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This paper describes angle-resolved photoemission and high-energy electron diffraction studies of
the growth and electronic properties of Ag monolayers prepared on Ni(111), Ni(001), Cu(111),
Cu(001), Au(111), and Si(111)-(7)&7). In all six systems, the Ag overlayer structure is very close to
the hexagonal close-packed Ag(111) structure. Thus the effect of the substrate can be studied
without the complication of major structural changes in the overlayer. The two-dimensional band
dispersions for the Ag valence states have been determined along high-symmetry directions for
these systems except Ag-Si(111). The Ag overlayers on Cu(111), Ni(001), and Ni(111) are incom-
mensurate with the substrate structure, and the overlayer band dispersions are very similar despite
the large differences in the electronic and atomic structures of the substrates. Ag on Cu(001) forms
a c(10&2) overlayer, and the photoemission results are somewhat different. Ag on Au(111) forms a
lattice-matched epitaxial overlayer, and its band dispersions have a very different appearance.
These similarities and differences are explained in terms of the degree of commensuration of the
substrate-overlayer interaction as a perturbation on the overlayer properties. The growth of Ag on
Si(111)-(7X7)is not as well ordered as in the other systems. A severe broadening of the overlayer
photoemission features is observed, preventing the determination of the band dispersions. Momen-
tum broadening as well as random crystal potential variation within the overlayer are likely to be
the cause of the broadening.

I. INTRODUCTION

In recent years, there has been considerable interest in
the studies of thin films. With modern materials prepara-
tion techniques, it is now possible to grow smooth mono-
layers (a single atomic layer) on a variety of substrates.
The reduced dimensionality in monolayer films relative to
the bulk materials can have dramatic effects on the elec-
tronic properties. In addition, the overlayer-substrate in-
teraction can play an important role in modifying the
overlayer properties. These are fundamental issues in re-
gard to a detailed understanding of the physics of thin
films.

Although a number of experimental and theoretical
studies have been performed on thin-film systems, ' ' lit-
tle is known about the relationship between the overlayer
electronic properties and such physical factors as the sub-
strate material, the substrate surface configuration, and
overlayer atomic configuration and order. This is a chal-
lenging problem because different competing effects have
to be distinguished and identified. The majority of
theoretical studies to date have examined unsupported
monolayers and thin films however, production of
such structures is not feasible yet. A few recent theoreti-
cal calculations for metal overlayers indicated that the
two-dimensional band dispersions are modified substan-
tially from those of corresponding unsupported mono-
layers by the substrate-overlayer interaction, although
one earlier calculation indicated otherwise. '

A number of factors must be considered in the selec-
tion of systems comprising a systematic study of the elec-

tronic properties of monolayers. A large number of ma-
terials intermix or alloy under usual conditions of thin-
film preparation. Although intermixing and alloying of
materials are topics of great importance, they complicate
interpretations of data from studies of the sort described
here. In addition, the overlayer material should grow in
an ordered layer-by-layer fashion on the chosen substrate.
The above "requirements, " therefore, greatly restrict the
number of possible choices of substrate surfaces and over-
layer materials. Silver is an example of an overlayer ma-
terial which meets or approximately meets the above
specifications on a considerable set of substrates.

This paper describes a study of Ag monolayers grown
on Ni(111), Ni(001), Cu(111), Cu(001), Au(111), and
Si(111)-(7&&7). In all six systems, the Ag overlayer struc-
ture is very close to the hexagonal close-packed Ag(111)
structure, as determined by high-energy electron
diff'raction (HEED). This greatly simplifies comparisons
of the overlayer electronic structures since major changes
in the overlayer atomic configurations are avoided. Thus,
the main remaining effect should be the overlayer-
substrate interaction. There are numerous differences
among the six systems. Three epitaxial relationships are
observed: incommensurate, commensurate, and lattice
matched. Four different substrate materials are utilized,
one of which is a semiconductor. Thus, the results can
provide a useful data basis for empirical identification of
the relevant factors that may affect the overlayer elec-
tronic structure. From the photoemission data, the two-
dimensional band dispersion curves are determined,
which show interesting variations for different substrates.
These results will be presented and discussed below.
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II. EXPERIMENTAL DETAILS

The five metal substrates, Ni(ill), Ni(001), Cu(111),
Cu(001), and Ag(111) [used as a base for epitaxial growth
of the Au(111) substrate], were cut from pure single-
crystal ingots using electrical discharge machining, and
were aligned with Laue x-ray backscattering. Each was
then mechanically polished to a mirror finish with alumi-
na grits; the finishing grit size was 0.3 pm. Chemical
etching or electropolishing was employed to remove sur-
face damage from the mechanical polishing. The Ag
sample was chemically etched in a dilute KCN solution,
whereas a hot solution containing sulfuric, phosphoric,
nitric, and acetic acids was used to chemically etch the
Ni(111) sample. The Ni(001) sample was electropolished
in a 55% sulfuric acid solution, while both Cu samples
were electropolished using a 59% phosphoric acid solu-
tion. The Si(111) sample was cut from a commercially
polished wafer and thus required no pretreatment.

The metal samples were cleaned in the photoemission
chamber with repeated cycles of 1-keV Ar-ion sputtering
and annealing. The annealing temperatures of the Ni
samples were 900'C during the cleaning cycles and
600'C for the final anneal. The higher annealing temper-
ature caused trace bulk contaminants (mainly sulfur) to
diffuse quickly to the surface where they could be sput-
tered away; these impurities were depleted after a large
number of cleaning cycles. The lower-temperature final
anneal was found to produce the optimum clean and
well-ordered surface. Once prepared, the Ni samples
remained clean for about 2 h. The annealing tempera-
tures for the two Cu samples and the Ag sample were 500
and 320'C, respectively; once prepared, they remained
clean for more than 24 h. The treatment of the Si(111)
sample involved heating to about 1200'C for about 10 s
to remove the surface oxide layer, resulting in a recon-
structed Si(111)-(7)&7)surface which remained clean for
about 4 h. The sample cleanliness was checked with
Auger spectroscopy. The cleanliness of the Ni(111),
Cu(111), Ag(111), and Si(111)-(7&(7) samples was also
verified with observations of the well-known surface
states in photoemission.

The Au(111) substrate was prepared by growing 60 A
of Au, or 25 monolayers (ML), on the clean Ag(111) base
substrate at room temperature. Ag and Au have a very
small lattice mismatch (0.2%). Consequently, Au(111)
grows epitaxially in a smooth layer-by-layer fashion on
Ag(111) as verified by HEED and other previous stud-
ies. ' The Au(111) surface also showed an intense sur-
face state feature in the angle-resolved photoemission
spectra.

HEED was used to characterize the quality and recon-
struction of the substrate surfaces and the epitaxial rela-
tionship and growth of the overlayer films. A 10-keV
electron beam energy was used. All clean substrates
showed a sharp (1)&1) pattern except Si(111) which
showed a (7 X 7) pattern. Ag overlayers were grown by
evaporation from Ta or W boats at typical rates of
0.05-0.1 A/s, which were determined by using a water-
cooled quartz crystal thickness monitor immediately pri-
or to each overlayer preparation. 1 ML of Ag(111) corre-

0
sponds to 2.4-A thickness. Both Ni samples were heated
to near 150'C during deposition, while the other samples
were approximately at room temperature. The attained
thicknesses were accurate to within about +15%, which
is limited by the stability of the evaporation rate and the
absolute calibration of the thickness monitor itself.

After Ag deposition, some of the samples were an-
nealed. The optimum annealing temperatures were deter-
mined from extensive HEED, photoemission, and Auger
studies. Increasing the annealing temperature generally
improved the overlayer order as observed with HEED
and indicated by the sharpness of photoemission features
(such as a surface state). The annealing temperatures
used for Ag-Cu(111), Ag-Cu(001), Ag-Ni(111), and Ag-
Ni(001) were 200, 200, 300, and 450'C, respectively; no
further improvement in film ordering was observed by
going to higher temperatures. For Ag on Si, even a mild
annealing ( —100'C) would cause the Ag to form a &3
layer plus three-dimensional islands. For Ag on Au, a
mild annealing would cause the Ag and Au to intermix.
Therefore, no annealing was performed for these two sys-
terns.

The photoemission experiments were performed at the
Synchrotron Radiation Center of the University of
Wisconsin-Madison in Stoughton, Wisconsin. The pho-
toelectrons were collected and analyzed by a hemispheri-
cal analyzer with a full acceptance angle of 3'. The
analyzer was mounted on a two-axis goniometer. The
geometric relationship between the crystallographic axes
of the sample and the analyzer collection direction was

experimentally determined in situ by a combination of
HEED and optical methods using the visible part of the
synchrotron radiation to line up the sample surface nor-
mal direction. The angular accuracy was better than
%1'. The binding energy of the photoemission spectra to
be presented below is referred to the Fermi level of the
substrate. The Fermi-level reference was the measured
energy at half height of the Fermi edge in the photoemis-
sion spectra. Where surface states or d-band features in-
terfered with the measurement, as in the case of Ni, the
Fermi edge of a polycrystalline gold foil in electrical con-
tact with the sample was used as the reference instead.

III. RESULTS

A. HEED and structure

All of the metal samples have the face-centered-cubic
(fcc) crystal structure. Si has the diamond structure; its
underlying lattice is also fcc. The lattice constants of Ni,
Cu, Ag, Au, and Si are 3.52, 3.61, 4.09, 4.08, and 5.43 A,
respectively. Thus, there is a large lattice mismatch in
these overlayer systems except Ag on Au. The atomic
configurations of the surface layer of the unreconstructed
substrates are illustrated in Figs. 1(a) and 1(b). The (001)
surface layer of a fcc crystal has the structure of a square
lattice with a fourfold symmetry, and the (111) surface
layer has the structure of a hexagonal lattice with a six-
fold symmetry. If layer stacking is considered, however,
a (111)fcc sample face actually exhibits a threefold sym-
metry.



7396 SHAPIRO, HSIEH, WACHS, MILLER, AND CHIANG 38

The simplest growth configuration is the nearly perfect
layer-by-layer epitaxial growth of Ag(111) on
Au(111). ' The two lattices are closely matched,
and the overlayer growth continues the fcc stacking se-
quence across the interface. Ag(111) grows unstrained on
Cu(111},Ni(111), and Si(111};the large lattice mismatch
causes the overlayer to ignore the underlying substrate
atomic structure resulting in an incommensurate growth;
however, the corresponding crystallographic axes of the
overlayer and the substrate are mutually parallel (parallel
epitaxy) 2, 32, 36—38

The Ag overlayer on Ni(001) also exhibits the Ag(111)
structure. But due to differences in substrate and over-
layer symmetry (fourfold versus sixfold), the overlayer
grows in domains with two orthogonal orientations:
Ag[110] parallel to either Ni[110] or to Ni[110].2'39

With this arrangement, the overlayer and substrate are
very close to being commensurate in one direction due to
the approximately &3/2 ratio between the Ag and Ni
lattice constants. The two domain types are equally pop-
ulated since the associated HEED features are observed
to have equal intensities.

Ag forms a c(10X2) overlayer on Cu(001) for 1 ML
coverage. The structure is a slightly strained Ag(111)
monolayer compressed and expanded by about 2% in two
orthogonal directions; the areal density of Ag atoms is
essentially unchanged by the strain. Because of the
difference in overlayer and substrate symmetry, the over-

= [IIO]

[iio]

layer grows in two orthogonal domains, similar to the
case of Ag on Ni(001).

For this study, it is important that there is no
significant growth beyond the first monolayer. In all of
the systems studied, the overlayers grow in a nearly
layer-by-layer fashion at low coverages; thus, a nearly
complete layer of Ag is formed before growth of the next
layer begins. For the Cu(001) data to be presented below,
1 ML of Ag was used so that the c(10X2) structure be-
came fully developed as verified by HEED. For Ag on
Cu(111), Ni(001), Ni(111), and Au(111), large monolayer-
thick Ag(111) islands are formed at coverages below 1

ML as verified by HEED and by the observation that the
Ag-derived features in the photoemission spectra have a
fixed line shape and an intensity linearly proportional to
coverage. Beyond 1-ML coverages, extra photoemission
features associated with Ag atoms in the second layer ap-
pear, and their intensities are proportional to the Ag cov-
erage in excess of 1 ML. To allow for possible small er-
rors in coverage determination, most of the Ag-Cu(111),
Ag-Ni(001), Ag-Ni(111), and Ag-Au(111) data are for —,',
—,', —,', and 4 ML Ag coverage, respectively. The HEED
patterns from these systems showed very sharp Ag(ill)
hexagonal patterns superimposed on a (1X1) substrate
pattern; occasionally, some weak double diffraction spots
were also observed.

A coverage of —,
' ML was used in the Ag-Si(111) system.

At this coverage, the (7X7) reconstruction of the Si sub-
strate surface was suppressed. HEED showed a fuzzy
Ag(111) pattern superimposed upon a Si(111)-(1X1)pat-
tern in a parallel-epitaxy configuration; lower Ag cover-
ages produced HEED patterns with inferior qualities. It
has been determined that Ag grows on Si(111)in a nearly
layer-by-layer fashion, ' but the overlayer is not as well
ordered and smooth as compared with the other systems
described above. The disorder is probably partially in-
duced by substrate surface corrugation.

B. Angle-resolved photoemission

(b)

The photoemission geometry is indicated in Fig. 2.
The sample normal, either [111]or [001], lies along the z
axis. All of the substrates were mounted with the [110)
direction parallel to the y axes. Photons of energy h v are
incident in the yz plane at a polar angle 01 of 60' for the

Ag [112]
Sample Normal

(c) = Ag[l 10]
K

~6t k

I

Analyzer

FIG. 1. Configurations of the surface atoms on (a) an un-
reconstructed {001) face of an fcc crystal and (b) an unrecon-
structed (111) face of fcc or diamond crystal. The dots
represent atoms in the outermost surface layer on each face',
several bulk crystallographic directions are indicated. The dia-
gram in (c) shows the two-dimensional Brillouin zone of mono-
layer Ag(111). FIG. 2. Photoemission geometry.
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metal substrates and 55 for the Si substrate. The light is
nearly plane-polarized in the yz plane. The input of the
analyzer is at the polar angle 0 and azimuthal angle i)i.

When 8 and/or P are changed, there is a corresponding
change in the component of the photoelectron wave vec-
tor in the plane of the sample surface, k~~, thus, the two-
dimensional band dispersions for the overlayer electronic
states can be determined as a function of k)~ ~ The two-
dimensional Brillouin zone of monolayer Ag(111) is
shown in Fig. 1(c). Two types of high-symmetry direc-
tions, I E and I M, are shown together with the corre-
sponding crystallographic directions in bulk Ag(111).
The magnitudes of k~~ at the points M and E are 1.25 and
1.45 A ', respectively.

For Ag on Si(111),Au(111), Ni(111), and Cu(111), pho-
toemission spectra were taken with k~~ along the substrate
[110] ( P =90') and [121] ( P =60') directions, corre-
sponding to scanning along I E and I M in the Ag over-
layer, respectively. For Ag-Ni(001) and Ag-Cu(001), kJJ

was chosen to lie along the substrate [110](/=90') and
[110) (/=0') directions; because of the existence of
domains in two orthogonal orientations, both I I( and
I M directions were probed simultaneously in each case.
Thus the two scans for each (001)-substrate system
should produce identical peak positions but not necessari-
ly the same peak intensities.

Similar spectra were taken for the bare substrates in
each case to aid the identification of the overlayer-derived
features. A photon energy of 22 eV was used for most of
the measurements. For Ag on Au(111), most of the data
were taken with a 32-eV photon energy due to limitations
of the monochromator used at that time. Photoemission
intensities in spectra taken with different photon energies
cannot be compared directly. In all cases, the two-
dimensional nature of the overlayer states at the surface
Brillouin-zone center was verified by observing that the
binding energies of the peaks are not changed for several
diff'erent photon energies (spectra not shown here).

Figure 3 shows a set of angle-resolved photoemission
spectra for —,

' ML of Ag on Cu(111) with kii along the
Cu[121] direction; the polar angle of emission 8 is indi-
cated for each spectrum. Figure 4 shows a set of spectra
taken under similar conditions but without the Ag over-
layer. By comparing the two sets, features derived from
the Ag overlayer can be easily identified; these are
marked with vertical arrows in Fig. 3. Figure 5 shows
the spectra for Ag-Cu(111) with kJJ along the Cu[110]
direction. The Ag-derived features are marked as before.
To conserve space, the corresponding set of spectra for
the bare substrate is not shown here. Likewise, the com-
parison spectra for the other substrates except Au(111)
will not be presented. There is little overlap between the
Ag overlayer features and the Ni substrate features, be-
cause the Ni and Ag d bands are well separated in energy.
The Si substrate sp-band emission is very much weaker
than the Ag d-band emission with the photon energy
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FIG. 3. Angle-resolved photoemission spectra from 1.2 A ( ~

ML) of Ag on Cu(111) taken with a photon energy of 22 eV.
The direction of k~~ in the scan and the polar emission angles 8
are indicated. Features which are due to the presence of the Ag
overlayer are marked with arrows. The binding energies are re-
ferred to the Fermi level at EF.
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EF.

FIG. 4. Same as Fig. 3 except that the sample is clean
Cu(111) without the Ag overlayer.
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used; therefore, even though they overlap, the Ag band
features can still be easily identified.

Figure 6 shows a set of spectra for a c(10X2) mono-
layer of Ag on Cu(001) with k~~ along the Cu[1 10] direc-
tion; the polar angle of emission for each spectrum is in-
dicated. The Ag-derived features are again marked with
vertical arrows. Figure 7 shows another set of spectra
taken with k~~ along the Cu[110] direction. Similarly,
Figs. 8 and 9 show the spectra for Ag on Ni(111) along
the two high-symmetry directions as labeled. Figure 10
shows the spectra for Ag on Ni(001) for k 1 h
Nir~1 10~ direction; the corresponding set of spectra for

II

along the Ni[110] direction has been published in a
previous paper and will not be reproduced here. Some
o the overlayer peaks in these spectra are very close, and
can be clearly identified only in the original large plots.
The assignment of the peak positions in some cases was
ai e by interpolation and extrapolation from additional
spectra (not shown here) taken with slightly different an-
gles and different photon energies.

The data for —,
' ML of Ag on Au(111} are shown in

Fi s. 11 and 12 fg for the two high-symmetry directions.
The comparison spectra taken under similar conditions
but without the overlayer are shown in Figs. 13 and 14.
Clearly, there is substantial overlap between the Ag and
Au spectral features. To aid identification of the
overlayer-related features, difference spectra were gen-
erated by subtracting the spectra for the bare substrate
from the corresponding spectra for the same substrate
covered with Ag; the results are shown in Figs. 15 and
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FIG. 6. Same as Fig. 3 except that the sample is 2.4 A (1 ML)
of Ag on Cu(001) forming a c(10)&2). The scan direction is in-
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line shape to change appreciably. These observations
suggest that the Ag overlayer is not as well ordered as the
other systems, and the photoemission spectra, even
though angle resolved, reflect roughly the density of
states. There is no point in showing all of the spectra
here, as they are all very similar. Instead, we show in
Fig. 17 normal emission spectra for all six Ag-covered
substrates, taken with a 22-eV photon energy. The peaks
which are Ag derived are marked with vertical bars. Ex-
cept for Ag on Si(111), the spectra show overall similari-
ties as suggested by the dashed lines. For Ag on Au(111),
the peak at 6.09 eV binding energy is marked with a ques-
tion mark to indicate that this peak has unresolved par-
tial contributions from both the Ag overlayer and the Au
substrate as discussed above.

C. Two-dimensional band dispersions

Following standard procedures and assuming direct
transitions without umklapp, the two-dimensional band
dispersions for the Ag(111) overlayer systems, except
Ag-Si(111) for reasons discussed above, have been deter-
mined from the data presented here. The results are
displayed in Figs. 18—27 for each of the two scan direc-

FIG. 15. Difference spectra for the Ag-Au(111) system ob-
tained by subtracting the spectra shown in Fig. 13 (for the bare
Au substrate) from the corresponding spectra shown in Fig. 11
(for Au covered with Ag). The scan direction is indicated.
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FIG. 16. Difference spectra for the Ag-Au(111) system ob-
tained by subtracting the spectra shown in Fig. 14 (for the bare
Au substrate) from the corresponding spectra shown in Fig. 12
(for Au covered with Ag). The scan direction is indicated.

FIG. 17. Normal emission spectra from all six Ag overlayer
systems taken with a photon energy of 22 eV. The substrate
face and overlayer coverage are indicated. Features which are
due to the presence of the Ag overlayer are marked with verti-
cal bars. The binding energies are referred to the Fermi level at
EF. The peak marked by a question mark has only partial con-
tribution from the Ag.
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FIG. 20. Same as Fig. 18 except for Ag on Ni(001). The
direction of scan is indicated.
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FIG. 21. Same as Fig. 20 except for a different direction of
scan.
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FIG. 24. Same as Fig. 18 except for Ag on Cu(001). The
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FIG. 25. Same as Fig. 24 except for a different direction of
scan as indicated.
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tions in the five systems. The data points (circles} can be
uncertain by +0. 1 to 0.2 eV for peaks not well resolved;
there is also some uncertainty in the calculated value of
k~l as a result of the finite acceptance angle. Unresolved
peaks are indicated only by the average peak positions.
The system of c (10X2) Ag on Cu(001) has also been in-

vestigated in detail by Tobin and collaborators under
different experimental conditions; our results are in

good agreement with theirs in regions where the two sets
of data overlap.

IV. DISCUSSIONS

It is difficult to compare all of the band dispersions
shown in Figs. 18—27 simultaneously. However, the re-
sults for most of the systems show overall similarities.
Therefore, a set of fixed "reference" dispersion curves are
generated mainly based on the Ni and Cu substrate data.
The assumption is made here that the Ag overlayer states
are, to the first order, independent of the substrate; there-
fore, the various states in the different systems can be re-
lated. The evidence leading to this assumption includes
the similarities in the relative photoemission cross sec-
tions as well as the similarities in the band dispersions.
The reference curves are shown as either solid or dashed
curves in the figures. Solid curves in the figures are used
to indicate that a curve has been derived from nearby
points in that particular figure, whereas dashed curves
are derived from other figures or are visually determined
"average" curves. An overall energy shift has been ap-
plied to the set of reference curves for each substrate ma-
terial where necessary to produce the best visual agree-
ment with the data. The shift can be justified by noting
that there is generally a shift in the average electrostatic
potential within a supported film for different substrates.
The value of the shift cannot be predicted theoretically,
but its order of magnitude can be estimated. We have
found that for a given substrate material (Ni or Cu) there
is no need to introduce a relative shift between the data
for the (100} and (111) substrate faces. The shifts used
here are 0.32 and 0.03 eV toward higher binding energies
for the Cu and Au substrates, respectively, relative to the
Ni substrates. Note that there are six reference curves,
labeled 1 —6. Because each Ag atom has one sp and five d
electrons, six bands are expected if spin-orbit splitting
(and/or crystal-field splitting) is ignored. The data clear-
ly indicate that the splitting is present; for example, the
data for Cu(001), Cu(111), and Ni(111) show a splitting of
about 0.2 —0.4 eV for band 4 at the surface zone
center. The corresponding splitting for the Ni(001)
data was not observed, probably because it is too small.

A. Comparing the band dispersions along I K and I M
for a given substrate

For Ag monolayers on Ni(111), Cu(111), and Au(111),
the two scans for k~~ along the I M and I E directions
yield very similar band dispersions, especially near the
zone center (see Figs. 18, 19, 21, 22, 26, and 27). At the
zone center, the two sets of dispersion curves should
meet. Near the zone center, the dispersion relations
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E(k~~) can be expanded in powers of the components of
k~~. The symmetry of the system is sufficiently high so
that if the expansion is kept only to the second order (the
first-order terms vanish), the constant energy surfaces are
concentric circles about the zone center. Thus, the cur-
vatures of the dispersion curves along the two different
directions should be the same near the zone center. This
explains the similarities between the dispersion curves for
the two directions. For larger values of k~~, the disper-
sions will become different, as observed experimentally.
This syrnrnetry argument is independent of the electronic
properties of the substrate material.

For the Ni(001) and Cu(001) substrates, the two scans
along different directions yield band dispersions along the
I M and 1 E directions simultaneously due to the pres-
ence of two orthogonal domains. Therefore, the band
dispersions shown in Figs. 20, 21, 24, and 25 represent a
mixture along these two directions. Based on the argu-
ment given above, we expect that near the zone center
the two sets of dispersion curves are nearly coincident
and cannot be separated. For larger values of k~~, the two
sets will generally have different shapes. However, the
photoemission cross sections for the different states may
be such that only some of these states are observed exper-
irnentally. In addition, these different states may be quite
close to yield unresolved peaks in the photoemission
spectra. These possibilities can explain the fact that only
a small number of peaks are observed in the spectra.

B. Comparing the band dispersions for different
faces of a given substrate material

With the aid of the reference curves, one can see that
the band dispersions for Ag-Ni(111) and Ag-Ni(001),
shown in Figs. 18—21, are remarkably similar, bearing in
mind that the (001) results are a mixture along the two
symmetry directions. An association of the data points
for the two faces can be easily established. In fact, most
of the corresponding data points fall within the joint un-
certainties. In addition, the relative photoemission inten-
sities for the different states are very similar for the two
faces under similar experimental conditions (see Figs.
8 —10).

The same conclusion is reached for a comparison of
the band dispersions for the Cu(111) and Cu(001) sub-
strates (see Figs. 22 —25). The relative photoemission in-
tensities for the different states (see Figs. 3 and 5 —7) are
also fairly similar except for one peak (see below).

C. Comparing the band dispersions
for different substrate materials

By comparing the band dispersions shown in Figs.
18—25 and the corresponding photoemission spectra in
Figs. 3 and 5 —10, one can see that the experimental band
structures for Ag on the Ni and Cu substrates are very
similar. The only pronounced difference is the fairly in-
tense spectral feature for the Cu(001) substrate at a bind-
ing energy of 4.0—4.2 eV and for k~~ near the zone center;
this feature is not observed in the corresponding Ni data.
A similar peak is also observed in the Cu(111) spectra;

however, it is much weaker and is observed only within a
much smaller range of k~~. This peak has been previously
assigned as possibly an urnklapp peak because it evolves
into an indirect transition peak when the Ag overlayer
thickness is increased. However, the interpretation is still
being debated.

The results for Ag-Au(111) shown in Figs. 26 and 27
are more dissimilar when compared with the other sys-
tems. The most intense photoemission features for k~~

near the zone center are derived from band 4. Note that
the Ni and Cu data show a nearly identical negative cur-
vature for this band near the zone center, while the Au
data show a positive curvature instead. Furthermore,
there are many data points at larger k~~ values for the
Ag-Au(111) system which clearly cannot be described by
the reference dispersion curves.

D. General trend

Based on the above comparisons, we can arrive at
several general comments about the behavior of these sys-
tems. These comments will need confirmation when
rigorous theoretical calculations become available. They
also need to be checked when experimental results from
other monolayer systems become available.

The observation that the band structures for Ag on
Ni(001), Ni(111), Cu(001), and Cu(111) are all very simi-
lar tends to suggest that the band dispersions are deter-
mined, to the first order, by the interactions within the
Ag monolayer itself. Thus, the substrate atomic struc-
ture and electronic properties play a much less important
role in determining the overlayer band dispersions. Note
that Ni has partially filled d bands, while Cu has com-
pletely filled d bands. The difference, though, seems to
cause just an overall shift in the electrostatic potential in
the overlayer and hence an overall shift in the band
dispersions.

The band dispersions are a result of the periodic poten-
tial within the lattice, as discussed in any standard solid-
state textbook. For Ag on Ni(111), Ni(001), and Cu(111),
the overlayer and the substrate are incommensurate.
Thus the interaction between the overlayer and the sub-
strate results in a term in the Hamiltonian for the elec-
trons in the Ag overlayer, which is incommensurate with
respect to the overlayer lattice. If this interaction term
can be considered as a perturbation, it cannot introduce a
coherent scattering of the electron wave functions within
the Brillouin zone, and hence the shape of the dispersion
curves cannot be modified to the first order. Within a
mean-field approximation, each Bloch state i)'j(k~~) within
the overlayer is equally coupled to all other Bloch states
with arbitrary k~~, thus, the net effect of the perturbation
is simply an overa11 shift of the energy, independent of k~~.

The effect of the incommensurate perturbation is just like
that of a random perturbation. Presumably, the pertur-
bation is sufficiently small that the wave functions in the
Ag overlayer can still be described by Bloch states. Note
that this argument is valid only if the wave functions in
the overlayer are decoupled from those in the substrate;
namely, the overlayer wave functions remain localized
within the overlayer. This is approximately true for Ag
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on Ni and Cu, as the E (k } dispersion curves show large
mismatches.

For Ag on Cu(001), a c(10X2) commensurate struc-
ture is formed. Yet the period of commensuration is
rather large; thus the substrate-overlayer interaction term
will have spatial Fourier components characterized by
basis vectors much smaller than the size of the original
( I X 1) Brillouin zone. The limit of a very large period of
commensuration is equivalent to incommensuration. In
the present case, the perturbation couples a given Bloch
state to many (although finite) other values of k~~ within
the Brillouin zone, resulting in a smearing of the effect.
Thus, the results for Ag on Cu(001) are still fairly similar
to the other three cases discussed above. It has been
pointed out that the most pronounced difference for this
system is the fairly intense spectral feature at a binding
energy of 4.2 eV in the normal emission spectrum (Fig.
17), which is not observed in the other systems. The ear-
lier assignment that this is an umklapp feature is con-
sistent with the present interpretation, ' since the
commensurate perturbation is more likely to give rise to
umklapp transitions.

For Ag on Au(111), the epitaxial relationship is an al-
most perfect, lattice-matched (1 X 1). Based on the above
argument, one expects that the substrate potential will
have a much larger effect on the shape of the overlayer
band dispersions. Indeed, the Ag band dispersions ap-
pear to be quite different from those of the other systems.
Furthermore, the Ag and Au states show substantial
overlap within the energy range of interest; thus, there is
a possibility that some of the overlayer-derived states
may no longer be localized within the overlayer. Some of
the wave functions in Ag and Au may be joined together
across the boundary to form, for example, surface reso-
nances. ' ' This effect can cause significant modifica-
tions to the overlayer electronic properties.

The results for Ag on Si(111)would be similar to those
for Ag-Ni and Ag-Cu, as the overlayer and the substrate
are incommensurate. But in this case, the substrate is
quite "rough" on an atomic scale, causing the overlayer
ordering to be much worse than the other systems. The
Si(111)-(7X7) surface structure is known to have ada-
toms, stacking faults, and deep holes. The large distor-
tion in the overlayer structure due to substrate roughness
can lead to a large perturbation in the crystal potential,
which can in turn cause severe incoherent scattering of
all the Bloch states. It is conceivable that the structural
imperfection renders the k~~ values very much smeared, so
that only the density of states is probed with angle-
resolved photoemission. Furthermore, if the perturba-
tion is suSciently strong, the electronic states within the
Ag overlayer may become localized and a Bloch state
description may cease to be valid. Disorder-induced elec-
tronic localization is a well-documented phenomenon,
and is known to be important in glassy materials.

V. CONCLUSIONS

This study has examined the growth and electronic
properties of Ag(111) monolayers on six different sub-
strates: Ni(111), Ni(001), Cu(111), Cu(001), Au(111), and
Si(111)-(7X 7). The two-dimensional band dispersions for
the Ag valence states have been obtained via photoemis-
sion along high-symmetry directions for these systems ex-
cept Ag-Si(111). The results provide a data base for mak-
ing some general comments about the effects of the sub-
strate on the overlayer electronic properties.

On the Cu(111},Ni(001), and Ni(111) substrates, where
Ag(111) grows in an incommensurate fashion, the over-
layer band structures are very similar despite the large
differences in the electronic and atomic structures of the
substrates. The c(10X2)Ag-Cu(001) system, although
commensurate, also shows fairly similar band structures,
probably because of the large size of the reconstruction
unit cell. An extra spectral feature can be attributed to
umklapp transitions induced by the commensuration. In
the case of Ag-Au(111), the overlayer grows in a lattice-
matched fashion, and its band dispersions have a different
appearance. These similarities and differences are ex-
plained in terms of the degree of commensuration of the
substrate-overlayer interaction as a perturbation. The
growth of Ag on Si(111)-(7X 7) is not as well ordered as
in the other systems. A severe broadening of the over-
layer features is observed. Momentum broadening as
well as random crystal potential variation within the
overlayer are likely to be the cause. In light of these mea-
surements, it will be useful to examine this problem with
state-of-the-art calculations.
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