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Low-energy-electron probing depths in metals
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Thin-film techniques are used in conjunction with spin-polarized electron-energy-loss spectroscopy to
measure directly the probing depth of low-energy (~30 eV) electrons in metals. The data indicate
the probing depth in molybdenum is small (~1 monolayer) but that it is significantly higher for
copper (~3 monolayers). These differences are consistent with a model in which inelastic scattering is
attributed to electron-hole pair excitation. Effects are also observed that might be interpreted in terms
of scattering at the interface between substrate and overlayer.

Spin-polarized-electron spectroscopies provide very
powerful probes of the electronic and magnetic properties
of surfaces and thin films.! Here we report the results of a
study of electron probing depths at metal surfaces and
thin films using spin-polarized electron-energy-loss spec-
troscopy (SPEELS). In SPEELS a monoenergetic beam
of polarized electrons is directed at the target surface and
the polarization of scattered electrons is measured as a
function of inelastic energy loss. Spin-flip inelastic
scattering results when an incident electron falls into an
unoccupied state above the Fermi level with the energy
released being transferred to an electron of opposite spin
in an occupied state below the Fermi level; the latter elec-
tron is ejected from the surface.?® For ferromagnetic ma-
terials such creation of an electron-hole pair of opposite
spin is termed Stoner excitation.*”® Recent SPEELS
studies in this laboratory demonstrate that such spin-flip
scattering events in paramagnetic materials manifest
themselves in scattered-electron-polarization spectra that
are characteristic of the target electronic structure,?> as
will be discussed further below. Specifically, SPEELS
studies of Mo(110) revealed a prominent polarization-loss
feature, centered at an inelastic energy loss of ~5 eV,
while no significant polarization loss over that energy
range was observed from Cu(100). This very different be-
havior provides a means to distinguish between electron
scattering from copper and molybdenum; electrons that
scatter inelastically from copper do so with very little loss
of polarization, whereas those that scatter from molybde-
num have a readily identifiable polarization-loss signa-
ture. Here we take advantage of this difference to mea-
sure directly the probing depth of low-energy electrons in
copper and molybdenum by depositing thin molybdenum
(copper) overlayers on a Cu(100) [Mo(110)] substrate
and observing the appearance (disappearance) of the
molybdenum polarization-loss feature. The probing depth
is defined here as the thickness of the near-surface region
from which (1 —e ~'), i.e., ~63%, of the detected inelast-
ically scattered electrons originate. The data indicate that
the probing depth in molybdenum is small, ~1 mono-
layer. The probing depth in copper is found to be sig-
nificantly larger, —3 monolayers. Effects are also ob-
served that are attributed to scattering at the interface be-
tween the substrate and overlayer.

The present apparatus is shown schematically in Fig. 1
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and has been described in detail elsewhere.>3° Briefly, a
collimated beam of spin-polarized electrons is directed at
the target surface and the polarization of electrons scat-
tered inelastically from the surface is measured as a func-
tion of energy and angle using a movable retarding-
potential Mott polarimeter that is equipped with a hemi-
spherical energy analyzer. The polarized electron beam is
produced by photoemission from a cesiated GaAs surface
using circularly polarized radiation from a Ga;-,Al,As
laser. The photoelectrons, which are initially longitudi-
nally polarized, are accelerated and directed through a
90° electrostatic deflector. The emergent beam, now
transversely polarized, passes through a series of electro-
static lenses and is then focused on the target surface at
an angle of incidence ;. The polarization P; of the beam
is ~0.26 and can be simply reversed, P,— — P;, by
changing the sense of circular polarization of the radiation
incident on the GaAs photocathode.

Electrons leaving the target surface in a narrow range
of angles (~ *5°) about some angle 8, to the surface
normal enter a hemispherical energy analyzer that has an
energy resolution of ~0.3 eV. The polarization of the in-
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FIG. 1. Schematic diagram of the apparatus is shown.
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cident electrons is perpendicular to the scattering plane
defined by the incident and scattered electrons. Those
electrons transmitted through the hemispherical energy
analyzer enter a low-energy Mott analyzer'® where the
average component of their spin polarization perpendicu-
lar to the scattering plane is determined by measuring the
left-right asymmetry that results because of the spin-orbit
effect when the electrons are quasielastically scattered (at
18 keV) through = 120° at a gold surface. In practice, to
eliminate instrumental asymmetries, the scattering asym-
metry is determined with the incident electrons polarized
both spin up and spin down. Ancillary measurements
showed that for all the surfaces studied in the present
work the scattered-electron currents were essentially in-
dependent of the spin of the incident electrons and that
any polarization of the scattered electrons produced by an
unpolarized incident beam was unobservably small. These
observations indicate that spin-orbit effects do not play an
important role in determining the polarization of the scat-
tered electrons. It is therefore reasonable to assume that
the polarization of the scattered electrons is simply pro-
portional to the polarization P; of the incident electrons
and will reverse sign when P; is reversed. In this event,
the polarization of the scattered electrons is given by>%1°
_ 1 X—1 )

C Ser X+1°

where S, is the magnitude of the effective Sherman func-
tion and X =(R.Rk/RrR;)'"%. R, (R}) and Rg (R{)
are the count rates in the two detection channels, labeled
left and right, with incident-beam polarization P; (— P;).
The Mo(110) substrate was prepared by prolonged
heating to 1300 K in 5% 10 ~7 torr O, followed by flashing
to above 2000 K. The Cu(100) substrate was prepared by
repeated cycles of Ar* ion sputtering and thermal anneal-
ing to 900 K. Surface cleanliness and order were moni-
tored by Auger-electron spectroscopy (AES) and low-
energy electron diffraction (LEED). The copper and
molybdenum films were evaporated (with the substrate at
room temperature) using thermal and electron-bom-
bardment evaporators, respectively. The pressure in the
vacuum system remained below ~3x107'° torr dur-
ing evaporation and the deposition rates, monitored
by a quartz thin-film-thickness monitor, were typically
~0.2-1.0 A per minute. The deposition rates and film
thicknesses were determined both by measuring directly
the ratio of the copper and molybdenum Auger signals
and by monitoring the time development of the Auger
features during deposition. Significant breaks in the time
development were observed. If, as in general practice,
these are taken to signal completion of the first (or a sub-
sequent) monolayer, the film thicknesses so obtained are
in excellent agreement both with those registered by the
thickness monitor and with those deduced from the mea-
sured Auger signal ratios using the appropriate sensitivity
corrections.!! AES, LEED, and reflection high-energy
electron diffraction (RHEED) were employed to examine
the quality of the films. RHEED observations showed
that for both overlayer-substrate combinations, monolayer
deposition resulted in streaks with the same separation as
for the substrate; this indicates that the in-plane spacing

of the atoms in the overlayer is similar to that of the sub-
strate. Good LEED patterns were also observed following
monolayer deposition. With continued deposition, howev-
er, the RHEED and LEED patterns became increasingly
diffuse, but were still discernible after the deposition of
~ 3-4 monolayers.

The polarization of electrons scattered inelastically
from a clean Cu(100) surface and from a Cu(100) sur-
face having molybdenum overlayers of thickness 0.5, 1, 2,
and 5 monolayers are shown in Fig. 2 as a function of
scattered-electron energy. (All the data reported here
were recorded under specular conditions with 6; =6
=55° and are normalized to unit incident electron polar-
ization.) The polarization of electrons scattered inelasti-
cally from a clean Mo(110) surface, and a Mo(110) sur-
face with copper overlayers of thickness 1, 2, 3, and 5
monolayers are shown in Fig. 3.

The differences between the polarization versus inelas-
tic energy-loss spectra obtained at clean Cu(100) and
Mo(110) surfaces have been discussed previously>* using
a simple model which assumes that the detected electrons
have each suffered energy loss as a result of a single in-
elastic electron-hole pair excitation event. The probability
that such an inelastic scattering event will result in a spin
flip is related to the relative amplitudes for direct and ex-
change scattering. Molybdenum has a high density of
both occupied and unoccupied electronic levels and is
therefore expected to exhibit strong inelastic scattering via
electron-hole pair excitation. Indeed, the observed po-
larization-loss feature for Mo(110) shown in Fig. 3 corre-
lates well with the joint density of states available for ex-
change scattering through electron-hole pair creation.?
The scattered-electron polarization, however, remains
strongly positive showing that, even at the minimum of
the polarization-loss feature, non-spin-flip inelastic scat-
tering is dominant. (The data also require that the ratio
of spin-flip and non-spin-flip scattering depend on the in-
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FIG. 2. Polarization of electrons scattered inelastically from
a clean Cu(100) surface (®) and following deposition of 0.5 (0),
1 (&), 2 (¥), and 5 (@) monolayers of molybdenum. The data
were recorded under specular conditions (6; =6, =55°) with an
incident electron energy of 28 eV and are normalized to unit in-
cident electron polarization.
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FIG. 3. Polarization of electrons scattered inelastically from
a clean Mo(110) surface (®) and following deposition of 1 (0),
2 (a), 3 (v), and 5 (@) monolayers of copper. Data for clean
Cu(100) (©) are included for comparison. The data were
recorded under specular conditions (6, =6, =55°) with an in-
cident electron energy of 27 eV and are normalized to unit in-
cident electron polarization.

elastic energy loss, but this is not surprising given that
both direct and exchange processes contribute to non-
spin-flip scattering and that there are interference terms.)
Copper has a much lower density of unoccupied states due
to the absence of d holes. As a consequence, for inelastic
energy losses <10 eV, the joint density of states for
electron-hole pair excitation is much smaller than for
molybdenum, and the lack of a pronounced polarization-
loss feature is not unexpected. Assuming that the detect-
ed electrons each undergo a single inelastic scattering
event, the probing depths reported here for molybdenum
and copper are simply those characteristic of inelastic
electron scattering in these materials.

It is notable that the polarization-loss feature observed
following deposition of only a single monolayer of mo-
lybdenum on Cu(100) approaches in depth and shape that
for bulk molybdenum or thick molybdenum films. This
indicates that the probing depth for molybdenum must be
small, ~1 monolayer, and that, as suggested by the
LEED and RHEED observations, layer-by-layer growth
is occurring, i.e., the copper surface is completely covered
following deposition of just a single monolayer of mo-
lybdenum. Layer-by-layer growth of molybdenum on
Cu(100) is, perhaps, unexpected given that molybdenum
has a higher surface free energy (ymo=2.2 Jm ~2) than
copper (ycy=1.6 Jm ~2).'2 The lattice mismatch, how-
ever, is small (~6%) and there are other examples of
layer-by-layer growth of high-surface-free-energy metals
on low-surface-free-energy substrates, at least for the first
few monolayers.'>!* [It has been reported that molybde-
num grows epitaxially with (110) orientation on a
Cu(111) substrate. '>'¢]

Deposition of copper on Mo(110) leads to a disappear-
ance of the molybdenum polarization-loss feature, but
true copperlike behavior is not observed until after deposi-
tion of several monolayers. Two explanations for this be-

havior are possible, namely, that the probing depth in
copper is large and/or that copper deposition on Mo(110)
results in island formation leaving exposed areas of
molybdenum that gradually fill in as deposition continues.
Other studies, however, have shown that the first layer of
copper grows pseudomorphically on Mo(110),'7'® as was
confirmed in the present work by LEED and RHEED ob-
servations, and no evidence of island growth has been re-
ported. Figure 3 also shows that the deposition of copper
results in a change in the shape of the polarization-loss
feature. In particular, the deposition of a single copper
monolayer results in a much greater change in the mea-
sured polarization at inelastic energy losses of ~5 eV
than at inelastic energy losses of ~2 eV. This effect is
difficult to explain in terms of a simple combination of
scattering from copper islands and from intervening areas
of exposed molybdenum, especially since the energy distri-
butions for electrons scattered inelastically from copper
and molybdenum are similar. Thus the data indicate that
the probing depth in copper is large, ~3 monolayers, and
is significantly greater than that for molybdenum. This
difference is, however, entirely consistent with differences
in the joint densities of states for electron-hole pair excita-
tion. Indeed, if it is assumed that the transition matrix
elements coupling occupied and unoccupied levels are in-
dependent of energy (and material) and are constant over
the Brillouin zone, simple calculations of the joint densi-
ties of states for copper and molybdenum predict a
difference of a factor of ~3 in the probing depths.? The
data, therefore, suggest that, at least for copper and
molybdenum, electron-hole pair excitation is the predom-
inant inelastic electron-scattering mechanism for energy
losses of up to ~10eV.

The changes in the shape of the molybdenum polari-
zation-loss feature evident upon copper deposition can be
readily explained if the local density of states near the
molybdenum/copper interface is described by some linear
combination of those appropriate to copper and molybde-
num. Given this reasonable conjecture, inelastic spin-flip
scattering at the interface might then involve an unoccu-
pied level contributed by the molybdenum substrate but
an occupied level contributed by the copper overlayer.
(The average density of occupied states for the first few
electron volts below the Fermi level is greater for copper
than for molybdenum.) Indeed, a simple convolution of
the density of unoccupied states for molybdenum with the
density of occupied states for a copper surface predicts a
polarization-loss feature similar to that observed at inter-
mediate copper coverages. It is also interesting to note
that the general shape of the polarization-loss feature ob-
served at a Cu(100) surface with a 0.5-monolayer mo-
lybdenum overlayer (see Fig. 2) differs from that for clean
Mo(110) but is similar to that for a Mo(110) surface at
intermediate copper coverages and this could again be at-
tributed to interface effects. Calculations of the local den-
sity of states at a molybdenum/copper interface are un-
derway to test this hypothesis further. '
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