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Two-dimensional valence-electronic structure of a monolayer of Ag on Cu(001)
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The metal overlayer system c {10)&2)Ag/Cu(001) was studied at coverages near one monolayer
with angle-resolved photoemission. The observed spectroscopic features indicate a two-dimensional
d-band electronic structure that can be interpreted ~ith the use of a model with planar, hexagonal
symmetry in which crystal-field effects dominate over spin-orbit effects.

I. INTRODUCTION sample coverage is treated in detail.

The electronic structure of metal-monolayer films is a
subject of both experimental and theoretical interest. Sur-
faces consisting of metal overlayers on different metallic
substrates have been studied in angle-resolved photoelec-
tron spectroscopy (ARPES) experiments' and theoreti-
cally. ' ' " Calculations have also been performed to
determine the electronic properties of unsupported thin
metal slabs. ' ' This paper gives a detailed account of
some of the ARPES results briefly summarized in an ear-
lier article. s The two-dimensional electronic structure of
the overlayer at monolayer coverages, observed using He 1

and NeI as the excitation sources, will be discussed. This
includes a mapping of the dispersion relations of the over-
layer valence bands and the assignment of the observed
states on the basis of the polarization dependence of these
features.

The system c(10)&2)Ag/Cu(001) was chosen for
several reasons. Earlier low-energy electron diffraction
(LEED) and Auger studies' have demonstrated that the
c(10)(2)Ag was a single, close-packed, hexagonal layer at
monolayer exposures. Both the substrate Cu(001) (Ref.
19) and Ag(111), which is the three-dimensional ana-

log of the c(10X 2)Ag, have been thoroughly investigated.
Silver and copper surfaces are reasonably stable, and
Cu(001) (Refs. 26 and 27) has a well defined surface state
[B =1.8 eV near I in the Cu(001) surface Brillouin
zone] that can be used for surface characterization.
Moreover, the valence bands of Cu(001) and Ag(111) show
relatively little overlap in terms of the energy and momen-
tum of the electronic states. Thus the Ag/Cu(001) system
held promise as a case study of interfacial electronic
structure.

This paper is organized as follows. Experimental pro-
cedures are described in Sec. II, and photoemission results
are given in Sec. III. These results are discussed in Sec.
IV, including the framework for determining the two-
dimensional dispersion relations and the group-theoretical
approach used to establish band symmetries. Conclusions
appear in Sec. V.

II. EXPERIMENTAL

This section has two parts. General procedures are
described first, then the LEED-Auger calibration of the

A. General procedures

The experiment was performed in an angle-resolved
photoelectron spectrometer using a plane-polarized pho-
ton beam from a gas discharge lamp. He 1 (21.22 eV) and
Ne1 (16.67 and 16.85 eV) were used separately as excita-
tion lines. The base pressure was 2&(10 ' Torr, rising
during lamp operation into the 10 -Torr range. Two
copper crystals were cut and polished to within +1' of the
(001) crystallographic plane, as determined by Laue back-
scattering. Both were chemically polished to remove the
surface layers. The solution used on the first crystal in-
cluded HC1, while that used on the second did not. i9

Samples were cleaned by continuous Ar ion etching dur-
ing cycles of heating and cooling at pressures of 10
Torr, with maximum temperatures of 500—600'C. How-
ever, the removal of all evaporated silver, as determined
by Auger spectroscopy, was achieved by extended room-
temperature sputtering prior to the beginning of cycling.
This was done to miniinize the danger of alloying. A fi-
nal anneal to 500—600'C was performed on the cleaned
sample to order the surface, as confirmed by LEED. For
the annealed surface, the iinpurity to copper Auger
derivative-peak-height ratios were typically 0.005 or less
for carbon, 0.003 or negligible for sulfur, and negligible
for oxygen and silver. The success of the cleaning pro-
cedure was confirmed by observing the M surface state of
Cu(001). Similar Auger measurements were also inade
after the silver exposures and photoemission experiments.

Evaporation was performed with a shielded thermal
source of Ag, equipped with a shutter for time control of
exposures and a water-cooled quartz crystal microbalance
inside the shielding to monitor the evaporation rate. The
microbalance was placed closer to the source, to intercept
a larger solid angle and give enhanced sensitivity. The
pressure rose negligibly during the evaporation operation,
generally remaining below the mid-10 ' -Torr range.

Resolution in the photoemission measurements was
determined by a convolution of the source line width
(which is negligible), the Nel doublet structure (when
applicable) and the analyzer resolution. The analyzer con-
tribution is 0.006 Ez, where Ep is the pass energy of the
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FIG. 1. Schematic of the vectoral geometry of the ARPES
experiments. The Cu(001} normal, the Poynting vector of the
light, and the center line of the analyzer acceptance cone are all
in the horizontal plane. For p polarization, the polarization is
also in the horizontal plane. In the case of s polarization, it is
perpendicular to the horizontal plane.

hemispherical analyzer. All measurements were taken at
either 10, 20, or 40 eV pass energy. At normal emission
and polar emission angles 8, of 30' or less, the polar angle
of incidence Hs„of the light was 60' with respect to the
normal (Fig. 1). For polar photoelectron emission angles
larger than 30', the angle of incidence was such that
&p,+&,=90'. Separate measurements were made with
the polarization in the plane of the surface (s polarization)
and in the plane of rotation (p polarization).

Samples were aligned by laser autocollimation and with
LEED. Spectra were taken on both sides of the spectro-
meter; thus laser autocoHimation was performed through
several different windows. There is an assumed relative
error of +1' in each alignment, introduced by using dif-
ferent windows or LEED. Intermittent, limited distortion
of the LEED patterns and loss of low-kinetic-energy elec-
trons in the photoemission spectra were observed. Ap-

parently this was due to charging of the sample plate in-

sulators, particularly after silver exposures.

S. LEED-Auger calibration

An exact knowledge of the quantity of Ag deposited
upon the surface was crucial. While the quartz microbal-
ance should provide a precise reIatiue measure of the
amount of evaporation, it was necessary to calibrate the
thickness monitor coverage equivalent to one monolayer
coverage on the crystal. This was done by making a series
of Auger and LEED measurements of surfaces at varied
exposures.

A previous experiment performed on the system
Ag/Ni(001) (Ref. 30) demonstrated the validity of a
model for systems which grow in a layer-by-layer
(Frank —Van Der Merwe) mode. It predicted abrupt
changes in the slope of the Auger intensity versus cover-

age plots at coverages of integral monolayers. Subsequent
experimentation has confirmed this in several other sys-
tems (Refs. 2 and 3, and references therein).

Owing to the sensitivity of the absolute Auger signal

upon the position of the sample relative to the focus of
the LEED optics, measurements on this system were
made in terms of the ratio of the adsorbate to substrate
signals. While this complicates the model slightly by re-

moving the linear dependences, the essential feature of
kinks at integral monolayer coverages should be retained.
This is confirmed by the results shown in Fig. 2, which
shows a break in the slope at b, T'=40+5 A (b,T' is a rela-
tive reading taken from the quartz crystal thickness moni-

tor, not an actual thickness; a large proportionality con-
stant was inserted to remove readout error). At slightly
greater exposures than that with the discontinuity in the
Auger ratio, LEED spots (partial patterns) associated with
the c(lOX 2) structure's'3' were first observed. Measure-
ments were also made with the Cu 920-eV Auger line.

In a close-packed, slightly distorted, overlayer which is
only weakly in registry with the substrate, ordering might
not be expected until the completion of a full monolayer.
Thus, the monolayer coverage determination with the
Auger measurements is supported by the LEED observa-
tions. Both the LEED and Auger results are consistent
with a layer-by-layer growth, at least up to near single
monolayer coverages. Examples of this type of growth
mode would include Frank —Van Der
Stranski-Krastanov growth modes.

In the initial calibration experiment, both orthogonal
domains were observed with LEED (Fig. 3). The copper
crystal used in this and some of the initial clean Cu(001)
photoetnission measurements di~slayed a sharp (IX1)
LEED pattern and the Cu(001) M surface state, but was
not of specular qua&ity. Subsequently, a specular quahty
Cu(001) crystal was substituted. It also displayed a sharp
(1X1)LEED pattern, the M surface state, and, when ex-
posed to silver, similar Auger ratios, but only one of the
thoro domains was observed with TEED. These results
were quite reprodurible. Test photoemission spectra were
essentially the same for both crystals, both for the clean
Cu(001) and for Ag/Cu(001).
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FIG. 3. Depiction of a model of one of the two orthogonal

domains of c(10X2)Ag/Cu(001) in real space. The centers of
the silver atoms are represented by filled circles and the centers
of the Cu atoms by intersecting lines. The c(10'2) is a slightly
strained (+2%) hexagonal structure. The actual registry with
the substrate is unknown. The surface Brillouin zones of
Cu(001) and both undistorted hexagonal c(10)&2)Ag domains
are shown. Also included are the paths taken across each zone
when rotating off normal in the Cu(001) planes (110) and (100).
Only the domain associated with (c) was observed with LEED.
Rotating off normal in the (100) plane, the same direction is tak-
en in both Ag domains. The hexagonal-zone boundary in this
direction has been arbitrarily called Z.

The absence of the second domain has been tentatively
explained as follows. As the quality of the crystal
preparation improved, any remnant deviation of the crys-
tal face from the Cu(001) plane would become crucial in
breaking the degeneracy of the (110) directions. This
type of subtle effect 1night only be noticeable in a specular
crystal M1sallgnment of a crystal by + 1' would produce
steps every 57 atoms. Unlike active gas adsorbates which
occupy high symmetry sites, the Ag overlayer is a close-
pack% stPJcture in wh1ch the ordering is susceptible to
the influence of steps. This effect may very well provide a
means of selectively preparing single domain structures
and it warrants further investigatton.

In terms of its effect upon photoemission, the presence
or absence of the second domain is moot. This follows be-
cause the photoelectron originates from an electronic envi
ronment which is equivalent in either domain, save for
easily accountable azimuthal-directional effects.

Samples of a given coverage were thus prepared. We
believe that the one monolayer point was determined with
approxitnately +10%%uo accuracy, but to include the propa-
gation of errors a typical error estimate of +20% will be
quoted for all overlayer thickness values. The readings
from the quartz microbalance were used as a guide in the
evaporation process but actual coverage values were gen-

erally determined from the Auger ratio calibration curves
and LEED observations. Typically, the agreement was
fairly good and the sample preparation was reproducible.

III. PHOTOEMISSION RESULTS

Several measurements were made using samples of
clean Cu(001) and c(10X2)Ag/Cu(001) of coverages
slightly greater than one monolayer. Photoemission spec-
tra were collected using linearly polarized HeI radiation
at 21.22 eV as the excitation and rotating off normal in
the (100) and (110) planes of Cu(001), as diagrammed in
Figs. 1 and 3. The experiment was performed in two con-
figurations, one for s polarization, the other for p polari-
zation. In the HeI experiment, the analyzer resolution
and the total instrumental resolution were 120 meV full
width at half maximum (FWHM). Photoemission spectra
were also collected using polarized Ne I radiation at 16.67
and 16.85 eV. Again, separate s- and p-polarization ex-
periments were performed while rotating off normal in
the (100) plane of Cu(001). The analyzer resolution in this
experiment was 120 meV [c(10X2)Ag/Cu(001)] or 240
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meV [clean Cu(001}]. Multiplying these contributions
with the Ne1 doublet produces broad, non-Gaussian, non-

triangular instrumental line shapes that are approximately
0.3 or 0.4 eV F'WHM, respectively. Despite the complica-
tion caused by the doublet, the Ne 1 spectra still exhibited
relatively sharp, well&efined spectral structure.

As an example of the six data sets described above, let
us consider the spectra collected with s-polarized Her ra-
diation while rotating off normal in the (100) plane of
Cu(001), shown in Fig. 4. Several important effects are il-
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FIG. 4. Spectra taken of clean Cu(001} (lower member of
each pair) and 14 monolsyers of c(10X2)Ag/Cu(001} (upper

member of each pair), mth s-polarized He I radiation. Analyzer
and total resolution is 120 meV. The He I satellite at 23.1 causes
the small structure near the Fermi edge. These spectra frere
taken rotating array from the normal in the (100) plane, arith the
polarization in the (001) or surface plane. The light polarization
and electron emission direction are separated by 90. The angle
hsted is the polar emission angle (8, ) versus the surface normal.
P~ch spectrum is normalized to the largest Cu d-band peak.

lustrated by this data set. First, the easily observable
silver feature near 8 =5 eV disperses to higher binding
energy with increasing polar emission angle. This will be
shown below to be indicative of two-dimensional disper-
sion. Second, note that this same feature at 8, =0' is a
flat-topped, broad peak. Below it will be shown to be due
to a convolution of two spin-orbit split peaks. Third, the
weaker silver feature at BFnear 6 eV is only observable at
8, above 10'. The appearance of this feature only at an-
gles far off normal is consistent with the group-theoretical
analysis discussed in the next section. Fourth, the M sur-
face state of Cu(001) is observed in the clean Cu(001)
spectrum at 8, =60' (8 =1.8 eV), but not in the
Ag/Cu(001) spectrum at the same angle. This suggests
that the Ag is "wetting" the Cu(001) surface, i.e., there
are no open patches of Cu(001) which would give rise
to the M surface state. Moreover, all of the
c(10X2)Ag/Cu(001) spectra at angles of 40' and above
show a significant decrease in intensity on the low BFside
of the Cu(001) d bands. This indicates a strong contribu-
tion from surface-derived states to this part of the clean
Cu(001) d-band spectral structure at these angles.

The data in Fig. 4 are also suggestive of effects that are
more strongly encountered in some of the other five data
sets. 2 A result of the 23.1 eV He satellite is the weak
feature at the apparent 8 = 1.0 eV in these spectra. Sub-
strate peak distortion and changes in relative intensity are
associated with the silver deposition. There are several
possible explanations for this including refraction, mean-
free-path variations with kinetic energy, scattering at the
interface, binding energy shifts due to the redistribution of
charge in the surface dipole layer necessary to equilibrate
the Fermi levels in the Cu and Ag, surface resonance cou-
pling of the Cu and Ag states, and physical misalignment
on the order of 2'. Of course, increasing the polar emis-
sion angle favors emission from the surface region.

Because angle-resolved photoemission is susceptible to
these distorting factors, direct subtraction of background
spectra proved to be inadequate. However, ARPES al-
lows the actual resolution of separate features, and the
background Cu(001) spectra serve as a guide to eliminate
substrate peaks. This allows the unambiguous assignment
of features to the Ag overlayer. Apparently, the only Ag
features lost were those that overlap with the Cu d bands
near 8"=2 to 3 eV.

Due to the He I satellite and the weakness of the Fermi
edge jump in the s-polarization spectra, averaged values
of the spectrometer work function were used to calculate
binding energies. The determinations using the @-
polarization spectra exhibited a standard deviation of
+0.06 eV or less. This demonstrates the high precision
and reproducibility of analyzer element voltage control
and measmement. Measurements of' the spectrometer
work function using the s-polarization spectra were con-
sistent with the above but of lower precision and reliabili-
ty. The p-polarization values were used for all of the
data.

To provide an independent method of confirming the
assignments derived from the monolayer data, spectra
were also collected from higher coverage samples. s~ Ex-
posures of 2.5 monolayers (ML) of silver produced sur-
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FIG. 5. Map of binding energy versus kl~, in two directions
across the surface Brillouin zone of e(10X2)Ag, as sho~n in

Fig. 3. Table II contains a summary of the binding energies,
used to calculate the average values near 8~=4.8 eV.

faces that also displayed a single c(10X2) LEED pattern.
Spectra were collected using HeI radiation while rotating
in the (100) plane of Cu(001), making use of s- and @-

polarized light in separate measurements. The silver
features were correspondingly stronger and the residual
copper features distorted and weaker, in agreement with
the previous assignments. (In the synchroton radiation
experiment presented in Ref. 5, and to be detailed in a fu-
ture publication, normal emission spectra were collected
from samples ranging in exposure from one-half to five
monolayers. These were also consistent with the above
resonance lamp spectra. )

In Figure 5, the binding energies, of all of the observed
silver features from the Hei and Net spectra collected
from the near monolayer samples, are plotted versus the
parallel component of the crystal momentum, k~~. Even
priar ta actual assignment of the individual features in the
Ag two-dimensional surface Brillauin zone (SBZ), several
distinct trends in the data can be noted. First, there are
four separate sets of states or bands observed in the data
based upon polarization and energy diyendences. These
are labeled i through iv in Fig. 5, starting with the most
tightly bound. Second, most of these disperse as functions
of the parallel component of the crystal momentum k~~.

Third, none of these states or bands show any significant
dependence upon the perpendicular component of the
crystal momentum kj, because the same dispersive rela-
tionships are exhibited by the He I and Ne I data. (This is
also confirmed by the synchrotron radiation data in Ref. 5
and 32.} Fourth, there is also agreement between the ob-
served polarization dependences for the Her and Ne1
data.

The worst disagreement between measurements with
different values of ki is at k~~ )0.08 A ' in the (100}
surface direction, in the data taken with s-polarized light.
The NeI peaks seems to be dispersing downward more
rapidly than the Hei data. However, the disagreement
can be reconciled by a careful consideration af error prop-
agation. At larger polar emission angles, the Net features

are weaker and more difficult to locate precisely. Thus,
instead of using the usual error estimate of peak position
determination, which is a fraction of the peak width, a
worst case will be considered which uses FVfHM and
standard deviation contributions. Of course, binding ener-

gy determinations are also ultimately limited by the pre-
cision of the determination of the Fermi level.

Using the formalism discussed in the next section, it is
possible to estimate the uncertainty of the k~~ values. The
sources of error include the total spectrometer-source en-

ergy resolution (discussed above), the uncertainty in the
proper work function and angular alignment error (as-
sumed value =+1'). We estimate the random, nonsys-
tematic uncertainty 6k~~ to be +0.03 A '. Considering
the uncertainty in k~~ and the total FWHM energy resolu-
tion and Fermi energy uncertainty described above, the
discrepancy between the He1 and Ne 1 results disappears.

The only other point of apparent inconsistency in the
data is the disagreement between the normal emission
values for band i. With the polarization in the (110)
plane, 8 =6.42 eV and with it in the (010) plane,
8~=6.65 eV. This is just barely within the FWHM
stand~~d-deviation energy-uncertainty estimate and may
be indicative of a coupling of a silver state to bulk
Cu(001) states. It will be shown below that this state has
significant s character. All other observed features agree
within the appropriate energy uncertainty. This strongly
suggests that most of the Ag states, in particular the d
states, have no dependence upon ki and that the electron-
ic interaction with the Cu(001) substrate is limited.

Several other comments should be made. First, there is
an apparent crossing between bands ii and iii at the zone
boundary Z. This will be shown to be an avoided crossing
in Sec. IV. Second, there is a strong similarity between
the mappings in the (110) and ( 100) directions, with the
possible exception of band i. Third, the spectra and band-
mapping results for 1 ML c(10)&2)Ag/Cu(001) bear no
resemblance to those of Ag(111}. ' s The Ag(111) spectra
were collected under analogous conditions and in the same
spectrometer, at h v=21 eV and h v=14 eV, along the
surface Brillouin zone direction I' —X—M. The energies
of these bulk states obviously depend very strongly upon
ki.

Before continuing on to the analysis in the next section,
there is a final observation to be made. As a check of our
thickness estimates, photoemission intensities of the silver
and copper features were compared. Intensities were es-
timated by fitting the spectra with Gaussian peaks and a
quadratic background and by a method of background
subtraction using the clean Cu(001) spectra. To minimize
band and refractive effects, only the normal emission data
were used. In going from the 1 —,

' to the 2 —,
'

monolayer ex-

posure, the Ag/Cu photoemission ratio at Iiv=21.22 eV
increases by a factor of 3.3+0.5. A naively simple model
of the photoemission intensities would be to assume the
following. The silver intensity is proportional to exposure
at low exposures, naively treating all layers the same. The
copper intensity would be that of the clean surface at-
tenuated by the overlayer by a factor of e '~', with z the
film thickness assuming layer-by-layer growth and z' the
escape depth of the copper valence photoelectrons through
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the silver film at normal emission. Assuming a thickness
of 2 —,

' A per silver monolayer and an escape depth of 10
A for the copper electrons, an increase by a factor of 2.7
is predicted in going from 1 —,

' to 2 —,
' monolayers. This is

quite reasonable agrament with the observed ratio of
3.3+0.5, considering the approximations made.

IV. DISCUSSION

A. Dispersion relations and +mensionality

Angle-resolved photoelectron spectroscopy allows the
resolution of the energy and momentum of the photoelec-
trons ejected from the material of interest. Working
within the direct transition model, ' It is passible to
detei~ine the relationship between the energy and crystal
momentum in the initial states from which the pho-
toelectrons were removed, i.e., the initial-state dispersion
relations.

Of crucial importance in this experiment is the depen-
dence or lack of dependence of the dispersion relations of
the Ag monolayer valence bands upon the component of
the crystal momentum perpendicular to the surface ki.
Independence of the dispersion relations from ki is a
necessary condition for a truly two-dimensional electronic
structure. Dependence upon ki implies either a coupling
of the Ag monolayer valence states with those of Cu(001)
or that the monolayer model is incorrect and island for-
mation, interdiffusion, or some other growth mode is be-

ing followed.
Of course, independence of the Ag valence-band disper-

sion relations from ki is not conclusive evidence for a
two-dimensional electronic structure. For that, it is neces-
sary that the energy of the valence bands be dependent
upon the parallel component of the crystal momentum k~~

as well as being independent of ki.
To make such a determination requires an understand-

ing of the energy and momentum conservations in the
photoetnission process. Energy conservation requires:

h v=B~+E»+P =BF+E (1)

where hv is the photon energy, B~ is the binding energy
with respect to the Fermi level, Err(E ) is the external ki-

netic energy of the escaping electron with respect to the
vacuum (analyzer), and P (P } is the true (analyzer or
spectrometer) work function. /=4. 74 eV (Ref. 33) was
used as the vacuum work function.

The magnitude of the external electron momentum q
can be determined from the external kinetic energy:

(2)

The mass of the electron is desilmatcd by m. Using this
external momentum and the knowledge of the external
electron emission angles, the parallel component of the
electron momentum can be determined:

i f (3)

where 8, is the external polar emission angle and q~I, k~~

and kI~ are the components parallel to the surface of the
external momentum the final state crystal momentum and

the initial-state crystal momentum, respectively. Hence
the origins of the various contributions to the uncertainty
in k~I, discussed in the preceding section, are easily seen.

Equation (3) has a number of imylied assumptions asso-
ciated with it. To equate q~~ and k~~ requires an absence of
surface umklapping processes in transmission across the
interface. To equate kI~ and k(~ implies that the reciprocal
lattice vector involved with the excitation process has a
zero magnitude component parallel to the surface. Of
course primary cone emission has been assumed
throughout. For comparison, it should be noted that only
primary cone emission without surface umklapping pro-
cesses is necessary to analyze normal emission of
Ag(111).

Consideration of the perpendicular components is more
involved. Determination of the perpendicular components
of these momenta is complicated by the lack of momen-
tum conservation in the transmission across the solid-
vacuum interface. The question of perpendicular momen-
tum conservation in the photoemission excitation process
is central to this experiment. Thus, energy conservation is
used to relate the perpendicular components of the exter-
nal and final-state crystal momenta, i.e., qi and kfi. For
the sake of testing its validity, it is assumed that the per-
pendicular component of the crystal momentum is con-
served, to within a reciprocal lattice vector, in the excita-
tion process, i.e., ki ——ki+G with f denoting the final
and i the inital state.

To test the dependences of the dispersion relations upon
ki and kt~, the states were mapped versus kI~ using two
different photon-energy excitation sources, Hei (21.22 eV)
and Nel (16.67 and 16.85 eV). The difference in photon
energies creates two significantly different sets of ki's.
Moreover, s- and p-polarized light were used in two
separate experiments to simplify spectral assignments and
ultimately to gain insight into the symmetry of the poten-
tial experienced by the Ag valence states.

The data plotted in Fig. 5 indicate a two-dimensional
d-band structure. It clearly demonstrates that 8, the Ag
valence-band binding energy with respect to the Fermi
level, is independent of ki and dependent upon kt~ for al-
most all of the data. Band iv may be independent of kt~ as
well as ki, suggesting possibly an atomic origin, but the
evidence is inconclusive because the data cover such a
small kI~ range. The other serious discrepancy is in band i
at normal emission. Based on polarization dependences
and the symmetry arguments of the next section, it is be-
lieved that these two data points at I originate from an
atomiclike Ag 5s state. An s state, due to its symmetry
and diffuse density cloud, is more likely to interact with
the Cu(001) substrate than the more localized d states.
[In the case of Ag/Rh, calculations' suggest that the 4d
bands of Ag retain their identities as surface states and
resonances. Apparently, the Ag 5s states are lost in the
interaction with the substrate, as with Ag/Pd(001). ] As
discussed below, the remaining states should have much
more d character. Thus this is very strong evidence that a
truly two-dimensional electronic structure is present in the
Ag d bands of a monolayer of Ag on top of the Cu(001}
substrate. It is also consistent with the behavior observed
in the electronic structure of a surface enriched Cu/Ni al-
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loy and the metal overlayer systems Co/Cu, Pd/Ag,
Pd/Nb, and Ag/Ni.

TABLE I. Assignments at I' of the hexagonal surface Bril-
louin zone of c(10X2)Ag/Cu(001).

Band
C6„

representation

AI

AI

Spherical
harmonics

fz
3'2

3'F
0

Po

Orbitals

d~, dye

2)dxy

S

B. Initial-state symmetry assignments

The symmetry assignments of the silver states at the
center of the two-dimensional Brillouin zone are shown in
Fig. 5 and Table I. These were obtained by a considera-
tion of the symmetry of the components of the matrix ele-
ments that describe these electronic transitions. ' The
final-state symmetry is known to be of the completely
symmetric representation of either the single (small spin-
orbit coupling) or the double (large spin-orbit coupling)
group representations. The polarization vector of the in-
coming radiation is either s polarized (completely parallel
to the surface and perpendicular to the plane of rotation)
or p polarized (in the plane of rotation and generally dom-
inated by the component perpendicular to the surface).
This leads to a very selective excitation of the Ag initial-
state electrons, within this model for electronic photoexci-
tation.

The standard electric dipole approximation was used
in analyzing the Ag/Cu polarization dependences. There
was no special treatment for surface effects, such as sur-
face photoemission. ~' 3 Both the ion -wavelength ap-
proximation ' s and the position form of the cross sec-
tion were utilized. The long-wavelength approximation
should hold here because of the generic weak delocaliza-
tion of d states and the common imperfections in surfaces
which break the perfect lateral periodicity of a theoretical
lattice. Equating the momentum and position forms of
the cross section is useful in determining the transforma-
tion properties of the excitation operators.

Working within the above approximations, the polari-
zation dependences of the Ag bands are easily explained
by a simple physical model assuming a small spin-orbit
(single groups) and a C6„symmetry potential with a small
delocalization perturbation. This implies several impor-
tant results. (1) Except for the copper breaking the mirror
symmetry parallel to the surface plane and possible static
shifts of the Ag levels, the isolated-hexagonal-monolayer
picture is accurate. (2) Spin-orbit effects are smaller and
less important than crystal-field splittings. (3) The Ag 41
electrons are very localized. (4) The spin-orbit splitting of
two-dimensional Ag 4d electrons is the same as that ob-
served in the free-atom and three-dimensional bulk
Ag(111). This will be discussed in more detail below.

First, the assignments at the center of the surface Bril-

louin zone will be discussed, i.e., normal emission results.
These are summarized in Table I. The physical model of
a monolayer of c(10X2)Ag/Cu(001) is that of a slightly
strained (+2%) hexagonal overlayer. At normal emission,

kt~
——0 and atomic and nearest-neighbor effects should

dominate. It is also assumed that the interaction of the
overlayer with the substrate is limited: kz is meaningless,
the copper substrate severs to break the surface in-plane
mirror symmetry and statistically shift the Ag valence
states, and the corrugation effects from the fourfold (001)
surface can be ignored. This would give rise to a potential
of C6„symmetry. Using this approach, the normal emis-
sion data can be explained.

The absent feature near 8 =5.7 eV corresponds to the
forbidden transition from the E2 (d 2 2 and d~) states.
The fiat-topped feature observed near 8 =4.8 eV with s-
polarized and p-polarized radiation arises from the spin-
orbit split Ei(d and d~) states, which will be considered
below. Finally, the features observed with p-polarized ra-
diation near B"=4.2 eV and B =6.5 eV are due to the
A i states. The 5s state should be the most tightly bound
at the center of the surface Brillouin zone. The other A&

state (at 8 =4.2 eV) is the d. . .state.
Next, the off-normal results will be considered. These

states should be more strongly delocalized and hybridized
mixtures of s and d states. At off-norinal emission, kt~
will be nonzero and the C6„potential may be perturbed by
the effects of delocalization. In the I —M and I E—
directions of the Ag two-dimensional surface Brillouin
zone (Fig. 3), this would be of C, symmetry, since they
are in mirror planes. For the I —Z direction, it will be
approximately C, near I and become Ci near Z. (This is
supported by the similarity of the mappings near I' in
both directions shown in Fig. 5.) From the experimental
results in the C, symmetry regions, the only major change
from the C6„selection rules at I is the breaking of the
forbiddenness of the band ii transition. (The observation
of band ii at k~~ & 0 with p polarization may be due to sur-
face photoemission. ) Otherwise, the C, perturbation is
not significant. For example, if the C, perturbation were
strong, bands ii and iii would each split into two bands.
Each pair of bands would have one which would be excit-
ed by s polarization and one excited by p polarization.
This suggests the degree of delocalization of the bands,
particularly the 4d components, is limited. This domi-
nance of nearest-neighbor effects upon the selection rules
may reflect the same localization of the d levels that may
be contributing to the strong atomic nature of bulk Ag
cross section angular dependences.

The effect of the C, perturbation can be seen in the
changes of the polarization dependences as kI~ approaches
Z, particularly the loss of selectivity for band i. Note the
CI symmetry means that bands ii and iii should have an
avoided crossing at Z. However, if the potential was still
purely C6„, then bands ii and iii could be allowed to cross.

The other major potential perturbation is that due to
spin-orbit splitting. In bulk Ag(111}, the crystal field
splitting (10Dq=0.865+0.027 eV) and the spin-orbit con-
tribution [g(4d}=0.232+0.011 eV] are of roughly the
same magnitude. In a qualitative sense, the impact of the
spin-orbit splitting would seem to be increased by the very
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TASI.E II. Normal emission data for band iii, including both s- and p-polarization features. The
p-polarized radiation also had a nonzero component of polarization parallel to the surface. The values
of 8 were determined by visual inspection. From these, a spin-orbit splitting was determined, LB ~.
rh$2 was determined from fitting each feature with two Lorentzian peaks and a linear background. The
average spin-orbit splitting is also shown. Spin-orbit splitting =0.24+0.06 eV.

Polarization Azimuth 8 (eV) M~ (ev) m~2 {ev)

HeI
Ne I
He I
HeI
Ne I
HeI

Average
Standard Deviation

(100)
{100)
(110)
(100)
(100)
(110)

4.66
4.64
4.71
4.71

4.69
0.04

4.73

4.91
4.79
4.87
4.91

4.97

4.89
0.07

0.2S
0, 15
0.16
0.20

0.24

0.20
0.05

0.30
0.28
0.23
0.29
0.33
0.17

0.27
0.06

high symmetry of the octahedral potential in an fcc crys-
tal. Note that octahedral corresponds to a spherical limit
while C6„symmetry would correspond to C„„. Because
of the lowered symmetry of the overlayer and the ap-
parent uniformity of the spin-orbit splitting parameter
[the atomic value is g(4d) =0.224 (Ref. 4S)], it might be
expected that the spin-orbit effect be less important in the
Ag monolayer. In fact, this is observed. The only
measurable consequence of the spin-orbit perturbation is
the broadening of the band iii, E, peak at normal emis-
sion. The spin-orbit interaction may be a source of
broadening in the off-normal peaks also.

The measured splitting is g(2D —Ag 4d)=0.24+0.06
eV. This is in reasonable agreement with the values for
Ag(111) and atomic Ag. The results of fitting the normal
emission Ei peak are summarized in Table II. Note that
this feature was also observed with p polarization due to
its parallel component of polarization.

Finally, the effect of the 2%%uo compression-expansion
will be considered. It is important that the surface area
per Ag atom is essentially the same in an unperturbed
Ag(111)-like layer and a layer of c(10X2)Ag.7 Also, the
c(10X2)Ag probably has a range of vertical displace-
ments to lessen the effect of the horizontal strain. This,
of course, is an option limited to a surface layer. These
two factors seem to militate against any concern about
spectral effects of strain such as those observed in con-
densed materials under high pressures.

C. Comparison with monolayer calculations

It is also useful to compare the results of this experi-
ment with the calculations of the valence electronic struc-
ture of a free monolayer of Cu{111).' Both Ag and Cu
are column-IB metals and the Ag overlayer does appear to
be perturbed only weakly by the copper substrate. Hence,
the comparison should be a useful exercise.

The results of the linear-augmented plane-wave
(LAPW) calculations are summarized in Fig. S of Ref.
16{a) and Fig. 1 of Ref. 16(b). The reflection symmetry
into the plane of the slab will be used to relate the experi-
mental to theoretical bands. Band iii of this paper is the
doubly degenerate (at I') odd band in Ref. 16. Band ii

corresponds to the doubly degenerate {at I ) even band in
Ref. 16. Bands iv and i are singly degenerate even bands
in Ref. 16, with band i the more tightly bound of the two.

There are major disagramnents for the mapping along
I X M (k~~ ( 1 10) in Fig. S of this paper). The first is that,
in Ref. 16, e~ch of the doubly degenerate bands splits as it
moves from I' toward M. The second is that band iv is
not located above bands i, ii, and iii. In Ref. 16(a), it is
between bands i and ii at I' and in Ref. 16(b) it is between
bands ii and iii at I'. There may be, however, an explana-
tion for these discrepancies.

The LAPW methods may have overemphasized interac-
tive effects. The magnitude of the experimentally ob-
served C, perturbation, which is a measure of the delocal-
ization, is limited. In this work, neither band ii nor iii is
observed to split along I XM, away from I'. Also, in
Ref. 16, band iv could have been drawn via an interaction
with band i. These disagreements could be due to an
overemphasis of delocalization and interband hybridiza-
tion by the LAPW methods. These effects might disap-
pear under a tight-binding approximation method, but the
fact that Ref. 16(b) carried its calculation to self-
consistency argues against it. However, Ref. 16(b) does
demonstrate a shift in band iv that is upward relative to
Ref. 16(a). This may reflect improvements in going from
non-self-consistency to self-consistency. Otherwise, the
results of Refs. 16(a) and 16(b) are almost identical, and
display the same discrepancies with this work.

Another possibility is that perhaps the inclusion of a
substrate could improve the agreeinent. For example, hy-
bridization or mixing of the A i states (Ag Ss and
Ag 4dz q 2) may be affected by the interaction of the Ag
5s states with the substrate, discussed below. Additional-
ly, a strong interaction between the Ag 5s states and the
substrate could disrupt the usual hybridization due to the
crossing of the rapidly dispersing sp band with the less
dispersive d bands, away from 1 .

On the other hand, there are some intriguing similari-
ties in the mappings along I XM of this experiment and
Ref. 16. Band i rises and bends over along I X M in all of
these storks. Band ii disperses upward and band iii
disperses downward in all. Also, band iv is approximately
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flat near I in all three cases. (The range of data from this
work is very limited for band iv. ) Lastly, there are strong
similarities in the mappings along I XM and I TK in
Refs. 16(a) and 16(b) as there are resemblances between
the rnappings along I'XM (k~~(110)) and I Z (k~~(100))
in this work. That is, the bands disperse isotropically,
moving away from I . Hence, despite an apparent over
accentuation of interaction effects in Ref. 16, qualitatively
the dispersion of each individual band is the same in those
calculations and this experiment.

D. Crystal-field splittings
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At the center of the Brillouin zone, the energy separa-
tions between d states should reflect the contributions
from crystal field and spin-orbit splittings. At this point
in the Brillouin zone, atomic and nearest-neighbor pertur-
bations should rival or even dominate delocalization ef-
fects. Empirically, this approach has proven successful in
the analysis of the splittings of the d manifold at the
center of the bulk Brillouin zone I in the fcc crystals
Ag(111},z Au(111), and Pt(111). '

However, the success of this procedure may be due in
part to a fortuitous cancellation of overlap terms. A cal-
culation of the 1-state overlapp parameters in an
extended-Huckel treatment of copper surfaces and a
generalized consideration of the Huckel theory 9 have
demonstrated this cancellation.

Regardless of the source of the success of this method,
it should be useful to apply it to the electronically two-
dimensional system c(10&(2)Ag/Cu(001). As in Sec.
IVB above, a single group approach will be utilized and
any perturbation from the underlying copper substrate
will be ignored, save for the breaking of the mirror sym-
metry parallel to the surface.

Thus, consider the effect of the nearest neighbors in a
ligand-field scheme, within this simplistic model. It is
possible to predict independently the ordering of the Cs„
states of I. =2 origin at I, and, conceivably, to scale
splittings from the known, bulk, L =2, crystal-field split-
ting of Ag(111). At I' and I, the appropriate spherical-
harmonic wave functions can be used to calculate the rela-
tive splittings within the d manifold. Taylor-series expan-
sions~2 of the Coulombic potentials associated with the
nearest neighbors in a fcc octahedral lattice and in a C6„
hexagonal planar array, were performed. The following
effective potentials were used:

r

—35 e
Vfcc oct =

8 5

3 4

5
+X +P +z (4)

Vh,„—— [3(z') —r ] .
Q

3
(5)

Because of the approximate nature of this approach, only
the lowest-order, nonconstant terms were included. Here
—e is the charge of an electron, a is the nearest-neighbor
distance, and x=[100], y=[010], z=[001] in (4) and
z '= [111]/~3of bulk Ag in (5). Calculating the expecta-
tion values for the Ez and Tzz states of Ag(111) and the
states of the Ag hexagonal layer, the ordering and split-
ting shown in Fig. 6 were obtained.

It is of interest that the ordering agrees perfectly with

BF

FIG. 6. Crystal field splitting in a d-manifold predicted for a
fcc octahedral field caused by 12 nearest neighbors and far a
hexagonal C6„ field caused by six in-plane nearest neighbors.
Only the first nonconstant term fram each expansion was used.
The scaling of the splittings corresponds ta those found experi-
mentally in Ag(111) (Ref. 24) and c(10X2}Ag/Cu(001}. A fac-
tor of e2/a must be included to obtain the splittings in terms of
energy units.

that found spectroscopically. Also, the total splitting in
the hexagonal case should be larger than in the octahedral.
This is because (r2)/az should be greater than (r~) ja~,
since (r")ja"=((r)/a)" and (r }& —,'a. This supports
the assertion made above of the dominance of the crystal-
fieid splitting and the appropriateness of the single-group
analysis.

A quantitative consideration of the splitting is ham-
pered by a lack of applicable radial expectation values.
The use of atomic expectation values ' produces unphysi-
cal results. In fact, the (r ) value calculated from the
splitting of the yz and yz

' states is siItnificantly different
than the atomic value: ((rz),„~)'j = —,a while for Ref. 51
((r ))'~= —,'a. Nevertheless, the ratio of the experimen-
tal splittings between the d states at I can be estimated
and compared to these crude theoretical predictions. Per-
forming a linear extrapolation of band ii back to I', the
ratio of the splitting of the Y2~' —Yz states to that of the
Yz —Yz

' states is roughly —', . Considering the extent of
the approximations, this is fair agreeinent with the
predicted value of 3.

V. CONCLUSIONS

It has hxm shown by angle-resolved photoemission that
the d bands of a monolayer of c(10X2)Ag/Cu(001) are
electronically two-dimensional. The d bands of the silver
monolayer clearly show dispersion in the overlayer plane
(k~~} and a lack of dispersion in the direction along the
surface normal (ki ). It appears that a state with strong s
character may be interacting with the Cu(001} substrate.
The experimental photoemission features can be assigned
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upon the basis of C6„selection rules with the use of
single-group representations. Delocalization of the 41
electrons is sufficient to produce two-dimensional disper-
sion but in general the sehx:tion rules are dominated by
the nearest-neighbor-symmetry perturbation. A compar-
ison with LAPW calculations for a (ill} monolayer
showed only limited agreement. A simple model predicts
accurately the observed ordering of the I.=2 states at I
but a full quantitative analysis is not possible at this time.
The spin-orbit splitting parameter is found to agree
reasonably well with those observed in atomic and bulk
systems.

Concerning the nature of overlayer-substrate bonding, a
pattern is developing in the case of Ag monolayers on a
variety of substrates. In general, the Ag 5s states are ac-
tive in the interfacial bonding. For Ag/Cu(001), this is
suggested by the results of this work and further evidence
will be presented in a future publication dealing with the
development of electronic three dimensionality in the met-
al overlayer film. As mentioned above, the experitnents
and calculations for the system Ag/Pd(001) (Ref. 6) indi-
cate a strong interaction for states with Ag 5s character
and the Ag/Rh calculations' also suggest, by omission,
that the Ag 5s states lose their surface identity in the pro-
cess of adhesion. (Unfortunately, since neither polariza-
tion studies nor calculations were performed for the
Ag/Ni systems, it is difficult to separate the s and d
character of the bands. Hence the Ag/Ni studies will not
be considered in this discussion of the bonding contribu-
tions of the Ag 5s states. }

In the case of the Ag 4d levels, the situation is entirely
different. Preliminary results suggest that epitaxial
growth is necessary for interfacial bonding to occur via
the Ag 4d states. In the case of c(10X2}Ag/Cu(001), a
commensurate but nonepitaxial growth pattern occurs.
For Ag/Ni(001) and Ag/Ni(111), incommensurate growth
patterns are observed. All three have a sixfold symmetric,
Ag(111)-like monolayer structure. Despite being unable
to assign the symmetry of the Ag states in the Ag/Ni sys-
tems, there are strong, obvious similarities between the
Ag/Ni and Ag/Cu(001) results. This is particularly true
of some of the regions of the Ag/Cu(001) band mapping
which are dominated by d character, i.e., bands ii and iii
«Ag/Cu(001). These results, taken together, suggest

that the interaction of the Ag 4d states with the Cu and
Ni substrates is very limited.

However, for systems which exhibit epitaxial growth,
there is a strong Ag 4d interaction with the substrate.
The Ag/Pd(001) study indicates that the Ag 4d's are ac-
tively involved in the bonding across the interface. The
Ag/Rh work suggests that sufficiently strong overlap
occurs to cause the 4d's to become partial surface reso-
nances instead of always remaining surface states.

There is, however, a fundamental flaw in these argu-
ments. The interaction may be a matter of overlap in en-

ergy and k-space. In the spectroscopic measurements
presented here, Ag peaks which overlapped strongly with
the Cu bands could be lost. Thus, the focus of the mea-
surements is skewed toward the nonoverlagping sections
of the Ag bands. (Overlap in terms of 8 and 8, is not
quite the same as in terms of B~ and k but considering
the uncertainty of the shape and size of the surface poten-
tial, it is a reasonable first approximation. ) Also, mea-
surements were limited to high-symmetry directions.
Hence, significant extensions of both theory and experi-
ment must occur before an understanding is obtained of
even the rather limited case of interfacial bonding in Ag
overlayers on single-crystal metal substrates.
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