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Abstract. When electrons interact with a ferromagnet, their spin polarization
vector is expected to move, depending on the magnetization of the ferromagnetic
material. This spin motion, consisting of an azimuthal precession and a polar ro-
tation about the magnetization direction, is measured. The precession of the spin
polarization vector generates a torque on magnetization that turns out to be large
with low-energy electrons. This makes injection as well as reflection of spin-polarized
electrons an attractive alternative concept for magnetization switching.

1 Introduction

If electrons interact with a ferromagnetic material, there is spin-dependent
scattering as well as exchange interaction between the incident electrons and
the electrons that establish the magnetization. In both processes, angular mo-
mentum is transferred from the incident electrons to the magnetization, lead-
ing to excitation of the magnetization [1,2,3]. By injecting electron currents
of high density through nanocontacts, these excitations have been observed
via the occurrence of spin waves, changes in the micromagnetic structure, and
even switching of the magnetization [4,5,6,7,8]. All of these phenomena may
occur together, and additionally, there may also be an effect of the magnetic
field surrounding the injected beam of electrons [9]. Hence, it is difficult to
interpret most of the current experiments in terms of specific elementary pro-
cesses. To understand the details of the angular momentum transfer process,
it is neccessary to get information about the torque exerted on the magneti-
zation by the injected electrons. However, only very recently was it possible
to determine this key quantity [10]. It has been shown that the torque exerted
on magnetization by the injection of spin-polarized electrons can be deter-
mined experimentally without any further assumptions. This torque turns
out to be surprisingly large and may be used to induce precessional magneti-
zation reversal, leading to a new concept of writing magnetic bits in nanosized
ferromagnets.

In Sect. 2, the absorption and spin motion of electrons interacting with
thin ferromagnetic layers are discussed. Two types of motion of the spin-
polarization vector occur: a precession about the magnetization direction
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and a rotation into it. From this, the torque exerted on the incident electrons
by magnetization is determined. By exploiting angular momentum conser-
vation, we can then infer the torque exerted by the spin-polarized electrons
on the magnetization (see Sect. 3). It is of the same magnitude but opposite
direction. This torque leads to significant precession of magnetization at ex-
perimental current densities. In nanocontacts with radii below 100 nm, this
exchange-induced precession is larger compared to the precession induced
by the regular magnetic field of the current. Therefore, precessional magne-
tization reversal by injection or reflection of spin-polarized electrons is the
method of choice for reversing the magnetization in magnetic bits such as
used in magnetic random access memories, for instance. In fact, it is pro-
posed to exploit technologically the huge exchange fields in ferromagnetic
materials to switch magnetization.

2 Absorption and Spin Motion of Electrons
in Ferromagnets

The discovery of giant magnetoresistance [11] has opened a new field of re-
search, the spin-dependent transport of conduction electrons at the Fermi
level, and has triggered numerous studies in the last decade. The physical
process that is behind giant magnetoresistance is spin-dependent scattering
of conduction electrons in ferromagnetic materials.

2.1 Introduction

According to the two-current model [12], one spin component of the current
is less strongly scattered than the other component, if the two ferromagnetic
layers are magnetized parallel. In an antiparallel alignment, however, both
spin components are equally strongly scattered. This results in lower resis-
tance for the parallel than for the antiparallel alignment. The origin of spin-
dependent scattering in transition metals can be understood by considering
the fact that the charge carriers, the sp electrons, are predominantly scat-
tered into unoccupied d states [13]. This leads to spin-dependent scattering in
ferromagnetic transition metals because there are more empty minority-spin
d states available for scattering than empty majority-spin d states.

2.1.1 Spin-Dependent Electron Absorption

Experimental evidence for spin-dependent scattering of hot electrons in ferro-
magnets comes from overlayer experiments with spin-polarized photoemission
(see, for example, [14]). Unpolarized electrons from a nonmagnetic substrate
are found to become polarized after traversing a thin ferromagnetic film. Re-
markably, an empirical rule for inelastic scattering of electrons in transition
metals has been found by a compilation of many such overlayer experiments
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on a number of materials [15]. This rule says that absorption is divided into
a term that accounts for scattering into unoccupied states other than d states
and a term that is proportional to the number of holes available to one spin
state in d orbitals. The most interesting consequence of this proportionality is
that absorption becomes spin-dependent for ferromagnetic transition metals
because the number of holes is different in the two spin directions. Hence,
majority-spin electrons traveling across a ferromagnetic material are more
easily transmitted than minority-spin electrons.

A different approach from the overlayer experiments to investigating spin-
dependent electron scattering is experiments where the transmission of a spin-
polarized free electron beam across metal foils is studied [16,17]. The results
of this type of experiment are presented in this chapter.

2.1.2 Spin Motion

Numerous studies have been done previously on the interaction of spin-
polarized electrons with ferromagnets, but this “spin motion” experiment
is distinguished by the fact that the spin polarization vector P 0 of the inci-
dent electrons is at an angle of ϑ = 90◦ to the magnetization vector M ; in all
earlier experiments, P 0 was either parallel or antiparallel to M . Only with
this non-linear initial configuration, can the motion of the spin polarization
vector be observed.

To analyze this particular spin configuration, we consider the spin part
of the wave function of a single electron whose spin is perpendicular to M .
In this case, it is a coherent superposition of a majority-spin (parallel to
M) and a minority-spin (antiparallel to M ) wave function. Because these
spin wave functions are represented by a (1,0), respectively (0,1) spinor,
ψ0 ∼ [(1, 0) + (0, 1)]eiϕ. The two partial waves have an arbitrary but identi-
cal phase ϕ prior to the interaction with the ferromagnet. If one now takes
into account that the interaction with the ferromagnet is spin-selective, the
transmitted, respectively, reflected intensity of the majority spins I+ will be
different from that of the minority spins I−. This defines the spin asymme-
try A = (I+ − I−)/(I+ + I−) for a pure spin state (P0 = 1). Furthermore,
majority-spin and minority-spin waves may have different phase velocities
that lead to a difference ε in phase between the two partial waves after a time t
of interaction: ε = ∆Eex · t/h̄. ∆Eex = E−−E+ is the difference between the
energy of the minority spins E− and the energy of the majority spins E+,
the so-called exchange energy.

In transmission, time t is – if we neglect quantum resonance effects – sim-
ply given by t = d/v where d is the thickness of the ferromagnetic film and
v is the group velocity of the electrons. We can estimate ε in transmission
by assuming free electron behavior, which is reasonable for electrons in the
energy range of interest. Then, the group velocity is simply v =

√
2E/m,

where m is the free electron mass and E is the energy of the primary elec-
tron beam measured with respect to the inner potential of the ferromagnet.
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Therefore one obtains, ε =
√

m
2h̄2

∆Eex√
E

· d. Assuming an exchange splitting
of several tenths eV – a reasonable value in the investigated energy regime,
where we are dealing with sp bands – one obtains a specific precession angle
ε̃ = ε/d of the order of 10◦ per nanometer of ferromagnetic film thickness.

In reflection, interaction time t is determined by the length of the path-
way within the material; hence, t is governed by the absorptive properties of
the ferromagnet. Therefore, the precession angle ε in reflection is determined
by both the exchange interaction and the spin-dependent absorption. Fur-
thermore, there may also be a jump in phase upon reflection of the waves. If
this jump is of different magnitude for majority-spin and minority-spin waves
or if it occurs at different energies, there will be an additional contribution
to ε [18].

The spin part of the wave function of the electron after interaction with
the ferromagnet is then ψ ∼ [

√
1 +A(1, 0)e−iε/2 +

√
1−A(0, 1)eiε/2]eiϕ.

Now, taking into account the incomplete spin polarization P0 of the inci-
dent electron beam, the expectation values of the Pauli matrices σx, σy, and
σz yield the spin polarization of the transmitted, respectively, reflected beam:
P = (P0

√
1−A2 cos ε, P0

√
1−A2 sin ε, A). This corresponds to a precession

of the spin polarization vector about M by an angle of ε and a change in
the angle ϑ (Fig. 1). The angle ϑ is given by ϑ = arctan(P0

√
1−A2/A).

Therefore, ϑ smaller than 90◦ means that minority spins are absorbed more
efficiently in a ferromagnet compared to majority spins.

The precession of the spin-polarization vector about M is reminiscent
of the rotation of the plane of polarization in magneto-optics that is ob-
served when a polarized light beam interacts with a ferromagnet. In fact,
there is a complete analogy between electrons and light if for photons, the
three-dimensional Poincaré representation (in abstract polarization space) is

ε

ϑ

x

y

z

P

P0

M

Fig. 1. Schematic drawing of the two types of movement of a spin-polarization
vector. The angle ϑ changes its value due to the difference in the amplitudes of the
majority-spin and the minority-spin wave functions. The difference in the phase fac-
tors between the two spin functions, on the other hand, causes the spin-polarization
vector to precess about M by an angle of ε



The Dynamic Response of Magnetization to Hot Spins

considered. Poincaré suggested mapping the settings of a complete polariza-
tion analyzer for light onto a sphere. The origin of this correspondence is
the well-known fact that the mathematical descriptions of a polarized light
beam and a nonrelativistic electron beam, as in our case, are analogous [19].
However, the strength of this effect with electrons is about two orders of
magnitude larger. Precession of the order of 10◦/nm is expected for electrons
in transmission geometry (see above), but values of only 0.1◦/nm are found
for photons in the Faraday configuration [20]. This difference in the strength
of “magneto-optic” phenomena arises because the electron spin couples di-
rectly to magnetization, whereas coupling of photons to magnetization must
be mediated by spin – orbit interaction.

2.2 Experiment

The experimental setup is sketched in Fig. 2. A spin-polarized electron source
based on a GaAs photocathode produces a spin-polarized free electron beam
by optical pumping with circularly polarized light. By switching from right
to left circularly polarized light for excitation of the source, we can invert the
polarization vector P0. It is also possible to produce an unpolarized electron
beam by using linearly polarized light. By applying a combination of electric
and magnetic fields to the electron beam, P0 can be rotated into any desired
direction in space. In transmission experiments (Fig. 2a,b), the electron beam
impinges normally onto a ferromagnetic film of varying thickness sandwiched
between Au layers, which serve both as supporting and protective layers. The
incident spin-polarization vector P0 is either parallel/antiparallel to M in the
absorption experiment (Fig. 2a) or perpendicular to M in the “spin motion”
experiment (Fig. 2b). In the reflection experiment (Fig. 2c), the spin-polarized
electron beam impinges on a ferromagnetic Co film at an angle of 45◦ with
respect to the surface normal. Ferromagnetic films are remanently magnetized
in the easy direction of magnetization by applying a magnetic field pulse. The
transmitted, respectively, specularly reflected, electrons are energy analyzed
by a retarding grid analyzer that has an energy resolution of 0.5 eV. The
electrons are either detected in a Faraday cup in the absorption experiment
or subsequently accelerated to an energy of 100 keV to measure the transverse
components of the spin-polarization vector via Mott scattering in the “spin
motion” experiment. To distinguish precession from rotation, the direction
in space as well as the relative alignment of P 0 and M are interchanged.
On reversing P 0, only ε changes sign, whereas on reversing M , the sense
of both precession and rotation change sign. Hence, it is possible to obtain
the contribution of each motion separately. The technique of changing both
the absolute direction of P 0 and M as well as their relative orientation also
eliminates the effects of spin – orbit interaction.
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Fig. 2. The principle of the experiment. It consists of a spin-polarized electron
source of the GaAs type, a ferromagnetic film that is magnetized remanently in-
plane, a retardation grid for the energy analysis, and a detection system. In the
latter, the intensity and/or the degree of spin polarization perpendicular to the axis
of the outgoing electron beam is measured. (a) Measurement of the spin-dependent
absorption with P 0 parallel or antiparallel to M . (b) Measurement of the spin
motion in transmission geometry with P 0 perpendicular to M . (c) Measurement
of the spin motion in reflection geometry with P 0 perpendicular to M

2.3 Samples

2.3.1 For the Transmission Experiment

Because electron–electron scattering produces inelastic mean free paths of
the order of 1 nm or even less in transition metals [15], the film has to be
extremly thin to observe the emerging electron beam. In fact, the experiment
cannot be done with a self-supported film of only a transition metal. Rather,
one has to use the fact that electron scattering is reduced in noble metals like
Au. A Au film about 20 nm thick, which is used as a substrate for the fer-
romagnetic transition metal, attenuates a low-energy electron beam by only
104–105 making it still possible to measure transmitted electron intensity.
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Finally, the polycrystalline ferromagnetic Fe, Co, or Ni film is capped with
a protecting Au layer 2 nm thick.

The trilayers are made in a separate UHV chamber on a substrate con-
sisting of a film of nitrocellulose supported by a Si wafer with a number
of 0.5-mm wide apertures. All metals are deposited by electron beam bom-
bardment. The thickness is measured by a quartz microbalance, which is
calibrated by profilometry. For magnetic characterization, the in-situ longitu-
dinal magneto-optic Kerr effect is used. Figure 3 shows the Kerr intensity IK,
defined as the difference between the light intensity in positive and negative
saturation fields, as a function of the ferromagnetic film thickness of Fe, Co,
and Ni (before Au capping). By extrapolating the variation in IK versus
film thickness linearly, one obtains the intercept at the horizontal thickness
axis. This intercept is the thickness of the magnetic dead layer d0 (at room
temperature). d0 is 0.3 and 0.2 nm for Fe and Co, respectively, but Ni has
a much thicker magnetic dead layer of ∼ 2 nm. Note that for Ni thicknesses
below 2 nm, no Kerr signal is observed in polar Kerr geometry as well, so
that out-of-plane magnetization can be excluded. The most likely reason for
this failure to observe magnetism in thin layers is the diffusion of Au atoms
into the ferromagnetic layer.

Fig. 3. The longitudinal magneto-optic Kerr
intensity IK as a function of the ferromagnetic
film thickness of a ferromagnet/Au double layer
(top: Fe, middle: Co; bottom: Ni). The inter-
cepts of the straight lines with the thickness
axis determine the thicknesses d0 of the mag-
netic dead layers
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In all cases, uniaxial magnetic in-plane anisotropy occurs, which may be
attributed to the nonnormal incidence of the growth beam during deposition.
By measuring along the easy magnetization axis, the hysteresis loops exhibit
full magnetic remanence. Thus, we are sure that magnetization will not decay
into domains after the application of a magnetic field pulse. This is very
important for our experiments because any constant applied magnetic field
would deflect the electron beam. After the magnetic tests are completed,
the whole sample is opened to air, and the nitrocellulose on the apertures is
removed by putting the sample into acetone. The sample is then introduced
through a load-lock system into the chamber with the spin-polarized electron
source. There, the sample is sputtered to thin the supporting Au layer until
low-energy electrons are transmitted at an attenuation of not more than
106. The Kerr hysteresis loops taken later show no difference from the loops
obtained just after deposition of complete trilayers.

The preparation of pinhole-free self-supported layers is crucially impor-
tant in transmission experiments. The easiest method for checking for the
existence of pinholes is to investigate the energy dependence of the elastic
intensity. For primary electron energies around 30 eV, the inelastic mean free
path is smallest [21] and too short for an elastic signal to be observed at the
film thicknesses investigated. Thus, any pinhole that leads to an elastic sig-
nal larger than our detection limit can be excluded by measuring at primary
energies around 30 eV. If there is the tiniest pinhole, the main part of the
elastic signal observed at the back side of the trilayer is caused by electrons
that have passed through the pinhole. We suspect that this is the reason why
in experiments by Drouhin et al. [22], an almost constant attenuation factor
of about 105 was found across the same energy range. The steep increase in
attenuation with increasing primary energy in our data (Fig. 4) is in reason-
able agreement with the energy dependence of the electron mean free path
in Au [23].

Fig. 4. The attenuation of elastic
electrons after penetration of the
trilayer versus the primary energy
above the Fermi energy EF. Note
the logarithmic plot
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2.3.2 For the Reflection Experiment

The samples investigated here are Co films grown on two types of substrates,
a (111)-textured polycrystalline Au film on glass and a Cu(001) single crys-
tal. The metal films are deposited by electron beam bombardment, and their
thickness is measured by a quartz microbalance. The details of film growth
are described in [24] and [25], respectively. The first type of substrate gener-
ates a polycrystalline Co film, and the second type of film grown on Cu(001)
is single crystalline fcc-Co. The experiments are done in UHV with an atom-
ically clean surface. Magnetic characterization is again achieved by using the
magneto-optic Kerr effect. In polycrystalline Co/Au/glass films, the easy di-
rection of magnetization is induced by oblique incidence of the atom beam
during deposition. In fcc-Co, the easy direction is in one of the (110) direc-
tions [25]. Of importance to the present experiment is again the observation
that both types of films exhibit full magnetic remanence, i.e., they can be
investigated while in a single-domain state without applying an external mag-
netic field.

2.4 Results

2.4.1 Spin-Dependent Electron Absorption (Mostly Co)

Transmission Experiment. Figure 5 shows data observed with an incident
electron beam of about 7 eV energy and P0 either parallel or antiparallel
to the magnetization direction of a polycrystalline Co film 4 nm thick. One
observes two different energy distribution curves of the emerging electron
beam. I+ is valid for P0 parallel and I− for P0 antiparallel to M . The
elastic part of the beam displays huge spin asymmetry A for a pure spin
state (P0 = 1). On the other hand, the inelastic part of the electron spectrum
exhibits lower A. This is mainly due to the occurrence of secondary electrons.
Although secondary electrons that are generated in a ferromagnet are spin-
polarized, they have lost the memory of the primary spin polarization and
thus reduce the spin asymmetry. In the following, we focus on the elastic part
of the spectrum.

Now, we consider electron absorption in the Co film of thickness d for each
spin direction separately. With incident current I0, the transmitted elastic
current is I = I0e−σd. The absorption coefficient σ depends on the angle
between P0 and M ; the largest value σ− occurs for antiparallel alignment,
and the smallest σ+ for the parallel alignment of P0 and M . With ∆σ =
σ− − σ+, A = (e∆σd − 1)/(e∆σd + 1), and ∆σ = (1/d) ln[(1 +A)/(1−A)].

Figure 6 shows ∆σ as a function of the primary energy obtained with
samples of different Co thickness. To interpret this further, we assume that all
spin-dependent scattering is scattering on the d shell, and that the strength
of the scattering is proportional to the number of holes in that shell. The
number of holes in the d shell is not known a priori for atoms in a metal.
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However, with ferromagnetic metals, one knows the spin part of the saturation
magnetization, which is mainly given by the difference in the occupancy of the
d shell between majority- and minority-spin electrons, known as the number
of Bohr magnetons, nB, per atom. Because the present electron energies are
several eV above EF, all of the d holes are available for scattering. This yields
∆σ = nBσd where σd is the absorption coefficient for one unoccupied state
in the 3 d shell in Co. This approach is well supported by a number of quite
different experiments [26]. Although there is significant scatter among the
different samples in Fig. 6, all exhibit a clear decrease in ∆σ with increasing
primary electron energy. This shows that the matrix element for scattering
into the Co 3 d shell decreases with increasing energy. This is reasonable
because the probability of a single relaxation step into the d band becomes
smaller with increasing energy distance between the primary electron and the
Fermi energy, around which the d band is located.

One must be aware that inelastic as well as elastic scattering on the d shell
may contribute to ∆σ. Gokhale and Mills [27] have shown in the example
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of a single crystalline Fe film that the effects of elastic exchange scattering
may lead to sizable contributions to spin-dependent transmission. However,
we can easily test how important elastic exchange scattering actually is in our
experiments. This test consists of two parts. First, an unpolarized electron
beam passes through the ferromagnet. This produces a spin polarization P
that consists of two contributions, P = P ′+∆P . P ′ is the transport polariza-
tion generated by spin-selective scattering into the holes of the d band [15],
and ∆P is the additional spin polarization generated by elastic exchange scat-
tering. Second, a polarized electron beam with initial polarization P0 passes
through the ferromagnet. The spin asymmetry A is given by A = A′ −∆A,
where A′ is the asymmetry due to inelastic spin-selective absorption [17] and
∆A is the reduction of this asymmetry because some electrons have flipped
their spin in elastic exchange collisions and thus avoided spin-dependent ab-
sorption. We find within the experimental uncertainty that P = A for a 5-nm
thick Fe film (see Fig. 7). Because a polarizing spin filter must be equal to an
analyzing spin filter in the absence of spin-productive scattering such as ex-
change scattering, i.e., P ′ = A′, both ∆P and ∆A must be zero. Thus, elastic
exchange scattering is not important in this experiment. We believe there-
fore that the main contribution to scattering on the d shell is predominantly
inelastic.
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Fig. 7. Both the spin asymmetry A (measured with a polarized incident electron
beam) and the degree of spin polarization P (measured with an unpolarized incident
electron beam) of elastic electrons for a 5-nm thick Fe film are shown as functions
of primary electron energy

Time-Resolved Experiment. The absorption of electrons due to inelas-
tic scattering must correspond to a finite relaxation time of the electrons. It
can be determined directly in pump-probe experiments employing ultrafast
laser pulses. The absorption of the pump photon brings an electron to the
intermediate energy level E∗ above the Fermi energy EF. If the probe photon
is absorbed while the electron is still at E∗, it can escape into vacuum. By
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Fig. 8. The spin-integrated relaxation time of thick films of Co(001) and Ag(111)
as functions of the intermediate state energy E∗ above EF. The photon energy is
3 eV and 3.3 eV, respectively. Closed symbols: Ag(111); open symbols: Co(001)

setting the energy analyzer to transmit electrons at a specific kinetic energy,
E∗ can be varied. Now, if the delay between the pump- and the probe-photon
pulse is increased, one sees a decrease in the detected electron intensity re-
flecting the finite relaxation time in the intermediate state E∗. Figure 8 shows
results with the noble metal Ag, in which the d band is fully occupied, and
with Co [28]. One sees that the relaxation time of hot electrons is much
smaller in Co than that in Ag, which is due to the fact that the partially un-
occupied d band of Co offers a lot of open scattering channels. It is also seen
that the spin-integrated relaxation time increases as one approaches EF in
both metals. This behavior is explained by a reduction in the phase space for
electron–electron scattering, which is the dominant scattering contribution in
the energy regime investigated. Because absorption is spin-dependent within
a ferromagnet, we also expect that the relaxation time must depend on the
spin state as well. This is observed by measuring the spin state of the electrons
emitted in the pump-probe experiment [28]. Figure 9 shows spin-dependent
relaxation times as a function of intermediate state energy E∗ for a Co(001)
surface [29]. Understanding the detailed behavior of spin-dependent relax-
ation time is complicated and requires considering the actual electronic band
structure of Co(001). Moreover, it must be emphasized that the pump-probe
process also has several weaknesses in interpretation. The number of electrons
at E∗ that can escape into vacuum is reduced also by diffusion of the elec-
trons into the bulk. On the other hand, this number is increased by electrons
relaxing from higher states into E∗. The holes in the d band left behind after
excitation of the photoelectron will produce Auger electrons, complicating
further a detailed interpretation. Yet, the pump-probe experiment is clearly
consistent with the spin-dependent electron–electron scattering model.



The Dynamic Response of Magnetization to Hot Spins

Fig. 9. Spin-resolved relaxation time of a 10 nm thick Co(001) film versus inter-
mediate state energy E∗ above EF. Closed symbols: majority-spin electrons; open
symbols: minority-spin electrons. The photon energy is 3 eV

2.4.2 Spin Motion (Fe, Co, and Ni)

Transmission Experiment. The ϑ(d) values (normalized to P0 = 1) are
shown in Fig. 10. In all cases, ϑ decreases with increasing film thickness, i.e.,
the spin-polarization vector turns more and more in the direction of M with
increasing thickness [10]. As shown in Sect. 2.1.2, angle ϑ is solely determined
by spin asymmetry A due to spin filtering. Thus, it is readily seen that the
strength of spin filtering in Fe and Co is similar, whereas spin filtering is much
less effective in Ni. The spin asymmetry A(d), which enters the expression
for ϑ(d), can be rewritten asA(d) = tanh[∆σ(d−d0)/2] if we take into account
the existence of magnetic dead layers of thickness d0. The curves through the
data points represent fits based on this expression. Using both the fitted ∆σ
and the known values of the spin-integrated absorption coefficient σ [15], the
ratio σ−/σ+ of the spin-dependent absorption coefficients can be determined
for each ferromagnet: 1.5 for Fe, 1.67 for Co, and 1.13 for Ni.

The dependences of precession angle ε on film thickness d for Fe, Co,
and Ni, shown in Fig. 11, are valid for elastic electrons at 7 eV above the
Fermi energy EF [10]. The data point at d = 0 was taken with the Au sub-
strate alone, showing that P does not precess in Au, as expected. A linear
fit describes the observations in all three ferromagnets, indicating that the
precession is a bulk property of the ferromagnets. The slope is the specific
precession angle ε̃ = 33◦/nm, 19◦/nm, and 7◦/nm for Fe, Co, and Ni, respec-
tively. As in the fits to the ϑ(d) data, nonzero d0 values have to be taken into
account [30]. We do not discuss the reasons for the occurrence of d0 in more
depth because we are focusing in this paragraph on the bulk effects of the
ferromagnet extracted with the specific precession angle ε̃.

The energy dependence of ε for all three ferromagnets is shown in Fig. 12.
For Co and Ni, the variation of ε in the low-energy regime is weak and can be
explained mainly by the change in group velocity v in ε = ∆Eex/v. Thus the
exchange energy ∆Eex is quite constant in the low-energy range. On the other
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state). The curves through the data points represent fits based on the expression
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Fig. 11. The spin precession angle ε as a function of the ferromagnetic film thickness
for Fe, Co, and Ni, measured with elastic electrons of energy (E−EF) = 7 eV. The
point at zero thickness was measured with a pure Au film 20 nm thick. The straight
lines through the data points represent linear fits

hand, Fe exhibits much stronger energy dependence and a maximum at 9 eV
above EF. One is tempted to attribute this maximum in ε to a maximum in
exchange energy. However, we have reasons to believe that this nonmonotonic
behavior is rather the result of varying group velocity around 9 eV above EF.
In fact, band structure calculations of Fe [31] reveal a flattening of bands and
thus a decrease in group velocity around 9 eV above EF.

We also investigated the spin precession of Fe and Co at much higher en-
ergies (see insets in Fig. 12), where the larger inelastic mean free path allows
transmission experiments again. At intermediate energies, the transmitted
current was too small to be detected because of the inelastic mean free path
minimum in this energy range [21]. In both cases, small but significant pre-
cession angles of a few degrees are found. One might ask if these nonvanishing
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Fig. 12. The spin precession angle ε
as a function of electron energy for Fe
(top), Co (middle), and Ni (bottom).
The insets show ε across a wider en-
ergy range. Note the double logarith-
mic plot

values of ε are actually due to nonvanishing exchange energy. Can the stray
field of the ferromagnetic sample cause such small precession angles? It can.
However, the direction of the stray field outside the ferromagnet is opposite
to the magnetization direction and should therefore result in a negative value
of ε, whereas positive values are found in the experiment.

From the data, we readily recognize that the increase in group velocity
(roughly by a factor of 3) from the low-energy to the high-energy regime,
can only partly explain the observed reduction in ε. Thus, there must also
be a strong decrease in exchange energy with increasing energy. This is in
accordance with calculations that show a clear decrease in ∆Eex with increas-
ing energy [32]. The higher the energy, the weaker the exchange interaction
between the quasi-free injected electrons and the d electrons below the Fermi
level.

Reflection Experiment. Figure 13 shows the experimental results for ε
and ϑ obtained with polycrystalline and single crystalline Co films and with
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Fig. 13. The angle ε of preces-
sion and the angle ϑ of rotation of
P with single crystalline (closed
symbols) and polycrystalline Co
(open symbols) versus the energy
of electrons above the Fermi en-
ergy. The lines are guides to the
eye

elastic reflection of electrons of energy 5–90 eV above the Fermi energy. With
the polycrystalline film, ε is always positive, and ϑ is always reduced from the
initial value of 90◦. Therefore, the precession about M always has the sense
of a right-handed screw independent of the energy of the electrons, and the
sense of the rotation indicates that P and M tend toward parallel alignment.
The same behavior of P has also been observed with electrons injected into
the bulk of polycrystalline Ni, Fe, and Co (see the preceeding paragraph) [10].
This sense of the precession of P is explained by the exchange field to which
an electron is subjected as soon as it interacts with ferromagnet, whereas
the rotation into M has been explained by preferential inelastic scattering
of minority spins into the holes of the 3 d shell [17]. However, Fig. 13 shows
that with single crystalline Co, both precession and rotation show strong
changes, in particular of the sign, as the energy is varied. Therefore, different
additional mechanisms must be operative in a single crystal.

We propose that the band gaps in crystalline material cause this special
behavior of crystalline ferromagnetic surfaces. It is well known that spin-
dependent band gaps dominate the reflection of electrons from single crys-
talline surfaces; in fact, this is used to image magnetization [33] and to detect
electron spin polarization efficiently [34]. As the energy is varied across a band
gap, first the majority spins will be preferentially reflected in the middle of
the majority gap. Subsequently, the minority spins will be preferentially re-
flected in the middle of the minority gap which lies higher in energy by the
exchange splitting ∆Eex. Thus, the existence of exchange splitting causes
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a change in the spin asymmetry A and thus a change in sign of cosϑ. There
is also an increasing phase shift of the wave function on changing the energy
from the top of the lower band to the bottom of the higher band [35]. This
phase shift occurs at different energies for up and down partial waves – again
because of the nonvanishing exchange splitting – and hence leads to a con-
tribution to ε. The band gaps should therefore produce changes in the sign
of cosϑ accompanied by changes in the relative phase shift ε.

Figure 13 shows that structures in ε and ϑ occur at E − EF = 16 eV,
28 eV, and 41 eV. To establish whether there are absolute or relative band
gaps at these electron energies with the present experimental geometry, band
structure calculations were done [36]. Band structures in high symmetry
k-directions of the Brillouin zone are not sufficient. Instead, for each en-
ergy, an independent calculation has to be done. a = 0.355 nm for the lat-
tice constant in the bulk and at the surface of fcc-Co has been assumed.
The inset in Fig. 14 shows the resulting band structure along the crys-
tal wave vectors (2π/a)(0.425, 0.425, 0) ≤ k ≤ (2π/a)(0.425, 0.425, 1) and
(2π/a)(0.2, 0.2, 0) ≤ k ≤ (2π/a)(0.2, 0.2, 1). These two k-lines have to be
considered if we want to know the conditions encountered by the electrons of
16 and 28 eV, respectively. The calculations reveal band gaps around these
energies. The agreement between the energies of the structures observed in
ε and ϑ and the location of the band gaps is not perfect but is satisfactory,
considering the uncertainties in the theory as well as in the experiment. For
the third structure at 41 eV, we have not been able to find correlations with
the band structure because of the multitude of the bands involved at this
energy.

Figure 14 also shows a remarkable additional result of this experiment.
The derivative dε/dE traces closely the energy dependence of ϑ. Elementary
optical dispersion theory connects the reflection, absorption, and the index of
refraction n. 1/n is proportional to the phase velocity in the medium which
changes abruptly depending on the width and magnitude of the reflection
peak. With spin-polarized electrons, dε/dE highlights the jumps in the rel-
ative phase shift of spin-up against spin-down partial waves, and ϑ signals
the spin-dependent reflection. Figure 14 thus suggests that there is a phys-
ical analogy between magneto-optics and spin-polarized electron scattering
that goes beyond the mathematical equivalence in the description of polar-
ization phenomena. In fact, the present experiment is precisely analogous to
the longitudinal magneto-optic Kerr effect. In both optics and spin-polarized
electron scattering, the matrix F that connects the incident wave ψ0 with
the reflected wave ψ = Fψ0 contains the material constants A and ε, and the
off-diagonal elements that mix the two polarizations or spin channels, respec-
tively, remain zero. Of course, both A and ε are much larger with electrons
due to the direct coupling of spin to magnetization. This makes spin-polarized
electrons the preferred “magneto-optic” tool in nanomagnetism.
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Fig. 14. The derivative dε/dE of the precession angle versus energy for single
crystalline Co. ϑ(E) is replotted from Fig. 13. The lines are guides to the eye.
The inset shows the result of self-consistent band structure calculations along the
k-lines relevant in the experiment (solid lines: majority-spin bands, dashed lines:
minority-spin bands). Left : kx = ky = 0.425 · (2π/a). Right : kx = ky = 0.2 · (2π/a).
In both cases, kz varies between 0 and 2π/a

Figure 15 shows the variation of the precession angle ε with the thickness
of single crystalline fcc-Co film on the Cu(001) substrate. Because Cu will
not produce any precession, one expects that ε grows from zero to its final
saturation value when the thickness of Co is of the order of the penetration
depth of the electrons and/or when the spin-polarized ferromagnetic band
structure of Co has reached a stable final configuration. At 9 eV energy, satu-
ration is reached, yielding an inelastic mean free path λ of about 1 nm [37]; at
28 eV, a linear decrease of ε occurs up to 20 nm thickness followed by a slower
increase at still greater thickness. The first observation is roughly consistent
with the fact that the inelastic mean free path of low-energy electrons found
in Co was 0.8 nm in a number of independent experiments [15]. The second
observation signals that the band structure may still not be stable upon film
growth even to sizable thicknesses. It is known that the strain induced by
the misfit between the Co overlayer and the Cu substrate relaxes from 2 nm
thickness onward, but even at 7 nm, the lattice parameter of a Co film is still
changing in both the interior and at the surface [25]. This may explain the
decrease in ε in this thickness range, assuming extraordinary sensitivity of
the hybridization gap at 28 eV to the crystal structure. This sensitivity con-
trasts with the stability of ε at the first band gap at 16 eV. It is also known
that the transformation of fcc-Co into hcp-Co occurs from 20 nm thickness
onward [38], which correlates with the observed turning point of ε(28 eV) at
this thickness. Hence, the increase of ε(28 eV) from 20 nm onward may be ex-
plained by crystal transformation. This demonstrates yet another application
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Fig. 15. The precession angle ε versus thickness of the single crystalline fcc-Co
layer at three selected electron energies

of the reflection experiment to material characterization which is analogous
to ellipsometry on metals with polarized light.

3 Magnetic Phenomena Generated
by an Exchange Field

The precession of the electron spin polarization vector about M can be
viewed as the Larmor precession of the electron spin about an effective mag-
netic field. Such a point of view is justified by the fact that the exchange
interaction between the spins in a ferromagnet acts as if there were a mag-
netic field acting on each spin, the exchange field Bex. We note, however,
that the exchange field is by no means equivalent to a regular magnetic field
because it produces no Lorentz force on the electrons and its changes with
time do not induce eddy currents.

3.1 The Torque Acting on Magnetization by Hot Spins

The exchange field is a function of both electron energy and linear mo-
mentum, and it is an axial field parallel to M . Bex exercises a torque τ e

on any electron introduced into the ferromagnet. This torque is given by
τ e = µe × Bex = −(gµB/h̄)s × Bex where µe is the magnetic moment of
the electron, g is the gyromagnetic factor, which is assumed in the following
to be exactly two as reasonable for nonrelativistic electrons, µB the Bohr
magneton, and s the injected electron spin. τ e leads to precession of s about
Bex with a frequency ωe = (e/m)Bex (e: elementary charge).

Once an electron has crossed the surface barrier and is inside the ferro-
magnet, we have a closed system with no external forces. Hence, the total
angular momentum L consisting of the angular momentum of magnetiza-
tion and that of the incident spins must be conserved, i.e., the total torque
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T = dL/dt = 0. Therefore T e+TM = 0, where T e is the torque acting on the
ensemble of incident spin-polarized electrons and TM is the torque exerted in
turn on the magnetization. Consequently, by determining T e experimentally,
we have also measured TM. From TM, we can then calculate the Larmor
frequency ωM of the magnetization and determine the conditions for preces-
sional magnetization reversal (see Sect. 3.2). In the following discussion, we
have to distinguish between the experiments in transmission and reflection
geometry.

What is observed in the transmission experiments is the angle ε by which
the spin-polarization vector of the ensemble of injected electrons has pre-
cessed on traversing the ferromagnetic film of thickness d without losing en-
ergy. According to the discussion in the preceding section, linear thickness
dependence of the precession angle is expected and observed: ε(d) = ε̃d. With
the precession frequency ωe = ε̃v and the current density j = neev of the
transmitted electrons, where ne is the electron density, the torque (per unit
volume) acting on the injected spins is Te = |ωe×Le| = P0neωe(h̄/2) sinϑ =
(h̄/2e)P0jε̃ sinϑ. All quantities determining Te are thus determined by the
experiment without any further assumptions. On the other hand, the torque
(per unit volume) acting on the magnetization is TM = |ωM × LM| = ωMLM

sinϑ. With TM = Te, the precession frequency of M is then obtained from

ωM =
P0 · j · ε̃

e · nM · nB , (1)

where nM is the density of the atoms in the ferromagnet. For simplicity,
we have neglected the orbital contribution to magnetization by setting the
angular momentum (per unit volume) LM = nBnMh̄/2. Again, all quantities
entering (1) can be measured directly.

Besides a precession, there is simultaneously a rotation of the spin-polar-
ization vector into the direction of M . This motion of P is characterized
by spin asymmetry A, as discussed in the preceding section. It generates
a component P|| of the spin-polarization vector parallel to M . There is no
torque generated in this process. But as P|| increases, M must decrease to
conserve the magnitude of the total angular momentum. The subsequent
recovery of the magnitude of M to its thermodynamic equilibrium involves
localized and traveling spin waves and is not considered here.

Note that M relaxes also into P . However, this relaxation is much slower
than the relaxation of P into M which takes only few femtoseconds. The
relaxation time of M into the direction of a magnetic field is obtained from
experiments determining the damping parameter in the Landau–Lifshitz–
Gilbert equation [39], from the width of the ferromagnetic resonance, or di-
rectly by time-resolved images of the magnetization precession [9,40]. The
relaxation time of M into the direction of an applied magnetic field turns
out to be of the order of several 100 ps [41,42]. In thin films, it is mainly due
to the excitation of spin waves. This explains why the relaxation of M is
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so much slower than the relaxation of P into M which is caused by spin-
dependent electron absorption.

In reflection, a significant torque is exerted on the magnetization only
within the surface region of the ferromagnet, so that (1) has to be modified.
First, j is now the density of the reflected current, and second, the specific
precession angle ε̃ has to be replaced by the ratio ε/λ where λ is the inelastic
mean free path.

3.2 Precessional Magnetization Reversal

Recently, it has been shown that picosecond magnetic field pulses of surpris-
ingly small amplitudes can induce magnetization reversal in thin in-plane
magnetized, uniaxial films [39]. The fact that the external magnetic field
pulse Bext is applied in the plane of the film at a right angle to M is cru-
cially important (see Fig. 16). In this way, maximum torque is exerted on the
magnetization leading to a precession of M about Bext out of the plane of
the film. As M leaves the plane of the film, the demagnetizing field Bdemag

comes into play. It increases with the angle εM between M and the film
plane, Bdemag ∼ sin εM. When the external magnetic field pulse ceases to
exist, Bdemag still persists, and M continues to precess now about Bdemag

(plus the anisotropy field). Finally, M relaxes into one of the two easy direc-
tions of magnetization (not shown in Fig. 16). Thus, to trigger precessional
magnetization reversal in in-plane magnetized films, the magnetization must
precess out of plane by a certain angle, which is determined by Bdemag, the

ε

M

Bext

Bdemag

M

M

Fig. 16. Precessional magnetization switching. Top: The magnetization M pre-
cesses out of the plane by an angle εM under the action of the external magnetic
field Bext which is in the plane at a right angle to M . Bottom: The magnetization
precesses about the demagnetizing field Bdemag
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anisotropy field, and the damping constant. Using typical values for these
parameters [39], a precession angle εM ≈ 20◦ of magnetization is needed.

3.2.1 By a Regular Magnetic Field

The time for the elementary process of magnetization reversal is given by
the Larmor precession in the anisotropy field. Therefore, picosecond pulses
of sufficient strength are needed. Such magnetic field pulses are produced in
the Final Focus Test beam facility of the Stanford Linear Accelerator Center,
where a pulsed electron beam of ≈ 1000A can be focused on an area of several
µm2 [43]. The magnetic field pulses generated in the target are unique because
they combine short duration of a few picoseconds with strength that depends
on the distance from the center but reaches values as large as 20T.

After exposing a ferromagnetic sample to such extreme field pulses, the
sample is removed from the beam, and the recorded magnetization pattern is
imaged by a spin-polarized scanning electron microscope [44]. As an example,
Fig. 17 shows the magnetization pattern generated by one electron pulse of
4.4 ps duration (through the center of the image) in a uniaxial Co film [39].
Before exposure, the film had been premagnetized to the right. In the dark
regions, the magnetization has switched to the left. The largest diameter of
the pattern is 225µm. There is, of course, beam damage, but it is hardly
visible on the scale of this figure. The outer boundary of the pattern can
readily be understood by the conservation of angular momentum. This figure-
eight pattern approximates the contour line of constant nonvanishing torque
T = const. When Bext is perpendicular to M , T is largest, i.e., reversal
occurs furthest away from the center, in fact at locations with surprisingly
low fields [39]. However, if Bext is parallel or antiparallel to M , T = 0, and

Fig. 17. The magnetization pattern recorded in a 20-nm thick uniaxial
Co/Pt/MgO(110) film, which has been written by one pulse of 4.4 ps duration.
The image area is 300�m×300�m. The magnetization in the bright regions is still
pointing along the original direction, but it has switched to the opposite direction
in the dark regions
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no reversal occurs even in the immense fields close to the center of the beam.
This proves that picosecond field pulses of sufficient strength can trigger
precessional magnetization reversal.

The white regions following the first reversal indicate where back reversal
has occured, i.e., where M has precessed by more than 180◦ about the de-
magnetizing field. The subsequent dark regions mean double reversal, i.e., M
has precessed by more than 360◦ about the demagnetizing field. At distances
still closer to the center, multiple reversals and back reversals follow each
other so closely in space that they annihilate each other in the slow thermal
relaxation process following the beam pulse.

3.2.2 By the Exchange Field

May precessional magnetization reversal also be feasible with picosecond ex-
change field pulses? To answer this question, (1) has to be considered. Assum-
ing an electron current which is completely spin-polarized perpendicularly to
M (P0 = 1) and a current density of j = 1013 Am−2, which has been real-
ized in nanocontacts [4,45], we find that pulse durations of a few picoseconds
are sufficient to induce precessional magnetization reversal. Injection of such
a pulse of spin-polarized electrons is equivalent to applying a magnetic field
pulse of an amplitude of roughly 1 T for all three ferromagnets Fe, Co, and
Ni. It is emphasized that the choice of a smaller current density j and hence
a smaller Larmor frequency ωM can be compensated for by a larger pulse
duration, yet only as long as this latter value remains much smaller than the
spin-lattice relaxation time, which is of the order of several hundred picosec-
onds [41,42].

From the technological point of view, the most appropriate electron en-
ergy is the Fermi energy EF. However, so far, the precession angle ε has
not been measured at energies below vacuum energy. There is no principal
obstacle to using an all-solid-state device with two ferromagnetic films be-
fore and after the sample under investigation; one film acts as a source, and
the other as a detector of spin polarization [46]. On the basis of the spin-
polarized band structure of the ferromagnetic metals, it is very likely that
the exchange energy and hence ε̃ will increase on approaching EF. This will
make it even easier to induce precessional magnetization reversal by injecting
spin-polarized electrons.

It is emphasized that the axis of precession of M changes direction in
space as the injected electrons travel through the ferromagnet. This arises,
because the torque T e = −TM is always perpendicular to M and P ; hence,
the axis of precession changes direction with the precession of P . Yet, to
use the torque TM for precessional magnetization reversal, there has to be
a preferred direction in the crystal lattice about which the magnetization
must precess. This can be achieved by making the ferromagnetic film thin
enough. The experiments described in Sect. 2.4 show that the precession
of P may be neglected altogether if the magnetically active part of the film
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is about 1 nm thick. In reflection geometry, on the other hand, the condition
of a thin sample for obtaining uniform precession of M is automatically met
by the limited penetration depth of the electrons.

Until now, we have not considered the effect of the regular magnetic field
which is always induced by an electric current. Hence the question arises
whether the regular magnetic field and the exchange field are of comparable
strength. A simple calculation proves that the precession due to the exchange
field is always faster compared to that of the regular magnetic field as soon as
one injects the current through a nanocontact. The maximum field strength
Bmax of a current flowing across a circular area with radius r is given by
Bmax = µ0jr/2 (µ0: vacuum permeability) and induces a precessional motion
of the magnetization with frequency ωmax = (e/m)Bmax. Hence, precession
due to the exchange field dominates over the precession induced by the regular
magnetic field, if

ωmax
ωM

=
µ0e

2

2m
· nMnBr

P0ε̃
< 1 . (2)

Given the fact that ε̃/nB as well as nM do not vary much with the different
3 d ferromagnets, this situation is realized if the radius r of the nanocontact
is smaller than 100 nm.

4 Conclusion

Electrons whose spin polarization vector is perpendicular to the magneti-
zation direction have been spin analyzed after transmission through a fer-
romagnetic layer, respectively, reflection from a ferromagnetic surface. The
incident spin wave function is a coherent superposition of a spin wave func-
tion with its spin parallel to M and one with its spin antiparallel to it. Due
to different phase factors and amplitudes of the two spin functions, which are
caused by the exchange energy and the inelastic spin-dependent scattering in
the ferromagnet, two types of motion of the spin-polarization vector occur:
a precession about M and a rotation into it. It is shown how the torque gener-
ated on magnetization by incident spin-polarized electrons can be determined
by exploiting the law of angular momentum conservation. Precessional mag-
netization reversal by injecting spin-polarized electrons is proposed as a new
concept for magnetization reversal.
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