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Determination of the bulk band structure of Ag in Ag/Cu(111) quantum-well systems
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Ag is grown epitaxially on Cu(111) to form quantum wells. The resulting quantum-well states
and resonances, observed with angle-resolved photoemission, exhibit shifts in energy for varying
emission directions and for changing Ag-film thicknesses. The results are utilized in a determina-
tion of the Ag bulk sp-band dispersion relation near the L point in the Brillouin zone. Effective
masses and the Fermi surface near the L point are deduced. The Fermi surface agrees well with
that obtained earlier from de Haas-van Alphen measurements.

I. INTRODUCTION

One very important application of angle-resolved pho-
toemission is the three-dimensional mapping of bulk
valence bands in crystals. Until recently, bands could be
mapped only by assuming a reasonable form for a final-
state band. ' Although k~ is practically conserved during
the photoexcitation process, k~ information is partially
lost as the photoelectron escapes into vacuum. By ob-
serving a thin film instead of a bulk crystal, it is possible
to determine valence-band dispersion without making
any assumptions about the final band since k~ for the ini-
tial state can be found from the requirement of quantiza-
tion along the direction of the film thickness. This has
been pointed out in an earlier theoretical treatment. A
similar determination can also be made with tunneling
measurements, although there remains a question con-
cerning the selectivity of k~~ since the electron does not
necessarily tunnel in a direction normal to the film. Such
tunneling measurements also generally require cryogenic
temperatures. The first photoemission observation of
quantized states in a film was, to our best knowledge, re-
ported for Ag/Si(111). Later, similar observations have
been reported for Ag/Si(111), Ag/Ge(111),
Na/Cu(111), Ba/Cu(111), Ag/Au(111), Cs/Cu(111),
Ag/Cu(111), ' etc. These studies have demonstrated the
commonness of the quantum-well effects and the useful-

ness of the application of normal emission to quantum

wells in mapping bulk E(k~) of the overlayer material.

This paper is a followup of our earlier Rapid Communi-

cation of the Ag/Cu(111) system to include details, ' and

the results will be compared with those from Ag/Au(111)
obtained in a parallel study. Most importantly, the
work has been extended to off-normal-emission

geometries to obtain a detailed picture for the Ag sp band

near the Fermi level. The shape of the Fermi surface in k
space near the L critical point is deduced, which agrees
well with that deduced from earlier de Haas —van Alphen
measurements.

The Ag/Cu(Ill} quantum well is nearly ideal for ex-

ploring the behavior of off-normal emission. The
quantum-well states and resonances have been observed

over the widest range of binding energies in a normal-
emission geometry for any overlayer-substrate combina-
tion so far observed. This system probably also shows
the best film structure, allowing a fairly wide range of po-
lar emission angles to be employed.

II. EXPERIMENTAL DETAILS

The experiments were performed at the Synchrotron
Radiation Center of the University of
Wisconsin —Madison at Stoughton, Wisconsin. Two
different monochromators, a 6-m toroidal grating mono-
chromator and a normal-incidence monochromator, were
utilized during several separate runs. The photoemitted
electrons were analyzed with a hemispherical analyzer
which exhibits a 3' full acceptance angle. The Cu(111)
substrate was oriented to within 0.5' by x-ray diffraction,
and was prepared by mechanical polishing followed by
electropolishing to remove the mechanically damaged
layer. It was treated in the vacuum chamber by cycles of
Ar-ion sputtering and annealing until a sharp (1 X 1) elec-
tron diffraction pattern was observed. The surface quali-
ty was verified by the observation of a sharp surface state
in the normal-emission spectra just below the Fermi lev-
el. " The alignment of the analyzer relative to the sample
crystallographic axes was facilitated by electron
diffraction inside the chamber and by optical methods us-
ing the visible part of the synchrotron beam to find the
sample surface-normal direction. The angular alignment
was better than 1'.

The Ag overlayers were prepared by evaporation from
a tungsten crucible heated by a feedback-controlled elec-
tron beam. The overlayers were annealed briefly at
200 C to enhance the film uniformity. Growth of Ag on
Cu(111}under these conditions has been extensively stud-
ied before; the Ag grows in the (111}orientation with its
own natural lattice constant. Even though the Ag and
Cu lattices are not matched, the quality of the Ag film is
excellent as ascertained by the results of previous
Ag/Cu(111) experiments. ' ' As with the Cu(111) saxn-

ple, the overlayer surface quality is verified by observa-
tion of a sharp (1 X 1) electron diffraction pattern and
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Ag(111) surface-state peak. The Ag film thickness was
monitored with a water-cooled quartz thickness monitor,
which was calibrated absolutely by a method similar to
that reported in Ref. 12. The uncertainty for the absolute
film thickness is about 10%. The photoemission mea-
surements were performed with the sample at nearly
room temperature.

III. RESULTS AND DISCUSSION

A. Normal-emission results for Ag/Cu(111)

A typical set of normal-emission spectra for various Ag
film thicknesses on Cu(ill}, produced with hv=10 eV
photons, is shown in Fig. 1. The film thickness is given
here in terms of the Ag(111) monolayer (ML). The large
peaks near the Fermi level E~ are Ag(111) surface-state
peaks, ' and the smaller peaks at higher binding energies
represent quantum-well states or resonances within the
Ag overlayer as reported previously. ' For brevity, we
will refer to both quantum-well states and resonances as
quantum states. These states are seen evolving as a func-
tion of film thickness, becoming more crowded as the film
grows thicker. At the largest film thickness shown here
(43 ML), the first quantum state just below the surface
state begins to fade away. At even larger thicknesses,
more of the states begin to disappear; such behavior is
consistent with limitations imposed by a finite resolution.
As discussed previously, ' the energy positions of the
quantum-state peaks are given by

2k'(E)d +5(E)=2nn,

where d is the quantum-well thickness, ki is the com-
ponent of the electron wave vector along the surface nor-
mal [111]direction, 5 is the sum of the phase shifts at the
Ag-Cu and Ag-vacuum boundaries, E is the electron en-

ergy, and n is a quantum number (integer). In this ex-
pression, we have ignored a possible small thickness
dependence of kj and 5 due to nonlocal effects. This
should be an excellent approximation, since the metallic
screening length is extremely short compared to the film
thicknesses employed in this experiment. An electron lo-
cated more than just —

—,
' A away from either boundary of

the film is well shielded from the surface or interface po-
tential, and its motion should be essentially the same as
that in the bulk. Thus, ki(E) in Eq. (1) is just the bulk
band dispersion of Ag along the surface-normal direction.
Likewise, the phase shift at one boundary should not de-
pend on the potential variation at the other boundary;
the only relevant parameter is the electron energy. The
quantum-well thickness d in Eq. (1) will be taken as the
nominal film thickness here; the error for each boundary
is at most on the order of the screening length (-—,

' A),
which is only 2-0.5 % of the film thicknesses used in this
study (24-100 A).

The neighboring quantum-state peaks in each spec-
trum shown in Fig. 1 correspond to successive values of
the integer quantum number n. Such data can be pro-
cessed to yield a dispersion relation of the Ag(ill) sp
band along the [111]direction. ' Briefiy, if quantum
state n for Ag thickness d happens to have the same ener-

gy E as that of quantum state n' (n'=n +1, for example)
for Ag thickness d', then the simultaneous solution of Eq.
(1}for the two thicknesses yields

k~=m(n' n)/(d' ——d) . (2)
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Since only the difference n' —n appears in the result, the
absolute value of n, which depends on the choice of ori-
gin, is not important. Similarly, since only the difference
d' —d appears in the result, the error introduced by ig-
noring a possible difference between the quantum-well
thickness and the nominal film thickness is minimized.
The 10% error in absolute film thickness leads to a corre-
sponding 10% error in the ki value so determined. The
resulting E(ki) data from Ag/Cu(111) are shown in Fig.
2 as solid squares, which correspond to the band disper-
sion of the Ag sp state; the origin of the abscissa is chosen
to be at the L point in the bulk Brillouin zone. The re-
sults agree very well with the "best estimate" reported by
Nelson et al. based on a photoemission study and
theoretical calculations. ' The solid curve shown in Fig.
2 is a fit to the Ag/Cu(111) data based on the usual two-
band model. ' The fitting function is

2.0 1 5 1.0 0.5 E F
Binding Energy (eV)

FIG. 1. Normal-emission spectra taken, with hv=10 eV
photons, of various Ag coverages on Cu(111). The binding-
energy scale is referred to the Fermi level EF, and the coverage
e is expressed in terms of Ag(111) monolayers (ML).

e(ki) =E Eo+2e(p) —U —[—(2e(p}—U)i

+4e(p}(E Eo)]', (3)—

where E (energy) is referred to the Fermi level, Eo is the
band-edge energy, e(x) =A' x /2m ', p

—=&3n./a (a is the
lattice constant), and U=2. 1 eV is one-half of the sp gap
energy. The fit gives m~ /m=0. 74 and Eo= —0.33 eV. '
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Dispersion Relation
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FIG. 2. The sp-band dispersion for Ag along the [11 1] direc-
tion. Solid squares are data points from Ag/Cu{111) systems,
and open squares are from Ag/Au(111) systems. The solid
curve is a least-squares fit of the Ag/Cu(111) points based on the
two-band model. The dashed curve is obtained from the solid
curve by multiplying the k~ values by 1.17 to account for
discrepancies in absolute thickness calibration (see text for de-
tails).

not specified in the earlier measurements. If we assume
that the tunneling measurements underestimated the film
thickness by about 35%, then the two sets of data agree.
Also, the films studied in the tunneling measurements
were prepared by evaporation onto an oxide surface at 90
K in medium vacuum and then annealed at room temper-
ature. The resulting films were textured, and this
structural difference might also contribute to the
discrepancy.

Another point to be noted is that in the analysis of the
earlier tunneling results, the phase shift 5 in Eq. (1), was
effectively neglected. There is not enough data in Ref. 3
for us to perform an analysis as done in this study. Since
the phase shift is at most 2n, the error caused by ignoring
5 in Eq. (1) is equivalent to an error of b, n = 1 in the as-
signment of the quantum number. An inspection of Fig.
20 in Ref. 3 shows that this is a relatively small error for
the rather thick films employed in that study. Thus, a
fairly accurate band dispersion can be obtained by
analyzing the quantum-state peak positions for just one
rather thick film, as done in Ref. 3.

D. Off-uormal-emissiou results for Ag/Cu(111)

B. Comparison with results for Ag/Au(111)

Results for Ag/Au(111) have been similarly ana-
lyzed, ' as shown in Fig. 2. The two data sets can be
made consistent with a simple correction for the film-
thickness calibration. The Ag/Cu and Ag/Au data were
taken with independent calibrations. The dashed curve
in Fig. 2 is obtained from the solid curve by multiplying
ki by 1.17, which describes the Ag/Au(111) data well.
This rescaling of k~ corresponds to a 17% calibration
difference.

Ag/Au(111) quantum states are observed clearly only
at energies above the Au sp-band edge. This can be ex-
plained in terms of the degree of electron confinement.
Above the Au sp-band edge, electrons in the well are
confined by energy conservation. Below the edge, partial
reliection at the Ag-Au interface results in a much weak-
er partial confinement and the formation of quantum-well
resonances. In contrast, sharp Ag/Cu(111) quantum
peaks are observed both above and below the Cu sp-band
edge with comparable intensities. The degree of
confinement for Ag/Cu resonances appears to be greater.
Perhaps the lattice mismatch between Ag and Cu causes
a larger electron refiection coeScients. We have not
found any calculations pertaining to such reQection
coef5cients.

C. Comparison with results
from tunneling measurements

The Ag band dispersions have also been determined be-
fore by tunneling spectroscopy performed at liquid-
helium temperature. The temperature difference should
not give rise to large changes in the band structure. '
However, a comparison of the present Ag/Cu results
with those deduced from earlier tunneling measurements
shows a significant discrepancy. This could be due to an
error in absolute film-thickness calibration, which was
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FIG. 3. Photoemission spectra for 30 ML of Ag on Cu(111)
taken with hv=11 eV. The polar emission angle 8 and the
direction of scan (klii[110]) are indicated.

A very large number of spectra for Ag/Cu(111) were
recorded for various overlayer thicknesses, photon ener-
gies, and emission angles. Figures 3 and 4 show two typi-
cal sets of spectra for a 30-ML Ag film on Cu(111) taken
with photon energy h v= 1 1 eV; the emission directions
are indicated and correspond to scanning along kiii[110]
and [112],respectively. Each set contains a spectrum for
normal emission (8=0'), and it is easy to follow the evo-
lution of the peaks as the polar angle 8 is varied in small
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FIG. 9. In-plane effective mass mls relative to the free-
electron mass m as a function of the binding energy at kll =0.
Triangles and inverted triangles represent data for kiiII[110] and

[112]off-normal-emission data, respectively. The solid line is a
linear fit to the data. A solid square marks the result for the
Ag(111) surface state. Interpolated theoretical values are
represented by the dashed line.

FIG. 7. Quantum-state E(kii) data points derived from off-
normal-emission (kiiII[110]) spectra for a 24-ML Ag film on
Cu(111).
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FIG. S. Quantum-state E(kii) data points derived from off-
normal-emission (kiiII[112]) spectra for a 24-ML Ag film on
Cu(111).

triangles and inverted triangles correspond to scan direc-
tions kiill[110] and [112],respectively; the two sets agree
within the data scattering. This is expected since the
(111) surface exhibits a threefold symmetry, and the in-

plane eff'ective mass at I should be isotropic. The
straight line in Fig. 9 is a least-squares linear fit to all of
the data:

m, ', (E)gm =a +bE, (6)

E. Band dispersion and the Fermi surface of Ag

Equations (3), (5), and (6) together determine the Ag
sp-band dispersion in three dimensions near the L point:

E(ki ii} E( i 0)+irt2k2ii 1I2[rt+bE(k„0)]j,
where a and b are the fitting parameters given above.
The function E (ki, O) is given by

E(ki, O)=Eo+e(ki)+ U —[4e(ki)e(p)+ U ]'i, (8)

which is obtained by inverting Eq. (3) and keeping only
the lower branch of the dispersion (since the region of in-
terest is very close to the lower edge of the gap, the lower
branch is the only one needed here). '

An interesting application of these results is a deter-
mination of the Fermi surface of bulk Ag. The Ag Fermi
surface has been examined before based on the de
Haas —van Alphen effect, and is one of the standard
examples used in textbooks to illustrate the concepts of
Fermi surface and band structure. Here, knowing the

where a=0.265 and b=0.120 eV '. The results indicate
that the effective masses obtained from films with
different thicknesses are consistent, in agreement with the
earlier statement that we are measuring the bulk band
dispersions which should not depend on the quantum-
well geometry. The mii for the Ag(111) surface state
from previous high-resolution work is also shown in Fig.
9 (the solid square). ' It falls along the linear fit as ex-
pected, since the surface state can be reached by analytic
continuation of the bulk states into the gap.

A linear interpolation of effective-mass values at the
top and bottom of the sp band, derived from a theoretical
Ag band-structure calculation, ' is also displayed in Fig.
9 (dashed line). This line exhibits a slope comparable to
that of the experimental fit.
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0.4

Ag Fermi Su('face
multiple bounces between the two film boundaries. An
analogy is the Fabry-Perot interferometer; the contrast is
reduced for off-normal-incidence direction because the
light beam shifts sideways for each bounce at the mirrors,
and the effective number of beams involved in the multi-
beam interference is reduced. Earlier work has shown
that an effective scattering length of 20—30 A accounts
for the broadening of the Cu(111) surface state at room
temperature. Although it is difficult to analyze the data
(see Figs. 3 and 4) to yield quantitative intensity and
linewidth information, it appears that a lateral coherence
length of 20—30 A is consistent with the observed intensi-
ty decrease at nonzero emission angles.

0. 1
Quantum Well IV. SUMMARY AND CONCLUSIONS

---- de Haas-
van Alphen

0.2

FIG. 10. The Ag Fermi surface (solid curve) determined
from the quantum-well results. The dashed curve represents re-

sults determined from de Haas —van Alphen measurements.

function E( krak }i, we determine the Fermi surface in
terms of ki and k[~ simply by setting E(ki, ki ) =0. Con-
ceptually, the off-normal parabolic dispersion of a given
quantum state (fixed ki} toward, and intersecting with,
the Fermi level as observed in Figs. 5—8, corresponds to
the Brillouin-zone picture of the intersection of the Ag
Fermi-surface neck with a plane of constant ki, which is
parallel to the hexagonal (111) Brillouin-zone face. The
results of a numerical computation for the Fermi surface
are shown graphically in Fig. 10 (solid curve). The de
Haas-van Alphen results from Ref. 23 are also shown for
comparison (dashed curve}. The agreement is excellent
considering the experimental uncertainties. The ra-
dius of the (111)"neck" of the Fermi surface is 0.162 A
from the present data, in excellent agreement with the de
Haas-van Alphen results.

F. Lateral coherence length

Ag/Cu(111) exhibits quantum-state peaks which be-
come smaller with increasing polar emission angles. This
is evident in Figs. 3 and 4. The simplest explanation for
the intensity decrease is that the well has a finite lateral
coherence length. The quantum-well effect depends on
coherence of the interfering wave functions arising from

This work has shown that band dispersion relations
can be obtained by measuring the energies of the quan-
tum states in films as functions of the film thickness and
the emission direction. The component of the wave vec-
tor perpendicular to the film, k~, is determined by quanti-
zation due to the finite thickness of the film. The final
band is not involved in this determination, and therefore
this method is inherently more accurate than the usual
methods of photoemission band mapping involving bulk
single crystals. Off-normal scans allow the in-plane com-
ponent of the wave vector, k~~, to be varied. From such
measurements for Ag films grown on Cu(111), the three-
dimensional band dispersion for the Ag sp band is ob-
tained near the L critical point. The Fermi surface de-
duced from this analysis is in excellent agreement with
that deduced from a de Haas —van Alphen study. The an-
gular range of off-normal scans seems to be limited by la-
teral coherence lengths.
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