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We report the discovery of 180� electron-spin precession in spin-polarized electron-reflection experi-

ments on Fe films on Ag(001), the largest possible precession angle in a single electron reflection. Both

experiments as a function of Fe film thickness and ab initio calculations show that the appearance of this

ultimate spin precession depends with utmost sensitivity on the relaxation of the Fe surface layers during

growth. Similar spin precession is also predicted for other ferromagnetic films.
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The conventional spin electronics based on spin valves
and magnetic tunnel junctions does not yet use the phe-
nomenon of electron-spin precession under the influence of
an electric or a magnetic field. However, this spin preces-
sion could bring new degrees of freedom to spin elec-
tronics, as it has been proposed [1] and demonstrated
with semiconductors [2]. This makes the study of the
electron-spin propagation through a metal or a semicon-
ductor one of the major new challenges in spin electronics.
We emphasize that the electron-spin precession, as dis-
cussed here, originates from the same mechanism as the
spin-torque effect for which the action of a spin-polarized
current of sufficient density on the magnetization of a
ferromagnetic layer is observed [3].

The precessional motion of the electron-spin can be
induced by different means: (i) an electric field which is
either external, as proposed by Datta and Das [1], or
internal [4]; (ii) a magnetic field which is either externally
applied [5] or the (intrinsic) exchange field of a ferromag-
netic material [6]. To obtain a sizable precession by appli-
cation of external magnetic or internal electric fields, the
electrons have to travel very long distances (at least several
�m). In contrast, the exchange field in ferromagnets is
several orders of magnitude larger than typical applied
magnetic fields so that distances of a few atomic layers
are sufficient to obtain sizable precession angles [6].

While the experiment of Weber et al. [6] was done in
transmission, we consider here spin precession in reflection
geometry. Intuitively, one might argue that the reflection
mode is not very effective in inducing precessional spin
motion, as the interaction time with the ferromagnetic
material and, thus, with its exchange field is very short
(in the fs range). However, it has been shown that spin
precession upon reflection is possible [7–9].

In this Letter we show, by taking the example of Fe films
on Ag(001), that the spin precession angle in reflection can
indeed reach its maximum possible value of 180�. This

marks the ultimate limit of electron-spin manipulation in
reflection, that is spin reversal. Our ab initio calculations
provide strong evidence that the origin of this giant spin
precession is the relaxation of the Fe lattice during growth
on Ag substrate. Based on further calculations, we predict
a similar behavior for fcc-Co(001), bcc-Co(001), and bcc-
Ni(001).
In the experiment (see Fig. 1), a GaAs-based electron

source produces a spin-polarized electron beam of 70%
polarization by means of optical pumping with circu-
larly polarized light [10]. The polarized electron beam is
incident at 45� with respect to the sample surface normal
with the in-plane projection of the wave vector along the
[100] direction of the Fe film. The Fe film, having its
magnetization in-plane for thicknesses above 0.6 nm
[11], is remanently magnetized along the easy direction
of magnetization, i.e., the [100] direction, by applying a
magnetic field pulse of 500 Oe. The energy of the
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FIG. 1 (color online). Spin-polarized electron-reflection ex-
periment, consisting of a spin-polarized electron source, a re-
manently magnetized sample, a retardation grid for the energy
analysis, and a spin detection system. The two types of spin
motion, i.e., the precession " and the rotation �, are defined in
the inset.
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specularly reflected electrons is analyzed by a retarding
grid analyzer. In the following we focus on the behavior of
the elastically scattered electrons. The electrons are sub-
sequently accelerated to an energy of 100 keV to measure

the transverse components of the spin polarization vector ~P
via Mott scattering [12].

To obtain a maximum precessional spin motion of the
reflected electrons it is crucial to orient the initial spin

polarization ~P0 perpendicularly to the magnetization ~M
of the ferromagnetic Fe film [6]. If we suppose for com-
modity a completely polarized electron beam, the spinor
wave function of an incident electron is then a superposi-

tion of a majority- (magnetic moment parallel to ~M) and
a minority-spin wave function (magnetic moment anti-

parallel to ~M) with equal weights: �0 / ð1; 0Þ þ ð0; 1Þ.
Because of the spin-dependent reflection at the ferromag-
netic surface, these weights become different in magnitude

and phase: � / ðjr"jei�" ; jr#jei�# Þ where jr";#j and �";# are,
respectively, the moduli and the phases of the spin-
dependent complex reflection amplitudes. This results in

a precession of the spin polarization vector ~P by an angle

" ¼ �# � �" around ~M and in a rotation by an angle
� ¼ arctanððjr"j2 � jr#j2Þ=2jr"jjr#jÞ in a direction either

parallel or antiparallel to ~M (see inset in Fig. 1).
To understand the existence of the spin motion at a

simple level we assume that the electrons within the fer-
romagnetic layer experience an exchange interaction
which leads to an energy splitting of the two spin bands.
In this simple model, electrons are scattered at the surface
from a rectangular potential that has different heights for
spin-up and spin-down electrons. This elementary problem
can be solved exactly, and a spin motion appears in fact in
this model [13]. However, this simple model is not realistic
because it does not include the details of the electronic
band structure. A realistic description requires the calcu-
lation of the spin-polarized low-energy electron diffraction
from a Fe(001) surface as we did in this work.

An Ag(001) single crystal is cleaned by Ar-ion sputter-
ing and annealing up to 800 K. Subsequently, Fe is depos-
ited at room temperature from an Fe rod heated by electron
beam bombardment. The growth of Fe on Ag(001) has
been extensively investigated in the past, but gave rise to a
controversy. Some experiments indicated a layer-by-layer
growth [14–16], whereas others found island growth [17].
The key to understand this controversy might probably
be different evaporation rates in the aforementioned ex-
periments. While Fe films deposited at a ‘‘fast’’ rate of
0:2 nm=min do not grow layer-by-layer, deposition at
a ‘‘slow’’ rate of 0:02 nm=min leads to layer-by-layer
growth, as evidenced by Auger spectroscopy and
electron-reflection experiments [18]. For all the following
measurements, we have chosen the slow deposition rate.

In a first step we varied the Fe film thickness and
recorded " at E� EF ¼ 7 eV (inset in Fig. 2). In general,
one would expect that " saturates for Fe thicknesses larger

than the electron penetration depth (less than 1 nm).
Instead, we observed above 1 nm Fe thickness an almost
linear increase of " which levels off only for thicknesses
larger than 5 nm. A similar behavior is also found for �
(not shown). We assume that changes of the electronic
structure and hence of the spin-motion angles are due to
variations of the Fe lattice parameter upon film growth.
In fact, the bulk lattice parameters of bcc-Fe (0.286 nm)
and fcc Ag (0.408 nm) differ, resulting in a misfit of
�0:9%. As a consequence, strain is established in the
Fe film during its pseudomorphic growth on Ag(001),
which is successively relieved for thicknesses above a
critical value by the creation of interfacial dislocations in
the film [19]. The lattice parameter of the film is thus
expected to vary over a wide thickness range.
In a second step we recorded " versus energy for se-

lected Fe samples (Fig. 2). Around E� EF ¼ 7:4 eV a
‘‘plus or minus’’ structure becomes more pronounced with
increasing thickness. Supposing that the increase of " with
Fe thickness is due to strain relaxation, we expect a further
increase by annealing the Fe film. Because higher tem-
peratures promote strain relaxation, we annealed the
4.6 nm Fe film at 420 K for 10 min before measurement.
As a result, we obtained a substantial increase of the "
structure. Further measurements show that this feature is
not yet stable but its amplitude increases further with time.
This finding points clearly to the presence of a very slow
relaxation process. After about 3 h the " structure stabi-
lized and exhibited the maximum value of 180�. It is noted
that a further increase of " above 180� is indistinguishable
from a rise of " from �180� towards less negative values.
We emphasize that a thick Fe film annealed at 420 K
for a longer time (30 min) shows directly the 180� structure
without the need for additional waiting. Finally, the
Fe sample showing the 180� structure has been annealed

FIG. 2 (color online). Precession angle " versus primary elec-
tron energy E� EF for different Fe samples. The inset shows "
versus Fe film thickness at a primary electron energy of 7 eV.
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at 520 K for 30 min, leading to surface diffusion of Ag, as
evidenced by Auger spectroscopy. This results in a strong
decrease of the "structure’s amplitude.

Inspection of " and � as well as the reflected intensity I
over a wider energy range (Fig. 3; 4.6 nm Fe film annealed
at 420 K) shows that the unique " structure at 7.4 eV is
accompanied by a pronounced minimum of I. The rotation
angle � shows also a strong structure in the energy range
7–8 eV with a minimum value of�60�. We emphasize that
the maximum and minimum values are �90� which cor-
responds to the electron-spin polarization being either
parallel (þ) or antiparallel (�) to the magnetization.

We now corroborate our hypothesis that the relaxation of
the Fe lattice during growth is responsible for the ultimate
electron-spin precession upon reflection, by means of
ab initio calculations of the electronic band structure of
Fe films [20]. The electronic band structure is obtained
using the full-potential linearized augmented plane wave
(FLAPW) method [21] and the spin motion by the
Korringa-Kohn-Rostoker (KKR) method [22]. In order to
make a comparison with our experimental data, the ge-
ometry for the calculations was chosen identical to the
experimental one. First, we inspected the spin-dependent
band structure of Fe for various lattice relaxations (not
shown) in order to evidence features that may change
pronouncedly as a function of relaxation. However, no
significant changes are found in the energy range of the
giant spin precession. We note that the spin-down and -up
reflection phases, whose difference determines ", do not
appear in the electronic band structure. It is only in the
reflection process and thus in the KKR calculations in
which the phases appear.

The KKR calculations clearly reproduce the experimen-
tal trends for both " and �, especially the " structure
around 7.8 eV for bcc-Fe(001) (Fig. 4, top, middle)

coincides with its experimental counterpart at 7.4 eV. For
fcc-Co(001) (Fig. 4, top, left), bcc-Co(001) (not shown),
and bcc-Ni(001) (Fig. 4, top, right), we predict similar
structures around 3.4, 7.6, and 16.7 eV, respectively.
Interestingly, the energy position at which the " structure
appears varies very strongly with the ferromagnetic mate-
rial. In contrast, for fcc-Fe(001) and fcc-Ni(001) we could
not identify such a structure in our calculations.
For large Fe lattice strain the " structure is relatively

small (Fig. 4, top, middle) but becomes more pronounced
with decreasing strain. In particular, a very strong increase
is found between �a?=abulk? ¼ �0:8% and �0:5%,

with �a? ¼ afilm? � abulk? being the difference between

the out-of-plane lattice parameters of the film and bulk.
For values in the range of [� 0:5%, 0.7%], the precession
angle reaches the ultimate limit of 180�. In bcc-Co(001)
(not shown) and bcc-Ni(001), the 180�-structure appears
for relaxations in the range of [� 0:8%, �0:5%] and
[� 1:5%, �1%], respectively. In fcc-Co(001) a 180�

FIG. 3 (color online). Spin-integrated electron reflectivity I,
precession angle " and rotation angle � as a function of the
primary electron energy E� EF for a 4.6 nm thick Fe film after
annealing at 420 K. The lines are guides to the eye. Note the
logarithmic intensity scale.

FIG. 4 (color online). Top: Calculated precession angle "
versus electron energy for different degrees of lattice relaxation
for fcc-Co(001) (left), bcc-Fe(001) (middle), and bcc-Ni(001)
(right). We note that the corresponding calculated vacuum levels
are at 3.3, 2.8, and 5.5 eV, respectively. Bottom: Calculated
precession angle ", rotation angle �, and reflected intensity I
versus electron energy for a completely relaxed (not strained) Fe
film. Note the logarithmic intensity scale.
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structure appears around �0:5% relaxation. Interestingly,
it develops into a�180� peak for stronger strained lattices
before its amplitude decreases again. Thus, in any case, the
" structure is extremely sensitive to the lattice relaxation.

For a completely relaxed (not strained) Fe film, i.e.,
�a?=abulk? ¼ 0, the " structure is accompanied by a strong

structure in � and a pronounced minimum in I (Fig. 4,
bottom), as in the experiment (Fig. 3). We note that
although the experimental and the calculated � structures
are vertically shifted by about 40� with respect to each
other, their amplitudes are comparable (experiment: 76�,
calculation: 62�). We note as well that the ", the�, and the
I structures are considerably sharper than in the experi-
ment. Since this finding cannot be explained by the energy
resolution of the experimental setup (� 0:3 eV), we can
only speculate on the reason for this difference.

How can one understand in simple terms that a giant spin
precession appears at a particular electron energy and is
accompanied by an intensity minimum? To obtain a strong
" structure it is clear that the spin-dependent phases �";#
have to exhibit a strong variation, a behavior that is remi-
niscent of the Ramsauer-Townsend effect. In the 1920 s
Ramsauer and Townsend observed that the scattering of
very slow electrons (0.7 eV kinetic energy) by Ar-atoms
was much weaker than expected from gas kinetic theory
[23]. It was Bohr who suggested that one is dealing here
with a resonance phenomenon which combines weak scat-
tering with a strong change of the scattering phase. In fact,
in order to get a minimum scattering intensity the wave
function of the electrons within the scattering potential
has to fulfill certain boundary conditions which in turn
lead to a certain resonance condition for the electron
energy. For example, considering a simple square potential
well of width a and depth U, the resonance condition
reads: ka ¼ 2nþ1

2 � with k� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ekin þU
p

the electron mo-

mentum inside the potential well, Ekin the kinetic energy of
the electrons outside the potential well and n an integer. On
the other hand, the scattering phase is known to change
quite strongly around the resonance energy, because the
phase matching condition between scattered and unscat-
tered wave is not anymore fulfilled for off-resonance en-
ergies. As the resonance phenomenon appears for the
majority-spin and the minority-spin wave at different en-
ergies separated by the exchange splitting the precession
angle " ¼ �# � �" must necessarily exhibit a strong
change. We emphasize, however, that the situation in a
crystal, which is the case here, is much more complex and
requires a multiple-scattering approach to obtain realistic
results. This is the mean reason for a full KKR calculation
of the spin motion.

The strong sensitivity of the giant spin precession struc-
ture on little changes of the lattice parameter becomes
plausible when we observe the behavior of both " and I.
Both experiment and theory show that the strength of
the " structure is related to the strength of the intensity

minimum, i.e., the more pronounced the intensity mini-
mum the more pronounced the " structure (not shown). It is
now important to understand that for small intensities
I";#ð¼ jr";#j2Þ a given change of r";# leads to a much stronger
variation of �";# and thus in ", than in the case where the
intensities are larger.
In conclusion, spin-polarized electron-reflection experi-

ments on carefully prepared Fe films on Ag(001) show that
the spin precession angle in reflection can reach its maxi-
mum possible value, namely, 180�. This marks the ultimate
limit of spin manipulation in reflection. Our ab initio cal-
culations strongly support our hypothesis that the relaxa-
tion of the Fe lattice during growth is responsible for this
effect. We hope that our work will motivate further studies
to show, in particular, how the appearance of the strong
"-structure and its energy position could be further modi-
fied in a ferromagnetic film by the choice of the substrate,
its orientation or by alloying.
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