
VOLUME 81, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 21 DECEMBER 1998

1-2902

5

Quasiparticle Lifetime in Macroscopically Uniform Ag yyyFe(100) Quantum Wells
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Epitaxial Ag(100) films have been grown on highly perfect Fe(100) substrates by deposition at
low temperatures followed by annealing. Precise control of the deposition process results in film
thicknesses of exactlyN atomic layers (N an integer up to 39) over a macroscopic distances,1 mmd.
The elimination of atomic layer fluctuation, which has been generally believed to be impossible at
such large thicknesses, allows us to observe atomic-layer resolved quantum well states. Such states
exhibit extremely narrow linewidths, which provide a direct measure of the quasiparticle lifetime.
[S0031-9007(98)07992-7]

PACS numbers: 73.50.Gr, 73.20.Dx, 79.60.Dp
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Quantum well states in thin metal overlayers have b
observed by photoemission in a number of systems [1
Much effort has been directed toward analyzing the p
positions as a function of layer thickness, which can be
lated to the band structure of the overlayer material [3
The observed line shape and linewidth, in contrast, h
been largely ignored, even though such information is
tentially extremely useful. Unlike bulk single crystals fo
which the measured photoemission linewidths are a c
plicated convolution of initial and final state lifetime
thin films, if well made, should exhibit linewidths tha
are a direct measure of the quasiparticle lifetime, a qu
tity of basic importance in solid state physics [5]. Th
problem is that films made in the laboratory are genera
not uniform on the atomic scale and exhibit rather lar
linewidths caused by effects related to structural imp
fection [6]. A film with a nominal thickness ofN atomic
layers typically consists of multiple thicknesses inclu
ing N, N 6 1, N 6 2, . . . , over different domains. Such
atomic layer fluctuation can be caused by kinetic effe
associated with film growth, defects, and steps on
substrate surface, etc., which are hard to avoid or eli
nate. Worse yet, most samples have such small dom
and a high defect density that random lateral confinem
and scattering cause further smearing of the quantum
peaks [7]. The result is that peaks derived from individu
thicknesses can no longer be resolved, and the broad
shape becomes quite useless for lifetime analysis. Th
ness fluctuation is one of the most important issues in
film science, and its control has posed a great challe
for film thicknesses larger than just a few monolayers.

The present work shows that uniform epitaxial Ag film
with a single thickness ofN up to 39 can be prepare
on Fe(100) over a macroscopic distances,1 mmd, which
is by far the largest film thickness ever reported
any system that is uniform over a macroscopic distan
This result is made possible by choosing a highly perf
Fe(100) whisker as the substrate, by depositing the
overlayer at a low temperature (100 K), and by choos
632 0031-9007y98y81(25)y5632(4)$15.00
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an appropriate annealing temperature [8]. Angle resol
photoemission from these uniform films shows extrem
narrow quantum well peaks. The elimination of thickne
fluctuation allows us to examine the lifetime widths
these quantum well states as a function of layer thickn
and binding energy. The lattice mismatch between fcc
and bcc Fe is only about 0.7% in the (100) plane, a
this system has attracted much interest in recent yea
a prototypical metal epitaxial system [9–14]. Howev
previous studies of this system were generally limited
rather thin layers, and the broad line shapes did not a
a lifetime analysis.

Our photoemission experiment was carried out at
Synchrotron Radiation Center, University of Wisconsin
Stoughton, Wisconsin. Photoemission spectra were ta
using light from the 4-m Normal Incidence Monochrom
tor. Photoelectrons emitted normal to the surface were
tected with a hemispherical analyzer. Fe whiskers w
used as substrates. These were prepared by num
cycles of Ar1 ion sputtering at energies between 0.5 a
1.5 keV starting at room temperature and ending at550 ±C.
After each sputtering cycle the sample was anneale
550 ±C for 5 min. This treatment led to samples exhib
ing the very pronounced but extremely contamination s
sitive Fe(100) surface state [15]. An effusion cell was u
to deposit Ag on the substrate surface at a temperatu
100 K. The growth rate, about 0.5 monolayer (ML) p
minute, was monitored by a quartz thickness monitor. T
film was then annealed to300 ±C for 90 sec and coole
back down to 100 K for the photoemission measureme
The resulting film thickness was often not an exact in
gral multiple of monolayers. To make up the differen
to the next integral multiple, regrowth of Ag was carri
out at 100 K followed by annealing as described abo
The above preparation procedure yielded the best fi
A great deal of effort was spent on experimenting w
other sample preparation conditions, for example, gro
at room temperature or higher temperatures, but invaria
the resulting films were “rough,” i.e., exhibiting multip
© 1998 The American Physical Society
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Ag
thicknesses. Once a rough film was created, no amo
of annealing or regrowth could revive it, and the only w
to return to a uniform film was to start fresh from a ba
Fe(100) surface.

Figure 1 illustrates the experimental resolution of
dividual layer thicknesses. Photoemission spectra ta
at a photon energy of 13 eV are shown for layer thic
nesses of 38.0, 38.5, and 39.0 MLs1 ML  2.04 Åd.
These layers were prepared by first growing a no
nally 38 ML thick film in one step and adding ver
small amounts of Ag at low temperatures with sub
quent annealing steps until a uniform layer showing j
one set of quantum well peaks was obtained. The c
responding spectrum is shown as the bottom trace
Fig. 1. Subsequently 0.5 ML of Ag was added to yie
the 38.5 ML spectrum, which exhibits two sets of qua
tum well peaks. One set is at the same position as
38 ML case, and the newly emerged set is at somew
lower binding energies and must correspond to a thi
ness of 39 ML. This is verified by adding another 0.5 M
to yield the 39 ML spectrum. The set of peaks cor
sponding to 38 ML is now completely suppressed, a
only the 39 ML peaks remain. The same discrete la
behavior has been seen for many different starting th
nesses. If the overlayer or substrate is not optimally p
pared, several layer thicknesses can be simultaneo

FIG. 1. Normal emission spectra from the valence ba
region of a 38 ML (bottom), 38.5 ML (center), and 39 M
(top) Ag film on Fe(100) taken at a photon energy of 13 e
The quantum well peak positions are indicated by verti
lines. The spectrum for the 38.5 ML film shows two sets
quantum well peaks indicating the simultaneous presence
areas covered by 38 and 39 ML of Ag.
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present, giving rise to a large number of peaks. Fi
with even lower qualities exhibit broad line shapes, wh
peaks from individual thicknesses can no longer
detected. Since the sample area probed in our ph
emission experiment is about1 3 0.5 mm2, the above
result establishes that our film is uniform on an atom
scale over a macroscopic distance. Clearly, growth
low temperatures is the key to the making of such u
form films. It is likely that the reduced diffusion at low
temperatures allows the film to build up uniformly befo
annealing to restore the atomic order. In contrast, gro
at higher temperatures involves a large diffusion leng
and kinetic effects related to the interaction of diffusi
atoms and atomic steps often lead to the formation of
face roughness.

With thickness fluctuation eliminated, the quantum w
peak widths become a direct measure of the quasipar
lifetime. Shown in Fig. 2 are spectra for 12 and 38 M
films. The peaks are extremely narrow, and, in fa
narrower than any previous photoemission measurem
of Ag bulk states. The 12 ML spectrum shows just tw
quantum well peaks and a well-defined Fermi edge. F
an analysis of the Fermi edge, a system resolution
30 meV is deduced. A fit to the quantum well pea
using Voigt line shapes (convolution of Gaussian a
Lorentzian) yields a Gaussian component very close
the system resolution. This confirms that the intrin
line shape of the quantum well peaks is Lorentzian
nature. In our final analysis, the Lorentzian widths
deduced from the fit by setting the Gaussian width eq
to the system resolution obtained from the Fermi ed

FIG. 2. Examples of line shape analysis for 12 and 38 ML
films on Fe(100).
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These Lorentzian widths are shown in the figure. T
background function used in the fit is also shown; it
taken to be a linear function for the 12 ML case a
a cubic function for the 38 ML case (the backgrou
appears different for the two spectra due to the use
different photon energies).

Figure 3(a) summarizes the observed trends for
quasiparticle lifetime width as a function of bindin
energy and layer thickness. A total of 70 peak fits w
performed for different layers and for spectra taken
different photon energies. The majority of data points
the plot represent average values deduced from sev
spectra. The error bar, based on variations among
different fits, is less than 5% and not shown. The gra
shows data from Ag films of 1, 2, 3, 10, 11, 12, 2
and 38 ML thickness. Additional data for thickness
in the range from 5 to 9 ML are suppressed from t
graph in order to maintain clarity, but follow the sam
trends described below. The straight lines are linear fit
the data; they represent the behavior of films in differ
thickness groups. The top line is a fit to the peak wid
obtained from 1–3 ML thick films, and the next line is

FIG. 3. (a) Observed Lorentzian linewidths of quantum w
states as a function of binding energy. Each symbol repres
a different layer thickness as indicated. The straight lines
fits to the data in different thickness groups (1–3, 10–
28, and 38 ML). The intercepts at the vertical axis repres
linewidths at the Fermi level. (b) Linewidths at the Fermi lev
vs the reciprocal layer thickness. The straight line is a fit, a
its intercept at the vertical axis shows a width of 36 meV at
Fermi level for infinite layer thickness (no boundary loss).
5634
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fit for 10–12 ML thick films. The bottom two lines are
fits to results from 28 and 38 ML thick films, respectively

The observed linewidth or lifetime of the quasipartic
depends on two independent parameters: the thickn
of the film and the binding energy. The thicknes
dependence is significant and can be understood a
boundary effect. The formation of quantum well stat
in the Ag film is a result of electron confinement by
“hybridization gap” in the Fe substrate [9–14]. Howeve
this is not a real, absolute band gap, and the confinem
is not perfect. The electron reflection coefficient at t
Ag-Fe boundary is expected to be less than unity, a
the loss of amplitude upon reflection will contribute t
the time decay of the quantum well state, and hence
lifetime broadening. The situation is very similar to th
Fabry-Perot interferometer, where a finite finesse due
less than perfect reflectivity of the end mirrors caus
the cavity modes to broaden. This boundary effect
expected to diminish at large thicknesses, and this
indeed observed experimentally.

The measured width also depends on the binding
ergy E, and the data seem to suggest an approxima
linear dependence for a given thickness over the entire
ergy range probed in this experiment. Phonon scatter
should contribute a term nearly independent ofE, while
Auger decay should contribute a term proportional toE2

near the Fermi level based on a phase space argum
[16]. This E2 dependence is often taken to be an im
portant test of the Fermi liquid behavior, but its validit
is limited to a very small energy range and thus cann
be verified in the present experiment. The increase
linewidth for increasingE as observed in Fig. 3 is quali
tatively consistent with the Auger decay mechanism.

Extrapolating the four straight lines in Fig. 3(a) t
E  0 yields linewidths of 97, 55, 43, and 41 meV, whic
represent the linewidths at the Fermi level and are th
without the Auger contribution. There is still a thicknes
dependence due to the finite finesse effect mentio
above, whose contribution should decay as the inve
thickness asymptotically. Figure 3(b) shows a plot
these linewidths at the Fermi level as a function of1yt,
where t is the average thickness for each straight li
in Fig. 3(a). TheN  1 3 case is ignored in this plot,
because the1yt asymptotic behavior is not expected t
hold for small thicknesses. By extrapolation to1yt  0
as indicated by the straight line fit, we can deduce
limiting width of 36 meV for infinite finesse (no boundar
effect). It is also clear from the fit that the 38 ML case
fairly close to the asymptotic limit.

What is left in this 36 meV width is the phonon
contribution plus anything else that has not yet be
accounted for. Based on our temperature dependent s
of the linewidth in the range of 100–400 K (data n
shown here), we can extrapolate down to 0 K and ded
a phonon contribution of about 13 meV atT  100 K
[17]. Thus, a linewidth of 23 meV remains at the Ferm
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level atT  0. Ideally, a perfect film with no boundar
loss should show a zero linewidth atT  0, assuming tha
the system behaves as a Fermi liquid [18]. There is li
doubt that Ag behaves as a Fermi liquid. The 23 m
residual width in our case translates into a longitudi
quasiparticle coherence length of370 Å. This is a fairly
large length, but not infinite. The reason for this fin
coherence length is likely scattering by residual defect
the film such as trace impurities and point defects. A
all, no materials can be made truly perfect. Notice that
lattice match between Fe and Ag is actually not perfe
which could be a source of strain and defects. T
23 meV residual width is by far the narrowest determin
by photoemission to this date for any bulk state in a th
dimensional material.

In conclusion, this work reports the successful prepa
tion of uniform thin films of Ag on Fe(100) with a singl
thickness ofN atomic layers forN up to 39 over a macro
scopic distance. This level of layer control is unpre
dented and allows us to observe layer resolved quan
well peaks in angle resolved photoemission spectra.
peaks are much sharper than previously reported in s
lar systems due to the elimination of thickness fluctuati
and a detailed analysis of the quasiparticle lifetime
be made. The peak widths are seen to depend on
thickness and binding energy and are explained in te
of elementary processes including Auger decay, reflec
loss at the interface, and phonon scattering.
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