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Quantum-well states are observed for Fe films embedded in Au(100) using inverse photoemission.
They can be analyzed with a simple interferometer model, using bulk states from the I'12A;H s band
that are modulated by an envelope function with wavelengths in the order of 7-10 atomic layers
(10-14 A). These states can be followed down to a monolayer, where two states are seen at 0.6 and
1.9 eV. They are tentatively assigned to the As| monolayer state and a A; quantum-well state. The
resulting ferromagnetic exchange splitting of the As state is 2.7 eV, exceeding the splitting of 1.8-2.1

eV for the analogous bulk band.

The attempts to fabricate ever finer quantum struc-
tures, such as superlattices and quantum wells, are ap-
proaching the atomic limit. The study presented here
makes the connection from a narrow but still bulklike
quantum well to a monolayer quantum well. The latter is
strongly influenced by interface phenomena since the
atoms in the well are all interface atoms. The transition
from conventional quantum-well states to monolayer
states is observed with inverse photoemission. In contrast
to previously studied quantum wells, such as semiconduc-
tors and noble metals, the system considered here consists
of a ferromagnetic well, all the way down to a monolayer.
In the monolayer limit a ferromagnetic exchange splitting
of 2.7 eV is found for the As state, which is significantly
larger than the splitting of 1.8-2.1 eV for the analogous
bulk band. This confirms predictions of enhanced mono-
layer magnetism.

The Fe/Au(100) system is suited particularly well for
the purpose of creating narrow quantum wells. There is a
good lattice match (better than 1%), with the lattice con-
stant of fcc Au a factor of /2 larger than that of bec Fe.
This provides a one-to-one match of the (100) surface lat-
tices, due to the extra face-centered atom in Au. The two
band structures, however, are quite different from each
other, thereby providing a large band offset and well depth
of 9 eV. This is an order of magnitude larger than in any
other quantum-well system studied to date.'”’ As a
consequence, the exponential decay of the wave function is
extremely fast in the barrier region, thereby confining the
states to the well within a single layer. The growth of Fe
on Au(100) has been found to proceed layer-by-layer,®’
with one layer of Au staying on top of the growing Fe sur-
face.® This Au overlayer acts as a surfactant by lowering
the surface energy of the growing film and thereby
preventing island formation. The resulting uniformity of
the Fe film makes it possible to see variations in the elec-
tronic structure on a layer-by-layer basis. Since Fe is
capped on both sides by Au one obtains a nearly sym-
metric quantum-well structure.

The Au(100) substrate was electropolished (using a
cyanide-based method), sputtered (500 eV Ar* at =+ 30°
from grazing), and annealed (400°C). It exhibited a
bright 5% 20 low-energy electron-diffraction (LEED) pat-
tern, which converted to 1x1 at submonolayer Fe cover-
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age. Fe was evaporated from a miniature electron-beam
evaporator with a rate of 7 A/min at a pressure in the
10 7'° Torr range. The Au substrate temperature was
room temperature for the data shown. Deposition at
elevated substrate temperature gave somewhat sharper in-
verse photoemission spectra and LEED spots, but the
thickness was less reproducible due to Fe-Au inter-
diffusion. The film thickness was measured with a
quartz-crystal monitor. As a cross-check, the energy of
the image potential surface state (see Fig. 1) was found to
decrease until the completion of the first layer, and then
stayed constant. This image state energy, however, is still
much closer to that of Au(100) than that of Fe(100),
confirming that Au has segregated to the growing Fe(100)
surface.

The development of overlayer states from the submono-
layer range to the quantum-well regime is shown in Fig. 1.
It is striking to see how rapidly the spectra change with Fe
coverage. Peaks turn into valleys by just adding one or
two layers, e.g., the peak at 2 eV when going from 1 to 2
layers, or the peak at 5 eV when going from 5 to 7 layers.
This indirectly confirms that the quantum wells are homo-
geneous within one layer. In the following, we will first
discuss the states in the 2-10-layer regime, which turn out
to be traditional quantum-well states, produced by quan-
tizing the momentum k* of bulk bands along the direc-
tion perpendicular to the interfaces. This approach is ex-
pected to fail when approaching the monolayer regime,
where the Fe atoms experience the potential of Au neigh-
bors instead of Fe. As characteristic cases, the monolayer
quantum well and the dilute submonolayer limit will be
discussed at the end, including their enhanced magnetic
moments.

The simplest view of a quantum well is that of an inter-
ferometer, e.g., the Fabry-Perot geometry indicated as an
inset of Fig. 2 (see also Ref. 10). Changing the thickness
of the well is equivalent to changing the spacing between
the two plates in the optical analog. Consequently, one
expects interference maxima to repeat themselves when
the round-trip path length after two reflections changes by
the wavelength A, corresponding to a change of the spac-
ing by A/2. Indeed, the intensity of the inverse-photo-
emission signal at a given energy exhibits oscillatory be-
havior with overlayer thickness (Fig. 2). From the period-
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FIG. 1. Inverse-photoemission spectra at normal incidence
for Fe layers on Au(100). Quantum-well states in the Fe layer
show up as peaks that vary strongly with film thickness, e.g., in
the 2-4 eV range. They are confined by Bragg reflection at the
Au(100) substrate and at a segregated Au overlayer.

icity we can directly read off the wavelength A, and the
momentum k*=2z1/A of the quantum-well states. For
example, at an energy of 2.0 eV above the Fermi level Er
one finds a period p =3.4 layers resulting in A =6.8 lay-
ers=9.5 A with a layer spacing d =1.4 A, and k*+=0.66
A'=k?B/p, where k?®=r/d is the momentum at the
boundary H of the bulk Brillouin zone in the [100] direc-
tion (see Fig. 3 and Refs. 11-13). Going up in energy, the
oscillation period increases (A =9.5, 11, 14 A at 2.0, 3.2,
5.7 eV, respectively), and the phase of the oscillations
changes. For example, the first maximum occurs at 0.3
times the period for an energy of 2.0 eV, corresponding to
a phase of 0.6x. It increases to 1.3z at 3.2 eV and to 2x at
5.7 eV. The phase of the oscillations is determined by the
phase shifts for reflection at the two Fe-Au boundaries.
On the bulk Au(100) side we have a clear-cut Bragg
reflection since the band structure exhibits a gap of states
between the X; and X, points (Fig. 3). For Bragg
reflection at such an “inverted” band gap the phase shift
changes from 0 at the “antibonding” X} point to x at the
“bonding” X, point. The detailed energy dependence of
the phase shift can be calculated using a simple two-band
model.'* For example, one obtains phase shifts of 0.3, 0.5,

Number of Fe layers (1.4 A each)

FIG. 2. Oscillations of the inverse-photoemission intensity
with quantum-well thickness, measured at the two energies that
are indicated by arrows in Fig. 1. The period of these oscilla-
tions corresponds to half the wavelength of a quantum-well
state, like for the interference fringes of an optical interferome-
ter (inset).

0.9r at 2.0, 3.2, 5.7 eV, respectively. This calculated
phase shift at the substrate interface can be subtracted
from the measured total phase shift to estimate the phase
shift for the reflection at the Au overlayer. The resulting
overlayer phase shifts are comparable to those of the sub-
strate (e.g., 0.3, 0.8, 1.1 at 2.0, 3.2, 5.7 eV), showing that
a monolayer of Au reflects already quite similar to bulk
Au.

The momentum k* obtained from the intensity-ver-
sus-thickness oscillations represents the momentum of the
so-called envelope function.! This envelope function
modulates a rapidly oscillating Bloch wave function that is
derived from band-edge states in the quantum well. In
our case, the band edge of the Fe quantum well is formed
by the H s point at the Brillouin-zone boundary (Fig. 3).
To obtain the total momentum one has to combine the
momentum kg of the band-edge states with the momen-
tum *k* of the envelope function. Plotting energy
versus total momentum one obtains the data points in Fig.
3 (open circles). Considering the error bars from the un-
certainty in thickness calibration (= % 30%) the data
generally follow the dispersion of the bulk A; band of Fe.
There seems to be some deviation towards lower energies
when going away from the zone boundary. This corre-
sponds to thinner quantum wells (i.e., larger k*), and
may indicate a lowering of the potential by the Au atoms
adjacent to the well. The best way to study this
phenomenon is to go to the extreme, i.e., to a monolayer
well.

For the monolayer case the band structure simplifies
since all Fe atoms become equivalent. At k"=0 the Fe 3d
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FIG. 3. Band diagram for a Fe-in-Au(100) quantum well
along the [100] interface normal. Both Au(100) and Fe(100)
exhibit band gaps of A, symmetry (Xi-X and Hs-H, with H,,
at 21 eV not shown, see Refs. 11-13). The lower band edges X
and H s form a 9-eV deep, hole-type quantum well analogous to
that for the valence band in semiconductors. Only bands with
allowed transitions in normal incidence are shown, i.e., A; (solid)
and As (dashed). The open circles are derived from the quan-
tum-well oscillations in Fig. 2.

manifold splits due to the fourfold C4, symmetry into four
states, i.e., A1(d,2), Ax(d,2_,2), Aj(dy,), and the doubly
degenerate As(dy; ;). Only two of these are accessible
for normal incidence (or emission) electrons, i.e., A; with
the photon field E parallel to the interface and As with E
perpendicular. These states can be distilled from the com-
plicated, published monolayer band structures'>'® by
their symmetry. The result for a monolayer of Fe on
Au(100) is shown in Fig. 4 (bottom, extracted from Ref.
15), and compared to a spin-polarized photoemission
study'” and the inverse-photoemission results. The calcu-
lated states all have a counterpart in the data that is con-
sistent with the reported'!” spin and symmetry. Thereby
we tentatively assign the lower of the two inverse-
photoemission peaks (at 0.6 V) to the As| state, based on
its connectivity with the bulk As|-H3s| peak when going
to thick Fe(100) films (compare Ref. 3 for bulk Fe). This
assignment gives a ferromagnetic exchange splitting of 2.7
eV for the As state, which is significantly larger than that
of the corresponding bulk band (I';s-As-H3s), i.e., 2.1 eV
for I'5s and 1.8 eV for H5s (see Ref. 13). Using the
empirical correlation of 1 eV/upon found between the ex-
change splitting and the magnetic moment '® one may con-
clude that the magnetic moment of the monolayer is
enhanced compared to that of the bulk. This is in line
with predictions'>'® of enhanced monolayer magnetism.
It should be noted, however, that the splitting of 2.4 eV re-
ported!” for the occupied A; monolayer state is equal to
the splitting of the corresponding bulk band (I"|>-A;, see
Ref. 13).

The A; states of the monolayer in Fig. 4 are pulled
down by more than 1 eV below the bottom of the corre-

normal emission/incidence electrons. The ferromagnetic ex-
change splitting of the As state is larger than that of the analo-
gous bulk band [2.7 eV vs 1.8-2.1 eV (Ref. 13)], indicating an
enhanced magnetic moment in the monolayer.

sponding bulk bands (i.e., I'j2-Aj, see Fig. 3 and Ref. 13).
This must be the influence of the Au neighbors at the in-
terface. The same trend was already noticeable for the
thinner quantum wells, where the quantum-well states
plotted in Fig. 3 lie below the A; bulk bands. This shows
the limitations of a simple, bulklike quantum-well model
when approaching wells in the monolayer range. In addi-
tion to the d-like states discussed so far there exists an ex-
tra inverse-photoemission peak at 1.9 eV for the embed-
ded monolayer. It connects with the quantum-well states
at higher coverage, which also have A; symmetry (Fig. 3).
This peak has some s,p character, judging from the ener-
gy dependence of its cross section. Relative to the d-like
As| peak at 0.6 eV its intensity increases at lower electron
energy (not shown). Thus there are two candidates for
the extension of the quantum-well states to a monolayer.
Below monolayer coverage the ferromagnetic, long-
range order disappears. The Curie temperature has been
found to drop below room temperature somewhere be-
tween 0.5 and 1 layer.'”?® The inverse-photoemission
peaks shift downwards from their monolayer positions
(0.6 and 1.9 eV) to < 0.25 and 1.5 eV in the limit of zero
coverage. This shift is too small to account for a collapse
of the ferromagnetic splitting (see Fig. 4). It is likely that
there exists a local magnetic moment that causes a mag-
netic splitting. The situation is probably close to the
spin-glass phase?!' formed by dilute Fe in Au. In this case
a large, local moment of 3.7upgon has been found, even
larger than the moment of 2.97upon, predicted'> for the
monolayer and close to the atomic limit of 4upon;. Photo-
emission from the spin-glass phase?' has identified a Fe 3d
peak near the Fermi level as the partially filled minority
spin state. This would be consistent with the inverse-
photoemission peak at < 0.25 eV being the empty part of
this state. A similarity between submonolayer film and
dilute spin glass has already been néticed ?? for Mn on Ag
versus Mn in Ag. A two-dimensional version of the spin-
glass phase may be the ultimate fate of magnetic layers in
the low coverage limit, where long-range ferromagnetic
order ceases to exist but local moments are still present, or
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even increasing.

The results on quantum-well states can be summarized
as follows: Quantum-well states give rise to intensity-
versus-thickness oscillations in inverse photoemission,
which are related to the wavelength of the envelope func-
tion. The wavelength ranges from 10 to 14 A, which is
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suspiciously close to the period of an oscillatory exchange
coupling observed recently in magnetic superlattices®?
(typically 7-18 A). Whether or not there is a connection
remains to be explored. The quantum-well states can be
traced all the way down to the submonolayer regime,
where their energy is lowered by interface bonding.
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