coupling to unwanted antitrapped states a Ra-
man transition to the 7 = 2, m = 0 ground state
of Na could be used.

An important property of the condensate,
and any output-coupled fraction, is its coher-
ence. Coherence effects between two conden-
sates have already been observed by dropping
them and allowing them to interfere (30).
Because we use a stimulated Raman process,
our output beam should be fully coherent.
The effect of the mean field on the atoms as
they leave the BEC will be to distort the
outgoing wave without resulting in any true
loss of coherence. In a separate experiment
we observed matter-wave interference due to
the 100-kHz phase evolution discussed above
and we are using it to measure the coherence
properties of the condensate.
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Quantum-Well States as
Fabry-Pérot Modes in a
Thin-Film Electron

Interferometer
J. J. Paggel, T. Miller, T.-C. Chiang*

Angle-resolved photoemission from atomically uniform silver films on iron
(100) shows quantum-well states for absolutely determined film thicknesses
ranging from 1 to ~100 monolayers. These states can be understood in terms
of Fabry-Pérot modes in an electron interferometer. A quantitative line shape
analysis over the entire two orders of magnitude of thickness range yields an
accurate measurement of the band structure, quasiparticle lifetime, electron
reflectivity, and phase shift. Effects of confinement energy gap, reflection loss,
and surface scattering caused by controlled roughness are demonstrated.

Quantum mechanics is based on wave-par-
ticle duality, which is well documented through
diffraction and interference experiments using
particles (7).  Thus, there is a close analogy
between a standing electromagnetic wave be-
tween two reflecting surfaces and an electron
confined in a square potential well (2). The
former case corresponds to the Fabry-Pérot in-
terferometer (3), which shows a set of peaks in
optical transmission. The latter case, an electron
quantum well, can be realized in a thin solid
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film. Electron confinement within a film results
in discrete quantum-well states observable by
angle-resolved photoemission (4). Photoemis-
sion, however, involves an optical transition.
This can lead to complications, and the line
shape is generally quite complex even for sim-
ple systems (5, 6). Nevertheless, we show here
that photoemission spectra of quantum-well
states can be analyzed in the same way as an
optical Fabry-Pérot interferometer filled with a
medium. The dispersive and absorptive proper-
ties of this medium account for the electronic
band structure and quasiparticle lifetime.

The Ag on Fe(100) system was chosen for
this study because of its rather unique property
that atomically uniform films can be prepared
for thicknesses ranging from 1 to ~100 mono-
layers (ML) (7). Layer counting leads to an
absolute determination of thickness, and a sin-
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gle Fabry-Pérot formula describes the results
over the entire two orders of magnitude of
thickness range. The large redundancy of the
data set yields accurate measurements of the
band structure, quasiparticle lifetime, electron
reflectivity, and phase shift. These quantities
are of basic importance to solid state physics
and interface science, and yet only fragmentary
and qualitative information was available pre-
viously. The capabilities of quantum-well spec-
troscopy, though recognized long ago (8), are
fully realized because of atomic-level control of
film growth. Effects of surface scattering
caused by film roughness are investigated by
cold condensation of Ag onto an otherwise
atomically uniform film, and the results illus-
trate the connection between interferometer fi-
nesse and quasiparticle lifetime.
Angle-resolved photoemission spectra (Fig.
1) were taken with a normal-emission geometry
for Ag filims of various coverages at a temper-
ature of 100 K. The peaks are quantum-well
states derived from the Ag sp valence electrons.
All of these films are atomically uniform, ex-
cept for the 27.5-ML and 42.5-ML coverages.
The 27.5-ML spectrum consists of two sets of
peaks, one corresponding to a thickness of 27
ML and the other 28 ML, suggesting that the
film is a mixture of the two discrete thicknesses.
Likewise, the 42.5-ML spectrum consists of
two sets of peaks corresponding to 42 and 43
ML. In each of the other cases, the coverage is
an integer number of monolayers, and the spec-

Ag/Fe(100)
hv=16eV Thickness
e, (ML)
M
95

Photoemission Intensity (arb. units)

Binding Energy (eV)

Fig. 1. Normal emission spectra (dots) for Ag
on Fe(100) at various coverages. Also shown
are the fits and background functions (curves).
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trum shows just one set of peaks.

These films were prepared by depositing Ag
onto a Fe(100) whisker kept at 100 K followed
by annealing to 300°C (7). Additional Ag can
be added by deposition at low temperatures
followed by annealing in the same manner.
Repeating this procedure with small increments
of Ag allows one to follow the evolution of the
film from one integer monolayer thickness to
the next. Sufficient data have been taken to
establish the absolute quantum-well peak posi-
tions in the thickness range of 1 to 20 ML on a
monolayer-by-monolayer basis. The resulting
data set is large enough to carry out a full
analysis to establish a unique correspondence
between film thickness and quantum-well peak
positions for any thickness. The thicknesses
cited in Fig. 1 are determined in this way and
can be regarded as absolute.

The qualitative features of the spectra are
easily understood. The nearly free-electron—
like Ag sp electrons are confined in the film,
resulting in quantum-well peaks. Traditional
discussion begins with the Bohr-Sommerfeld
quantization rule,

2k(E)Nt + ®(E) = 2nw (1)

(9, 10), where k(E) is the electron wave vector
as a function of binding energy, N is the film
thickness in monolayers, t = 2.04 A is the
monolayer thickness, ® is the total boundary
phase shift (sum of the phase shifts at the
surface and the interface), and # is the quantum
number. Although this formula is useful for
peak position analysis, it does not explain the
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Binding Energy (eV) Binding Energy (eV)
Fig. 2. (A) Dispersion relation for the Ag sp
band (solid curve) and the result of a band
structure calculation by Eckardt et al. (75)
(dashed curve). The Fermi wave vector k; is
marked. (B) Quasiparticle inverse lifetime. (C)
Reflectivity. (D) Phase shift in units of 1 (solid
curve) and the result from a semiempirical
formula (dashed curve).

line shape or linewidth.

A deeper understanding of the photoemis-
sion process must involve wave functions.
The final state is a time-reversed low-energy
electron diffraction (TRLEED) state (/7).
The initial state corresponds to an electron
traveling from inside of the crystal toward the
crystal surface, which is photoexcited into the
TRLEED state and enters the detector to
complete the electrical circuit. In the case of
a quantum well, the initial state undergoes
multiple reflections between the two bound-
aries, and becomes modulated by an interfer-
ence factor

1
1 — R exp[i(2kNt + ®)] exp(—Nt/\) 2

where R is the product of the reflectivities at
the surface and the interface, and A is the
quasiparticle mean free path. The mean free
path gives rise to damping, and is related to
the quasiparticle inverse lifetime I' via the
group velocity v by I' = v/\.

Under our experimental conditions, the
spectrum for bulk single-crystal Ag is a smooth,
featureless continuum dominated by surface

A

Ag/Fe(100)
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Additional Layer Thickness (ML)

Fig. 3. (A) Normal emission spectra (dots), fits
(curves), and background functions (curves) for
Ag film thicknesses of 29, 29.05, 29.1, 29.2,
29.3, 29.5, 29.75, and 30 ML (from bottom to
top). (B) Reflectivity at a binding energy of 0 eV
(O), 0.8 eV (A), and 1.80 eV (V) as a function
of added Ag thickness.
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photoemission (5). In the case of a quantum
well, the optical transition matrix element, rel-
ative to the bulk case, is modulated by the
interference factor given in Eq. 2. The photo-
emission intensity, in turn, is modulated by the
absolute square of the same factor. Thus, the
spectrum for a quantum well becomes
1

I 5
1+ (g) sin2<th + ?)
e 2
3)

where A4 is a smooth function of £, its pre-
factor comes from the absolute square of the
interference factor, and B is a smooth back-
ground function due to inelastic scattering
and incoherent emission. The quantity f'is the
Fabry-Pérot finesse (3) (ratio of peak separa-
tion to peak width) given by

_ m(R)" exp(-Nt/2\)
"1 =R exp(-Nt/\) (4)

Equations 3 and 4 are the same as the usual
Fabry-Pérot formula for an interferometer
filled with an absorptive medium.

Equation 3 yields a set of peaks at posi-
tions where the sine function in the denomi-
nator equals zero; the resulting condition is
just the Bohr-Sommerfeld quantization rule
given in Eq. 1. The peak width 8E depends on
N, R, and \:

A(E) + B(E)

1 - R exp(-1/
3E =I' —m f( il

R7exp[1/20)]  (5)
where m = N/(Nf). Generally, 8E is greater
than I, except when R = 1 (ideal quantum
well) and N >> Nt (large mean free path). In
that case, the measured width equals the qua-
siparticle inverse lifetime. As will be seen
below, R < 1 for our quantum wells. The
peaks in Fig. 1 are thus broadened. This
broadening is relatively minor for the thicker
films, but can be quite noticeable for thinner
films (because of loss caused by more fre-
quent reflections). The peaks become nar-
rower near the Fermi level, mostly because of
a smaller I" at lower binding energy.

The quantities £ and I" (related to the real
and imaginary parts of the band dispersion re-
lations) and R and @ (related to the confinement
potentials) are of basic interest and completely
specify the interferometer properties. Whereas
k and ® are related to the peak positions
through Eq. 1, I" and R are related to the peak
width through Eq. 5. They all depend on E, but
not on N. Thus, a set of data spanning a wide
range in N allows a unique determination (and
cross-checks) of these four quantities at a given
E. We have adopted a fitting procedure to de-
duce these quantities. The band structure k(E) is
parameterized using a two-band model (9), and
the other three quantities are modeled by quad-
ratic functions of E. In addition, 4 in Eq. 3 is
taken to be a polynomial of E (up to fourth
order and no higher than the number of peaks in
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each spectrum), and B is also a polynomial
(fourth order for the 119-ML spectrum, and
third order for the rest). The resulting values of
k, T', @, and R (Fig. 2) and the corresponding
fits to the data (solid curves in Fig. 1) are
shown. The fits are excellent for all thicknesses
except for N = 1 and 2, where the peak posi-
tions deviate from the model by up to ~100
meV. At such small film thicknesses, the two
boundaries of the film overlap and can no long-
er be modeled accurately by separate, indepen-
dent phase shifts.

Our experimental band dispersion (solid
curve in Fig. 2A) crosses the Fermi level at the
Fermi wave vector k./k.,, = 0.828 .= 0.002,
which is very close to the value of 0.819 *
0.002 obtained from de Haas—van Alphen data
taken at ~1 K (/2). The discrepancy may be
partly attributable to the temperature difference
(13). Our value for the Fermi velocity in the
[100] direction is 1.065 £ 0.010 in units of the
free-electron Fermi velocity, whereas the de
Haas—van Alphen value deduced from a tem-
perature-dependent amplitude measurement is
0.97 + 0.03 (/4). Also shown in Fig. 2A for
comparison is a representative band structure
calculation by Eckardt et al. based on a relativ-
istic self-consistent method (/5). The difference
is much larger than our statistical uncertainty of
0.03 eV.

The quasiparticle inverse lifetime (Fig. 2B)
exhibits an E? dependence; the linear term in-
cluded in the fit becomes negligibly small. This
E? dependence is consistent with theoretical
predictions based on a dominant Auger contri-
bution to the quasiparticle decay (/6). The re-
sidual width at the Fermi level, 25 meV, is not
zero, even though the Auger decay rate vanish-
es. Part of this is due to phonon scattering, and
a temperature-dependent measurement yields a
phonon contribution of ~14 meV at 100 K by
extrapolation. The remaining 11 meV can be
attributed to scattering by defects and trace
impurities. This represents the narrowest quasi-
particle linewidth ever determined by photo-
emission from a bulk state.

The reflectivity (Fig. 2C) is close to but
less than unity, suggesting that the interface
potential at the Ag-Fe interface is not fully
confining. This is not surprising, because a
hybridization gap (rather than an absolute
gap) provides the confinement potential (10).
Another factor is that the lattice mismatch
between Ag and Fe, though small, could lead
to nonspecular reflection, resulting in a re-
duced specular reflectivity.

The phase shift (solid curve in Fig. 2D)
decreases by ~m over the energy range of
interest. This is expected, because the phase
shift at the Ag-Fe interface should decrease by
r across the hybridization gap in Fe. The phase
variation, but not the absolute phase shift itself,
can be estimated using a semiempirical formula
(10). This estimate, with an arbitrary vertical
offset, is shown as the dashed curve (17) and is

in good agreement with our result.

A set of spectra starting from an atomically
uniform 29-ML film with additional amounts of
Ag deposited on the surface at 100 K without
annealing is shown in Fig. 3A. The cold con-
densation roughens the surface by a frosting
effect. As a result, the specular reflectivity de-
creases, the interferometer finesse decreases
correspondingly, and the quantum-well peaks
broaden. The effect is large even for depositions
as small as 0.05 ML, illustrating the extreme
sensitivity of the peak width to imperfections.
The same Fabry-Pérot formula yields the fits
shown in Fig. 3A. The reflectivity R, deduced
from the fit at various binding energies and
shown in Fig. 3B as a function of the additional
Ag deposit, decays rapidly and exhibits a weak
maximum near 1 ML additional coverage. This
is somewhat similar to the damped oscillations
as observed by reflection high-energy electron
diffraction during rough film growth. The peak
width broadening (Fig. 3A) is equivalent to a
reduction in quasiparticle lifetime as a result of
surface scattering.
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