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Study of a Surface State in a Ag-Au Superlattice Gap
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Ag-Au(l I I) superlattices are examined with angle-resolved photoemission. A Shockley-type surface
state is observed within a superlattice gap. Varying the location of the terminating (surface) plane
within a superlattice period causes this surface state to move across the gap for one half of the period
and to disappear for the other half of the period. These observations are in good agreement with
theoretical predictions.
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The electronic properties of superlattices have been a
subject of intense research in recent years. Much of the
activity has focused on the bulk properties modified by
the periodic modulation. Band folding and formation of
superlattice gaps are well-known effects which have been
demonstrated in many systems and utilized in various de-
vice applications. For surfaces of superlattices, much less
has been done. An interesting issue is the possibility of
new surface states existing within the superlattice gaps.
This work is an angle-resolved photoemission study of
a lattice-matched Ag-Au(111) superlattice. We have
found a surface state, of the type described by Maue [1],
Goodwin [2], and Shockley [3] (referred to as a Shockley
state), within a superlattice gap. A unique feature of the
superlattice geometry, as compared to ordinary single
crystals, is that the location of the surface plane relative
to the bulk can be experimentally varied within a super-
lattice period. This extra degree of freedom allows us to
perform a critical test of the properties of this surface
state. Namely, the system can be systematically modified
from being "Shockley inverted" to being "noninverted"
[3-5], and the surface state can be made to move across
the gap for one half of the period and to disappear for the
other half of the period. Our experimental results are in

good agreement with theoretical predictions based on a
simple two-band model and a phase-shift analysis.

The photoemission measurements were carried out at
the Synchrotron Radiation Center of the University of
Wisconsin-Madison. The Ag-Au superlattice samples
were fabricated in situ using standard molecular-beam-
epitaxy techniques. Briefly, Ag and Au were evaporated
from separate tungsten crucibles heated with feedback
controlled electron beams. A motorized mechanical shut-
ter controlled by a computer allowed precise timing of the
deposition. The rate of deposition was determined by a
water-cooled quartz thickness monitor. The superlattices
were grown on a Ag(111) substrate held at temperatures
between 25 and 50 C. High-energy electron diffraction,
Auger spectroscopy, and core-level photoemission were
employed for sample characterization.

A large number of samples with various superlattice
periods and various Ag-Au slab-thickness ratios have

been examined. Because of space limitations, we will

concentrate on the results for a system with a 12-
monolayer (ML) period and a Ag:Au slab-thickness ratio
of 2:1. Figure 1 shows a set of normal-emission spectra,
for various photon energies, taken from a Ag-terminated
sample (i.e., a sample terminated by a full slab of 8 ML
of Ag). The assignment of the spectral features in Fig. I

is straightforward based on existing understandings of the
angle-resolved photoemission technique [6,7]. The large
peak just below the Fermi level is also observed on clean
Ag(l I 1) and corresponds to the well-known L-gap sur-
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FIG. 1. Normal-emission spectra for a Ag-Au superlattice
taken with various photon energies as indicated. The dashed
curves serve as guides to the eye for the various peaks in the
spectra. The binding-energy scale is referred to the Fermi level

at EF.
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face state [8]. A similar state also exists on Au(111),
with a somewhat different energy. This I gap, intrinsic
to bulk Ag and Au, is unrelated to the superlattice con-
figuration. The surface state seen in Fig. I is Ag(111)-
like because the surface is Ag terminated. For a Au-
terminated sample, this surface state shifts down by
about 0.2 eV and becomes more Au(111)-like [9].

The peak labeled JV (for normal) in Fig. I has a coun-
terpart in both clean Ag(111) and Au(111); its move-
ment toward lower binding energies for decreasing pho-
ton energies corresponds to the mapping of the sp valence
band (the lower branch of the L gap) [7,10]. Following
standard band-mapping technqiues [6,7, 10], the disper-
sion is plotted in Fig. 2 using diamonds. Also shown in

the figure are the corresponding Ag and Au sp valence
bands (dashed curves) for comparison [6]; apart from an

energy offset, these bands are very similar. The superlat-
tice band is much closer to the Ag band than the Au
band, because the material is overall Ag rich. The wave

vector (abscissa) in Fig. 2 is measured in terms of krI,
the wave vector connecting the I and L points in the bulk

Ag (Au) Brillouin zone. The vertical dash-dotted lines
indicate the locations of Bragg planes of the superlattice.

The weaker features S and U in Fig. I have no counter-
parts in either Au(111) or Ag(l I I); that is, these
features are unique to the superlattice configuration
[6-8,10]. Peak U is dispersive and is an umklapp peak
arising from the same sp valence band. The correspond-
ing band dispersion, after shifting by a reciprocal super-
lattice vector krL/6 to compensate for the umklapp tran-
sition, is shown in Fig. 2 by squares [7]. The squares and
diamonds join smoothly, as they should, because they
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come from the same band. A superlattice gap is seen at
p=—(I I/12)krt, around which two U peaks appear simul-

taneously in the spectra and show the characteristic be-
havior of band mapping across a gap. In Fig. 2, the
branch of the dispersion curves above the gap can be
mapped only over a limited range in k space, and there-
fore its energy dispersion is not apparent (a significant
energy dispersion can be observed for a shorter superlat-
tice period) [7]. Peak S in Fig. I is dispersionless. Its en-

ergy position is slightly above the lower edge of the super-
lattice gap (indicated by a horizontal line in Fig. 2). The
only possible assignment for it is a surface state within
the superlattice gap [I I].

The bulk bands remain unchanged as the surface ter-
mination of this superlattice is varied. Peak S remains
dispersionless as a function of photon energy, but its ener-

gy position shifts as the surface termination is varied.
Figure 3 shows the movement of S within the superlattice
gap. Starting from the bottom spectrum which is for the
Ag-terminated surface, each successive spectrum corre-
sponds to the addition of one atomic layer in going
through one entire superlattice period. In this sequence,
one sees that the surface state is initially near the bottom
of the superlattice gap. It then moves across the gap for
half of the superlattice period, and disappears for the oth-
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FIG. 2. Band dispersions derived from peaks U and N in Fig.
1. The squares and diamonds are data points, and the solid

curves are guides to the eye. The dashed curves indicate the Ag
and Au sp valence bands. The vertical dash-dotted lines indi-

cate the locations of Bragg planes. The energy position of the
surface state (S) is indicated by a horizontal line segment.
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FIG. 3. Normal-emission spectra for various surface ter-
minations of the superlattice taken with a photon energy of I l.6
eV. Starting from the bottom spectrum, which is for the Ag-

terminated configuration, each successive spectrum corresponds
to the addition of one atomic layer in going through one super-

lattice period. The top and bottom spectra correspond to the

same sample configuration. The superlattice gap is indicated by

two vertical dashed lines. The triangles indicate the energy po-

sitions of the surface state from our calculation.
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er half of the superlattice period. The top spectrum rep-
resents a return to the original configuration after one full

period of growth, and the spectrum is indeed reproduced.
The behavior of this surface state is consistent with a
model calculation (see below). The triangles in Fig. 3 in-

dicate the calculated positions of this surface state, which
are in fairly good agreement with the experiment (taking
into account the background under each peak). The fifth
spectrum in Fig. 3, counting up from the bottom, corre-
sponds to a Au-terminated sample. This spectrum shows
a rising background on both ends. On the low-binding-

energy end, this is due to the tail of the intense L-gap sur-
face state which has moved to lower binding energies. On
the high-binding-energy end, this is due to the tail of the
Au Sd emission which becomes more intense with Au ter-
mination.

We can only give a brief outline of our calculation
here. The main ingredients, the two-band model and a
phase-shift analysis, are well known [4]; these are
modified and adapted here for an application to the su-

perlattice configuration. The condition for the existence
of a surface state is rg exp(i&8)rc exp(ipse) =1, where r is

the reflection coeScient, p is the phase shift, and B and C
denote the vacuum barrier and the crystal surface, re-

spectively. This leads to rq=rr I; namely, the electron
wave bouncing back and forth between the crystal surface
and the vacuum barrier is not attenuated upon each
reflection. This is satisfied for energies within the gap.
Also, pg+&~=2nz, where n is an integer. To calculate

we use the standard two-band formalism of the
nearly-free-electron approximation. The input parame-
ters pre derived from a fit to the superlattice band struc-
ture near the gap (Fig. 2) using Eq. (3) of Ref. [12]. The
fit yields a crystalline effective mass m /m =1.55 and a

gap of 0.30 eV. The effective mass is related to the cur-
vature of the bands; it is included here for a first-order
correction of multiband effects. These parameters are
then used to calculate p~ by matching the wave functions
on the two sides of the surface plane [see Eq. (15) of Ref.
[4]]. The vacuum barrier phase shift is determined by

(2/h) f[2m(E —U)]'~ dz —x, where E is the elec-
tron energy, U is the barrier potential, and the range of
integration is from z =zo (surface plane) to the classical
turning point. At large z, U approaches the image poten-
tial. Here, we take the image plane location derived from
a density-functional jellium calculation [13]. At z =zo, U
equals the bottom of the crystal inner potential. In be-
tween (to so-called selvage region), the surface dipole
layer gives rise to an approximately linear potential varia-
tion [13]. Thus, we construct U in the selvage region by
using a linear potential tangent to the image potential.
This construction takes into account the essential physics
of the vacuum barrier, and leads to a pg in excellent
agreement with the empirical rule described in Ref. [4].
The calculated pg+p~ is shown in Fig. 4 for the various
terminations. Solutions for surface states are located at
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FIG. 4. Calculated phase shift p&+pp vs the binding energy
relative to the Fermi level. Starting from the rightmost curve,
which is for the Ag-terminated configuration, each successive
curve to the left corresponds to the addition of one atomic layer
in going through one superlattice period. The two horizontal
dashed lines indicate the gap.

points where the total phase is zero (indicated by the cir-
cles in Fig. 4), which are also indicated in Fig. 3 by the
triangles.

The pattern of the curves in Fig. 4 can be easily under-

stood. The gap, or the energy range of interest, is very

small, so pa=const. Equation (15) of Ref. [4] leads to

pc= 2pzo+2b, where b is the phase factor of the gap
state. The Q shape of each curve in Fig. 4 reflects the

variation of 28 from —x to 0 from the bottom to the top

of the gap [4]. Neighboring curves are separated by just

2pd (d is the interlayer spacing), or —x/6, which arises

from the phase variation of the crystal wave function at

the surface-plane boundary as a function of zo. Because

of this —x/6 shift, it is clear from Fig. 4 that the surface

state can only be observed for one half of the superlattice

period, but not the other half. An equivalent way to view

the problem is to note that a surface state exists only

for a Shockley-inverted potential [3-5]; namely, the

sinusoidal part of the crystal wave function must have a

slope of the correct sign at the boundary for a match to

the decaying solution on the vacuum side. If the potential

(and the crystal wave function) is shifted in space by half

a period relative to the surface, the sign of the slope will

be inverted and matching becomes impossible [14].
Thus, it is a fairly general rule that for each terminating

configuration supporting a surface state, adding half a

period on top of the surface removes the surface state.

Note that the spectrum for the surface terminated with
7-ML Ag in Fig. 3 appears to show a broad and weak
peak just outside the gap. This can be attributed to a
surface resonance representing the analytic continuation
of the surface state to beyond the gap. It follows the cal-
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culation in a natural way. For energies outside the gap,
Ptt+4ir. =2ntt is still possible, but rt- becomes less than I,
causing delocalization. A resonance state can exist if rq-

is close to 1, namely, for energies near the gap. The de-
tailed calculations will be presented in a complete paper
in the future.

In summary, a Shockley-type surface state has been
found in a Ag-Au superlattice gap. This system has a
simple electronic structure allowing an analytic treat-
ment. Our model calculation using parameters derived
from the measured bulk band dispersions yields results in

good agreement with the observation. This work illus-

trates some basic eAects associated with superlattice
modulation and electronic states on surfaces. A novel as-

pect is that the surface termination can be varied in a
simple and systematic manner.
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