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Spin-Dependent Fabry-Pérot Interference from a Cu Thin Film Grown on fcec Co(001)
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Spin-dependent electron reflection from a Cu thin film grown on Co/Cu(001) was investigated using
spin-polarized low-energy electron microscopy (SPLEEM). Fabry-Pérot type interference was observed
and is explained using the phase accumulation model. SPLEEM images of the Cu overlayer reveal
magnetic domains in the Co underlayer, with the domain contrast oscillating with electron energy and Cu
film thickness. This behavior is attributed to the spin-dependent electron reflectivity at the Cu/Co
interface which leads to spin-dependent Fabry-Pérot electron interference in the Cu film.
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Quantum well states (QWS) that are formed by electron
confinement in thin metallic films can dramatically influ-
ence film properties and result in many interesting phe-
nomena, such as film stability [1] and oscillatory magnetic
interlayer coupling [2-4], etc. Photoemission methods
provide the most direct information on QWS below the
vacuum level. A key result is that electron quantization
caused by confinement can be well described by the phase
accumulation model (PAM) [5]. On the contrary, phe-
nomena related to unoccupied QWS above the vacuum
level have been explored to a considerably lesser extent.
This is especially true for spin-dependent phenomena in
magnetic nanostructures, which is due, in part, to the low
efficiency of spin-resolved photoemission measurements.
Although energy levels above the vacuum level are not
occupied by electrons and thus do not contribute directly to
the electronic energies, injection of hot electrons into these
unoccupied states can provide unique information on ma-
terial properties. For example, hot electron injection has
been applied for a long time in techniques such as low-
energy electron diffraction and low-energy electron mi-
croscopy [6]. The spin degree of freedom of hot electrons
was also successfully exploited to study spin-dependent
properties of materials by several different methods, such
as imaging of magnetic domain structure using scan-
ning electron microscopy with polarization analysis [7]
and spin-polarized low-energy electron microscopy
(SPLEEM) [8]. Since both occupied and unoccupied elec-
tronic states are quantized, modification of the unoccupied
states above the vacuum level by confinement can have a
significant effect on electron scattering measurements that
are based on hot electron injection. For example, oscilla-
tions of the reflected electron intensity from metallic thin
films are known to occur with varying incident electron
energy due to a quantum size effect [9-11]. A similar
interference effect was also observed in electron trans-
mission into metallic multilayers [12]. Recently, a spin
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selective electron interferometer was demonstrated by
electron reflectivity measurements from thin metallic films
[13,14]. SPLEEM measurements of quantum well reso-
nances have also been used to derive spin-resolved unoc-
cupied energy bands of Fe films [15]. These discoveries
suggest that a spin-dependent quantum size effect involv-
ing unoccupied states above vacuum [16,17] could bring
new capabilities to electron microscopy techniques if the
spin degree of freedom of hot electrons is integrated into
spectroscopic measurements. In this Letter, we report on
development of this new approach in a SPLEEM study of
Cu thin films grown on fcc Co/Cu(001). We find that the
electron reflectivity from the Cu thin film exhibits Fabry-
Pérot type interference: when the Cu thickness increases,
the energies of the interference peaks decrease (or in-
crease) for k vector greater (or less) than half of the
Brillouin zone (BZ) vector. This interference effect results
in a spin asymmetry of the electron reflectivity from the Cu
film. SPLEEM images of the Cu film reveal the magnetic
domain structure of the underlying Co film, with domain
contrast oscillating with electron energy and Cu film thick-
ness. This observation is attributed to the spin-dependent
reflectivity at the Cu/Co interface.

The experiment was performed in the SPLEEM instru-
ment at Lawrence Berkeley National Laboratory, which
operates at a base pressure of 5 X 107!! Torr. A Cu(001)
single crystal substrate was cleaned by cycles of Ar ion
sputtering at 1.5—3 keV energy and annealing at ~1000 K.
After cleaning, no surface contamination was detectable
using Auger electron spectroscopy. All films were depos-
ited at room temperature, and the pressure remained below
2 X 10719 Torr during deposition. In the SPLEEM, a spin-
polarized low-energy electron beam is directed at the
sample surface at normal incidence, and the specular
beam is magnified in an electron-optical column to form
either a real-space image of the sample or a backscattered
electron diffraction pattern. The SPLEEM can be used for
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convenient and very precise film-thickness control during
in situ film growth by monitoring average image intensity
oscillations [18] in a similar manner as reflected high
energy electron diffraction oscillations. A 5 ML (mono-
layer) Co film was grown first on the Cu(001) surface to
serve as a Co substrate, and then Cu films were grown
while simultaneously recording SPLEEM images and re-
peatedly scanning the incident electron energy to provide a
systematic thickness and energy dependent study. Because
of the instrument limitation, each energy scan covers only a
range of ~13 eV.

The reflectivity of elastically scattered unpolarized elec-
trons from the Cu/Co/Cu(001) specimen was determined
from the laterally averaged and spin-integrated SPLEEM
image intensity. After normalizing the data by the intensity
spectrum obtained from a thick Cu film that does not
exhibit quantum interference, resonance reflectivity peaks
are clearly observed whose energy decreases or increases
with increasing Cu film thickness for electron energy
below or above ~19 eV, respectively [Figs. 1(a) and
1(b)]. To understand the resonance peaks of the electron
reflectivity, we consider electron reflection from a Cu thin
film on an fcc Co substrate. If the complex reflectivities of
the electron wave in Cu at the Cu/vacuum and Cu/Co
interfaces are rgexp(i¢pp) and reexp(ich), respectively,
where r and ¢ denote the magnitude and phase gain of the
electron reflection at the corresponding interface, it is
straightforward to derive the following expression for the
total electron reflectivity by satisfying the continuity
boundary conditions at the two Cu interfaces:

B ra + r2C + 2rgrecoskdey + dp + )
1+ ryre + 2rgre cos(kde, + ¢p + dc)’

ey

Here d¢, is the Cu film thickness and k is the electron
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FIG. 1. Electron reflectivity from Cu/Co/Cu(001). The

dashed lines in (a) and (b) are theoretical calculations based
on the phase accumulation model. (c) Experimental and theo-
retical results for the Cu energy band.

momentum vector in the Cu film. Equation (1) simply
describes a classical Fabry-Pérot interferometer. It is inter-
esting to note that the maximum electron reflectivity takes
place at the interference condition of

2kdcy + pc + pp = 2mn, n = integer, (2)

which is exactly the result of the phase accumulation
model [5] for QWS below the vacuum level. Therefore
the phase accumulation model describes both the confined
QWS below the vacuum level and the interference condi-
tion above the vacuum level. In a solid, an electron also
experiences the lattice periodic potential which generates
an envelope function for the electron Bloch wave [19].
Thus Eq. (2) should be valid for k < kgz/2 where kg is
the BZ wave vector. For k > kg;/2, Eq. (2) should be re-
written as

2(kpz — k)dcy — b — Ppp = 2y, n = integer.

3)

Although Egs. (2) and (3) are mathematically equivalent
at integer Cu thickness, they have different physical mean-
ings. While Eq. (2) describes the QWS for k < kg, /2 with
the index n being the number of nodes of the electron wave
function, Eq. (3) describes the electron envelope function
at k > kg, /2 with the index » being the number of nodes of
the envelope function. The envelope function arises from a
beating effect between the electron wave and the periodic
lattice potential at k > kg, /2 [5]. Therefore Eq. (3) ac-
tually represents the quantization condition for the enve-
lope function [19-21]. One important consequence, as
proposed by Egger er al. [13], is that Egs. (2) and (3)
should lead to an opposite energy vs thickness dispersion
for QWS at k < kg,/2 and k > kg,/2 with a crossover
occurring at k = kg, /2. In the energy range of 8-26 eV
above Er, there is one relevant energy band along the [001]
direction (I'X) with A, symmetry, in which the energy
decreases with increasing k and crosses the k = kgy/2
point at ~19 eV [22,23]. Therefore, for energy greater or
less than 19 eV, the Fabry-Pérot interference condition
should be determined by Eq. (2) or Eq. (3), respectively,
leading to a corresponding increase or decrease of the
QWS energy with increasing Cu thickness, respectively.
Such a crossover effect is now unambiguously confirmed
by our experimental observation shown in Fig. 1(b). In
particular, the 2 ML oscillation periodicity of the Cu film
thickness occurs as expected at the crossover energy of
19 eV, which corresponds exactly to the k = kg;/2 point.

To quantitatively explain the result of Fig. 1, we calcu-
lated the QWS using the phase accumulation model. The
reflection phases for hot electrons at the upper and lower
interface of the Cu film are calculated as ¢p = 0 and
¢c = m— 2arcsiny/(E — E;)/(Ey — E), where Ej =
9.6 eV and E; = 2.5V are the upper and lower edges
of the Co energy gap [24,25]. Adopting the Cu energy band
from band structure calculations [23], we can use the PAM
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to calculate the resonance conditions of the QWS as a
function of energy and Cu film thickness. The result of
the PAM calculation, plotted as dashed lines in Figs. 1(a)
and 1(b), shows excellent agreement with the experimental
data. At a given energy, the periodicity of the reflectivity
oscillations as a function of Cu film thickness determines
the corresponding momentum vector; thus the Cu energy
band can be derived from the experimental data of
Figs. 1(a) and 1(b) [15]. Figure 1(c) shows a comparison
of the Cu energy band determined from this experiment
(open circles) with the band structure calculation result
(dashed line).

After understanding the interference effect of unpolar-
ized electrons in the Cu film, we turn our attention to the
spin-dependent reflectivity. Adjusting the incident electron
spin polarization from a direction that is parallel (p) to one
that is antiparallel (ap) to the sample magnetization causes
the electron reflectivity to change. Figure 2(a) shows rep-
resentative spin-resolved electron reflectivity measure-
ments of Cu/Co(5 ML)/Cu(001) as a function of Cu film
thickness at two incident electron energies. The reflectivity
peaks are due to the quantum interference identified in
Fig. 1. The electron reflectivity of the Cu film is clearly
spin dependent. This effect was attributed previously to the
phase difference of the electron reflection at the Cu/Co
interface [13], which can account for the peak position.
However, we find that both the positions and the magni-
tudes of the reflectivity peaks depend on the incident
electron spin direction. This indicates that the ferromag-
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FIG. 2 (color). (a) Spin-dependent electron reflectivity from
Cu/Co(5 ML)/Cu(001). Asymmetry of the spin-dependent
electron reflectivity from (b) Cu/Co(5 ML)/Cu(001),
(c) Co/Cu(001), and (d) Cu/Co(15 ML)/Cu(001).

netic Co generates not only a spin-dependent phase shift,
but also causes a spin dependence of the magnitude of
the electron reflectivity at the Cu/Co interface. In other
words, both r- and ¢ in Eq. (1) are spin dependent. By
measuring the difference of the p-spin and ap-spin reflec-
tivity, we obtained the asymmetry of the electron reflec-
tivity, (R, — R,,)/(R, + R,,) [Fig. 2(b)]. It is seen that
the spin-dependent reflectivity at the Cu/Co interface re-
sults in a spin-dependent Fabry-Pérot interference from the
Cu film with the asymmetry oscillating as a function of
both the electron energy and the Cu film thickness. Since
the Co film is in the ultrathin regime, we also studied the
electron reflection asymmetry in Co/Cu(001) as a function
of Co film thickness and electron energy [Fig. 2(c)]. For Co
thinner than 1.6 ML, the asymmetry is zero because the
Co/Cu(001) film is paramagnetic at room temperature.
For Co thicker than 1.6 ML, the reflection asymmetry
exhibits a weak interference effect. Comparing Figs. 2(b)
and 2(c), we notice several differences. First, the sign of
the asymmetry for Cu/Co(5 ML)/Cu(001) alternates be-
tween positive and negative, while the sign of the asym-
metry for Co/Cu(001) remains unchanged. Second, the
asymmetry oscillation amplitude of Cu/Co(5 ML)/
Cu(001) is an order of magnitude greater than that of
Co/Cu(001). Thus we conclude that the interference
shown in Fig. 2(b) is dominated by the Cu film. This
conclusion is further supported by the asymmetry mea-
surement for Cu/Co(15 ML)/Cu(001) [Fig. 2(d)], which
shows a result that is almost identical to the result for
Cu/Co(5 ML)/Cu(001) [Fig. 2(b)].

To further explore the spin-dependent Fabry-Pérot inter-
ference, we performed SPLEEM measurements of both
Co(5 ML)/Cu(001) and Cu/Co(5 ML)/Cu(001) at an
identical sample position. For Co(5 ML)/Cu(001)
[Fig. 3(a)], the domain intensity (dark and bright) remains
unchanged with increasing electron energy, which agrees
with the result of Fig. 2(c) that the sign of the asymmetry
does not change for Co/Cu(001). For Cu/Co(5 ML)/
Cu(001), we obtained SPLEEM images at different elec-
tron energies with fixed Cu thickness [Fig. 2(b)] and at
different Cu thicknesses with fixed electron energy
[Fig. 2(c)]. In both cases, we observed not only the mag-
netic domains of the Co layer buried beneath the Cu film
but also domain contrast reversals [dark-bright switching
as compared with the fixed domain contrast of
Co/Cu(001)]. This result further confirms the spin-
dependent nature of Fabry-Pérot interference in the Cu
film and highlights that both the magnitude and the sign
of the electron reflection asymmetry oscillate with the
electron energy and the Cu film thickness.

In summary, we have investigated the spin-dependent
electron reflectivity from a Cu thin film grown on
Co/Cu(001) using SPLEEM. The Fabry-Pérot interference
peak energy was found to increase or decrease with the Cu
thickness for an electron wave vector less than or greater
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FIG. 3. SPLEEM images of (a) Co(5 ML)/Cu(001) at differ-
ent electron energies, (b) Cu(6.0 ML)/Co(5 ML)/Cu(001) at
different energies, and (c) Cu/Co(5 ML)/Cu(001) at different
Cu thicknesses and fixed 11.3 eV electron energy. The oscillation
of the domain contrast (both magnitude and sign) in (b) and (c)
shows the spin-dependent Fabry-Pérot interference of the Cu
film. The arrows in (a) indicate the Co magnetization directions.
The image field of the view is 7 wm. All images correspond to
the same sample area.

than half of the BZ vector, respectively. The phase accu-
mulation model successfully explains the experimental
observations. Moreover, the spin-dependent electron re-
flectivity at the Cu/Co interface results in a spin-dependent
Fabry-Pérot interference in the Cu film, making it possible
to detect magnetic domains in the Co underlayer in
SPLEEM images of the Cu overlayer film.
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