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Unoccupied electronic states of Au„113…: Theory and experiment
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We present results from inverse photoemission spectroscopy in the isochromat mode, with angular resolu-
tion, from a clean Au~113! surface. To identify the origin of the different resonances, we have performed a
first-principles calculation of the bulk band structure in the linear-muffin-tin-orbital formalism. We predict the
dispersion of the bulk features, as a function of parallel momentum, considering energy and momentum
conservation. We have been able to identify unambiguously two surface resonances and a surface state in the

@ 1̄10# and @332̄# directions, respectively, as well as various bulk-derived features.
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I. INTRODUCTION

The electronic structure of the low-index faces of nob
metals has been the subject of many experimental stu
using techniques such as photoemission, two-photon ph
emission, and inverse photoemission. Several of these s
ies dealt with the electronic structure above the Fe
level1–6 («F). The main interest has been in the descript
of image states and resonances together with the identi
tion of crystal-derived surface states.7

For Au~100!, for example, there are data confirming t

existence of a surface state within the band gap atḠ,8,9 and
also a couple of bulk-derived surface resonances along
X̄ḠM̄ directions. Similarly Au~111! shows a resonanc
which has been assigned to an image state at an en

above the band gap atḠ.9,10 On Au~110!,11 for energies
above«F , there are two surface states atX̄ and one atȲ
within a band gap. For low-index Au surfaces, then, in ev
band gap at least one surface state has been detected;
states have been observed, even if the states are within
bulk-allowed energy-momentum region. All these surfac
have in common that they show a room-temperature rec
struction, but little effect from this has been detected in
empty electronic states. The results presented below ar
exception to this general rule.

Au is still a subject of interest as a fairly inert substrate
grow thin films of ferromagnetic materials12 that display os-
cillatory magnetization. An important aspect in the growth
these very thin films is the mismatch between the latt
parameters of the substrate and the film. Both the morp
ogy of the growth, and therefore the physical properties
the films, are strongly dependent on this parameter. In
search for the proper growth orientation and mass densit
the epitaxial layers, vicinal surfaces such as fcc~113! could
be considered, but there is a lack of both experimental
theoretical descriptions of their electronic structure. In
case of thin films,13,14 both the width and intensity of the
unoccupied adsorbate induced resonances have been s
to depend on the details of the substrate electronic struc

In the present study we describe the unoccupied electr
states of Au~113! along the two principal axes of this su
face. We used inverse photoemission spectroscopy~IPS! to-
gether with first-principles calculations of the bulk ba
0163-1829/2001/63~23!/235412~6!/$20.00 63 2354
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structure, to provide a complete interpretation of the orig
and nature of the different resonances present in our m
surements. This numerical-experimental combination sho
prove valuable in a description of the unoccupied states
more complex systems, such as thin metallic layers ove
crystalline substrate.

II. EXPERIMENT

Inverse photoemission spectroscopy is a technique wh
renders information regarding the unoccupied band struc
of a solid15 from «F up to 10 or 15 eV above, including
especially the energy region below the vacuum level. O
experiments were performed in a vacuum chamber equip
with an isochromat inverse photoemission spectrome
based on a design by Denningeret al.16 The photon detector
is a Geiger Mu¨ller counter filled with iodine as a discharg
gas, and He as a buffer gas. The window that accepts
photons into the detector is a polished SrF2 disc. The com-
bination of the band gap of the window and the ionizati
potential of iodine makes this detector highly sensitive
photons in a very narrow band around 9.560.3 eV.4 The
electron beam is produced by an electron gun, with a B
cathode, based on a design by Erdman and Zipf.17 The
sample is mounted on a goniometer with both an azimu
rotation and a rotation through an angle theta (u) around an
axis in the plane of the sample. This is an improved mani
lator, which allows a much more precise and reproduci
positioning than the one we used on a preliminary meas
ment on this same system.18 The azimuthal angle is adjuste
such that the electron momentum parallel to the surf
(\k//) is oriented along a major crystallographic directio
By changingu we can change the angle between the surf
normal and the incident electronic momentum (k). A typical
spectrum shows the photon intensity as a function of
energy of the incoming electrons in increments of 0.2 e
The onset of the photon emission intensity determines
location of«F . A resonance in one of these spectra can
represented as a point in an energy-momentum (« vs k//)
plot using the relationk//5sinuA(2m/\2)(«1\v2f),
with m being the electron mass,« the energy of the reso
nance measured with respect to («F), \v the energy of the
detected photons,f the work function of the sample@5.3 eV
for Au ~Ref. 19!#, andu as defined above.
©2001 The American Physical Society12-1
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The sample was prepared from 5N Au boule, which w
first mechanically polished and then electropolished with
surface normal oriented within 0.5° of the@113# direction, as
verified by x-ray diffraction. It was successively sputter
with a 1-keV Ar1-ion beam, and annealed to 450 °C. T
surface displays a low energy electron-diffraction~LEED!
pattern consistent with a clean surface. It shows a recons
tion close to a 135 symmetry.20,21 From the LEED pattern
itself we cannot determine if the phase is incommensu
with the substrate, without a detailed LEEDI -V or other
structural study. A previous study of this surface using x-
diffraction22 showed this reconstruction to be incommens
rate, but no structural model for the surface has yet b
proposed.

III. NUMERICAL CALCULATION

In order to determine the origin of the electronic res
nances that appear in our measurements, we perform
detailed calculation of the bulk electronic states of Au. W
used the standard linear-muffin-tin-orbital technique23 for a
Au lattice in the fcc structure witha54.08 Å. The calcula-
tion, in reciprocal space, considered a mesh of 18 po
along each of the three primitive directions, and the use
tetrahedron method to perform the required integrations
the first Brillouin zone. The resulting band structure alo
the different crystallographic directions, together with t
corresponding density of states, are consistent with prev
calculations.24

In order to facilitate the interpretation of our experimen
IPS measurements, we performed a projection of the e
tronic states along the two main perpendicular directions
the~113! surface, namely, the@ 1̄10# and@332̄# directions. In
this way, we can represent in a single graph all the ene
states with a commonk// , regardless of the momentum i
the direction normal to the surface. Figures 1 and 2 show
projected bands along the two perpendicular directionsk
space. Since our calculation is made in a discrete se
planes, the resulting graph still shows the underlying sy
metry of the projected states. For both figures we have u
a mesh of 100 points for the complete range ofk' . It is easy
to recognize the existence of energy gaps between 1 a
eV above the Fermi energy in both directions. These gap
this energy region, appear in two main directions ink space
~see Fig. 3!, and therefore they can be labeled as an app
priate combination ofX and L characters, withkX5(1,0,0)

andkL5( 1
2 , 1

2 , 1
2 ) in units of 2p/a.

To visualize the location of these energy gaps further,
calculated all the electronic states inside a cube of s
(4p/a) in reciprocal space. Figure 3 shows a constant
ergy surface of the electronic states between 2.5 and 3
above«F . This small energy range~0.5 eV! has been chose
to provide enough points for a suitable representation o
constant energy surface. This is a requirement of the
smoothing and fitting routines used to generate the gra
The cube has been rotated in such a way that the@113# di-
rection is normal to the plane of the figure. The const
energy surface shows two gaps on each axis and, in e
23541
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case, they are both located symmetrically with respect to
projection of the inverse space origin onto the (113) pla

(Ḡ).
In a complete representation of the inverse space, only

gaps shown along the@332̄# direction remain. The rest of the
space is filled by electronic states from other zones, w
their respective centers slightly displaced. In particular
gaps along the@ 1̄10# direction disappear, and they cannot
observed in the surface-projected band structure~see Fig. 2!.

FIG. 1. Au fcc bulk band structure projected in the~113! surface

along the@332̄#) direction in k space. The energy scale refers
«F . At the extreme of the SBZ we can see an energy band
between 1 and 3 eV, which becomes narrower for smallerk// until
it disappears atk//'0.33 Å21.

FIG. 2. Au fcc bulk band structure projected in the (113) s

face along the@ 1̄10# direction. The energy scale refers to«F . The
same band gap observed in Fig. 1 can also be reached along
direction.
2-2
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UNOCCUPIED ELECTRONIC STATES OF Au~113!: . . . PHYSICAL REVIEW B63 235412
The two gaps in the@332̄# direction are also seen alon
the perpendicular direction, as shown by Figs. 1 and 2, s
ply due to the peculiar shape of surface Brillouin zone for
~113! surface~see Fig. 4!. By inspection of Fig. 3, we can
clearly see that the gaps in this energy region occur b

FIG. 3. k-space surface of constant energy for Au bulk ele
tronic states (2.5→3.0) eV above«F . The @113# direction in the

reciprocal lattice is normal to the plane of the figure,Ḡ. The pro-
jection of thek-space origin is at the symmetry center of the co
stant energy surface. Two sets of band gaps are clearly seen in
of the main perpendicular directions. Only one of them pers

~along the@332̄# direction! after the electronic states are project
onto the surface.

FIG. 4. Representation of the surface Brillouin zone~SBZ! for
the 131 fcc~113! surface. The dots are the projection of the rec

rocal space in the~113! plane.x̄ and ȳ are the@ 1̄10# and @332̄#,
directions, respectively. The hexagons represent the location o

energy gaps above the Fermi level ink space. Starting fromḠ and

going alongx̄, there is an energy gap beyond the SBZ bounda

This same gap can also be reached along theȳ direction. The pro-
jected electronic structure of Figs. 1 and 2 show the actual exte
this gap in each direction.
23541
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superposition ink space of the projections of the necks joi
ing the neighboring cubes along the six@100# equivalent di-
rections and the gaps in the zone boundary along the c
diagonals~@111# direction!. In Sec. IV we will see how this
information is relevant in the labeling of the different surfa
resonances as seen by IPS.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. †1̄10‡ direction

We will consider first a set of spectra along the directi
of the close-packed rows (@ 1̄10# direction!. Since the recon-
struction of the surface shows no change in the surface p
odicity along this direction, as judged from the LEED di
grams, one should not expect a large influence of the ato
rearrangement on the surface electronic structure. Figu
shows a series of IPS spectra for different angles of the
coming electrons with respect to the surface normal. T
Fermi level is clearly distinguishable as the onset for
photon intensity, and it has been used as the zero for
energy scale. The intensity is measured as photons/~electrons
3 energy!, but they are presented in an arbitrary scale. So
of the spectra have been rescaled to facilitate display.

There are clearly two sets of resonances, one of th
located 10 eV above«F and the other just below 5 eV. Th
high-energy resonances are fairly weak in intensity, a
show very little dispersion in energy. The low-energy res
nances are instead fairly well defined, which makes the id
tification of their evolution easier, as the angle with resp

-

-
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s

-
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.

of

FIG. 5. Superposition of a set of IPS spectra. They display
photon flux intensity as a function of the energy of the incomi
electrons. The square symbols correspond to the actual data.
thin line is a smoothed spline to guide the eye. Several surf
resonances have been highlighted with vertical lines.
2-3
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HÄBERLE, IBAÑEZ, ESPARZA, AND VARGAS PHYSICAL REVIEW B63 235412
to the surface normal is changed. Also these states disp
over a wider energy range, as can be seen directly from
5.

In Fig. 6 we show a plot of« vs k// for this particular
azimuth~parallel momentum along the@ 1̄10# direction!. The
filled squares are the results of a numerical calculation
possible direct bulk transitions. They represent the ene
and momentum of a final state for a transition from an
ergy state 9.560.3 eV higher at the same value ofk, using
the bulk energy bands calculated as described in Sec.
This way of finding the transitions is more realistic th
using the parabolic approximation of the final state to m
the energy dispersion of a particular spectral feature.
value 9.5 eV matches the IPS’s detector response. We
added a 0.3-eV Gaussian noise to mimic the experime
response. This calculation does not include the matrix
ment effects on the optical transitions, which will like
drive some of the predicted events below the detectab
limit.

The circular data markers in Fig. 6 come from the me
sured data~Fig. 5!, and correspond to the different res
nances in each spectrum. We have chosen to separate
into two groups: one includes all data points that super
pose with calculated values of bulk derived features (^ ),
while the other set comprises those clearly located in a
(d) of the allowed bulk transitions.

FIG. 6. Dispersion of the surface resonances as a functionk//

along @ 1̄10# . The experimental data are shown by circles (^ and
d). The theoretical prediction for bulk-derived transitions are
beled by the filled squares.R1 andR2 are surface resonances. S
the text for further details.
23541
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It should be clear that there is no absolute gap along
azimuth; the open areas in the«2k// plane, shown in Fig. 6,
are related to the restrictions on energy and momentum
posed on the bulk transitions. We can then associate sev
resonances with bulk-derived features. At the same time,
can recognize the existence of surface resonances, mos
tably those labeledR1 and R2, since they show no correla
tion with the calculated transitions. Rigorously they cann
be labeled as surface states, since their energies are no
gap of the bulk energy bands.R2, at 4.4 eV, could be attrib-
uted to an image state, since it is always below the vacu
level, but it has a fairly flat dispersion withk// . The second
resonanceR1 at about 2.4 eV above«F , has a binding en-
ergy which is too large for this state to be a lower-ener
state of the Rydberg series of image states. Image state
usually confined within 1 eV of the vacuum level. This a
gument is confirmed by a calculation we performed follo
ing Smithet al.26 for the image states predicted by the Jon
Jennings-Jepsen~JJJ!25 potential. Using parameters simila
to those used to fit image states on the Au~100! surface
(Uo51.25 Ry,zo52.8 a.u., andl52.3 a.u.; see Ref. 24!,
we obtained the following binding energies measured w
respect to the vacuum level for the first three states:«0

510.3 eV,«150.8 eV, and«250.2 eV. The first energy is
below «F , so it is an occupied state, which cannot be o
served using IPS. The next two states are at 4.5 and 5.1
above«F . For this set of parameters the energy of the s
ond state compares well with those measured forR2, making
it reasonable to assign it as an image resonance, but the
not simultaneously fit the energy ofR1.27 This indicates that
R1 cannot be assigned as an image resonance. To fin
origin, a more detailed calculation of the surface electro
structure should be done.

B. †332̄‡ direction

In Fig. 7 we show a complete set IPS spectra for

@332̄# azimuth. We can clearly identify several resonanc
with large dispersions, in some cases spanning an en
range as large as 2 eV.

At low angles there are two prominent resonances in
spectra. One of them starts dispersing toward the Fermi le
from about 6 eV at normal incidence, down to 4 eV abo
15° off normal. Another resonance starts from 1.3 eV abo
the Fermi level at normal incidence, increasing its energy
to 2.9 eV at about 17.5°. At 30° a resonance emerges~S! at
about 3 eV, and as the angle increases it moves toward
Fermi level, arriving at a minimum energy at about 40°. F
larger angles it moves back to higher energies, and can
clearly detected as far as 55° off normal. We have rep
sented all these resonances in a« vs k// plot in Fig. 8. The
dark circular markers are data points taken from the I
spectra, and the black squares are again the theoretical
dictions for the bulk-allowed transitions. In addition, in
solid line we have encircled the region of the absolute ene
gap for this azimuth, as determined from our calculati
shown in Fig. 2.

-

2-4
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UNOCCUPIED ELECTRONIC STATES OF Au~113!: . . . PHYSICAL REVIEW B63 235412
Most of the experimental data points are on top of t
bulk-allowed transition, and closely follow the dispersion
the calculated features. An exception to this statement is
state labeledS, which is in an absolute energy gap, so we c
legitimately call it a surface state. The differences betwe

the nature ofSand the resonances along the@ 1̄10# direction,
R1 andR2, are subtle but clear. The latter are contained i
‘‘spectrometer gap.’’ This means that, for a different ener
of the emitted photons~fixed by the detector’s gas-window
combination!, there are bulk final states with the same en
gies as the resonances.S is contained within an absolut
band gap, where no bulk states exists. Also, the energy
persion ofS clearly follows the symmetry of the nearby en
ergy bands, distinguishing it from an image-charge-type s

which has its minimum energy atḠ. The surface stateS has
its minimum energy at the zone boundary:k//50.66 Å21.

FIG. 7. IPS spectra along the@332̄# direction. Measured data
points are the solid squares. The resonance labeled byS is a surface
state.
e
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V. CONCLUSIONS

Using IPS, we have studied the empty electronic state
Au~113! from the Fermi level up to 15 eV along the tw
main crystallographic axes@ 1̄10# and @332̄#. In addition,
from first principles, we calculated the Au band structu
We used this information to perform a surface projection
the bulk electronic structure, and determined the location
the surface energy gaps. Comparing the experimental re
with the transitions predicted by our calculation we we
able to recognize several surface resonances. Some of
were derived from bulk states. From calculations we gain
insight into the nature and origin of one of the surface re
nances~along the @ 1̄10# direction!, and we were able to
clearly recognize a surface state~along the@332̄# direction,
with a minimum energy of 2.7 eV atk//'0.6 Å21).
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FIG. 8. Experimental resonances (d) and bulk predicted tran-

sitions ~black squares! along the@332̄# direction. The surface state
~S! is clearly contained in the gap.
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