VOLUME 81, NUMBER 25 PHYSICAL REVIEW LETTERS 21 BcemMBER 1998

Quasiparticle Lifetime in Macroscopically Uniform Ag /Fe(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 exactliy atomic layers § an integer up to 39) over a macroscopic distafteé mm).

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

Quantum well states in thin metal overlayers have beean appropriate annealing temperature [8]. Angle resolved
observed by photoemission in a number of systems [1,2jphotoemission from these uniform films shows extremely
Much effort has been directed toward analyzing the peakarrow quantum well peaks. The elimination of thickness
positions as a function of layer thickness, which can be refluctuation allows us to examine the lifetime widths of
lated to the band structure of the overlayer material [3,4]these quantum well states as a function of layer thickness
The observed line shape and linewidth, in contrast, havand binding energy. The lattice mismatch between fcc Ag
been largely ignored, even though such information is poand bcc Fe is only about 0.7% in the (100) plane, and
tentially extremely useful. Unlike bulk single crystals for this system has attracted much interest in recent years as
which the measured photoemission linewidths are a coma prototypical metal epitaxial system [9—14]. However,
plicated convolution of initial and final state lifetimes, previous studies of this system were generally limited to
thin films, if well made, should exhibit linewidths that rather thin layers, and the broad line shapes did not allow
are a direct measure of the quasiparticle lifetime, a quam lifetime analysis.
tity of basic importance in solid state physics [5]. The Our photoemission experiment was carried out at the
problem is that films made in the laboratory are generallySynchrotron Radiation Center, University of Wisconsin, in
not uniform on the atomic scale and exhibit rather largeStoughton, Wisconsin. Photoemission spectra were taken
linewidths caused by effects related to structural imperusing light from the 4-m Normal Incidence Monochroma-
fection [6]. A film with a nominal thickness af atomic  tor. Photoelectrons emitted normal to the surface were de-
layers typically consists of multiple thicknesses includ-tected with a hemispherical analyzer. Fe whiskers were
ingN,N £ 1, N = 2,..., over different domains. Such used as substrates. These were prepared by numerous
atomic layer fluctuation can be caused by kinetic effecteycles of Ar* ion sputtering at energies between 0.5 and
associated with film growth, defects, and steps on thd.5 keV starting at room temperature and endirgpat°C.
substrate surface, etc., which are hard to avoid or elimiAfter each sputtering cycle the sample was annealed at
nate. Worse yet, most samples have such small domairs$0 °C for 5 min. This treatment led to samples exhibit-
and a high defect density that random lateral confinemerihg the very pronounced but extremely contamination sen-
and scattering cause further smearing of the quantum wedlitive Fe(100) surface state [15]. An effusion cell was used
peaks [7]. The result is that peaks derived from individualto deposit Ag on the substrate surface at a temperature of
thicknesses can no longer be resolved, and the broad lird0 K. The growth rate, about 0.5 monolayer (ML) per
shape becomes quite useless for lifetime analysis. Thicksinute, was monitored by a quartz thickness monitor. The
ness fluctuation is one of the most important issues in thifilm was then annealed t800 °C for 90 sec and cooled
film science, and its control has posed a great challengeack down to 100 K for the photoemission measurements.
for film thicknesses larger than just a few monolayers. The resulting film thickness was often not an exact inte-

The present work shows that uniform epitaxial Ag films gral multiple of monolayers. To make up the difference
with a single thickness oN up to 39 can be prepared to the next integral multiple, regrowth of Ag was carried
on Fe(100) over a macroscopic distariedd mm), which  out at 100 K followed by annealing as described above.
is by far the largest film thickness ever reported forThe above preparation procedure yielded the best films.
any system that is uniform over a macroscopic distanceA great deal of effort was spent on experimenting with
This result is made possible by choosing a highly perfecbther sample preparation conditions, for example, growth
Fe(100) whisker as the substrate, by depositing the Agtroom temperature or higher temperatures, but invariably
overlayer at a low temperature (100 K), and by choosinghe resulting films were “rough,” i.e., exhibiting multiple
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thicknesses. Once a rough film was created, no amoumiresent, giving rise to a large number of peaks. Films
of annealing or regrowth could revive it, and the only waywith even lower qualities exhibit broad line shapes, where
to return to a uniform film was to start fresh from a barepeaks from individual thicknesses can no longer be
Fe(100) surface. detected. Since the sample area probed in our photo-
Figure 1 illustrates the experimental resolution of in-emission experiment is about X 0.5 mn?, the above
dividual layer thicknesses. Photoemission spectra takeresult establishes that our film is uniform on an atomic
at a photon energy of 13 eV are shown for layer thick-scale over a macroscopic distance. Clearly, growth at
nesses of 38.0, 38.5, and 39.0 MiL ML = 2.04 A).  low temperatures is the key to the making of such uni-
These layers were prepared by first growing a nomiform films. It is likely that the reduced diffusion at low
nally 38 ML thick film in one step and adding very temperatures allows the film to build up uniformly before
small amounts of Ag at low temperatures with subse-annealing to restore the atomic order. In contrast, growth
guent annealing steps until a uniform layer showing justt higher temperatures involves a large diffusion length,
one set of quantum well peaks was obtained. The corand kinetic effects related to the interaction of diffusing
responding spectrum is shown as the bottom trace iatoms and atomic steps often lead to the formation of sur-
Fig. 1. Subsequently 0.5 ML of Ag was added to yieldface roughness.
the 38.5 ML spectrum, which exhibits two sets of quan- With thickness fluctuation eliminated, the quantum well
tum well peaks. One set is at the same position as thpeak widths become a direct measure of the quasiparticle
38 ML case, and the newly emerged set is at somewhdifetime. Shown in Fig. 2 are spectra for 12 and 38 ML
lower binding energies and must correspond to a thickfilms. The peaks are extremely narrow, and, in fact,
ness of 39 ML. This is verified by adding another 0.5 ML narrower than any previous photoemission measurements
to yield the 39 ML spectrum. The set of peaks corre-of Ag bulk states. The 12 ML spectrum shows just two
sponding to 38 ML is now completely suppressed, andjuantum well peaks and a well-defined Fermi edge. From
only the 39 ML peaks remain. The same discrete layean analysis of the Fermi edge, a system resolution of
behavior has been seen for many different starting thick30 meV is deduced. A fit to the quantum well peaks
nesses. If the overlayer or substrate is not optimally preusing Voigt line shapes (convolution of Gaussian and
pared, several layer thicknesses can be simultaneoushorentzian) yields a Gaussian component very close to
the system resolution. This confirms that the intrinsic
line shape of the quantum well peaks is Lorentzian in
nature. In our final analysis, the Lorentzian widths are

AglFe(100) deduced from the fit by setting the Gaussian width equal
hv=13eV to the system resolution obtained from the Fermi edge.
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FIG. 1. Normal emission spectra from the valence band
region of a 38 ML (bottom), 38.5 ML (center), and 39 ML

(top) Ag film on Fe(100) taken at a photon energy of 13 eV.
The quantum well peak positions are indicated by vertical
lines. The spectrum for the 38.5 ML film shows two sets of
quantum well peaks indicating the simultaneous presence dflG. 2. Examples of line shape analysis for 12 and 38 ML Ag
areas covered by 38 and 39 ML of Ag. films on Fe(100).
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These Lorentzian widths are shown in the figure. Théfit for 10—12 ML thick films. The bottom two lines are
background function used in the fit is also shown; it isfits to results from 28 and 38 ML thick films, respectively.
taken to be a linear function for the 12 ML case and The observed linewidth or lifetime of the quasiparticle
a cubic function for the 38 ML case (the backgrounddepends on two independent parameters: the thickness
appears different for the two spectra due to the use obf the film and the binding energy. The thickness
different photon energies). dependence is significant and can be understood as a
Figure 3(a) summarizes the observed trends for théoundary effect. The formation of quantum well states
quasiparticle lifetime width as a function of binding in the Ag film is a result of electron confinement by a
energy and layer thickness. A total of 70 peak fits was'hybridization gap” in the Fe substrate [9—14]. However,
performed for different layers and for spectra taken athis is not a real, absolute band gap, and the confinement
different photon energies. The majority of data points inis not perfect. The electron reflection coefficient at the
the plot represent average values deduced from severAb-Fe boundary is expected to be less than unity, and
spectra. The error bar, based on variations among thiéhe loss of amplitude upon reflection will contribute to
different fits, is less than 5% and not shown. The graphhe time decay of the quantum well state, and hence its
shows data from Ag films of 1, 2, 3, 10, 11, 12, 28, lifetime broadening. The situation is very similar to the
and 38 ML thickness. Additional data for thicknessesFabry-Perot interferometer, where a finite finesse due to
in the range from 5 to 9 ML are suppressed from theless than perfect reflectivity of the end mirrors causes
graph in order to maintain clarity, but follow the samethe cavity modes to broaden. This boundary effect is
trends described below. The straight lines are linear fits texpected to diminish at large thicknesses, and this is
the data; they represent the behavior of films in differenindeed observed experimentally.
thickness groups. The top line is a fit to the peak widths The measured width also depends on the binding en-
obtained from 1-3 ML thick films, and the next line is a ergy E, and the data seem to suggest an approximately
linear dependence for a given thickness over the entire en-
ergy range probed in this experiment. Phonon scattering
400 should contribute a term nearly independentEgfwhile
350 Auger decay should contribute a term proportionaFto
300 near the Fermi level based on a phase space argument
250 [16]. This E? dependence is often taken to be an im-
portant test of the Fermi liquid behavior, but its validity
200 is limited to a very small energy range and thus cannot
150 be verified in the present experiment. The increase in
100 linewidth for increasingt as observed in Fig. 3 is quali-
50 tatively consistent with the Auger decay mechanism.
Extrapolating the four straight lines in Fig. 3(a) to
E = 0yields linewidths of 97, 55, 43, and 41 meV, which
represent the linewidths at the Fermi level and are thus
without the Auger contribution. There is still a thickness
dependence due to the finite finesse effect mentioned
above, whose contribution should decay as the inverse
thickness asymptotically. Figure 3(b) shows a plot of
these linewidths at the Fermi level as a functionlgf,
where ¢ is the average thickness for each straight line
in Fig. 3(a). TheN = 1-3 case is ignored in this plot,
because thd /¢ asymptotic behavior is not expected to
hold for small thicknesses. By extrapolation itgr = 0
30 . . . L as indicated by the straight line fit, we can deduce a
0.00 002 004 006 008 010 limiting width of 36 meV for infinite finesse (no boundary
Reciprocal Thickness (1/ML) effect). Itis also clear from the fit that the 38 ML case is
FIG. 3. (a) Observed Lorentzian linewidths of quantum weIIfalrly CIO§e to thg asyr_nptotlc limit. i )
states as a function of binding energy. Each symbol represents What is left in this 36 meV width is the phonon
a different layer thickness as indicated. The straight lines areontribution plus anything else that has not yet been
fits to the data in different thickness groups (1-3, 10-12accounted for. Based on our temperature dependent study

28, and 38 ML). The intercepts at the vertical axis represen ; ; ; _
linewidths at the Fermi level. (b) Linewidths at the Fermi level bf the linewidth in the range of 100-400 K (data not

vs the reciprocal layer thickness. The straight line is a fit, andShown here), we can extrapolate down to 0 K and deduce
its intercept at the vertical axis shows a width of 36 meV at thed phonon contribution of about 13 meV &t= 100 K
Fermi level for infinite layer thickness (no boundary loss). [17]. Thus, a linewidth of 23 meV remains at the Fermi
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x-ray singularity and Franck-Condon effects as discussed
by Citrin, Wertheim, and Baer are negligible. The pa-

per by McDougall, Balasubramanian, and Jensen cited in
Ref. [17] contains an excellent discussion of the Fermi

liquid response to a valence excitation.
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