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Morphology-induced oscillations of the electron-spin precession in Fe films on Ag(001)
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Spin-polarized electron reflection experiments on Fe films on Ag(001) show oscillations of the electron-spin
precession as a function of the Fe thickness with monolayer periodicity. They are attributed to morphological
changes of the Fe film. This shows—because of total angular momentum conservation—that the transfer of
spin-angular momentum from the incident electrons to the ferromagnetic film can be extremely sensitive to the

morphology and structure of the film.
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The configuration of magnetization orientation in a metal-
lic ferromagnetic system can strongly affect the electron
transport properties of the system, a phenomenon known as
the “giant magnetoresistance” effect.!:> Transfer of spin an-
gular momentum, on the other hand, represents the reverse
effect: the influence of a spin-polarized current on the mag-
netization of the ferromagnetic system. The phenomenon
originates from the exchange of angular momentum between
a polarized current and the magnetization, a concept that has
been put forward by Slonczewski® and Berger.* In fact, this
relatively new phenomenon has been proven to be a way of
reversing the magnetization without the application of a
magnetic field.> Although much attention has been devoted
to this topic, all efforts focused on experiments involving the
spin transfer from electrons from one solid medium to an-
other. While much insight has been obtained in these kinds
of experiments, the spin-transfer process could be made
clearer if the spin states of the incoming and outgoing elec-
trons, which are usually not well known in these experi-
ments, could be assessed by some known independent
means. This is possible in experiments in which the spin
polarization of the electrons is measured before and after the
interaction with a ferromagnetic film. Because of total angu-
lar momentum conservation, such experiments allow us to
evidence the spin-transfer effect by measuring the spin mo-
tion of the electrons that have been interacting with the fer-
romagnetic film. In the past, this technique has been used by
us both in transmission and in reflection geometry in order to
identify the parameters influencing the spin-transfer effect.
Although the current densities used in this technique are too
small by many orders of magnitude to induce a sizeable ef-
fect on the magnetization vector, the torque per electron ex-
ercised on the magnetization can be determined. The mea-
surements in transmission showed that the precessional
motion of the incident electron spin and consequently that of
the magnetization is directly determined by the exchange
energy. The experiments in reflection, on the other hand,
showed that angular momenta comparable to those in trans-
mission geometry are transferred to the ferromagnet.” In par-
ticular, the importance of gaps in the electronic band struc-
ture of the ferromagnet’ and of quantum-interference
effects®” has been underlined. Here we show that the spin
transfer can be influenced strongly via a change of the spin-
dependent electron reflection amplitudes by the morphology
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and structure of the ferromagnetic film—an effect that has
not yet been addressed either theoretically or experimentally.
This effect is evidenced upon spin-polarized electron reflec-
tion on Fe films on Ag(001).

The experiment consists of a polarized electron source, a
ferromagnetic film that is magnetized remanently in-plane by
a magnetic field pulse, and a spin detector (see inset in the
bottom panel of Fig. 1). A 70% polarized electron beam is
obtained from an optically pumped Ga,P,_,As superlattice
structure with circularly polarized light of 780 nm wave-
length. The electron beam is incident at 45° with respect to
the sample surface with the in-plane projection of the wave
vector along the [100] direction of the Fe film. To observe a
maximum spin motion, the spin-polarization vector P, of the
incident electrons must be oriented perpendicularly with re-
spect to the magnetization M of the ferromagnetic film.° It is
only in a noncollinear geometry that the magnetization can
exert a torque on the spin-polarization vector. Upon reflec-
tion on the sample, the specular beam passes through a re-
tarding field energy analyzer. The spin polarization of the
elastically scattered electrons, to which we restrict our dis-
cussion, is measured by a spin detector.

The origin of the electron-spin motion in ferromagnetic
films is the spin-dependent scattering of electrons within the
film and at its surface. Supposing a completely polarized
electron beam with P, perpendicular to M, the spin part of
the incident electron wave function is described by a super-
position of a majority-spin and a minority-spin wave func-
tion with equal amplitudes: x,%(1,0)+(0,1). Because of
spin-dependent scattering, the spin wave function of the elec-
tron beam after reflection from the ferromagnetic film reads
x=(|r'|exp(i0"),|r!|exp(i#")), where |r!"| and 6! are, re-
spectively, the moduli and the phases of the spin-dependent
reflection amplitudes. This change of the spin wave function
corresponds to a precession of P around M by an angle &
=0'-¢' and a rotation by an angle ¢
=arctan[(|r'|>~|r![>)/2|r||r!]] in the plane spanned by P
and M with |r/*/|>=1"! the spin-dependent reflectivity (see
inset in the bottom panel of Fig. 2). In the following, the
values of ¢ are always normalized to a fully polarized elec-
tron beam.

Prior to Fe deposition, the Ag(001) crystal is cleaned by
several cycles of Ar-ion sputtering and annealing at 800 K
until sharp low-energy electron diffraction (LEED) reflexes
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are visible and no contamination of the surface is detected by
Auger spectroscopy. Fe is deposited at room temperature
from an Fe rod heated by electron beam bombardment. Dur-
ing deposition, the pressure is below 3 X 107! mbar. Never-
theless, we always detect a slight oxygen contamination of
the Fe films (0.6 at. %).

In our electron scattering experiments, the Fe films are
grown as follows. At a growth rate of 0.1 nm/min we de-
posit Fe during 30 s. This is followed by a measurement that
takes several minutes. Then, the procedure is repeated. Con-
sequently, the average deposition rate is much smaller than
0.1 nm/min. Auger experiments performed in the same man-
ner show a decrease of the Ag(351 eV) Auger-line intensity
that is well fitted by an exponential decay. As the fitted at-
tenuation length of 0.6 nm agrees well with the expected
one,!? the decrease of the Ag-Auger intensity is consistent
with a layer-by-layer growth of Fe on Ag(001) under our
particular growth conditions.

However, islands are formed when the Fe film is depos-
ited at a higher average deposition rate, for instance by in-
creasing the time during which Fe is deposited without inter-
ruption. The Auger experiments show a clear tendency: the
higher the average deposition rate, the higher the Ag signal at
a given Fe thickness. This may explain certain controversies
in the literature about the growth of Fe on Ag(001).'-14

Figure 1 shows the electron reflectivity as a function of Fe
thickness for three different primary electron energies. At
6.5 eV, oscillations with a period of one monolayer (1 ML
=0.143 nm) are seen. While their amplitude is strong for low
coverages, it decreases rapidly with increasing thickness but
stays then almost constant (see the inset in the top panel of
Fig. 1). At 7 eV, the ML oscillations are only visible at low
coverages up to 1 nm. For energies above 9 eV, no ML os-
cillations can be identified. Instead we observe one large
peak around 0.5 nm. The same structure appears already at
lower electron energies but superimposed on the ML oscilla-
tions. This structure is attributed to the creation of a standing
electron wave between the Fe surface and the Fe/Ag inter-
face.

Figures 2 and 3 show, respectively, the precession angle &
and the rotation angle ¢ as a function of the Fe thickness for
three different primary electron energies. The onset of the
magnetic signal is independent of the electron energy at
about 4 ML. In fact, Fe films on Ag(001) exhibit a reorien-
tation transition of the magnetization from out-of-plane to
in-plane around this thickness.!> As our experimental setup
does not allow us to magnetize the sample out-of-plane, a
magnetic signal appears only when the magnetization is in-
plane. For thicknesses above 4 ML, oscillations of both &
and ¢ are seen. A Fourier analysis of the data for energies
between 6 and 9 eV reveals the existence of two periods, a
short one with a wavelength of one ML independent of the
energy and a longer one whose wavelength varies as a func-
tion of the energy (see inset in the bottom panel of Fig. 3).
For energies above 9 eV, the ML oscillations disappear,
while oscillations with the long period remain unchanged.

Beside the occurrence of ML oscillations, we make an-
other interesting observation. While for energies above 9 eV
both & and ¢ saturate for thicknesses of the order of the
penetration depth of the electrons (1-2 nm), this is not the
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FIG. 1. The spin-integrated electron reflectivity / as a function
of the Fe film thickness for three different primary electron energies
E—Ep. The inset in the top panel is a zoom. The lines are guides to
the eye. The inset in the bottom panel shows a scheme of the ex-
periment, which consists of a polarized electron source, an in-plane
remanently magnetized Fe film, a retarding field energy analyzer,
and a spin detector. The incident polarization vector P is perpen-
dicularly oriented with respect to the film magnetization M.

case for energies between 6 and 9 eV. Instead, we find an
overall change in both £ and ¢ as a function of the Fe thick-
ness that is linear over a large thickness range. Then the
slope becomes smaller and the signal levels off for thick-
nesses above 9 nm (see inset in the middle panel of Fig. 2).
It is interesting to note that the existence of an overall change
with thickness is accompanied by ML oscillations (see 6.5
and 7 eV) that disappear when the overall slope is vanishing
(see 12 eV). We will show in the following that these two
phenomena are related.

Before discussing the possible origins of the ML oscilla-
tions, let us first discuss the occurrence of the long-period
oscillations. In order to understand them, one has to consider
a multiple-reflection model that is analogous to the Fabry-
Pérot interferometer model used in optics. In our recent work
on nonmagnetic films (Cu, Au) deposited on a ferromagnetic
Co(001) substrate,®® we demonstrated that the quantum-
interference effects that appear in all three measured quanti-
ties, i.e., the reflected intensity, &, and ¢, can be well de-
scribed within the Fabry-Pérot interferometer model.
Whereas in Cu or Au films on Co the electrons traveling in
the nonmagnetic layer have a spin-independent wave vector,
the latter is spin-dependent in Fe films on Ag. We thus expect
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FIG. 2. (Color online) The precession angle & as a function of
the Fe film thickness for three different primary electron energies
E—-Epg. The inset in the middle panel shows ¢ for a larger Fe thick-
ness range. The lines are guides to the eye. The inset in the bottom
panel shows the two types of motions of the spin-polarization vec-
tor: a precession about the magnetization M by an angle € and a
rotation by an angle ¢ in the plane spanned by P and M.

to see two oscillation periods: a longer one with wavelength
27/|k'—k'| and a shorter one with wavelength 27/ (k' +k!)
with k! the spin-dependent wave vector. However, the
longer period is usually too long (of the order of 100 ML) to
be seen in the measurements, so that in practice only the
short oscillation period is visible. This period is shown as a
function of the primary electron energy in the inset of the
bottom panel in Fig. 3.

What are the possible origins of the ML oscillations? One
might think that the variations of the surface morphology
(with a period of one ML) should lead directly to the ML
oscillations via the interference of electrons being reflected
from film terraces differing by 1 ML in thickness. For this to
happen, however, the electrons have to fulfill the anti-Bragg
condition, which is not the case in the energy range where
the ML oscillations are visible. Variations of the saturation
magnetization such as, for instance, those proposed for the
system oxygen on Fe(001) (Ref. 16) or variations of the
remanent magnetization are excluded as well. They should
be independent of the electron energy and should therefore
occur at any electron energy.

As a possible origin of the ML oscillations, we suggest an
oscillation of the surface-lattice parameter during Fe deposi-
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FIG. 3. The rotation angle ¢ as a function of the Fe film thick-
ness for three different primary electron energies E—Ey. The inset
in the bottom panel shows the period A of the long-period oscilla-
tions as a function of the primary electron energy. The lines are
guides to the eye.

tion. In fact, thin films grown on a substrate are generally
subject to strain arising from different bulk lattice parameters
of the film and the substrate. Two relaxation mechanisms can
relieve the strain. Up to a critical thickness, the film grows
pseudomorphically on top of the substrate, so that relaxation
can only occur at the incomplete surface layer. The surface
lattice can relieve the strain by a relaxation of the atomic
positions at island edges.!” Consequently, the strain relax-
ation is strongest for half-filled layers with a maximum of
the number of islands. Therefore, with increasing film thick-
ness the average lattice parameter varies in an oscillatory
fashion with ML periodicity. For thicknesses above the criti-
cal value, the strain is relieved by the creation of interfacial
dislocations in the film.!8 Thus, the ML oscillations are su-
perimposed on a constant background strain up to the critical
thickness and on a monotonically increasing relaxation of the
lattice parameter above it. Our data suggest such an interpre-
tation. Considering, for instance, the data at 6.5 eV, we see
that the ML oscillations have a constant background value up
to a thickness of about 1.3 nm, while the latter increases for
higher coverages.

Unfortunately, no structural data are available in the lit-
erature for Fe films on Ag(001) proving the existence of
surface-lattice parameter oscillations. Moreover, one might
argue that the misfit of the bulk lattice parameters of 0.4% is
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too small to induce a significant oscillation amplitude. How-
ever, even for homoepitaxial systems the surface strain for
islands is considerably different from flat surfaces,'” in par-
ticular for small islands, and thus leads to oscillations of the
surface-lattice parameter during growth. In addition, even a
slight contamination of the film surface during growth,
which we actually detect, can induce remarkable oscillations
of the surface-lattice parameter.?”

We emphasize that the amplitude of the ML oscillations
depends strongly on the Ag crystal used in the experiments.
Whereas the long-period oscillations as well as the overall
change of the spin-motion angles appear always with the
same amplitude, whatever the Ag crystal, no ML oscillations
could be observed on some Ag crystals. This dependence of
the ML oscillations on the substrate points also to the varia-
tion of the surface-lattice parameter as an origin of the ML
oscillations. In fact, the amplitude of the surface-lattice pa-
rameter oscillations depends on the nucleation density of the
film,”! a quantity that may vary strongly from one Ag sub-
strate to another as it depends in particular on the terrace
sizes of the substrate.

How can we understand in the above context the fact that
the ML oscillations as well as the overall change above the
critical thickness appear only in a limited electron energy
range? It is plausible that variations of the lattice parameter
can lead to a change of the electron reflection amplitude.
From scattering theory it is known that the total scattering
amplitude can be deduced from the partial scattering ampli-
tudes for the different angular momenta.?”> The crucial point
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is that even if the change of the lattice parameter results only
in small variations of the partial scattering amplitudes, the
total scattering amplitude and thus & and ¢ of the reflected
electrons may vary considerably under certain circum-
stances. Such a circumstance occurs when the partial scatter-
ing phases are such that the modulus of the total scattering
amplitude becomes small (the so-called generalized
Ramsauer-Townsend effect??). In fact, the reflected intensity
in our experiments exhibits a pronounced minimum in the
energy range of interest. Moreover, calculations made in the
atomic limit do indeed predict a Ramsauer-Townsend effect
in the same energy range.”* In order to further corroborate
this interpretation, spin-dependent LEED calculations have
to be performed in the future.

In conclusion, beside oscillations of the electron-spin mo-
tion due to quantum interference, oscillations of ML period-
icity have also been observed in Fe films on Ag(001) in
spin-polarized electron reflection experiments. We attribute
the latter to periodic variations of the surface-lattice param-
eter of Fe during growth. Consequently, our experiment di-
rectly evidences an extreme sensitivity of the spin-transfer
effect, i.e., the transfer of spin-angular momentum from the
incident spin-polarized electrons to the magnetization, on the
morphology and structure of the ferromagnetic film at certain
electron energies.
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his results to us.
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