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Observations of d-band quantum well states are made for atomically uniform Ag films on Fe(100)
using angle-resolved photoemission. For increasing film thicknesses, quantum well peaks within the
small 4d bandwidth multiply rapidly and merge into a bulklike spectrum at ~25 monolayers. An analysis
of the peak positions yields a highly accurate bulk band structure of Ag. A very narrow d-band peak

width (13 meV) is observed at the band top.
PACS numbers; 73.20.Dx, 73.61.At, 79.60.Dp

The possibility of d electrons in a film forming quan-
tum well states is an interesting issue both conceptually
and experimentally. While there are numerous reports
of angle-resolved photoemission studies of quantum well
states derived from the nearly free electron like sp elec-
trons [1,2], there have been no comparably detailed stud-
ies involving the d electrons. The d €electrons have a
more compact wave function near the atomic core, expe-
rience a larger correlation effect, and have much smaller
energy dispersions and group velocities. Strong Coster-
Kronig-Auger decay causes the d-state lifetime to be gen-
erally short, and the mean free path, being the product of
the group velocity and the lifetime, is also short. Asare-
sult, the d wave functions are much more localized, and
quantum well effects should diminish when the film thick-
ness becomes larger than the mean free path. From the
experimental point of view, d-band quantum well states
are hard to observe for yet another reason. Many (typi-
cally five) d bands coexist in a small bandwidth, within
which each band gives rise to ~N quantum well states,
where N is the number of atomic layers in the film. Tak-
ing Ag as an example, the 4d shell is amost like a shal-
low core level. The bandwidth is just under 4 eV, within
which there would be ~100 quantum well states for a 20-
monolayer (ML) film. Most of these would be significantly
lifetime broadened and, therefore, unlikely to be resolved.
Yet d-band quantum well states can be extremely impor-
tant for magnetic coupling effects in transition metal film
structures, which are finding useful applications in areas
of magnetic recording and “ spintronics’ (electronics based
on the spin rather than the charge of carriers) [2—8]. This
Letter presents a study of the basic properties of d-band
quantum well states that should serve as a baseline for fu-
ture technological development based on quantum coher-
ence and interference of d wave functions. Our analysis
aso yields a highly accurate bulk band structure of Ag
covering a wide energy range as well as useful informa-
tion about the lifetime broadening.

In order to resolve the many possible d statesin afilm,
it isimportant to eliminate extrinsic peak broadening. The
most common problem is film roughness. In our work, we
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employ atomically uniform filmsof Ag grown on aFe(100)
whisker [1]. Photoemission from these “perfect” films
shows discrete layer-by-layer quantum well peak evolu-
tion, and the absence of atomic layer fluctuation is key
to the success of our study. The photoemission measure-
mentswere carried out at the Synchrotron Radiation Center
in Stoughton, Wisconsin, which is managed by the Uni-
versity of Wisconsin-Madison as a national user facility.
An undulator-based plane-grating monochromator and a
4-m normal-incidence monochromator provided the pho-
ton beam. Normal-emission spectra for photon energiesin
the range of 12—80 eV were collected using a hemispheri-
cal analyzer. Because of large variations in peak cross sec-
tion, this wide energy range allowed a better determination
of closely spaced peak positions (see below). A liquid
nitrogen cryostat kept the sample at 110 K during the
measurements.

Figure 1 shows some sample data taken with photon
energies of 35 and 60 eV for various film thicknesses as
indicated. A number of well separated, periodic peaks are
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FIG. 1. Norma emission spectra taken with (a) hv = 35 eV
and (b) hv = 60 €V. The layer thicknesses N in terms of
monolayers are indicated.
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seen within the binding energy range of 0-3 eV, which
are quantum well states derived from the nearly free elec-
tron like sp band [1]. These peaks are easily seen for
hv = 60 eV and are much weaker for hv = 35 eV dueto
lower cross sections. The peak positions are independent
of photon energy, and the energy shift of each peak caused
by a thickness increment of 1 ML is fairly large due to a
large s p-band group velocity. All of the spectra shown in
Fig. 1 correspond to atomically uniform films. At noninte-
ger coverages, the spectrum would show two sets of peaks
corresponding to neighboring integer thicknesses.

The d-band region begins at ~4 eV binding energy, and
there are numerous quantum well peaks in Fig. 1. These
data as well as data taken with other photon energies and
other thicknessesyield the following observations: (i) The
number of peaks in the d-band region, ~5N, increases
rapidly as afunction of thickness, and eventually the peaks
can no longer be resolved. Even at a film thickness of
just 4 ML, up to ~20 peaks are expected. (ii) While the
energy position of each peak is independent of the pho-
ton energy, the cross section can vary significantly. Some
weaker peaks that are not apparent in the data shown in
Fig. 1 can be brought out by using different photon ener-
gies, thus allowing a better compilation of peak positions.
(iii) The peaks near the top of the d-band manifold are
much sharper than the rest. The leading peaks remain well
resolved for most of the thickness range studied. (iv) At
film thicknesses larger than ~25 ML, the large number of
peaks (over 100) merges into a bulklike spectrum.

The quantum well peak positions, wherever resolvable,
are deduced from a fit to the spectra using Voigt line
shapes. The Gaussian width is the instrumental resolu-
tion deduced from a fit to the Fermi edge line shape, and
the Lorentzian width is taken to be a fitting parameter.
The resulting compilation of peak positions allows us to
refine the band structure, which is known only approxi-
mately from various calculations and experiments based
on bulk samples. The basis of this analysis [9-11] is
the Bohr-Sommerfeld quantization rule, also known as the
phase accumulation rule:

2kNt + ® = 2nw, (D)

where k is the wave vector of the quantum well state, ¢
is the monolayer thickness, @ is the total boundary phase
shift, and n isaquantum number. The binding energy E of
each quantum well peak is directly measured, but Eq. (1)
in itself is insufficient to give k, because ® is unknown.
At least another thickness N’ is required. For example, if
state n’ for thickness N’ is at the same binding energy, then
k and ® are the same, and the quantization condition for
this state,

2kN't + ® = 2n'mr, 2

can be combined with Eq. (1) for a ssimultaneous solution
of kand ® at E.

Instead of a point-by-point analysis, we employ aleast-
squares fitting procedure to account for al measured peak

positions obtained at many different film thicknesses. A
parametrized band structure k(E) based on the combined
interpolation scheme of Smith and Mattheiss [12] is used.
The phase shift function ®(E) is taken to be a third order
polynomial with its coefficients as fitting parameters. Us-
ing these fitting functions, quantum well peak positionsare
calculated numerically as solutions of Eq. (1) for different
values of n and compared with the positions of resolved
peaks in the data. The fitting parameters in the functions
k(E) and ®(E) are then varied for a best fit. Excluded
from this fit are datafor N = 1,2, and 3 because Eq. (1)
is not expected to work well at such small thicknesses,
where the potential steps at the two boundaries of the film
overlap and the phase shift becomes dependent on the film
thickness [1].

Figure 2(a) shows an amplified portion of the 35-eV
data set together with the predicted peak positions based
on the best fit, using various symbols. The different colors
denote quantum well peaks derived from the correspond-
ingly color-coded bands shown in Fig. 2(b). Each colored
curvemarked r in Fig. 2(a) correspondsto afixed quantum
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FIG. 2 (color). (a) Normal emission spectra taken with hv =

35 eV for various film thicknesses N. Quantum well peak po-
sitions based on our model fit are shown using symbols with
different colors. Each colored curve connects quantum well
peaks of the same (reduced) quantum number for different thick-
nesses, and only small (reduced) quantum numbers are included.
(b) Band dispersions from the best fit. The colors correspond to
the symbolsin (a). (c) The phase shift function from the best fit.
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number n (1, 2, or 3) in Eq. (1). For quantum well peaks
with k near the zone boundary, it is more convenient to use
a reduced quantum number N — n (corresponding to us-
ing a reduced wave vector measured from the zone bound-
ary). Each colored curve in Fig. 2(@) marked by N — n
corresponds to quantum well states with a fixed reduced
quantum number (O, 1, or 2). Clearly, there are many
more peaks at higher thicknesses as the alowed quan-
tum numbers increase, and gradually the peaks become
unresolvable. By N = 25, the peaks, lifetime broadened,
merge to form essentially a continuum. The spectrum be-
comes bulklike and changes little at higher thicknesses.
Thus, quantum well effects are important only up to about
25 ML. Figure 2(c) shows the phase shift from the fit.
Figure 3 shows in detail the resulting band structure
from our analysis (solid curves). The three shaded regions
indicate where data are available. The bottom shaded re-
gion covers the d manifold and corresponds to the analy-
sis discussed above. Also included in our fit of the band
structure is the sp quantum well data previously analyzed
[1]; the range of this data set covers 0—2 €V below the
Fermi level and is indicated by the middle shaded region.
There are no data points between 2 and ~4 eV below the
Fermi level, because the sp band is not confined resulting
in no quantum well peaks. A portion of the unoccupied
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FIG. 3. The band structure of Ag along [100] based on a best
fit to our experimental results (solid curves). The shaded regions
indicate energy ranges where data are available. The crosses
are taken from the work of Smith [13] based on a fit to old
photoemission and optical data using a combined interpolation
scheme. The Fermi level is indicated by a horizontal dashed
line.

3412

sp band, deduced from direct-transition data taken from a
bulk single crystal Ag(100) [1], was aso included in the fit
asindicated by the top shaded region. For comparison, the
band structure proposed by Smith [13] based on an analysis
of old photoemission and optical dataisincluded in Fig. 3
as crosses. Accurate band mapping is a well-known chal-
lenge for conventional photoemission studies using bulk
samples due to a poor & resolution caused by a very large
final state lifetime broadening. This problem does not exist
for the present study because k is defined by the quantum
well geometry.

An inspection of the spectra in Figs. 1 and 2 reveals
that the widths of the d-band quantum well peaks increase
significantly from the top to the bottom of the d-band
manifold. This trend is further illustrated by the spectra
shown in Fig. 4(a), taken with a photon energy of 12 eV.
As expected, the lifetime broadening increases towards
higher binding energies, because there is more phase space
for a d hole to decay via d-d-sp Coster-Kronig-Auger
transitions. Thisdecay channel is, however, inoperative for
the leading peak near the top of the d manifold, and there-
fore this peak remains very sharp for most of the thickness
range studied before it weakens and merges with other
peaks. The circles in Fig. 4(b) represent the Lorentzian
width of the leading peak plotted as a function of film
thickness for various photon energies. The width is seen
to decrease steadily for increasing film thickness, reach-
ing aminimum value of ~20 meV around 15 ML, beyond
which the peak becomes too weak for areliable analysis.

The reason for this thickness dependence is as follows.
Thelack of atrue gap in the Fe substrate leads to a bound-
ary reflectivity R < 1, and the quantum well statesin the
Ag film are not fully confined. Partial reflection at the
boundary resultsin decay of the wave function and, hence,
in a broadening beyond the lifetime contribution I". This
effect isparticularly important at small thicknesses because
there will be more reflections of the electrons at the bound-
aries. A straightforward analysis [1] shows that the peak
width is given by

A 1 — Rexp(—Nt/A)

SE =T Nt /Rexp(—Nt/2A) ®)
where A, the mean free path, isrelated to I' and the group
velocity v by A = hiv/I". The solid curve in Fig. 4(b) is
afitwithT' = 13 meV and R = 0.68 as the only fitting
parameters. ThisT' represents by far the narrowest lifetime
width ever reported for abulk state at such alarge binding
energy (4 eV). For comparison, the narrowest surface state
ever reported was the M state on Cu(100) with a width of
7 meV at a binding energy of 1.8 eV [14]. Such surface
states tend to be narrow because the wave functions are
spatially decoupled from the bulk resulting in a suppressed
Auger decay rate. The narrowest bulk d state ever reported
previously was from the top of the d band of Cu(100) with
awidth of about 25 meV at abinding energy of 2 eV [15].

Contributions to this I" include phonon scattering and
d-sp-sp Auger decay (which is much weaker than the
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FIG. 4. (a) Normal emission spectra taken with hv = 12 eV

for various layer thicknesses as indicated. (b) The circles are
Lorentzian linewidths of the leading d quantum well peak as a
function of film thickness. Several data points may be present at
the same thickness, and these are results from different photon
energies. The solid curve is afit. The dashed curve shows the
corresponding mean free path.

d-d-sp channel). Note that as the film thickness increases,
the leading d quantum well peak moves ever closer to
the band edge. As the group velocity decreases, so does
the mean free path A = Av/T" for a constant lifetime
width I' = 13 meV. The mean free path calculated us-
ing the best-fit band structure is shown as a dashed curve
in Fig. 4(b). At a film thickness of 15 ML, A = 30 A
is just about the same as the film thickness. Beyond this
point, quantum well effects should diminish rapidly be-
cause of the loss of phase coherence. This partly explains
the very much reduced quantum well peak intensity be-
yond this thickness. Defect scattering is negligible in this
case, because the mean free path caused by defect scatter-
ing alone, about 1000 A [1], is much larger than A.

From this study, we can conclude that d-band quan-
tum well states do exist despite the relatively localized
nature of the d states. However, the thickness range in
which quantum well effects are significant is limited to
~25 ML, much smaller than that for the sp states (well
over 100 ML) [1]. Within the 4 manifold, lifetime broad-
ening becomes larger towards higher binding energies, fur-

ther limiting the range of quantum well effects. Despitethe
large number of peaks crowding the 4 manifold, it is pos-
sible to perform a detailed analysis of the peak positions
by taking measurements over a wide range of photon en-
ergy. Such an analysisyieldsavery accurate band structure
as well as valuable information about the lifetime, which
is difficult to obtain using traditional photoemission mea-
surements of bulk crystals.
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