. The
symmetry change Z3~Z4 at 8' corresponds to the
fact that the extended final state k;+ G jumps from
one z axis to the other nonequivalent z axis (e.g. ,
M i ~M2 ), thereby changing the emission direction.

The effects of the symmetry change at W can be
illustrated by considering photoexcitation in the
reduced-zone scheme plotted in Fig. 14(b). Assume
that the initial state is k =(0,1,k, ) along the z axis
that crosses the surface Brillouin zone at Mi in Fig.
2. Excitation from this band into the second band
characterized by G's of the form (+1,—1,—1) pro-
duces an extended zone K =(+ 1,0, —1+k, ) or
K=(+1,0, 1, +k, ) for ( ——, &k, &0). This is a
wave which will emerge from the surface Brillouin
zone at M2 or M4 of Fig. 2. The third band of Fig.
14(b) produces an extended zone Ic: =(+1,0, 1+k, )

which is also a wave emitted at M2 or M4. The
fourth band changes symmetry (Z4~Z3) and is as-
sociated with G = (0,0, —2) or (0, —2, —2) which
gives an extended zone E=(0,+1,—2+k, ). This
wave is again emitted from M~ or M3.

The crystal potential splits the Z~Z3 or Z)Z4
bands by 1.5 to 2 eV in the lower unoccupied bands.
The calculation of Szmulowicz and Segall "is plot-
ted in Fig. 14(c). Since each band has a specific
symmetry as listed in Table II, the photoionization
matrix element (g; I

A P
I P~) can be used to com-

pile a table of the allowed final states for specific in-
itial states (i';) and polarization directions (Table
III}. If the detector is at k~~=M& in Fig. 2, then
s-polarized light is called odd if A=A„and even if
A=A~. This table shows that by using the different
polarizations we can, as an example, couple the Z3
initial state to either the Zi or Z& final bands (the
Z2 band is always odd in a mirror plane). Experi-
mentally, we only find one final band for all polari-
zation geometries. This can be seen clearly in Figs.
6, 14(a), and 13. The reason is that the inclusion of
final-state damping brings the two bands back to-
gether into an unresolvable single band. This is
reasonable since the 2-eV splitting in the two sym-
metry bands at 8' is less than the 2.9-eV lifetime
broadening seen in the Fermi-energy intensity data
at 20 eV above EF (Figs. 13 and 19). Therefore, we
must consider transitions from a specific symmetry
initial band to both symmetry final bands.

The most unambiguous test of the symmetry rules
in photoemission is to use s-polarized light parallel
and perpendicular to the collection plane. For ex-
ample, consider emission at the M& point of the sur-
face Brillouin zone into the final bands of Fig. 14(b)
associated with reciprocal-lattice vectors of the form

TABLE III. The optical transitions for Z band states
giving the polarization of the light for the transition to be
allowed. If a component of the photon field must be po-
larized perpendicular to the surface, then the requisite po-
larization is p polarized. Even or odd refer to polarization
vectors which are parallel or perpendicular to the crystal
mirror plane containing k.

Initial state

Z]

Allowed final
states

Z]
Z3
Z4

Polarization

p polarized
s polarized, even
s polarized, odd

Z2 Z2 p polarized

Z3 Z]
Z2
Z3

s polarized, even
s polarized, odd

p polarized

Z4 Z]
Z2
Z4

s polarized, odd
s polarized, even

p polarized

G = (0,0, +2) or (0, —2, +2). For these bands

(ZiZ3) the emission is along the z axis through
Mi(M3). When the s-polarized light is along the y
axis (even in Table III) the Z, (Z3) initial band can
be excited into the Zi(Zi) final band. Both final
bands are even in the yz plane, indicating that in the
even geometry the Z& and Z3 initial-state bands
should be observed. %hen the polarization is
flipped to the odd geometry (A along the x axis)
then Zi (Z& ) is excited into the Z4(Zi ) band. These
bands are both odd in the yz plane so neither the Z~
nor Z3 initial-state bands can be observed in this

geometry. Figure 20 shows this type of measure-
ment for three photon energies. In the even

geometry photoexcitation from the Z~ and Z3 bands
are expected and seen, but in the odd geometry, the
Z3 band is seen even though the symmetry argu-
ments given above require that there should be zero
intensity for both the Z) and Z3 bands. At fico =20
eV the intensity of the Z3 band in the odd geometry
is -40% of that in the even, while it is only -20%
and —15% at fico =26 and 40 eV, respectively. We
believe that this apparent violation of symmetry is
primarily due to a surface umklapp process. The
larger intensity (40%) in the odd geometry at
Ace =20 eV could be a result of the mixing of 6's of
the form (+1,—1,1) from the lower band near W
into the (0,0, —2) type final band. Basically, the ex-
perirnent cannot distinguish between admixing of
appropriate plane waves and surface umklapp.
However, such mixing is expected to be negligible
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near X, yet the Z3 band is seen there, implying signi-
ficant contributions from surface umklapp.

The z axis running through M&(M3) and M2(Mq)
in Fig. 2 has different symmetry properties (in a
given coordinate system), but is connected by a sur-
face reciprocal-lattice vector. These surface lattice
vectors are not equivalent to any bulk lattice vectors,

at M

NORMAL INCIDE

EVEN

20eV

ODD

= 26eV

0-

(f)

LLI

= 40eV

EF-

INITIAL STATE (eV)

FIG. 20. Spectra at M for normal incident light in the
odd and even geometry (see text).

but instead they are projections of bulk G's of the
form (+1,+1,+1), (+1,+1, ~3), etc. This means
that bulk direct transitions excited along the Z axis
through M2(M4) can be scattered via a surface um-
klapp into the z axis through M&(M3}. For exam-
ple, consider the odd polarization geometry shown
in Fig. 20 for collection at M~ in the surface Bril-
louin zone. The direction of the light polarization
vector is along the x axis of Fig. 2. This is the
even-geometry configuration for collection at
M2(M4). Therefore, the Z&(Z3) initial band is ex-
cited into a Z3(Z& ) final band at M2(M4). These fi-
nal states at Mq(Mq) can be elastically scattered into
Mf (M3 ) via a surface umklapp process. If the um-

klapp process preserves the symmetry of the final
band, then the Z~ final state will be symmetric
about the yz plane while the Z3 band from M2(M4)
will be odd at M&(M3). This latter symmetry con-
sideration explains why only the Z3 initial band is
seen in the odd geometry (the intensity of the
Z J ~Z3 transition in the odd geometry in Fig. 20 is
less than 1% of the emission in the even geometry}.

Table III can be used to explain the intensity of
the Fermi-level crossings shown in the top of Fig.
13. From Fig. 10 we know that the initial bands Z&
and Z4 cross the Fermi energy almost at the same k,
hence we must ask about transitions from both sym-
metry bands. In curve b of Fig. 13 the light is s po-
larized and the collection is perpendicular to the po-
larization (odd geometry}. For Rai & 18 eV the final
bands are associated with G's of the form
(+1,—1, 1) so that the initial state must start along
the z axis through the M2(M4) point making the po-
larization even in a coordinate system at M2(M4).
Therefore, Table III shows that Z~ goes to Z3 and
Z4 to Z2. For Ace & 18 eV the final bands are asso-
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ciated with G's of the form (0,0, —2) or (0, —2, —2),
producing emission from an initial state at Mi(Mi ).
In this case the only dipole-ailowed transitions are
Z~~Z4 and Z4~Z]. Setting the symmetry con-
siderations produces the following conclusions: (1)
there should be no observable transitions for fico & 18
eV; (2) the only observable transitions above iric0-18
eV is Z4 to Z]. This means that the weaker peak in
Fig. 13(b) is again due to a surface umklapp process
or to band mixing.

Figure 13(a} shows the transition intensity for p-
polarized light with the collection perpendicular to
the plane of incidence. If the collection is at Mi of
Fig. 2, then A = (A„,A, ). Table III shows that below
Ace —18 eV we could observe Zi~Zi while above
fico —18 eV both Z& ~Z~ and Z4~Z& can be seen.
The suin of both of these two allowed transitions at
%co-20 eV makes the intensity —six times larger
than the intensity in Fig. 13(b). Our arguments
predict an allowed Z~ —+Zi transition at Ace —15 eV
which, however, is not observed, presumably due to
a small matrix element.

A unique feature of our data at M is the large
(6—8)-eV wide gap at X centered at -35 eV above

Ey [Fig. 14(a)]. This gap is the sum of two different

gaps, as the comparison with Fig. 14(c) shows. The
lower gap arises from a downward shift of the d-like
states from their free-electron value at -35 eV.+'
The bottom of the lower gap is therefore mainly a-
like, while the states at the top are predominantly f-
like. s This gap has been identified by x-ray absorp-
tion measurements. The upper gap is caused by
the hybridization of the various Zi or Zi states and
is solely a symmetry gap. The flat mainly f-like
bands at -34 eV above Ey are not observed in our
experiments due to their small perpendicular K
component and a presumably weak optical transi-
tion strength. Only in the vicinity of the X point
might the mixing with G's of the type (0,0, +2) or
(0, —2, +2) be large enough to allow some coupling
to vacuum plane waves. Both gaps together
represent an apparent gap with a calculated width of
-13 eV.+" In the presence of the final-state
damping, this width is reduced by tails extending
into the gap region, as is obvious from the data in
Fig. 14(a). The intensity of the direct transitions de-
creases as the final state penetrates this gap at X.
Transitions from the Zi band at the Xi point, as an
example, are not significantly broader in the gap and
their intensity is )30% of the intensity near the gap
"edge," indicating that these evanescent gap states
penetrate an appreciable distance into the crystal.

An interesting result is obtained for the final-state
energies of 55—70 eV. From the extended-zone pic-
ture (Fig. 9 in Ref. 8) we would expect at these high
energies that the final states follow the solid line

ZiZ4 up to 80 eV, but Fig. 14(a) and Fig. 14(b)
show that they instead follow the ZiZ2Z&Z4 free-
electron bands, which are folded back by G's of the
form (+2,0, —2) and (+2, —2, —2). Dipole selec-
tion rules allow the excitation of Zi~Zs by the
perpendicular and Z3 —+Z~ by the parallel corn-
ponent of the A vector, respectively. Usually the
perpendicular A component yields the strongest
photoemission peaks [see, e.g., Figs. 13(a) and 13(b)]
and hence transitions to the Zi final band are ex-
pected to be observed for the non-normal incidence
measurements. The Z4 or Z2 states will not be ob-
served since Zs —+Z4 is a dipole-forbidden excitation
and Z2 states are odd with respect to both mirror
planes. Transitions to both Z] bands, however, are
symmetry allowed and both bands might be seen at
least with normal incident light. None of the two
empty-lattice bands has the right propagation direc-
tion to reach the detector and a detailed calculation
would be needed to Understand the coupling condi-
tions. Moreover, it is possible that the optical tran-
sition strength for these two final bands (or the actu-
al final bands with damping} are sufficiently dif-
ferent to obscure the observation of one of them.

V. LIFETIMES

An estimate of the initial- and final-state lifetimes
will be given in this section. The energy broadening
caused by the finite lifetime of an excited pho-
toelectron can be obtained from the Fermi-level in-
tensity measurements shown in Fig. 13. For initial
states close to Ey the hole lifetime broadening I s
can be neglected and the full width at half max-
imum of the resonances seen in Fig. 13 is a direct
measure of the electron inverse lifetime I,' . We
shall neglect here the effects introduced by the finite

experimental resolution and the varying matrix ele-
rnent along the considered initial-state band and
hence obtain rather an upper limit for I,. The
neglect of these effects may also lead to errors in
determining the accurate energy of a Fermi-level
crossing. Furthermore, we assume that the inverse
lifetimes I, s do not depend significantly on k and
we use for the analysis of the normal-emission data
the same electron lifetimes, as measured mainly in
the off-normal geometry. The results are summa-
rized in Fig. 19 for energies up to -95 eV, together
with the values for the nearly-free-electron metal
Zn, as taken from Ref. 29(d). The origin of the
structures at fico-80 and 93 eV in Fig. 13 is not
clear and the corresponding data should be used
with care. From the inverse electron lifetime I, an
escape depth 1 can be defined as 1=(1/I'& )c)e//Bk, if
the final band dispersion Ey( k ) is known.

The hole lifetime can be estimated if the width of
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a direct transition, the dispersion of the initial and
final bands, and the electron lifetime are known.
The procedure to follow, however, is not unique, but
we prefer here to use the formalism given by Chiang
et a/. " The measured peak widths for normal
emission and binding energies &6 eV range from
3.S—4.5 eV for fico ~50 eV and from 0.5—1.2 eV in
the off-normal measurements at smaller binding en-

ergies for Ace =17—96 eV, respectively. The deter-
mined inverse hole lifetimes I I, are shown in Fig. 19
for binding energies up to —10 eV. The large exper-
imental uncertainty opens up a broad range for
speculations about the possible Auger decay
mechanism of the hole in the final state. Simple
density of states arguments, however, give a poor fit
to the data and indicate that matrix-element effects
are important.

VI. CONCLUSIONS

Not only is aluminum a textbook example of a
nearly-free-electron metal, but quite often it also
serves as a test case for a given band-structure calcu-
lations scheme. The need for experimental data was,
therefore, obvious and the observed discrepancies be-
tween experiment and available theories are rather
alarming. The observed difference in the overall
bandwidth of -0.5 eV can be explained by the
neglect of the nonlocal self-energy terms in the cal-
culational schem. es. An explanation for the
disagreement on the position of the s/ dli ekcritical
point X& is not obvious and needs further considera-
tion. It might be interesting, although difficult, to
study whether a different final-state relaxation for

the s/d- and p-like X& and X4 states can account for
the observed differences.

The simplicity of the initial-state band structure
of aluminum made it possible to obtain a deeper in-
sight in the photoemission final states in a material,
where strong deviations from a nearly-free-electron
picture are expected. It is shown experimentally
that the damping in the photoemission final state
leads to a deformation of the zero-absorption band
structure back to an apparent free-electron-like
dispersion. However, significant deviations from a
free-electron-like final state can nevertheless be ob-
served in the present case for energies up to -50 eV
above the Fermi level. This indicates that for a gen-
eral case of band mapping a realistic calculation,
which includes damping effects, is needed as a guide
to obtain reliable, semi-empirical final states. Furth-
ermore, a Fourier analysis and a decomposition in
terms of angular momentum proved to be very help-
ful to address intensity questions.
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