
PHYSICAL REVIEWS 8 VOLUME 40, NUMBER 2

Brief Reports

15 JULY 1989-I

Brief Reports are short papers which report on completed research which, while meeting the usual Physical Review standards of
scientific quality, does not warrant a regular article. (Addenda to papers preuiously published in the Physical Review by the same
authors are included in Brief Reports. ) A Brief Report may be no longer than 3s printed pages and must be accompanied by an
abstract Th. e same publication schedule as for regular articles is followed, and page proofs are sent to authors.

Band folding and energy-gap formation in Ag-Au superlattices

T. Miller, M.A. Mueller, and T.-C. Chiang
Department of Physics, Uniuersity of Illinois at Urbana Champa-ign, 1110West Green Street, Urbana, Illinois 61801

and Materials Research Laboratory, Uniuersity of Illinois at Urbana Cham-paign, 104 South Goodwin Avenue,
Urbana, Illinois 61801

(Received 6 February 1989)

The electronic band structures of superlattices consisting of alternating (111)slabs of Ag and Au
were investigated with use of angle-resolved photoemission. The fundamental electronic eft'ects of a
superlattice potential, including band folding and the formation of energy gaps at the new zone
boundaries, were clearly observed.

Through modern molecular-beam-epitaxy methods, a
large variety of well-ordered crystalline heterostructures
can be produced. The precise tailoring of these struc-
tures on an atomic scale gives the solid-state experimen-
talist vast opportunities to study interesting quantum-
electronic effects and phenomena and to deduce impor-
tant parameters for a fundamental understanding of the
material properties. Much of the work in superlattice
research has been carried out in semiconductor systems
such as the GaAs/A1As family, in which details of the
electronic structure close to the band edges are accessible
via methods like photoluminescence spectroscopy at low
temperatures. ' In comparison, there is little parallel
research on the electronic properties of metallic superlat-
tices for which most of the techniques developed for
semiconductor systems are not applicable. Recent
research on metallic superlattices has mainly focused on
x-ray- and neutron-scattering studies of the structure and
magnetic properties.

In this work we explore the fundamental electronic
effects of a superlattice modulation of the crystal poten-
tial by direct determination of the band structure using
angle-resolved photoemission. The material chosen for
this study, the Ag/Au superlattice, is particularly simple
and can be considered a model system. The band struc-
tures of Ag and Au are very similar; within an energy
window of about 2 eV below the Fermi level, only one
nearly-free-electron-like sp band needs to be considered.
We believe that this is the first time that band folding and
the associated formation of gaps at the subzone boun-
daries are observed directly by photoemission, even
though this technique has long been established as a

powerful (and perhaps unique) tool for mapping the
valence-band dispersions. One difficulty involved in ap-
plying photoemission for band mapping is the relatively
short probing depth, typically in the range 5 —30 A,
which results in a significant momentum uncertainty;
therefore, the superlattice period for this study is limited
to rather small values for the effects to be clearly observ-
able (a large period in real space corresponds to a small
Brillouin zone). The lattice-matched Ag/Au system is
one of the few metallic systems from which layer struc-
tures of small periods can be made with a high degree of
perfection.

The photoemission experiments were performed using
synchrotron radiation from the Aladdin storage ring at
the Synchrotron Radiation Center (Stoughton, WI) of the
University of Wisconsin —Madison. A 6-m toroidal-
grating monochromator and a Seya monochromator were
used in several different runs. Photoelectrons emitted
along the sample —surface-normal direction were collect-
ed using a hemispherical electron-energy analyzer. The
overall energy resolution was better than 0.2 eV. The
starting substrate was a single-crystal Ag(111) prepared
by mechanical polishing with 0.3-pm alumina powder on
a cloth pad lubricated with water, followed by electropol-
ishing in a silver cyanide and potassium carbonate solu-
tion to remove a layer about 3 pm thick from the sur-
face. It was repeatedly sputtered and annealed to gen-
erate a well-ordered and clean surface as verified by
Auger spectroscopy, electron diffraction, and photoemis-
sion (observation of a sharp surface-state peak). A thick
buffer layer of Ag was then grown on the substrate to fur-
ther smooth out the surface; the improvement in smooth-
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FIG. 1. Representative normal-emission photoemission spec-
tra for a Ag/Au(111) superlattice with an 8-ML period. The
photon energies (hv) are indicated. Binding energies are re-
ferred to the Fermi level EF. All of the spectra have been nor-
malized to the peak height of the surface state (large peak
shown partially only for the 9.0-eV spectrum), and have been
displaced vertically for clarity. The dashed lines are a guide to
the eye showing the movement of the three peaks as labeled.

ness was evidenced by a decreased background in the
high-energy electron-diffraction pattern. The superlat-
tices were prepared by evaporation of Ag and Au from
feedback-controlled electron-beam-heated tungsten cruci-
bles. The rate of evaporation was monitored by a quartz
thickness monitor. Based on calibration checks before
and after deposition of each of the superlattices, the indi-
vidual layer thicknesses should be consistent to within
1 —2%%uo. An absolute thickness calibration was also per-
formed with an accuracy better than 10%%uo. The super-
lattice depositions were carried out with the sample at
30—50'C; this method has been shown to produce abrupt
interfaces and good epitaxy. ' All of the results reported
here are for Ag-terminated superlattices with a total
thickness of -300 A. The Au-terminated superlattices
show very strong Au 5d-band emission in the spectral re-
gion of interest, causing severe interference with the mea-
surement.

The photoemission spectra and the band structures for
pure Au(111) and Ag(111) are very similar and have been
discussed previously by various authors. ' To facilitate
the discussion we will regard the superlattice potential as
a perturbation. Indeed, the photoemission spectra for the
superlattices show an overall resemblance to those for ei-
ther pure Au or Ag. Figure 1 shows representative
normal-emission spectra from a sample consisting of al-
ternating (111) slabs of Au and Ag of an equal thickness
of 4 monolayers (ML; 1 ML =2.36 A). The range of pho-

ton energies used is the usual range used for mapping the
uppermost sp valence band in Ag(111) and Au(111). The
electron-escape depth is about 30 A as determined from a
separate measurement of the attenuation of the Ag (Au)-
substrate d-band signal as a function of Au (Ag) -over-
layer thickness. Each of the spectra has been normalized
to the peak intensity of the (111)surface state; this is the
large peak near the Fermi level which, for clarity, is
shown only for the 9-eV scan. Both the Ag(111) and
Au(ill) surfaces support a surface state like the one
shown in Fig. 1 for the superlattice; the binding energies
are, however, slightly different. ' ' On the high-
binding-energy side of the bottom four spectra a large
peak (labeled X, for normal process) can be seen which is
due to direct transitions from the sp band. The dispersive
behavior of this peak is similar to that observed in photo-
emission spectra of pure Ag(111) and Au(111) taken un-
der identical conditions, except that the peak positions
are somewhat different. This peak disperses toward
higher binding energies with increasing photon energy
and starts to overlap peaks from the Au d bands. The
most important spectral features in Fig. 1, however, are
the two smaller peaks (labeled U, for umklapp) which
have no counterparts in the corresponding Ag(111) and
Au(111) spectra. Evidently these U peaks are induced by
the superlattice configuration. In the 10.0-, 10.5-, and
10.7-eV spectra, both peaks are simultaneously present,
and it appears that there is a region around 1.3-eV bind-
ing energy that these peaks "avoid" as they shift as a
function of photon energy. This is highly suggestive of
photoemission mapping through a band gap.

To determine the valence-band dispersion relations, we
need to know the final-band dispersion. For Ag(111) and
Au(111) there is only one relevant final band in the range
of photon energy used; thus, we expect the same for the
superlattice system. Examination of several theoretical
and experimental studies shows that the final bands in Ag
and Au are very close within the region of interest.
In fact, the differences are generally less than the
discrepancies between different determinations of the
band for the same element. Since the differences are
small, the final band for the superlattice system should
resemble those of Ag and Au. The periodicity of the su-
perlattice can cause formation of gaps in the final band.
However, the size of the gap is expected to be no larger
than about 0.5 eV (see below); therefore, the gaps in the
final band can be ignored to the first order as the lifetime
broadening and the presence of evanescent states within
the gaps will tend to wash out any observable effects.
Over the limited range of k values covered in these mea-
surements, the final band of interest for either Ag or Au
can be accurately approximated by a straight line.
Therefore, we have adopted the following linear equation
to describe the relevant portion of the final band in the
superlattice: E = 15.2k /k&L —11.0 eV, where E is in eV
(relative to the Fermi level) and krL is the distance be-
tween the I and L points in the Brillouin zone for Ag
and Au. This particular choice falls within the uncertain-
ty range of the many published Ag and Au final bands.

Having defined the final state, we determine the
valence-band structure using spectra like those shown in
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FIG. 2. Measured partial band structures for two superlat-
tices with periods of (a) 8 ML and (b) 12 MI.. The wave vector
k is measured in terms of k«. The solid symbols are deter-
mined from peak positions in the photoemission spectra as de-
scribed in the text. The open circles are obtained from the solid
ones via a translation by a reciprocal-superlattice vector. Two
of the open circles (the lowest two) in the lower panel are
covered by the squares. The vertical dashed lines show the loca-
tion of the Bragg planes of the superlattice. The band disper-
sions of the Ag and Au sp bands are also shown.

Fig. 1.' Figure 2(a) shows the results for the sample dis-
cussed above. The solid squares correspond to the N
peaks, while the solid circles correspond to the U peaks.
The data are presented in the original Ag (Au) Brillouin
zone from the I to the L, -point, since the superlattice po-
tential is considered a perturbation here. The vertical
dashed lines in Fig. 2 represent the new "Bragg planes"
introduced by the superlattice periodicity, where super-
lattice gaps are expected to form after the unperturbed
band is folded by the new periodicity. The spacing be-
tween neighboring Bragg planes equals one-half of the
primitive reciprocal-superlattice vector. The open circles
in Fig. 2(a) are obtained by translating the solid circles
(derived from the U peaks) by a primitive reciprocal-
superlattice vector to the right. The data from the U and
N peaks are now joined smoothly together as they should
be for truly superlattice-derived states.

Also shown in Fig. 2(a) are the Ag and Au sp-band
dispersion curves. Due to the vacuum-level cutoff, the
curves near the I. point are not normally accessible by
photoemission and have not been mapped. The curves
shown are the combined results of several theoretical and
experimental studies, and are somewhat uncertain
(DE=0. 1 eV and bk =0.03 A '). ' ' The Ag and
Au dispersion curves and the corresponding "unfolded"

superlattice dispersion curves [solid squares and open cir-
cles in Fig. 2(a)] correlate very well. It is apparent that
the result can be simply interpreted in terms of the super-
lattice potential as a perturbation which causes a gap to
open up at the new zone boundary at k /k r I =—', . Note
that the data from the solid squares in Fig. 2(a) (peaks
from the normal process) are terminated just before
reaching the superlattice gap at k/kr L

=—', . This limit is

due to the vacuum-level cutoff mentioned above. Note
also that the U peaks are much weaker than the N peaks
in the photoemission spectra, justifying our treatment of
the superlattice potential as a perturbation.

Figure 2(b) shows a set of data taken from a superlat-
tice with a period of 12 ML, again consisting of alternat-
ing slabs of Ag and Au of equal thickness. The same final
band was used in the analysis. The results are very simi-
lar to those shown in Fig. 2(a). The solid squares and the
open circles (obtained by translating the solid circles by a
reciprocal-superlattice vector) are again joined together
nicely. The gap now opens at a different location in the
E-versus-k diagram, in agreement with our model. This
is strong evidence that our interpretation is correct.
Note that there is no gap at k= —",,ki-I. This is not
surprising because the superlattice modulation potential
for equal Ag- and Au-slab thickness contains no even
harmonics from a simple Fourier analysis; hence no gap
is expected at this k value.

The uppermost miniband in these superlattices shows a
dispersion intermediate between the corresponding Ag
and Au dispersions, and lies above the Au band max-
imum. Within the energy range of this miniband, only
nonpropagating (decaying) waves are allowed in bulk Au.
Thus, if the interaction through the intervening Au slabs
were zero, only states confined within individual Ag slabs
(quantum-well states) could be observed, and there would
be no band dispersion for this energy range. Yet the
miniband does show a significant dispersion, so the states
observed here are not simple quantum-well states. This
result provides a definitive proof of the interaction be-
tween neighboring Ag slabs and the presence of superlat-
tice effects in this system. In each case presented in Fig.
2, the top portion of the dispersion curve for the lower
unfolded miniband shows a relatively Aat dispersion ex-
tending beyond the rightmost superlattice Bragg plane;
the corresponding photoemission intensity diminishes for
increasing k. The behavior just described can be attribut-
ed to residual emission from the band edge (critical point)
of the lower miniband. The intensity variation of the
peaks is indicative of band mapping across a Brillouin-
zone boundary, ' which provides further support for our
present interpretation of the superlattice effects. Another
point relevant to the present discussion concerns the
coherence length of the electron wave function, which
must be large compared with the superlattice period;
indeed, this is supported by previous studies.

We now comment on the size of the gap, which is
about 0.3—0.4 eV for the data shown in Fig. 2. Within a
nearly-free-electron approximation and a two-band mod-
el, the gap is twice the Fourier coefFicient of the superlat-
tice potential. ' The average electrostatic potent'ial
difference between Ag and Au in contact can be estimat-
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ed from previous thin-film studies, and is on the order of
0.1 —0.3 eV. Therefore, the size of the measured gap is
consistent with this crude estimate. However, any at-
tempt to apply the simple two-band model beyond this
crude estimate is not warranted, since the measured gaps
are not small compared with the energy widths of the
minibands.

In summary, we have observed the basic electronic
characteristics of superlattices, including the folding of
the bands and the formation of energy gaps. This study
illustrates the general process of band-structure forma-
tion in periodic systems under direct experimental con-
trol. The very many possibilities of creating different ma-
terial structures and observing new and interesting elec-
tronic effects make this demonstration of fundamental
importance. Specifically, the present results including the
band dispersions and gaps should provide valuable input
to a theoretical understanding and the modeling of the
Ag/Au interface properties and modulation effects.
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