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on Al(111) and Al(001)
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High-resolution angle-resolved photoemission has been used to study Al(111) and Al(001). Two
new surface states at I and K of Al(111) were observed and characterized. Their energy positions
are in good accord with recent self-consistent calculations. The state at I is observed over a narrow
range of photon energies near hv=53 eV. A simple model is presented which explains this observa-
tion and gives a rough estimate of the decay length of the surface state into the bulk. Further stud-
ies of the evolution of the peak width as a function of parallel momentum for the 1 surface state on
both surfaces indicates the presence of a new broadening mechanism. Interactions of the initial and
final states with the nearby bulk continuum is suggested.

I. INTRODUCTION

Owing to its simple, nearly-free-electron (NFE) nature,
aluminum has served as a model for calculations of sur-
face electronic structure. In 1971 Boudreaux, performed
calculations in which he predicted surface states on the
(001) and (111) surfaces located in projected gaps in the
bulk band structure opened by the weak lattice potential
at the Brillouin-zone boundaries. ' He was able to describe
the energies of these states, as well as characterize their
wave functions by their decay length into the bulk of
the crystal. Angle-resolved photoemission spectroscopy
(ARPES) experiments have since detected various surface
states and resonances on aluminum crystals. The
dispersion relations measured in these experiments are
generally in good agreement with recent, more- sophisticat-
ed self-consistent calculations.

The experimental situation, however, is not complete.
In particular, several calculations predict surface states on
Al(111) at the I - and K-symmetry points of the surface
Brillouin zone which have not yet been detected. ' In
addition, ARPES experiments have the ability to measure
more than just dispersion relations. Measurements of the
intensity of a surface state as a function of photon energy
have been shown, using a tight-binding treatment, ' to
yield information on the state's wave function. We
describe here a simple model for NFE systems, and apply
it to a newly observed surface state at I on Al(ill).
Moreover, high-resolution ARPES experiments can be ap-
plied to measure the observed peak width as a function of
binding energy or parallel momentum. Recent experi-
ments on copper surface states have isolated at least two
independent broadening mechanisms:" ' photohole life-
time broadening and parallel-momentum broadening
caused by surface defects and impurities. A similar
analysis in the case of the surface states dispersing para-
bolically about I on Al(001) and Al(111) shows that the
broadening cannot be completely explained by these two
mechanisms, providing definitive evidence for the ex-
istence of an additional mechanism.

The structure of this paper is as follows: The experi-

mental procedures are described in the next section. Re-
sults concerning the existence, dispersion, and photon-
energy dependence of two Al(111) surface states are
described and analyzed in Sec. III. In Sec. IV we ela-
borate on the widths of the surface states at I on Al(001)
and Al(111). The final section summarizes our con-
clusions.

II. EXPERIMENTAL PROCEDURES

High-purity (99.999%%uo) aluminum crystals were cut and
polished normal to the [111]and [001] axes to within 0.5'.
These were chemically etched and inserted into the vacu-
um system, and cleaned by several ion-bombard-
ment —annealing cycles [1000-eV Ne+ ions, -5@A/cm,
—30-min sputter; 400 C, (5—10)-min anneal]. This treat-
ment produced atomically clean surfaces with good crys-
talline quality as determined by low-energy electron-
diffraction and Auger-electron spectroscopy. The
ARPES experiments were performed using a spectrometer
described elsewhere. ' Experiments on Al(001) utilized
Art resonance radiation (Rco= 11.8 eV), while those on
Al(111) were performed at the National Synchrotron
Light Source at Brookhaven National Laboratory. A 6-m
toroidal-grating monochromator provided photons be-
tween 10 and 100 eV in these experiments, with a resolu-
tion of better than 100 meV. '

III. SURFACE STATES ON Al(111)

A. Results near I

While ARPES has been used to observe surface states
on numerous single-crystal metal surfaces, ' ' it is useful
to review its application in this respect. True surface
states exist in band gaps of the three-dimensional band
structure projected onto the . two-dimensional Brillouin
zone. ' Ideally, to verify the assignment of a surface
state, an experiment will delineate the key features of this
projected gap and show that the surface state exists in the
gap. In addition, a surface state must not disperse with
the component of momentum normal to the surface, and
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broad, dispersing peaks in Fig. 1. The lower band is more
intense before L, while the upper (umklapp) band is more
intense above L. This transfer of intensity from the lower
to upper bands, was observed on Al(001) (Ref. 4) as well,
albeit to a lesser degree, and can be understood using an
approximate, one-dimensional treatment. The lower and
upper initial-state bands are written as

Q+ ——A+e
' +B+eikx i(k—G)) x

In the present case, G& corresponds to the bulk
reciprocal-lattice vector (1,1,1) (2m./a). The final state
can be taken as a single plane wave,

i(k+G2) x
y =.e 7

where G2 corresponds to (3,3,3) (2m/a). If we estimate
the photoemission intensity in each band by

I+ —
I & 0/1~ v10+ & I

'

and expand' V in terms of lattice-potential matrix ele-
ments

V(r) = Vo+ Q Voe'
G

then eventually we obtain

I+ —
1

A + Gz VG, +B+(G2 G) ) V~, —
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FIG. 1. ARPES energy-distribution curves collected at nor-
0 ]

mal emission from Al(111) in the region near kj ——1.34 A
The surface state is observed as a nondispersive peak at E~ -4.6
eV, while the broader features arise from bulk transitions.

its parallel dispersion must show the symmetry of the sur-
face rather than that of the bulk. A further test involves
enhanced sensitivity to contamination for a surface state
relative to a bulk state. ' Finally, a test which has recent-
ly become popular involves measuring the surface-state
intensity as a function of final-state momentum normal to
the surface. ' A surface state will show intensity oscilla-
tions centered on the symmetry points of the bulk zone.
None of these tests is by itself definitive; a co'mbination of
several provides compelling evidence for a surface-state
identification.

Figure 1 shows normal-emission energy-distribution
curves (EDC's) on Al(111) for 45 & h v & 57 eV. In the
direct-transition model, the final-state momentum normal
to the surface is given by ' '

r 1/22'
fi2

(hv Ee —Vo)—
For this range of photon energies, the EDC's sample ini-
tial states along A near the L point of the bulk band
structure. The I point corresponds most closely to
h v=53 eV. Two free-electron initial-state bands which
cross at L, are split by the lattice-potential matrix element

V~~~
———0.21 eV. ' These two bands can be seen as

The coefficients B+ change sign when k is swept through
G~/2, so that on one side of the symmetry point (L in our
case) the two terms add for one band and tend to cancel
for the other, while the opposite is true for the other side
of the symmetry point. Thus the intensity will appear to
transfer from one band to the other at the symmetry
point. The sharpness of this transfer depends, in part, on
how quickly the coefficients A+ and B+ change in mag-
nitude, which, in turn, depends on VG . This explains

I

qualitatively why the intensity switch is more pronounced
on Al(111) than on Al(001).

A third, sharper and nondispersive peak appears in Fig.
1 at Ez ——(4.56+0.04) eV relative to the Fermi energy.
This peak dominates the spectrum over a narrow energy
range near hv-53 eV. Since there is no nondispersive
band for this line in k space, this peak must be either an
umklapp peak, ' ' a density-of-states feature, a surface-
state, or a surface resonance. The former is easily ruled
out since no such peak could be nondispersive in this case.
The gap at L introduces two density-of-states singularities
separated by -2V~~~. Considering the discussion of the
preceding paragraph, one would expect to sample predom-
inantly the lower singularity for hv(53 eV and the
higher one for' hv) 53 eV, implying that the energy posi-
tion of such a density-of-states feature would be expected
to change with photon energy. Such behavior is not ob-
served. In addition, while the peak is not completely
quenched by surface. contaminants, it is more sensitive
than the neighboring bulk transitions. The opposite
behavior would be expected for a density-of-states feature.
While we cannot rule out small contributions from
density-of-states features, the most consistent assignment
is as a surface state or surface resonance. The peak is lo-
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cated in a projected gap of the calculated band struc-
ture, ' ' ' implying that it is a true surface state. Howev-
er, the large inherent widths of the peaks involved, com-
pared to the width of the gap, do not allow an accurate
experimental measurement of the limits of the bulk con-
tinuum, so that the distinction between a surface state and
a surface resonance is not rigorous. We prefer to call it a
surface state, and will return to this point shortly. We
note that a similar state located in the gap at I. projected
onto the X point of Al(001) has recently been observed.
In addition, a recent self-consistent linear combination of
Gaussian orbitals calculation for the Al(111) surface
predicts a slowly decaying surface state located in the pro-
jected gap at I at a binding energy of 4.68 eV, in good ac-
cord with our results. A different self-consistent calcula-
tion fails to discern this state, but the criterion they used
to identify a true surface state is more stringent, and the
long decay length of this state (see below) might have
prevented its assignment as a surface state.

Before proceeding to analyze the photon-energy depen-
dence of the surface-state intensity, it is useful to describe
its dispersion parallel to the surface. Figure 2 shows
EDC's of the surface state as a function of emission angle

5o

I I I

8 6 4 2 EF
BINDING ENERGY (eV)

FIG. 2. ARPES energy-distribution curves of Al(111) at
hv=53 eV at various polar emission angles in the I ~M az-
imuth. Note the upward dispersion of the surface state about
normal emission and the eventual merging with a bulk feature
near 8=+ 15 .
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FIG. 3. Experimental dispersion relation for the I surface
state on Al(111), showing a parabolic fit with an effective mass
m =(1.03+0.01)m, . Hatched region is the calculated bulk
continuum.
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or, equivalently, parallel momentum, for h v=53 eV.
Near k~~

——0.9 A ', the surface-state peak merges with a
bulk transition and becomes indistinguishable. The
dispersion relation derived from these data is shown in
Fig. . 3, superimposed on the projection of the calcu1ated
bulk continuum onto the two-dimensional Brillouin zone.
The effective mass of the dispersion relation is fitted to be
m'=1. 03m„compared to 1.18m, measured for the I
surface state on Al(001). As mentioned before, the sur-
face state remains in the projected gap until it crosses into
the bulk continuum near the value of k~~, where it merges
with a bulk feature in Fig. 2. Unfortunately, the proximi-
ty of this bulk transition makes an accurate study of this
crossing prohibitively difficult. The results in the final
section indicate that, most likely, no dramatic effect
would be observed in any case.

B. Discussion

As mentioned earlier, the surface state is observable
over a narrow range of final-state momenta near the I.
point. The reason for this is related to the fact that this
state decays rather slowly into the bulk. We show below
that the sharpness of the surface-state intensity is related
to its definition in frequency space. A long decay length
results in a sharp frequency spectrum and visibility over a
narrow photon-energy range.

Such oscillations are well documented for Cu(111),'

Al(001), Cu(001), . and Au(111). The accepted ex-
planation for this phenomenon is reviewed as follows. '

The surface-state wave function P, is expanded in terms
of bulk wave functions A at the same k~~.

4 =g~., kiA" «i) . (2)
k~

The sum is over all ki and all n bands of the bulk band
structure. The surface-state intensity is given by Fermi s
golden rule:
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The direct-transition model implies that, for a particular
final state i'~(ki), determined by the final-state energy
and momentum, only a particular term in the sum over
ki [given by Eq. (I)] will contribute appreciably. In addi-
tion, usually only contributions from one bulk band n'
need be considered, and the bulk matrix element may be
taken as constant over a small range of final-state momen-
ta. We obtain, as before, '

(4)

The coefficients ai, i are normally peaked around the par-
ticular value of ki where the bulk band is closest in ener-

gy to the surface state. In the present case, this occurs at
the L point, and the dominant oscillation frequency of the
surface-state wave function normal to the surface corre-
sponds to that of the lower bulk band at L. The surface-
state intensity is predicted and observed to peak when kz,
in the extended-zone scheme, is near an I. point. The ex-
perimental situation is complicated by the fact that the to-
tal spectral intensity is transferred between surface-state
and bulk peaks. ' This is observed in Fig. 1: Near
hv=53 eV, the two bulk peaks contribute little compared
to the dominant surface-state peak. This has been ex-
plained in the case of copper. In addition, the observed
bulk dispersion relation is perturbed relative to the real re-
lation by the proximity of the surface state.

In order to analyze these results quantitatively, we per-
formed a three-peak fit to the EDC's in Fig. 1. We used
simple I.orentzian line shapes folded with a Fermi func-

0.6

tion, and assumed a cubic polynomial background. The
unusual line shapes evident in the figure introduce errors
in this procedure which we estimate to be less than 10%.
We then compared the surface-state intensity I, to the to-
tal valence-band intensity, I„,=I,+I~ j+I~2, where Iz &

and Is2 are the intensities of the two bulk peaks. In Fig.
4 we plot I, lI„, as a function of ki derived from Eq. (1)
and normalized to kL ——1.34 A '. There are likely some
systematic errors in this fitting procedure, since there is
significant overlap of the peaks. As evidenced by inspec-
tion of Fig. 1, however, the general shape and full width
at half maximum of the curve in Fig. 4 is readily discern-
able in the spectra, and the peak at ki /kl ——3 is real. A
qualitatively similar curve was published earlier for
Al(001). In that ease, however, the curve is split at its
maximum and is 3—4 times broader. No splitting was ob-
served on Al(111). In addition, the Al(001) data show a
secondary structure which was ascribed to interference ef-
fects from different X points. No interference is possible
in the present case since the sharpness of the peak pre-
cludes any overlap in momentum space of neighboring
resonances. The theoretical curves in Fig. 4 are the result
of the simple NFE model detailed below.

C. NFE model for surface-state intensity

Our model is similar in spirit to that used to treat oscil-
lations in copper surface-state intensities, ' but is based on
a NFE rather than a tight-binding model. We start by
reducing the problem to one dimension without losing any
generality. This reduction relies on the bulk band con-
tours near I. depending mostly on V»&, and the parallel
dispersion being well behaved (i.e., parabolic). Both of
these are good approximations in this case. Our goal is to
approximate Eq. (2), and then to use Eq. (4) to calculate
I, . For g~(k), we use a NFE wave function,

0.4— (I ) C eikx+( ie(k+g)x

I-
OI-

M

M
M

0.2—

The constants C~ and C2 are determined by solving the
simple secular equation, with off-diagonal elements given
by V»j, the inner potential Vooo ———11.6 eV, and the
reciprocal-lattice vector g appropriate for the L point.
We then have

=C, (k
~ P, )+C (k+g

~ P, ),

0.0
2.9

which clearly shows how we sample the frequency spec-
trum of the surface-state wave function. + physically
reasonable, yet analytical, form for iIj, has been derived in
the NFE case.

k~/k

FIG. 4. Surface-state intensity relative to the total valence-
band intensity as a function of final-state momentum normal to
the surface. Points are the experimental results extracted from
Fig. 1, while the solid and dashed curves are the unbroadened
and perpendicular-momentum-broadened results from a simple
model, respectively (see text). The curves are normalized to
have the same maximum intensity as the experimental points.

Xe'i"cos(kL x+5), x &0
f, (x)=

Ncos(5)e ' ', x ~0

where x =0 is the surface plane and the bulk extends in
the —x direction. The values of the various parameters
are given as follows:
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Vo = —Vooo & 0
I,= Akg -4.5 eV,dE

q=l/A, ;= [K (Vo+ Vi) —kl ]'~
Vo+ V(

5 =cos 0&5&ir/2kI

[K'(V, +V, )]' '

K =2m/iii =0.262 A eV

This is the correct limiting form. Second, the function os-
cillates inside the bulk at the frequency of the symmetry
point, kL. The phase shift 5 is required for matching at
@=0. ' Finally, the function decays into the bulk with
a decay length given by A,&. For the present case, this
length is quite long (-50 A), in semiquantitative accord
with self-consistent calculations. ' This is again a good
limiting form for A,;: the larger the gap (Vi), the more
strongly damped the function. Using this simple pro-
cedure, we have generated a curve which should be pro-
portional to I„this is shown, scaled to the maximum of
our data, as the solid curve in Fig. 4. The fit to experi-
ment is perhaps not as bad as might be implied by the fig-
ure. This is a zero-parameter fit, and the experimental re-
sults are at least qualitatively explained. Compared to the
width of the Brillouin zone (2kl. ), both curves are quite
narrow.

Not surprisingly, the most sensitive parameter in deter-
mining the width calculated in Fig. 4 is V&, which was
fixed at the value determined by fitting Fermi-surface
data 'Qualitatively, the smaller the value of Vi, the
more the surface-state penetrates the bulk [Eq. (7)], and
the more sharply peaked its Fourier spectrum. That the
previous results for the I surface state on Al(001) (Ref 4).
are not as sharply peaked as they are here is because V2oo
is 4 times larger than Viii for aluminum. These results
suggest a method for determining A,; experimentally. Un-
fortunately, in order to force the calculation to fit our re-
sults, we need to set V~ -0.8 eV, a value which is unac-
ceptably large.

An explanation for the misfit in Fig. 4 is suggested by
the value of A,; implied by this value of Vi. From Eq. (7),
this is —10 A, which is close to typical values for
the mean free path of 50-eV electrons in aluminum. '

Apparently, the misfit is due to the fact that the decay
length of the surface state is longer than the sampling
depth of the ARPES probe. The fallacy in our model is
in assuming strict ki conservation in Eq. (3). Broadening
in kz in bulk direct transitions is a well-documented ef-
fect;"' ' it should be included here to fit our results. We
have convoluted a I.orentzian ki broadening into Eq. (4).
The best fit, Aki =0.14 A ', is shown as the dashed line
in Fig. 4. Values for the photoelectron inverse lifetime,

is the normalization constant. There are three
features which make this function reasonable for our pur-
poses. First, the function decays exponentially outside the
surface, with decay length

x.=(V, /Vo)~; .

at(t(i)
@~K

k)) = l.46A '

I-
Cll
X
4J

R

I I I

2
BIND(NG ENERGY (eV)

EF

FICx. 5. Energy-distribution curves of Al(111) for various
photon energies between 28 and 83 eV at the K point of the sur-
face Bri1louin zone. The peak near Ez is a surface state.

and the mean free path

A,,=1/ski =7 A,
can be derived. ' ' These are in good agreement with ac-
cepted values given elsewhere. '

Unfortunately, an accurate estimate of A,; is impossible
since the major contribution to the observed width in Fig.
4 is that of the momentum broadening. We can, however,
provide a minimum value,

A,;&20 A,
in rough accord with self-consistent calculations. A value
smaller than this would require unphysical results for I,
and A, A more sophisticated, single-step treatment of
'our data might allow a more accurate assessment of the
surface-state wave function. As indicated elsewhere,
finite-thickness slab calculations of surface states will
make accurate characterization of this state difficult.
This long decay length has direct bearing on the surface
state and/or surface resonance question addressed earlier.
In our opinion, for a perfect crystal (see Sec. IV), this is a
true surface state which is almost a surface resonance. A
resonance, of course, would penetrate the bulk with an in-
finite decay length.
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D. Results near K
A final result on Al(111) is provided by the observation

of another previously unobserved surface state at the K
point of the two-dimensional Brillouin zone. Figure 5
shows several EDC's collected at K for 28(hv& 83 eV.
The peak at Ez ——0.7 eV is seen not to disperse with kq.
In addition, the observed bulk transition at higher binding
energy is clearly separated from the surface state at all en-

ergies, implying that the state is located entirely within a
projected bulk gap and is hence a true surface state. The
intensity of the surface state relative to that of the bulk is
fairly independent of fico in this case, implying a rather lo-
calized state. This is in accord with the recent self-
consistent calculations. ' Our simple model will break
down in this case; we have not attempted any semiquanti-
tative treatments of these data.

Figure 6 shows EDC's of this state as a function of
emission angle for parallel momenta near the IC-symmetry
point. The state disperses upward across EF rapidly,
being observable only over a range of 5k~~

—0.3 A
Unfortunately, the substantial width (-0.4 eV) of this
state, and its proximity to EF, precludes an accurate
determination of its dispersion relation. Its existence and
location are in good qualitative agreement with calcula-
tion. A second state predicted at higher binding energy
at E, however, is not observed in our spectra.

IV. SURFACE-STATE —ENERGY WIDTHS

A. Introductory discussion

There has recently been much interest in the variou. s
contributions to observed ARPES peak widths. All anal-

yses start with contributions from the photohole and pho-
toelectron lifetimes 1 ii and 1",." ' ' ' At normal emis-
sion, the contribution of these lifetimes is

I,+I y, (10)

I =I p+&ll~kll+~Ep (12)

b,Eo for now is taken to be a measure of the experimental
energy resolution. For a surface state near EF, the contri-
bution from 1 0 is small, so that

where I o is the observed lifetime width and vL and v, are
the band velocities of the final-state hole and electron nor-
mal to the surface, respectively. For a surface state,
vL =0 and I o ——I L. Recent high-resolution studies of
copper surface states" ' have demonstrated the existence
of a less fundamental, but, in some cases, equally impor-
tant, broadening mechanism. Surface imperfections—
defects and impurities —weaken the parallel-
momenturn —conservation condition in ARPES in such a
way that the peak is further broadened:

r1 =vllhkll

where v~~ is the initial band velocity parallel to the surface,
and Ak~~ is a measure of the momentum broadening. The
observed width is, in addition, affected by the experimen-
tal energy and rnomenturn resolution. The latter of these
can be absorbed into I ~ by endowing Akll with experi-
mental and fundamental contributions. All of these con-
tributions must be convoluted to produce the observed
width. ' For illustrative purposes, we assume here that
the contributions convolute as Lorentzians so that the
widths simply add:

At(ll()
1 ~K~M I =vllAkll+bEP . (13)

The systematic errors introduced by this deconvolution
will not significantly affect our final conclusions. 3'

B. Results on Al(001)

CA

LLJ

R

I I I

6 4 2 EF
BI NOI NG ENERGY (eV)

FIG. 6. Energy-distribution curves of Al(ill) for various
parallel momenta near the K point at h v= 53 eV.

In an attempt to apply this formalism to aluminum, we
have measured the widths of the I surface states on both
surfaces as a function of k~~. The various spectra for
Al(001) shown in Fig. 7 yield a parabolic dispersion rela-
tion qualitatively similar to that observed on Cu(111)."
The surface-state width is plotted in Fig. 8, where a slow
increase is observed as

~ k~~ ~

increases. This reflects a
contribution from the first term in Eq. (13), since v~~ in-
creases away from I . Proceeding as before, " ' the slope
of this curve near EF yields a value for the
Akll-0. 05 A ' broadening. There is a small contribu-
tion (-0.01 A ') to this result from the experimental
momentum resolution, but the dominant contribution is
due to the fundamental parallel-momentum broadening
mentioned earlier. This value is reasonable in considera-
tion of the values observed previously in copper"
(0.02—0.04 A ). The discussion below indicates that
this estimate is quite rough in any case.

A further analysis of these results yields a contradic-
tion. ..The contribution from the first term at the Fermi
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mechanism. A similar analysis for the surface state at I
on Al(111) requires additional broadening of 1.5—2.0 eV.
This clearly is beyond experimental error. There was no
similar contradiction for the previous studies on
copper 1 1—13

42

32
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FIG. 7. Energy-distribution curves of the I surface state on
A1(001) at hv=11. 85 eV. Upward parabolic dispersion about
the I point is observed.
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level in Eq. (13) is just v~bk~~-0. 35 eV, yielding a value
of 0.4 eV for KEo in Eq. (13). Qur energy resolution has
been measured to be only 40 meV under the conditions
used, implying that there must be some other broadening

C. Additional broadening mechanism

A reexamination of the assumptions used so far is in
order. Equation (10) is strictly valid only for normal
emission. Using a more complex form given elsewhere
does not significantly alter the magnitude' of the effect
(&20%). A more serious discussion of the assumptions
used in Ref. 24 to derive Eq. (10) is necessary. The
derivation has, in effect, been validated by applications to
a variety of systems possessing s, p, and d bands which
are more complex than aluminum. " ' ' ' There is no
particular reason to expect aluminum to be a special case.
The expansions which neglect terms of second and higher
order apparently work well in other materials, and should
also be adequate for aluminum. This is supported by the
success in treating the energy widths of bulk features for
Al(001). The anomaly lies in the widths of the surface
states alone.

A mechanism for this additional broadening can be
proposed. It is tempting to conclude that these states are
actually resonances which would be broadened essentially
by an initial-state resonance lifetime. " For the case of
Al(001), however, the splitting from the bulk continuum
has been measured to be -0.1 eV, and the analysis of the
preceding subsection supports the conclusion that the
state on Al(111) is a true surface state as well. It is signi-
ficant, however, that the splitting of the surface state
from the bulk continuum on Al(111) is probably less than
that on Al(001). In simple theories, this splitting scales
with the magnitude of the potential matrix element creat-
ing the gap. ' Hence, the surface state on Al(111)
should be split by ——,

' the value of that on Al(001). Since
the enhanced broadening is 4—5 times larger on Al(111)
than on Al(001), it appears, qualitatively, that the
broadening scales inversely with the splitting from the
bulk continuum,

A clue to the source of the additional broadening is in-
dicated in Fig. 3. The splitting of the surface-state disper-
sion from the bulk continuum is probably less than the in-
verse lifetime of the photohole on the energy axis, and is
generally comparable to or less than the fundamental
momentum broadening on the momentum axis. This im-
plies 'that for an imperfect crystal one with a hole in its
valence band or with defects and impurities —these pure
states become resonances. In other words, both the bulk-
continuum edge and the surface-state dispersion relation
become indistirict and, hence, overlap. This allows
defect-assisted interactions between the two, and implies a
finite resonance lifetime for electrons or holes in the
surface-state band.

0.0
0.0

I

0.2
I

0.4
I

0,6 V. SUMMARY AND CONCLUSIONS

kll ~4 "&

FICz. 8. Energy width of the I" surface state on A1(001) as a
function of
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We have observed two new surface states on Al(111) at
the I and X points. A simple model which explains the
fact that the I surface state is observable over only a nar-
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row range of photon energies was described. Further
theoretical work might allow extraction of certain charac-
teristics of the surface-state wave function if the effect of
the final-state photoelectron mean free path can be ade-
quately included. Finally, contradictions in the interpre-
tation of the observed surface-state peak widths within the
framework of current models have led to the hypothesis
of a new and independent broadening mechanism.
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