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ABSTRACT

Using monochromatic synchrbtron radiation over thé energy range of
6-32 eV, the development of the valence band‘electronic structure of
Ag overlayers on Cu(001) was followed with angle-resolved photoe]ec-
tron spectroscopy. The electronic structure was observed to be two-
dimensional for a single adlayer o% c(10x2) Ag/Cu(001l). By five layers
of coverage, the silver va]enée band structure was bulk-like, three-di-

mensional and very similar to that of Ag(11l1).



I. INTRODUCTION

Over the last several years, a number of photoemission experiments
and calculations have investigated the properties of metal overlayer-

2 and theo-

metal substrate systems.1 In particular, experimental
retica13 efforts have been made to elucidate the effect of thickness
upon the electronic structure of thin metal slabs. An eér]ier Commun-
1‘cat1‘on4 gave a brief report of the development from 2-dimensional

to 3—dimensiqna] valence electronic structure in the silver overlayer
of the all-metal system c(10x2) Ag/Cu(001). A full report of the
2-dimensional silver valence band structure at monolayer coverages

was presented in Ref. 1. In this paper, we present a more complete
discussion of the ang]e-resolvedAphotoemission experiment at higher
expoSures.‘ This syncﬁrotron—radiation based study documents the
development df theve1ectronfc structure in the overlayer from 2-
dimensional to 3-dimensional bulk behavior.

The system c(10x2).Ag/Cu(001) was chosen for several reasons,
including its layer-by-layer growth pattern at low coverages and the
expectation that this would continue at higher exposures, the ease of
preparation, the stability of its constituents in vacuo, the 1imited
overlap in energy of the valence bands of adsorbate and substrate,

1,5 This sys-

and the fact that. Ag(111) has been studied in detail.
tem also has the distinct advantage of commensurate but non-epitaxial
growth: Low Energy Electron Diffraction (LEED) as well as Auger Elec-
tron Spectroscopy (AES) can therefdre be used to follow the growth pat-

tern. The overlayer of the c(10x2) Ag/Cu(001) system has a slightly-



strained hexagonal geometrical structure. It seemed reasonable to ex;
pect that at higher coverages it would approach the geometrical and
electronic structure of the (111) face of crysta]fine silver. This
behavior was in fact observed at the rather low coverage of 5 ML.

The remainder of this paper is organized as follows: Section II
is a description of the experimental details, Section III contains
photoemission results and Section IV is a discussion of those results.

Section V contains a summary of conclusions.



II1. EXPERIMENTAL

The first part of this section is devoted to the details of the
photoemission experiments. The second part deals with the LEED/AES
calibration performed to allow accurate and reproducible preparation

of evaporated samples.

A. The Photoemission Experiments

The measurements were made at the Stanford.Synchrotron Radiation
Laboratory (SSRL) on Beam Line 1-2, over the energy range of hv = 6-32
eV, with an angle-resolved photoelectron spgctrometer described prev-
*1ously;6 The base pressure during the experiment was 1 x 10'9 Torr
and operation of the Ag evaporator had essentially no effect upon the
chamber pressure. Fortunately, Ag and Cu metal §urfaces ire both rel-
atively nonreactive and thus 1ess susceptible to.contamination. Spec~
“tra faken at SSRL under these conditions were consistent with those
collected in-house using Hel and Nel lamp sources, in a superior vac-

-10 Torr).l

uum environment (base pres =2 x 10 |
The Cu(001) crystal Qas cut and polished to within #1° of tHe (001)
.face and chemically polished befofe introduction into the vacuUm sys-'
tem. The crystal was aligned in-situ using LEED and laser autocolli-
mation to a precision of better than #1°. The crystal had a specular
finish and sharp 1x1 LEED spots, indicative of surface ordering.. Evap-
orations were performed using a thermal source of Ag atoms which was
monitored with a quartz crysta]lmicroba1ance; The source and micro-

balance were contained inside a shielded assembly with a shutter to -

allow time-controlled evaporations.



Room temperature Ar ion etching at pressures of 10"5 Torr was
used to remove evaporated Ag, monitored by Auger spectroscopy, but
cycles 6f heating to between 500°C and 600°C and cooling with continu-
ous sputtering were used to remove residual contaminants. A final an-
nealing to above 500°C was used to order the clean Cu(001) crystal, at
which point centaminant levels were such that neither oxygen nor sulfur
was detectable and the C/Cu Auger intensity ratio was 0.004--all mea-
sured using a four grid LEED system in a retarding-field mode.

Possible sulfur impurities were detected at lower exposures but
after extended photoemission measurements and all evaborations, the
sul fur and oxygen impurities were barely detectable. Any possible
carbon Auger line was obscured by an_Auger line of Ag at 260 eV.

The analyzer resolution was kept at 60 mevV (10 eV nass energy)
throughout the experiment, but the monochromator contribution varied

with photon energy and slit width.7

It is assumed that the full-
width-at-half-maximum (FWHM) 1inewidths add in-quadrature. For
6 ev < hv < 24 eV, 65 meV < aE (FWHM) < 100 mev. For hv = 26 eV,

AE = 111 meV; hv = 28 eV, AE = 169 meV; hv = 30 eV, AE = 191 meV;

hv = 32 eV, At = 215 meV. The half-angular acceptance of the elec-
trostatic analyzer was always #3° or less.

A1l the photoemission spectra were taken with p-polarized radia-
tion, usually at normal emission. The polarization was in the hori-
zontal plane, as were the Poynting vector of the light, the surface
normal and the (110) plane of Cu(OOl); The angle of incidence of the

Tight was 60° with respect to the normal. The single domaint of the



c(10x2) Ag was oriented such that the polarization and the T -Z- M
direction of the hexagonal Surface Brillouin Zone were in the same
plane, as shown in Figure 1.

The binding energies (BF) were measured with respect to the Fermi

energy (EF), which was determined separately in each individual spec-

- trum as the point of maximum slope in the rise from background to the

initial s-p plateau or band feature. The spectrometer work function
was determined as a function of exposure. The va]ues.found, inc1uding
the RMS scatter as the error, are shown in Table I. The actual value
of -the spectrometer work function is, of course, relatively unimpor-~

tant. The figures of merit are the small RMS scatter at each coverage

‘and . the relatively small variation as the coverage was increased. The

Ag(111) measuremeqts were made on a later separate eXperimental run.a

They are included in Table I for comparison.

B. LEED/Auger Calibration

“AES and LEED were used to calibrate the quartz microba]ance thick;
ness monitof, as previously discussed in Ref. 1. In a layer-by-layer
growth pattern, a discontinuity in the slope of the ratio of adsorbate
to substrate 1ntehsities is to be expected at one monolayer coverage.
Ratios were used because of inaccuracies introduced into absolute
measurements by movement of the cfysta] during the experiment. At a

slightly higher coverage than that corresponding to the discontinuity

in the slope of the Ag(350 eV)/Cu(60 eV) ratio, the first c(10x2) LEED

spots were observed. The quartz microbalance was thus calibrated for



sub— and multi-atomic layer coverages of Ag on the Cu(00l) crystal and
used as a guide during evaporations.

As a check on the accuracy of the quartz microbalance, derivative
intensity measurements were made of each sample for the Auger lines of
Cu MVVv (60 eV), Ag MNN (350 eV) and Cu LMM (920 eV) and compared to
the original meésurements, Ag(350)/Cu(60) and Ag(350)/Cu(920), taken
during calibration. The Cu (920 eV) measurements were necessary be—
cause at higher exposures the Cu (60 eV) is drastically attenuated
due to its much shorter mean free path. The results proved to be
generally internally consistent. The estimate of the accuracy is
typically #20% of the exposure.

LEED observations made at higher coverages (2-5 ML) showed that
the pattern was remaining essentially the same as that at.l ML, but
that the adsorbate spots were increasing in number, intensity and
‘sharpnéss relative to substrate spots, with a possible removal of
the splitting of some of the adsorbate spots. In an earlier LEED/AES
experiment,l"7 it had been observed that at coverages around 10 ML
the copper substrate spots were no longer visible and the adsorbate
spots were qualitatively the same as those of a Ag(111) 1x1 pattern.
The normal-emission HeI.photoemission spectrum collected at this
exposure was very similar to that of the Ag(11l) spectrum of
Spears et a1.8

Finally, the ratio of the photoemission intensities of the silver

and copper valence features was used to check the results of the LEED/

AES experiments. In general, they confirmed the LEED/AES results. The



relative intensities of thé silver and copper va]ente bands were nor-
malized to that for 1 ML. An empirical function which consisted of a
scaled and shifted clean copper spectrum was used to fit the residual
copper features. The silver intensity was obtained by subtracting the
~empirical function from the spectrum and then summing the intensity of
the individual channels. These results were then compared to the pre-
dictions of a simple model including attenuation effects, a description.
of which is in Appendix 1. A summary is given in Table II. Taken all
together, the ratios are reasonably consistent. However, these re- .
sults must be approached with caution: the cross sections of the
silver valence bands may be changing with exposure, as well as thg
‘illumination and magnitude and direction bf th; polarization of each
layer. | |

| As discussed in Ref. 1, this Cu(001) sample eXhibited only one of
the two possible orthogonal domains of the c(10x2)-structure. This
may have béen caused by the s1ight misalignment of (21°) the cryéta]
face from (001) and the subsequent breakdown of the degeneracy of the
[100] and [010] directions due to steps. Because of the 1oca1iied
sampling of the bhotoemission process, the preSencé or absence of the

second domain is not crucial.



IIT. PHOTOEMISSION RESULTS

Photoemission spectra were collected for photon energies in the
range 6-32 eV from samples with Ag cbverages between 1/2 and 5 mono-
layers and for clean Cu(001) and Ag(lll).5 A complete presentation
of these spectra is available in Ref. 7. A1l copper and Ag/Cu(001)
spectra in figures 2-6 were collected at normal emission with the
experimental geometry illustrated in Figure 1, as were the Ag(lll)5
spectra in Figs. 2-6. This was to facilitate the comparison of the
c(10x2) spectra with those of the Ag(111). It is especially impor-
tant that the surface Brillouin zones of the Ag(111) and the c(10x2)
Ag were oriented the same with respect to the Poynting vector and po-
larization of the radiation. While all of the data were used in the
analysis, on]y.a few particularly representative spectra will be re-
produced here.

Figure 2 shows spectra taken at hv =6, 7 and 8 eV. A major point
of interest here is the development of a precursor to the Ag(l11) sur-
face state that occurs near EF' This is most easily seen in the 7
and 8 eV spectra, where the silver state grows in continuously, while
the copper features are slowly diminishing. Also of interest is the
absence of a silver overlayer feature corresponding fo Band 6 in
Ag(111), which is present at hv = 6, 7 and 8 eV at B near 1-2 ev.
This will be discussed in detail in the next section.

As the photon energy is increased through our experimental range,

-
the element of volume in k-space which the photoemission process sam-

ples moves toward the centers of the three-dimensional Brillouin zones



of bothvsi1ver and copper. As would be expected from>the known band
structures of bulk Cu and Ag, the overlap of adsorbate and substrate
features thereupén is observed to decrease. This‘is apparent in Fig-
ure 3, where spectra taken with hy = 14»ev are shown. At hv =14 eV,

a trio of silver features near BF

= 4.6 eV, a shoulder, a peak and
another shoulder, are easily visible as is a weaker feature at higher
coverage and binding energy, near BF = 5.5 eV. The high binding
energy shoulder at 4.9 eV hay be a copper feature in the hv = 14 eV
Spectra.v At binding energies above that, peaks are not identifiable,
except at the highest exposures.

For hv > 14 ev, the higher exposure c(10x2) Ag/Cu(001) surfaces

have spectra that are very similar in appearance to the bulk Ag(111)

spectra, if the copper features at lower binding energies are jgnored.

This is emphasized by the decreasihg electron escape.depth with in-
creasing electron (and thus photon) energy, wﬁich serves to amplify
the Ag overlayer/Cu substrate spectral intehsity ratio. The absence
of Band 6 and hence the failure of the lTower photon energy spectra of
the higher exposure samples to closely mimic the Ag(l11) spectra will
be discussed in the next section.

In Figure 4, the spectravtaken at hv = 24 eV are shown. The
features at B - 4.3, 4.7, 4.8, 5.6, 6.1, and 6.9 eV are present
at photon energies of 21-24 eV, with the shoulder-peak near 4.7 eV
being among those most prominent. The feature at BF = 6.9 eV at

5 ML is absent at hv = 23 and 24 eV, lost in the broadening tail of

the other peaks. In these spectra the peak at 4.3 eV is quite strong,

Lneb
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particularly at coverages of 2 and 3 monolayers of si]ver,. It is en-
veloped by the broadening 4.8 eV peak at higher exposures, where it
becomes a shoulder on the leading edge of the silver d-bands. Also,
the peaks at greater bindiﬁg energies are undergoiﬁg a relative in-
crease in 1ntensity, particularly at exposures ofv4 and 5 monolayers,
thus mimicking the behavior of the peaks in the Ag(lll) spectra. This
contributes to the difficulty in observing the feature at BF = 6.9 eV
at 5 ML. |

The spectra taken at hv = 26, 28, 30, and 32 eV continue the trends
observed at hv = 21-24 eV, but the degraded resolution causes a larger
sampling of k-space and more averaging over the Brillouin zone. This
is illustrated by the hv = 28 eV spectra in Figure 5. The most strik-
ing features are those at a coverage of tWo mono]ayers. As above, a
strong separate peak at BF = 4,2 eV is present, before it becomes a
shou]der at higher exposures. Again there is a very strong resem-
blance between the silver overlayer features at higher exposures and
the Ag(111) spectrum. |

At photon energies of 26 eV and above, a brbad feature is present
in the Ag(111) spectra at a kinetic enérgy of 17 eV with respect to the
Fermi level (BF = hv - 17 eVv). The highest exposure c(10x2) Ag/Cu(001)

samples also displayed this very broad, weak peak at hv > 28 eV, as in-

dicated by the arrows in Figure 6.
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Iv. DISCUSSION
We discuss dispersive behavior in the Ag overlayer in part A, fol-

Towed by a comparison with Ag(lli) in part B.

A. Dispersive Behavior

The above data were.cdllected>over the range of hv = 6-32 eV with
the electron emission along the surface normal. The component of pho-
toeiectron momentum parallel to the surface is zero and the component
perpendicular to the surface is equivalent to the total crystal momen-
tum. Thus this is a direct probe of the dependence of the dispersion
relations upon the perpendicular component of the crystal momentum and
a test for thrée.dimensiona11ty in the valence-band dispersion. Ehergy
conservation can be expressed in the following form:

8" = hv -~ KE =9 = hy - KEpy = 9,0, (1)
with KE(KE, )
photon energy; BF the binding energy with respect to the Fermi level,

the kinetic energy in the vacuum (analyzer), hy the

and ¢ (v the work function of the crystal (spectrometer/analyzer).

AN)
For normal emission from Ag(111), the final state is a particularly

5 The final state of the photoelectrons

well-defined, single state.
emitted from the c(10x2) Ag adlayers is not well understood. To avoid
any unnecesséry and possibly prejudicial assumptions concerning the
final state, the comparison of the overlayer and Ag(111) dispersion
relations will be made.empirically by plotting the binding energies

versus photon energy. Figures 7-11 are plots of the BF values of

the silver features versus photon energy for 1, 2, 3, 4 and 5 ML
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coverages, respectively. Figure 12 is a plot of the Ag(1ll) data ver-
sus photon energy. With respect to Figures 7-11, separating the silver
adsorbate from the copper substrate features was sometimes difficult.
Any silver feature overlapping with the strong copper d-band peaks near
BF = 2-3 eV was essentially Tost. On the othek extreme, the weak cop-
per feature at BF > 5 eV caused significant problems in assignment of
weak peaks and shoulders in the region. Nevertheless, the high energy
.and angular resolutions used made peak assignment possible.

A careful examination of the binding energies (BF) with respect
to the Fermi level shows marked changes in going from one to two to
three monolayers and demonstrates a conVergence toward Ag(111)-like

behavior at coverages of 4 and 5 ML. Each of the lower coverages will

be discussed separately.

One Monolayer. At one monolayer coverage, the geometrical struc-

ture of the adlayer is known to be an atomic monolayer film and the
d-band electronic étructure of the adlayer has been shown to be pri-
marily two dimensiona1.1 In Figure 7, the silver features of the

one monolayer coverage sample are shown not to disperse with photon

~energy and are thus independent of k,, the perpendicular compbnent of
momentum. The scatter in the points simply reflects the difficulty
~in determining the 8" values of these weak features [particularly
~in.light of the decreased scatter of the flat bands of Figure 8].
This is direct confirmation of the 2-dimensional electronic structure

found in the off-normal bandmapping experiment.1 As discussed in
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that paper, if the contribution of the Cu(001) surface is neglected,

then the dominant symmetry of the potential will be C v at one monolay-

6
er. Also as described in Ref. 1, a single group analysis is appropri-

ate. The features observed are attributed to the Al(c6v)d322—r2 state
F _ _ . . . ' F

(B =4.2 eV), the spin-orbit-split El(CGV)dXZ,yZ(B = 4.8 eV) and the
F F

/-\1(C6V)S state (B' = 6.3 eV). Weak features near B

3,5, 5.2 and
8 eV are observed in some of the spectra; These are due to transitions
of the underlying Cu(001) substrate. The symmetry forbidden transition

originating from the silver EZ(CGV)dxy x2_y2 state is not observed.l

Two Monolayers. At two monolayers (Figure 8), C3v symmetry would
be present. . Experimentally, the bands are still observed to be flat

and qualitatively the same as for one monolayer, except that the Tow-

F

est band (greatest BF) has shifted from B = 6.4 eV at one monolayer

to 6.7 eV at 2 monolayers. This may be a manifestation of Density-of-v
States (DOS) broadening in going from two- to three-dimensionality,
since band width should increase with slab thickness.3

Under C3v symmetry, the representations and selection rules are

only slightly different, with the above mentioned states essentially .

the same. Operating under C seiection rules, the transition from

bv

the E, state is forbidden. In going from 1 to 2 ML, this E, (C

2 6v)
), which is symmetry allowed. A weak feature

2

state becomes E(C
, 3v

near BF = 5.4 eV is seen at some photon energies at coverages of 1 and

2 ML, but it is believed to be due to the tail of the Cu(00l) feature at
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F 1

B =5.2 eV. From the off-normal study,” it is known that the E

2
state should be in this region of BF. .Perhaps it is obscured by the

copper peak or the C v contribution to the C v potential dominates it

6 3

-+ o>
to the extent that the transition is still essentially forbidden. (A.p
vectoral alignment also militates against a large partial cross section
at normal emission, since it is only allowed for the in-surface-plane
-5

component of the polarization, Ay . However the same is true for the

) state, which nonetheless has significant intensity.)
F

1 (dxz, yz

The features near B = 4.7 and 4.9 eV at 1 and 2 ML are assigned

as the spin-orbit-split-doublet of the Ygl [E,(C,) or E(Cy,)] state.

Y 3v
The observed splitting and RMS scatter at 1 ML is 0.26 = 0.05 ev, and
at 2 monolayers it is 0.25 = 0.04 eV. These values agree well with

that of 0.24 eV found in the resonance lamp experiment for coverages

near one mono]ayer.1

Three Monolayers. At three monolayers (Figure 9), qualitatively

new behavior is observed. For all adlayers thicker than two mon-
olayers, there will always be a C3v symmetry interface layer and a
L3v
tween them. This is assuming a layer-by-layer and face-centered-cubic

symmetry surface layer sandwiching octahedral symmetry layers be-

growth pattern. At three monolayers, the first octahedral 1ayer‘w111

be present and experimentally two new bands are observed. We associ-

ate these with transitions allowed under double group, perturbed octa-
hedral selection r‘u]es.1 One, near BF = 5.5 eV, overlaps with the

copper substrate feature but is much stronger than before. The other,
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F

at B =6.1 eV, has no substrate complications} Moreover, the band

structure at 3 ML is distinctly bulk-1ike in that there are now six
separate 1eve1$ between BF = 4.0 eV and BF = 7.0 eV, corresponding to
Bands 1-6 of Ag(lll)(Figure 12). There may also be the beginning of _
dispersion in Bands d and e at hy < 20 ev,

F = 4.2 eV is not mefely a precursor of one of

~ The feature at B
the bulk bands but appears to develop into a residual Al(c3v) state of
. fhe surface layer, and possibly of the interface layer as well. This
explains the shoulder (open circles in Figures 11 and 12) seen near
4 eV in.the bulk Ag(111) spectra, previously interpreted as being due
to indirect transitions. ‘At hy = 22-32 eV, this feature can be seen
to persist as a separate péak'even up to four monolayers, where it fin-
ally bécomes ehve]oped in the broadening Bands d and e.

A beak at BF = 3.5 eV is seen at hyv = 10-16 eV at coverageé of
3-5 ML, It appears.to be due to the copper substrate spectral struc-
ture, but it may also be a precursor to the dispefsive s-p band away
from the bulk zone center.

The success of the group theoretical analysis in explaining the
new bands at three monolayers is the strongest evidence to date that
the growth mode is layer-by-layer beyond 1 ML, at least up to coverages
of three monolayers. Considering that only 100-200 atoms are necessary

10,11 the absence of

to observe bulk-like effects in Au and Ag clusters,
any other bands at one and two monolayer coverages is convincing evi-
dence of their planar nature, and supports the hypothesis of continued

layer-by-layer growth,
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Four and Five Monolayers. Continuing to the four and five mono-

layer coverages (Figures 10 and 11), the bands generally remain
stationary at hv > 26 eV, However, dispersion is observed in

Banas d and e as the photon energy decreases to 10 eV. This mimics
what is observed for Ag(111) in Figure 12 and corresponds to the dis-
persion occurring away from T (hv ~ 24 eV) and toward L (hv < 6 eV) in
the bulk three-dimensional Brillouin zone. The appearance of states

F

near B' = 3.5 eV may be related to the dispersion of the bulk Band 6

up to the Fermi energy near the L point. But regard]éss of that assign-

F . 4.7 eV are dispersing steadily in going

ment, the features near B
from hv = 20 to 10 eV in the four-five mdnolayer systems. Note that in
the 5 ML case, the assignments in Bands d,e, and f have been changed to
be consistent with Bands 4,5, and 6 of Ag(lll). This is justified in
part by the similarity of the 5 ML and Ag(111) spectra.

The gradual, continuous development toward bulk band structure is
consistent with a layer-by-layer growfh pattern. At the five monolayer

15 atoms of Ag per square cen-

15

exposure, there are approximately 6 x 10
timeter and a 5 ML slab would be approximéte]y-13 A thick. At 5 x 10
atoms/cmz, the electronic density of states of the Au clusters studied
by Lee et al,lo is very bulk-like. Assuming hemispherical cluster
growth, this implies that bulk behavior is associated with thicknesses
or heights of 10-20 A, In this experiment the perpendicular direction
alone is being probed. If significant island formation were occurring
in the silver overlayer, thicknesses of twice or more relative to that

calculated for the quoted silver exposure could well be expected and
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the transition from two- to three-dimensionality would be much more
rapid. Also, the continued observation of the Al(C3v) state at BF =
4.3 eV suggests the existence of large sections of an intact hexagonal
topmost layer. |

Lét us now consider the absence from the overlayer spectra of an
1ntehse, sharp feature for Band 6 at BF < 4 eV. The only silver over-
layer features near the energy of the Ag(111) Band 6 at hv < 14 eV are
the weak, flat structure at BF = 3.5 eV and the broad, intense pre-
cursor to the.Ag(lll) surface state near EF. At the other extremé,
sharp, intense silver overlayer peaks are seen for hv > 14 eV at
BF_Z 4 ev,

The most likely cause of the obsefvéd behavior is that interactions

F

with the substrate affect Band 6. Band 6 at B < 4 eV and the Ag(11l)

surface state are of s-p character, while Bands 1-6 of Ag(111) at

BF.Z 4 eV are mainly of d character. It appears that adsorbate d lev-
els.can sometimes behave as isolated core states and not participate in -
interactions with the'substrate.1 On the other hand, delocalized s

and p electrons would be the most likely candidates for interaction

‘with the substrate. Hence, substrate-adsorbate bonding interactions,
which must be occurring to some extent, based on the observed stabil-
ity of the overlayer on the Cu(001) surface, would not perturb the
adsorbate d levels (BF >4 ev). Rather they would severely affect

the sp states; e.g., Band 6 at BF < 4 eV and the surface state. Note

that if all sp states were‘thus affected, it would preclude hybridiza-

tion between the d Bands and the sp Band.
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B. Development of Ag(lll) Spectral Characteristics

Besides the development of normal emission dispersion, several

other facets of spectral behavior peculiar to Ag(111) develop in the

c(10x2) Ag overlayers.

Band 7 Resonance. A sharp variation in the intensities of the

d-Band peaks is observed in Ag(111) through the range hv = 21-24 eV.
It is caused by the matching of the photon energy and the energy sep-
aration between the initial state d-Bands and a flat region of Band 7
near I', the center of the bulk Brillouin zone. This is also observed
at 4 and 5 ML coverages in c(10x2) Ag.

While it is extremely difficult to fit each peak accurately, it is
possible to measure the intensities of the top and bottom halves of the
Ag VB. Figure 13 shows a comparison of these integrated intensities
for Ag(lll)5 and c(10x2) Ag/Cu(001). It is obvious that the cross-
section resonance seen in Ag(lll) is also occurring in the adlayers,
although to a diminished degree. Qualitatively, the resonance is ob-
servab]evin the raw spectra for the abovelsystems from hv = 20 eV to
hv = 26 eV.

This behavior occurs in Ag(l1ll) at I', where atomic effects should

12 do show a distinct increase in cross-

dominate. Atomic Ag spectra
section magnitude over the energy range hv = 17-20 eV. The results
over the range of hv = 20-27 eV are too incompiete to dismiss the
possibility of an atomic cross-section resonance occurring there.

However, the resonance is not observed at the lower exposures of the
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c(10x2) Ag system and the effect is seen to grow stronger with in-

Creasing exposure.

Constant Kinetic Energy Feature. Another feature identified with -

Ag{111) is the constant kinetic energy peak at 17 eV with respect to
the Fermi level. This is also due to the flat region of Band 7 of
Ag(111), near the center of the bulk Brillouin zone. Electrons scat-
ter into it, producing a peak that appears to move across the spectra

at B'F 9

=hv - 17 eV for hv = 26-32 eV.” At 28 eV and 30 eV photon
energies (Figures 5 and 6), this feature is observable at 4 and 5 mon-
olayers, and at hy = 32 eV at 5 monolayers. This is a strong indica-

tion of bulk-Tike final state behavior in the silver overlayer.

Surface State. At lower photon energies, hv = 6-12 eV, the Ag(Iil)

surface state is present near the Fermi level. At some of these photon
energies, copper features obscure this spectral region but for hv =
7-9 eV the development of a precursor sufface state is easily seen.
Table IIl contains a summary of surface state data taken from the hy =
8 ev sbectra. (The hv =.8 eV spectra have a flat Cu substrate back- .
ground.) The binding energies were determined by visual 1népection.
The widths were found by fitting the Fermi edge step and surface peak
.with a gaussian step and a lorentzian peak function multiplied by a
Fermi occupation function (T = 300 K). The gaussian step and occupa-
tion function were set to the value of the Fermi energy determined by

visual inspection and the lorentzian mean was set to the peak energy,
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also found by visual inspection. The listed widths are the FWHM of
the unabridged lorentzians. Instrumental broadening is insignificant
compared to these widths. (The Ag(111) values were taken from Ref. 7.
The peak positions were determihed visually and the peak width fs a

" result of gaussjén fittings corrected for instrumental broadening.

The data range was hy = 6-12 eV. Fitting the Ag(111l) hv = 8 eV spec-
trum with the functions used on the overlayer spéctra produced values
consistent with these.) Also, despite the obstrhction of substrate
peaks, the BF values of the overlayer peak determined at nearby pho-
ton energies were consistent with those from hv = 8 eV. The state has-
roughly the same binding energy as for Ag(111) but is much wider owing
to the asymmetric tail on the higher binding energy side. This may be
due to interaction between the adsorbate and substrate.

At 3 and 5 monolayer coverages, the angular dependence.of the pre-
cursor surface state was investigated at hv = 8 ev. A1l spectra were
taken with_the same parameters as shown in Figure 1, save_that the
ARPES analyzer was rotated off normal to obtain nonzero values of k” ,
thé parallel component of crystal momentum. While no clean Cu(001)
substrate off-normal spectra were available fbr direct comparison, the
general appearance of the adsorbate spectra remained much the same,
and the intensity of the precursor state was estimated by linearly

extrapolating the diminishing background back up to the Fermi edge.

At 3 monolayers, rotating in the T-T-K plane above and below the

light polarization, the state was evident at ee = 22° (hl = * 0.032
ﬁ_l) and at o, = #5° (k =+ 0.079 Al). In the T-I-M plane, the state
was present at o, = #2°, 257, and *10° (k, = * 0.158 A_l), both toward

e
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and away from the Tight polarization. Rotating the analyzer in the_
T-2-M plane toward the polarization of the synchrotron radiation

o

>0), at o, =15 (k; = 0.236 ﬁ'l) the precursor peak disappeared.

(e o

e
At LI 20° (ky = 0.312 ﬁ"l), the peak reappeared. Within the precision
- of our measurements, the state does not appear to be dispersing as a

function of k”. At a coverage of 5 monolayers, rotating in the -T-M

plane and toward the light polarization, the state was present at EA =-O°

and 2° but not at 5°. Again, there seems to -be no dispersion with k, .
The behavior at 5 monolayers is consistent with that observed by

13 in Ag(111) at hv = 10.2 ev (k

Hansson and Flodstrom < 0.103 ﬁ'l).

‘ I ;
However, the three monolayer precursor seems to extend much further
in k” space. [t appears that the precursor state may be restricted
to a smaller area of the two-dimensional Surface Brillouin Zone as-

the overlayer becomes thicker and the valence bands become more three

dimensional.

sp Plateau. The ratio of the sp plateau height to.the valence
band intensity is dependent upon the valence e]ectfonic structure of
the system as discussed in Refs. 5 and 9. (In Ref. 7, it has been
empirically shown that either the valence band maximum or integrated
intensity can be used for this comparison.) The indirect transitions
contributing to the sp plateau intensity are dependent upon the posi-
tion of the bénds near EF, e.g., Band 6 of Ag(lll).' Figure 14 shows
this ratio versus photon energy for clean Cu(00l), 1-5 ML of c(10x)

Ag/Cu(001), and Ag(11l). As the exposure is increased, the behavior
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of fhe ratio moves slowly toward that of Ag(111). This is yet another
indication of the development of Ag(111)-like behavior in the metal
overlayer. This specifically suggests that Band 6 is "slowly"
developing in the silver overlayers, de]ayéd by the hypothesized

-interaction of the sp states with the Cu(001) substrate.

Spectral Appearance. Finally, it is of interest to note the

significant similarities between the spectra of Ag(11l) and those
of 5 ML ¢c(10x2) Ag/Cu(001). As an example, Fhose at 24 ev (Figure 4)
bear a striking resemblance if the Cu features are neglected. Quali-
tatively, this is strong evidence for the approach of the valence

structure of the c(10x2) Ag system toward that of bulk Ag(11l).

V. CONCLUSIONS _

Based upon the results of the LEED/AES calibration of Ref; 1 and
the previous work discussed therein, the c(10x2) Ag/Cu(OOl)'ad1ayer is
assumed to be geometrically two-dimensional at coverages near 1 mono-
layer. It has been shown in the offfnormal angle-resolved photoemis-
sion experiment of Ref. 1 that the monolayer structure is also elec-
tronically two-dimensional. Here, conclusive evidence is presented to
document the development of the valence bands of the c(10x2) Ag from a
two-dimensional to three-dimensional electronic structure. The.three
monolayer results demonstrate the importance of developing a crystal
field similar to that of the bulk. Higher coverages are necessary to

acquire sufficient periodicity in real space to observe dispersion in
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the third dimension. By a coverage of 5 ML, the spectral behavior of
the overiayer valence (and conduction) bands is very'simi1ar to that
of Ag(11l). This includes dispersion as a function of k , the Band 7
resonance, the constant kinetic energy feature, the Ag(111)-like
surface state, the sp-plateau intensity profile, and, finally, the

detailed visual appearance of the spectra themselves.
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Appendix 1 .

A MODEL FOR Ag-ADSORBATE/Cu—SUBSTRATE PHOTOEMISSION

RATIOS ASSUMING A LAYER-BY-LAYER GROWTH PATTERN14
. o 2%, |
SUBSTRATE ey = oy @ (1)
v iCu: photoemission intensity of the copper features'.
including attenuation from the overlayer
18u: photoemission intensity of the clean copper,

bulk Cu(001)

z: overlayer thickness

z,: escape depth of. the substrate photoelectrons,
through the adsorbate

NOTE: No correction for light attenuation

- ADSORBATE Jag = kzl j';g | , (2)
jAg: photoemission intensity from the silver overlayer
jig: photoemission intensity from the kth monolayer
of an overlayer slab n monolayers thick
P 1 -(k-l)t/to
Jag = Jpg © (3)
jig: photoemission intensity from the topmost

monolayer of the overlayer, k =1
t: thickness of one monolayer
(k-1)t: thickness of the overlayer above the kth

monolayer
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to: escape depth of the adsorbate electrons, through

the adsorbate

NOTE: z = nt (4)
. 1 ~(k=1)t/t
n 0
R = Jag _ Jag s & (5)
LT LS B £
Cu - e

In the case of an overlayer only one monolayer thick: k=n=1, z=t

jl
Ag 1 '
R, = : (6)
1 ;0 —t/zol‘ 4

Cu e

Defining a ratio normalized to the ratio at 1 ML:

CE 7)

R!' = o0 =

no R kA 0

R n
n ; le
Substituting z=nt and setting to =2, (same kinetic energy range)

-(k-1)t/z :
a 0
1 —Zn—lit/zo (8)

e

R' =
n

W ris

k

Eq. (8) Eq. (8) was used to calculate the theoretical values of

Table II.
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TABLE CAPTIONS

Table 1. The spectrometer work functions for the adlayer systems and
Ag(111). |

Table Il. This is a summary of the observed.and predicted Ag/Cu pho-
toemission intensity ratios and the ratio of the experimen-
tal to theoretical values. They are normalized to the 1 ML

value, such that R N = Rn/R1 with Rn = (JA / The

g 1'Cu)n"
subscript n represents the exposuré'in ML. The thickness
of a monolayer is defined as t and assumed to be approxi-
mately 2.5 A. The escape depth of an electron of a given
kinetic energy is Z,- These were taken from the “Univer-

sal Curve" of electron escape depths'.15

Appendix 1 has a
derivation of the attenuatibn model .

Table III. éomparison of the binding énekgies with réspect to the Fer-
mi energy and the full widths at half maximum'(?wHM)'of the
Ag(111) surface state and its precursor observed in c(10x2)
Ag/Cu(OOl); A1l overlayer measurements were derived from

data collected at normal emission for hv = 8 eV. The Ag(l1ll)

data is from Refs. 5 and 7.
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Table I. Spectrometer work functions

Exposure (ML) AVE“’AN (ev) - * Standard De.viation (ev)
0 4.53 £ 0.03
1 4.52 * 0.02
2 4.49 = 0.08
3 4.57 * (0.06
4 453 £ 0.02
5 4.52 x 0.02
AVE = S.D. 4.53 = 0.03

Ag(1l11) 4.55 £ 0.02 .
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Table II. Ag/Cu Photoe_mission Ratios

hv (ev) z  (A) t/z, ~ R'y R, R'5 R, R'g AVE = S.D.

Exp. 1 2.9 3.9 4.6 6.3
16 15  1/6 Theoryl 2.2 3.6 5.2 7.2
Ratio=EXP/TH 1.3 1.1 0.9 0.9 1.0 # 0.2

Exp. 1 2.9 4.7 5.5 8.7
21 10 1/4 Theoryl 2.3 3.9 6.0 8.8
Ratio=EXP/TH 1.3 1.2 0.9 1.0 1.1 #0.2

Exp. 1 3.6 6.2 5.2 7.4

32 7.5 1/3 Theory 1 . 2.4 4.3 7.1 10.9
Ratio=EXP/TH 1.5 1.4 0.7 0.7 1.1 + 0.4

5  1/2 | Theory 1 2.6 5.4' 9.8 17.2
Ratio=EXP/TH 1.4 1.1 0.5 0.4 0.85 # 0.5
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Table III. Surface State

8F (ev) Width (eV)

Ag(111) 0.065 = 0.004 0.111 = 0.007

Monolayers of c(10x2) Ag/Cu(001) _
5 0.10 | 0.7

4 0.11 1.0
3 0.14 1.2

2 0.11 1.4
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FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.
Figure 4.
Figure 5.
Figure 6.

Figure 7.

The geometry of the photoemission experiment is illustrated
here: top - the real space relationéhips: bottom - the
Surface Bri]fouin Zones 1n.rec1proca1 space and their re-
]ationshjps to the plane containihg the po1arizationlz.

The surface normal, ;, the 1ight polarization and the
Poynting vector of the light are all in the horizontal
plane.

The ARP spectra taken at hv = 6, 7, and 8 eV are plotted
versué the binding energy (BF) with respect to the Fermi
1e;e1 (EF).
feature in each spectrum. Cu(001) is at the bottom,

The spectra are normalized to the largest

followed sequentially upward by the spectra of c(10x2)
Ag/Cu(001) of 1/2, 1, 2, 3, 4, and 5 monolayer exposures.
The bulk, single-crystal Ag(111) spectrum is topmost. All
of the data was collected at normal emission, either par-
allel to [001] of Cu(001) or [111] of Ag(111). In the 8 ev
plot, the Ag(111) spectrum was expanded to more fully illus-

trate the surface state near E_..

F
Same as Figure 2 with hv = 14 eV.
Same as Figure 2 with-hy = 24 eV.
Same as Figure 2 with hv = 28 eV.

Same as Figure 2 with hv = 30 eV.
This is a plot of the binding energy (BF) with respect to
the Fermi Level (EF) of the silver overlayer features at

one monolayer exposure versus the photon energy.
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Figure 8. Same as Figure 7 but for an exposure of two monolayers.
Figure 9. Same as Figure 7 but for an exposure of three monolayers.
Figure 10. Same as Figure 7 but for an exposure of four monolayers.
Figure 11. Same as Figure 7 but for an exposure of five monolayers.
Figure 12. Same as Figure 7 but for Ag(111).
Figure 13f The ratig of the intensity of the high BF half of the
silver valence bands to the intensity of the low BF half
of the silver bands, plotted as a function of photon energy
for the samples Ag(111) (filled circles) and five (filled
triangles) and four monolayers (filled squares) of c(10x2)
Ag/Cu(001). The Eatio of the 5 ML values (including the RMS
deviation) to the Ag(111) values is 0.57 + 0.09. The Eétio
of the 4 ML values to the Ag(111) values is 0.52 = 0.09 and
to the 5 ML values is 0.92 £ 0.07.
Figure 14. The ratio of the sp plateau height to the valence band maxi-

mum, versus photon energy, for Cu(001), 1, 2, 3, 4, and 5 ML
of c(10x2) Ag/Cu(001), and Ag(111).
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ARP Diagram
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Figure 1
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