
PHYSICAL REVIEW B 66, 245422 ~2002!
Unexpected surface sensitivity at high energies in angle-resolved photoemission
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S. Lizzit
Sincrotrone Trieste, S.S. 14 Km. 163.5, 34012 Trieste, Italy

A. Baraldi
Dipartimento di Fisica, Universita´ di Trieste, Via Valerio 2, 34127 Trieste, Italy

and Laboratorio TASC-INFM, S.S. 14 Km. 163.5, 34012 Trieste, Italy
~Received 12 August 2002; published 31 December 2002!

Angle-resolved photoemission data from Al~001! taken with photon energies up to several hundred electron
volts show an unexpected surface sensitivity at high energies. The surface state at the center of the surface
Brillouin zone can be clearly observed up to photon energies higher than 700 eV. The surface to bulk intensity
ratio appears to increase with photon energy, despite the longer inelastic mean-free path of the electrons and the
increased vibrational amplitude at the surface. We explain this surprising behavior by considering the effect of
phonon excitation in the photoemission event.
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An ubiquitous concept in photoemission, and electr
spectroscopy in general, is the electron inelastic mean-
path~IMFP! in solids.1 Its energy dependence makes it po
sible to tune the relative contributions of surface and b
signals to a photoemission spectrum. If one is intereste
bulk properties one should work at high photon energ
where the IMFP is long and the surface contribution is
pected to be small. Recent progress in instrumentation
made it possible to perform such experiments on vale
states with reasonable count rates and energy resolutio
angle-integrated photoemission it has already been sh
that the surface contribution is decreasing so much at h
energies that valuable information about the bulk can
obtained.2 Here we are concerned with the case of ang
resolved photoemission spectroscopy~ARPES!. Extending
ARPES to the high-energy regime is expected to have o
advantages, apart from the longer IMFP, such as a sim
free-electron like final state and a wide momentum ran
perpendicular to the surface. While exploring the hig
energy regime of ARPES in a simple metal, however,
found a quite unexpected result. In this paper we pres
ARPES data from aluminum, taken over a wide photon
ergy range, which show that the relative surface contribut
does not decrease for high energies, in sharp contrast to
would be expected from an IMFP argument. Indeed, the b
to surface intensity ratio even appears todecreaseat high
energies. This finding is of great importance in electron sp
troscopy as it shows that the bulk contribution to a spectr
does not necessarily scale with the IMFP. We explain
observations in terms of phonon excitation and support
ideas with model calculations.

The photoemission experiment was performed at
super-ESCA beamline at the synchrotron radiation sou
ELETTRA. The base pressure of the experimental cham
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was in the mid 10211 mbar region. The Al~001! sample was
prepared by standard procedures.3 The surface was clean an
wellordered, as confirmed by the absence of detectable
taminations in x-ray photoemission spectroscopy, the sh
of the Al 2p core level peaks, and a sharp, low backgrou
low-energy electron diffraction~LEED! pattern. Data were
taken for photon energies between 125 and 760 eV. T
range was covered with one grating of the monochroma
and two different harmonics of the undulator~first and third!.
The total energy resolution of the beamline and the sp
trometer was set to vary between 300 meV (hn5125 eV)
and 900 meV (hn5760 eV). The angular resolution of th
analyzer can be changed by choosing different apertures
our experiment it was set to a value of around 1°.

Figure 1 presents the data measured in normal emissio
room temperature in two forms. On the right we show
subset of the measured energy distribution curves~EDC’s!
covering the whole range of photon energies. All spec
have been normalized such that the intensity at a bind
energy of 14.1 eV is the same. The image on the left side
Fig. 1 is a plot of the photoemission intensity as a function
binding energy and final state momentum. It was obtained
an interpolation from the whole data set of 111 EDC’s~nor-
malized in the same way as above!. The final state momen
tum has been calculated assuming a free-electron-like fi
state with an inner potential of 11.2 eV. This way of visua
izing the data emphasizes the periodicity in the dispers
more clearly, but note that a horizontal cut through the ima
corresponds only approximately to a spectrum on the rig

A parabolic band dispersing from the band bottom
wards the Fermi level is clearly seen in both parts of
figure. It corresponds to the free-electron-like bulk states
theG-X direction of the Brillouin zone.4 The other prominent
feature is the peak at 2.5 eV binding energy, caused by
©2002 The American Physical Society22-1
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Shockley-type surface state on Al~001! which exists in the
gap of the bulk band structure at theX point point of the
Brillouin zone.4,5 The surface peak is visible at most energ
but it is resonantly enhanced when the bulk band reaches
X point. This occurs athn5215, 425, and 710 eV. This
phenomenon is caused by the fact that the surface state
function is not entirely two dimensional, but has a remain
depth dependence that is similar to that of the bulk state
derived from.6

To compare the surface and bulk peak intensities on
equal footing, one should consider only the energies wh
the surface peak resonates. This is because all the bulk p
are also resonances in the sense that an~almost! k conserva-
tion perpendicular to the surface is needed in order to p
duce a peak. As the photon energy increases, the intensi
the bulk peak decreases at the expense of an increasing
ground~most clearly seen in the right part of the figure!. The
intensity of the surface peak in resonance is also decrea
but not as fast as that of the bulk states. This can be seen
example, by comparing the intensity of the surface peak

FIG. 1. Photoemission intensity from Al~100! in normal emis-
sion at room temperature. Right: raw EDC’s normalized to the p
toemission intensity at 14.1 eV binding energy and plotted wit
vertical offset. Left: photoemission intensity as a function of fin
state momentum and binding energy~see text!. The numbers and
the arrows in this part indicate the photon energies at which
states from theX point of the Brillouin zone are photoemitted.
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and close to theX points with that of the bulk peak at th
Fermi edge in the same spectra. While the latter is clea
visible at low photon energies, it has completely disappea
at the 710 eV resonance. Therefore, although the IMFP
creases in our experiment from about 5 to 20 Å, the b
peaks never become more intense than the surface peak
the latter remains to be the most prominent feature eve
high energies.

Another reason, besides the increase of the IMFP, to
pect a strong decrease of the surface state peak at high
gies is related to phonon scattering. According to the work
Shevchik,7 the temperature-dependent intensity in a dire
transition photoemission peak is given by a Debye-Wa

factor of the forme2Dk(hn)2^uz
2(T)&, whereDk5ukf

W (hn)2ki
W u

is the momentum transfer in the photoemission process
^uz

2(T)& is the thermal mean-square displacement of the
oms. This means that the intensity of a peak should decre
when the photon energy and/or the temperature is raised
Al ~001!, like on most other surfaces,^uz

2(T)& is larger at the
surface than in the bulk3 and hence one expects the surfa
peak to be more unstable than the bulk peaks upon an
crease of the photon energy.8

Given the equivalence of temperature and photon ene
in the Debye-Waller factor, we can demonstrate the un
pectedly high stability of the surface state in a more con
nient way. Instead of performing an energy scan at a fix
temperature, we fix the energy and change the tempera
An advantage of the temperature scan over the energy sc
that the energy dependence of the photoemission matrix
ment is irrelevant and, therefore, can be excluded as a
sible cause of the high intensity of the surface peak S
data are presented in Fig. 2, which shows a temperature
at hn5195 eV. The data for this scan have not been norm
ized at all. This is justified because they have been ta
within a short time with an almost identical flux of incomin
photons and, of course, with the same photon energy. T
bulk-related peaks can be identified in the low-temperat
spectra, one at 6.5 eV binding energy and the other one c
to the Fermi edge. The surface peak is, as in the other s
tra, at 2.5 eV. As mentioned above, it is seen that the int
sity of all the peaks decreases when the temperatur
raised,9 but surprisingly the bulk peaks decrease more r
idly than the surface peak. At the highest temperature the
bulk peaks have almost disappeared but the surface pe
still clearly visible, being only decreased to about one th
of its original size. Note that the photon energy for this te
perature scan was chosen such that the surface state
resonance in order to have a pronounced bulk peak also c
to the bottom of the band. This causes the surface peak t
substantially smaller, but the effect is visible nonetheless

Figure 3 gives a more quantitative illustration of the sa
effect. It shows the temperature-dependent intensity of
surface state and of two bulk peaks, all taken with differe
photon energies. These data have been extracted by an
ing temperature scans similar to that given in Fig. 2. Aga
no normalization of the raw data was performed and
intensity was determined by integrating the area of the p
over a linear background. This simple but consistent way
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analyze the data has the advantage that no assumptions
the photoemission line shape have to be made. Finally,
resulting intensity versus temperature curves were norm
ized such that the intensity at the lowest temperature was
to 1. Note that the data for this figure were taken such tha
three peaks have been in resonance and hence a quanti
comparison is permitted. The temperature dependence o
two bulk peaks has already been described in Ref. 10. It
be understood qualitatively in terms of Shevchik’s mod
The peak taken with a photon energy ofhn5567 eV decays
more rapidly than the peak taken withhn5345 eV. The de-
cay of the surface state taken withhn5425 eV, however, is
much slower, even slower than that of the bulk state m
sured with a lower photon energy.

Two unexpected conclusions can be drawn from the d
shown in Figs. 1, 2, and 3:~i! in ARPES the increase of th
photon energy does not suppress the surface contribu
contrary to what is observed in angle-integrat
experiments,2 and ~ii ! the surface peak is more stable t
wards a temperature increase than the bulk peaks despit
larger atomic vibrations at the surface.

In the following, we explain these observations by t
different effect that phonon emission has on the photoem
sion from surface and bulk states. The basic idea can
presented as follows. The photoemission peaks in ARP
can be viewed as a constructive, coherent superpositio
the amplitudes from many emitters. In a first approximati
these emitters are on a three-dimensional lattice for bulk
tial states and on a two-dimensional lattice for surface ini

FIG. 2. Photoemission spectra taken in normal emission athn
5195 eV as a function of temperature. The series is plotted wi
vertical offset between the spectra.
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states~neglecting the finite penetration of the surface sta
into the bulk!. At finite temperature, each lattice gets diso
dered by phonons and this affects the coherence that g
rise to the peaks. The loss of coherence due to the the
disorder increases not only with the temperature but a
with the energy because of the smaller wavelength of
photoelectron. We argue that the surface state peak wins
the bulk peaks when going to high energies or high tempe
tures simply because it is easier to destroy the construc
interference in three dimensions than it is in two dimensio

To substantiate these ideas we have performed calc
tions of the probability of photoemission from a valenc
band initial state with simultaneous excitation/absorption
phonons using a model described in detail in Ref. 11 In sh
the initial state of the electron is composed of two Blo
waves, one propagating towards the surface and one refle
back at the surface, and the final state is the time-reve
LEED wave function. The lattice vibrations are treat
within the Debye approximation. We have recently used t
model to investigate the temperature dependence of the
photoemission peaks of Al.10 In that work we have found
that the so-called direct transition peak in photoemission
tually contains a considerable contribution from electro
that have been scattered by one or two phonons. Once
was taken into account, however, the model of Ref. 11 w
able to give a good quantitative description of t
temperature-dependent intensity of bulk photoemiss
peaks for a broad range of photon energies.10 Therefore, all

a

FIG. 3. Photoemission intensity of two bulk peaks and the s
face state peak, taken at different photon energies. The points
respond to the integrated intensity of the peak over a linear ba
ground. The error bars represent the statistical error in
integration of the peak area. The solid lines are guide to the
The peak area at the lowest temperature has been normalized
2-3
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the calculated photoemission intensities reported here are
sum of the zero, one, and two phonon-scattered compon

To verify the larger thermal stability of the surface pe
we have extended the model of Ref. 11 in order to desc
the surface state on Al~001!. This state is situated very clos
to the band edge at theX point in the Brillouin zone and its
wave function has a character very similar to these states
have, therefore, modeled the surface state using a buX
state and forcing it to decay exponentially into the crys
with a certain decay length 1/k. This simple description ig-
nores the true potential change and the enhanced vibrat
amplitudes near the surface. We should therefore not ex
to get a good quantitative agreement with the experim
with these calculations, but rather a tool to analyze w
happens to the temperature or energy dependence of the
toemission peaks as we go from a bulk state~infinite decay
length 1/k) to a surface state~small 1/k). This is done in
Fig. 4, where we show the temperature dependence of
surface peak intensity calculated for different values of 1k
and compare this to the experimental result from Fig. 3.
in the experiment, the calculated intensities have been
tracted by integrating the peak area over a linear backgro
After that the calculated intensity at the lowest temperat
was set to 1. These intensities, calculated at 439 eV,
compared with the experimental data measured at 425
The two slightly different energies were chosen such t
both, theory and experiment, are exactly at the resona
visible in Fig. 1. Figure 4 clearly shows that the higher t
localization of the initial state at the surface, the less affec
is the intensity by the temperature. This confirms our hypo

FIG. 4. Calculated photoemission intensities for the Al(00
surface state as a function of the temperature and for different
ues of the localization parameter 1/k. The points correspond to th
experimental data athn5425 eV. The error bars represent the s
tistical error in the integration of the peak area.
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esis that the stability of the surface peak is, at least in p
explained by the fact that fewer atoms have to emit coh
ently in order to produce the peak. The calculated intensi
are in fair agreement with the experimental data only
1/k52 Å, a value that is probably too low.12 Hence there
must be other contributions to the high stability of the s
face state than those captured in our simple calculation
possible explanation is that the model lacks a true surf
potential barrier and does not take into account the imp
tance of the electric-field gradient at the surface.

One possible problem in the analysis of the experimen
data is that, since the spectra have been taken at theX point,
there is also a bulk peak at nearly the same position as
surface state peak. This peak cannot be separated in
analysis and might add intensity. However, given the fas
decay of the bulk states, a subtraction of its contribut
would only lead to a surface state decay which is ev
slower. In any case, the contribution of bulk states atX is
probably only a small source of error because at this h
energy the bulk state peaks are already quite small and m
broader than the surface state.

To complete the analysis of the thermal stability o
should also consider the fact that the localization, besi
reducing the effective number of emitters, concentrates th
in the region of largest atomic vibrations, which causes
countereffect. Although this cannot be described with o
model, the experimental observation that the surface pea
more stable than the bulk peaks suggests that the reductio
the number of coherent emitters is more important than
increase of the atomic vibrations. A different situation c
arise in the limit of a very low surface Debye temperatu
where the effect of increased atomic vibrations would w
over the reduction of emitters, leading to a surface peak

FIG. 5. Calculated photoemission intensities as a function
photon energy for a bulk initial state in theG-X line with a binding
energy of 8.2 eV. The solid lines are guide to the eye.l-

-
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cay faster than that of the bulk peaks.8

Finally, we briefly discuss how the coupling to phono
affects the intensity of the bulk states. In the absence
phonon scattering the intensity of these peaks would incre
continuously as a function of photon energy due to the
crease of the IMFP. In Fig. 5 we show calculations13 of the
photoemission intensity at two temperatures as a functio
photon energy for a bulk state in theG-X line with a binding
energy of 8.2 eV. Again, the intensity is the integrated pe
area over a linear background. The energy and wave-ve
selection rules determine that this state is photoemitte
hn5188, 390, 670, and 1020 eV. It is seen in the figure t
the intensity increases with the photon energy, following
increase of the IMFP, but only up to about 400 eV and 7
eV for T5300 K and 50 K, respectively. Above these en
gies the intensity begins to decrease due to the loss of co
ence induced by the increasing phonon emission. There
in ARPES, unlike in other non-kW -conserving experiments
the phonon excitation sets a limit to the increase of the b
contributions, impeding thereby to reach high bulk to surfa
intensity ratios. On the other hand, the figure also illustra
s

.
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the strong temperature dependence of the absolute pea
tensity. As expected from Shevchik’s arguments, the int
sity is much higher for a low temperature, in particular,
high photon energies. Hence, any bulk-sensitive high-ene
ARPES experiment should be performed at low tempera
where the peaks are still visible.

In conclusion, we have found that surface states can g
a considerable contribution to ARPES spectra at high en
gies, despite the longer IMFP and the enhanced vibratio
amplitude of the surface atoms, and in contrast to wha
observed in angle-integrated photoemission. We explain
observations by the different effect that the phonon scatte
has on the photoemission from localized, quasi-tw
dimensional, surface states and from three-dimensional b
states. The experimental results described in this paper
for attention in using ARPES at high energies due to fun
mental limitations of this approach.
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