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Electronic structure of Cu(100), Ag(100), Au(100), and Cu3Au(100) from inverse photoemission
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Important parameters of the bulk and surface electronic structure are obtained for Cu(100), Ag(100),
Au(100), and Cu3Au(100) surfaces using inverse photoemission with a high-resolution, tunable detector.
The transitions from the Fermi level to the upper 6& s,p band are found at 10.5, 9.6, 7.9, and 10.2 eV
along the [100]direction, respectively. Their widths are about 1.3 eV. Upper limits for the X4 points are
found from the intensity cutoff above the band edge at 1.8, 1.9, 2.3, and 1.8 eV, with the best estimates
for the X4 positions at 1.8, 1.6, 1.6, and 1.8 eV. The n = 1 image states are located at 4.1, 3.9, 4.75 (4.85),
and 4.5 eV. A possible n =0 surface resonance is seen at 1.4, 1.3, 1.5, and 1.3 eV.

I. INTRODUCTION

This study establishes the electronic structure of
noble-metal surfaces that are used as substrates for a
variety of promising magnetic structures. For example,
monolayers of transition metals on Ag(100) and Au(100)
exhibit enhanced magnetic moments according to
theoretical predictions, ' and even some paramagnetic
transition metals are expected to become ferromagnetic
in monolayer form. The metastable fcc phases of Fe and
Co can be stabilized on Cu(100), and by expanding the
lattice constant from Cu to Cu3Au a switch from a low-
spin to a high-spin phase of fcc Fe has been observed.
Magnetic superlattices with noble-metal spacer layers ex-
hibit oscillations between ferromagnetic and antiferro-
magnetic coupling that are most pronounced in the (100)
orientation. These oscillations are related to quantum-
well states that show up in thin films of noble metals on
the (100) surface of ferromagnets. '

II. SURFACE PREPARATION

In order to obtain optimum surface quality with soft
materials, such as noble metals, we found it necessary to
go through careful electrochemical polishing procedures
that remove the damage done by mechanical polishing.
For Cu we used an electropolishing method based on an
electrolyte of 40-ml phosphoric acid (85%), 9-ml water,
and 5-ml sulphuric acid (98%) at about 30C with a Cu
cathode. The voltage was kept constant at 1.8 V, while
the current decreased and eventually leveled out after a
few minutes of polishing. For Ag(100) we alternated
mechanical polishing cycles with chemical etching by a
solution of 3 parts ammonium hydroxide and 1 part hy-
drogen peroxide (30%) for a few seconds. As a final
chemical polish we applied a solution of 80-ml water, 10-
ml saturated solution of CrO3, and 4.5-ml dilute hydro-
chloric acid (9%) with a cotton swab, constantly wiping
off the milky film that formed on the surface (Ref. 9). For
Au(100) the cyanide-based recipe described by Tegart
was used. After polishing the surfaces were cleaned by
sputter annealing with 0.5 —1-keV Ar ions at angles of

+30' from grazing and annealing temperatures in the
500'C range. Cu(100) and Ag(100) gave bright 1X1
low-energy electron-diffraction patterns, Au(100) showed
the 5X20 reconstruction, and Cu3Au(100) the structure
of the ordered' alloy, which is equivalent to a c(2X2)
pattern on a Cu(100) surface. By sputtering the Au(100)
surface without annealing a somewhat disordered 1 X 1

structure was obtained, similar to the impurity-stabilized
1 X 1 structure reported previously. " The best indicators
for surface quality turned out to be inverse photoemission
features, such as the peak height of the n = 1 image state
and the depth of the emission minimum in the s,p gap.

III. BULK EMISSION

The band topology at the Cu(100), Ag(100), and
Au(100) surfaces exhibits two branches of the 6& s,p band
for parallel momentum k~~=0, which are separated by a
large gap between the X4 and X& points. The lower
branch crosses the Fermi level at a wave vector kF close
to X, which is well-established from de Haas-van Alphen
data. ' For disordered Cu3Au(100) the same band topol-
ogy would apply, but for the ordered alloy we have to
consider extra reciprocal-lattice vectors that can transfer
momentum. We find this umklapp effect weak enough to
allow us interpreting all the major features by a simple
fcc band structure without the extra lattice vectors. A
key band-structure feature that can be determined'
without assumptions about the upper band in photoemis-
sion and inverse photoemission is the transition energy
between the lower and upper s,p branch at kF. This
Fermi-level crossing can be seen in Fig. 1 for Cu(100). To
determine the exact transition energy and width we plot
the emission intensity for states at the Fermi level EF
versus photon energy in Figs. 2(a) —2(d). For Cu(100)
photoemission and inverse photoemission give an identi-
cal transition energy of 10.5 eV for states at EF. In previ-
ously published photoemission data' ' a transition ener-

gy of 10.6 eV is quoted for states at EF—0. 13 eV, which
is consistent with our results at EF when taking the s,p-
band dispersion into account. The widths are compara-
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tions of Cu, Ag, and Au see Ref. 17; for a band calcula-
tion of Cu3Au(100) see Ref. 19.

There exists a large database of photoemission and
inverse-photoemission results from noble metals [for a re-
view of photoemission data from Cu, Ag, and Au, see
Ref. 17; for photoemission from Cu3Au(100), see Refs. 18
and 19; for inverse-photoemission results from Cu, Ag,
and Au(100), see Refs. 20—34; for two-photon photoemis-
sion, see Refs. 35 and 36]. Previous data are consistent
with our findings, except for the relative intensities of
various features, which are affected by differences in the
experimental geometry and energy resolution. Despite
extensive prior inverse-photoemission work, we have ob-
tained additional information by looking at Cu3Au(100),
and by utilizing the tunability of our detector to pin
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ble in photoemission and inverse photoemission, with the
main difference being that inverse photoemission exhibits
a broader tail on the high-energy side. That is likely due
to the wider k II acceptance of the inverse-photoemission
setup. A similar transition is seen for Ag(100) and
Cu3Au(100) at 9.6 and 10.2 eV. For Au(100) the transi-
tion falls below the photon energies accessible to our
inverse-photoemission setup, but can be seen in photo-
emission. ' Although there is some uncertainty in the
normalization of the photoemission data, one can see in
Fig. 2(c) that the intensity at EF peaks near 7.9 eV. In
addition, there exists a second transition at 10.6 eV,
which can be assigned to the next higher band, which has
b 5 symmetry. This band has also been seen in photoemis-
sion. ' '

Comparing our data with first-principles, local-density
band calculations' we find good agreement. The calcu-
lated 6, transition energies at kF of about 10.5, 8.6, and
8.1 eV are close to the experimental values of 10.5, 9.6,
and 7.9 eV for Cu, Ag, and Au, respectively. The extra
65 transition for Au at 10.6 eV fits to the lower branch of
the calculated spin-orbit pair at about 10.9 eV. The
upper branch calculated at 12.2 eV explains the transition
found at 12 eV in Ref. 16. The good agreement for Au
should settle a debate on whether or not local-density
theory is 3—4 eV off for the s,p band of Au (see Ref. 16
and references therein). In Sec. IV we obtain upper limits
of 1.8, 1.9, and 2.3 eV for the X4 point of Cu, Ag, and

Au, and best estimates of 1.8, 1.6, and 1.6 eV. These are
to be compared to local-density values' of about 2.0, 2.1,
and 1.6 eV. For a comparison with other band calcula-
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FIG. 1. Photoemission (Ref. 13) and inverse-photoemission
spectra from Cu(100) showing the b, , s,p-band crossing the Fer-
mi level for parallel momentum k II =0. Vertical cuts at the Fer-
mi level are given in Fig. 2(a).
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FgQ. 2. (a)—(d) Fermi-level crossing of the 5& s,p band in

Cu(100), Ag(100), Au(100), and Cu3Au(100) at k II =0. The pho-

toemission (Refs. 13—15) and inverse-photoemission intensity of
states at the Fermi level is plotted vs photon energy (open and

full circles, respectively). For Au(100) a secondary transition to
the higher-lying 6, band is seen at 10.6 eV.
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down the transitions at the Fermi level. Thereby one is
able to take advantage of the well-known Fermi wave
vector for obtaining accurate, absolute band-structure
points.

An unusual piece of information can be gathered from
following a band closely as it disperses through the Fermi
level and changes its character from occupied to unoccu-
pied, such as in Fig. 1. In general, the transition from a
positive ion final state in photoemission to a negative ion
state in inverse photoemission does not have to be
smooth. Coulomb energy can split positive and negative
ion states for highly correlated bands. Of course, charge
is well screened in a metal, and there is little doubt that
noble metals behave as Fermi liquids, and do not exhibit
a correlation gap. Nevertheless, the continuous band
dispersion through the Fermi level in Fig. 1 and the coin-
cidence of the Fermi-level crossings in photoemission and
inverse photoemission in Fig. 2(a) place an upper bound
of 0.05 eV on a residual Coulomb energy in the s,p band
of Cu.

eV, while the quantum-well value for X4 moves down to
1.6 and 1.6 eV. At the same time the n =0 resonance be-
comes more and more pronounced, as it comes closer to
the band edge. It creates extra emission in the gap that
shifts the intensity dropoff up into the gap above X4. For
the Au(100) 5X20 surface the n =0 feature is absent,
probably due to the different surface structure, which
consists of a close-packed, hexagonal overlayer. In this
case the intensity dropoff into the gap is consistent with
the X4 position of 1.6 eV obtained from quantum-well
states. For Cu3Au our best estimate for the X4 position
equals that of Cu within our accuracy, using a linear in-

terpolation between Cu and Au. This is corroborated by

(a} Cu (100)

IV. SURFACE EMISSION

We can utilize the tunability of our detector to avoid
direct bulk transitions by working at energies higher than
the Fermi-level crossing of the s,p band. This detection
mode is very useful for isolating surface features and
becoming sensitive to a monolayer of a magnetic materi-
al. ' Inverse-photoemission spectra typical for this ener-

gy range are shown in Figs. 3(a)—3(d) for Cu(100),
Ag(100), Au(100), and Cu3Au(100}. They are indepen-
dent of the incident electron energy, i.e., independent of
the perpendicular momentum k, which provides evi-
dence for the surface character of the whole spectrum.
At energies of about 4 eV a large peak is seen for all three
surfaces, which corresponds to the n =1 image-potential
state. These are the most pronounced image states seen
with inverse photoemission so far, due to our high resolu-
tion ((0.26 eV total ) and careful electrochemical sur-
face preparation. It is even possible to discern the n =2
state as a weak feature above the n =1 peak. The n =1
energy positions of 4.1 and 3.9 eV for Cu(100) and
Ag(100) and the n =2 peak at 4.55 eV for Cu(100) are
close to the values of 4.06, 3.90, and 4.45 eV obtained
from two-photon photoemission. ' For Au(100) there
is a small decrease in the n =1 image-state energy from
4.85 to 4.75 eV when going from the 1X1 to the 5X20
reconstruction.

The remaining emission within 2 eV of the Fermi level
is due to transitions from evanescent initial states into the
lower branch of the bulk 6, s,p band. The intensity dro-
poff into the band gap above 2 eV marks the upper edge
of the band at X4. However, this is only an upper limit,
since there is a possible contribution from an n =0 sur-
face resonance that is expected ' ' in this energy
range. Taking the inAection point as marker for this dro-
poff we obtain values that are consistent with indepen-
dent results from the asymptotic energies of quantum-
well states. For Cu(100) the two different methods give
the same X4 point at 1.8 eV, while for Ag(100) and
Au(100) 1 X 1 the intensity cutoff moves up to 1.9 and 2.3
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FIG. 3. (a)—(d) Inverse-photoemission spectra from Cu(100),
Ag(100), Au(100), and Cu3Au(100) for k ~~ =0 at an initial energy
of 14.5 eV, where no direct bulk transitions are possible. The
remaining surface emission shows a gap in the one-dimensional
density of states above X4, which contains a Rydberg series of
n =1,2, . . . image states converging towards the vacuum level.
A possible surface resonance corresponding to the n =0 extra-
polation of this series shows up just below X4.
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the interband transitions in Fig. 2, where Cu3Au is much
closer to Cu than to Au.

Several connections with other work on surface, image,
and quantum-well states can be made from our data. For
example, it turns out that the lowest quantum-well state
for Fe on Au(100) approaches the position of the n =0
resonance in the limit of coverage zero, where Fe is em-
bedded as an impurity near the Au surface. A similar
connection with an intrinsic surface state has been found
for Ag on Fe(100), where an Ag-induced quantum-well
state converges onto a surface state of Fe(100) in the zero
coverage limit. ' Another peculiar feature of the
surface-sensitive spectra in Fig. 3 is a steplike intensity

increase above the image state peaks. For Cu and Ag the
step is too low in energy to be explained by the upper end
of the s,p gap at X, , which lies at 7.8 and 7.5 eV, respec-
tively. A more likely explanation is emission from states
in the continuum of the image potential. Recent theoreti-
cal work ' gives a more detailed description of this
phenomenon.
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