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Chapter 7

Spin-Transfer Torque
experiments

In this chapter we describe our experiments aimed at demonstrating two concepts in-
troduced in the previous chapter: spin-transfer torque induced magnetization switch-
ing and spin-transfer torque tuning of the Gilbert damping in ferromagnetic reso-
nance experiments. Three Py/Cu/Py non-local spin valve devices have been fabri-
cated for this purpose, which includes a device in which one of the ferromagnets is
fully embedded in the non-magnetic material. Although we did not observe spin-
transfer torque induced magnetization switching, it was possible to selectively switch
the magnetization state from the parallel to antiparallel alignment and vice versa.
The exact origin of the switching remains unclear, but has likely to do with the pos-
sible creation of domain walls and the large current-induced magnetic fields. In the
end, we show the results on spin-transfer torque tuning of the Gilbert damping in a
non-local spin valve. By tuning the Gilbert damping, we could increase or decrease
the ferromagnetic resonance height and width by as much as 50%. We deduce that
the mixing conductance parameter 2Re(G↑↓)/G�1, illustrating that the perpendicular
spin current efficiency is larger then the parallel one.

7.1 Introduction
Spin-transfer torque is the torque exerted by a spin current injected into a ferromag-
netic material onto the magnetization of that material. Since torque is defined as the
rate of the change in angular momentum, spin-transfer torque is always the result
of the injected spins whose orientation is perpendicular to the magnetization. The
spins which are transported by a perpendicular spin current fully reflect of the ferro-
magnetic interface, and a finite probability exists that these spins rotate around the
magnetic field before they flip their spin. This change in angular momentum is ab-
sorbed by the magnetization, which thereby creates torque on the magnetization. The
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106 Chapter 7. Spin-Transfer Torque experiments

concept is sketched in Fig. 6.3 of chapter 6, where this effect is described in more
detail.

Spin-transfer torque has an influence on the damping process of magnetization
dynamics. When a strong spin-transfer torque is applied, it is possible to selectively
tune the damping of the magnetization in a spin valve device. In a typical perpen-
dicular spin valve, in which the various magnetic/non-magnetic layers are grown on
top of each other instead of patterned, this process can be used to selectively switch
the magnetization back and forth with large charge currents and read out with smaller
currents, a concept known as STT-RAM[1]. Charge currents always accompany the
spin-currents which switch the magnetization. This obscures the individual roles of
the charge and spin-currents in this process. Recently, it was demonstrated that this
process can also occur with pure (i.e. without charge) spin currents[2]1 in the non-
local spin valve geometry.

Here, we first show an example of a fabricated non-local spin valve which was
meant to demonstrate spin-transfer torque switching. Instead of spin-transfer torque
switching, another spurious effect occurred which switched the magnetization direc-
tion. We effectively created a magnetic memory element of similar functionality as
spin-transfer torque memory. The large charge currents induce magnetic fields and
possibly create magnetic domain walls which can switch the magnetization. This is
the more traditional form of magnetic memory, known by the collective name mag-
netoresistive random access memory (MRAM).

One of the key challenges of lateral devices in demonstrating effects of spin-
transfer torque is to maximize the applied torque. In order to do this, the injected
spin current needs to be maximal, but also the size of the ferromagnet in which we
inject the spin-current needs to be minimal (see Eq. 6.1). While most effort is always
directed on the former, we show an attempt in which we optimize the latter. For
this purpose, a non-local spin valve device was fabricated in which the size of the
ferromagnet is further reduced. This was done by using a single metallic contact to
connect the ferromagnet, instead of two. The ferromagnet is fully embedded in one of
the non-magnetic arms of a typical non-local spin valve. A voltage between this arm
and a reference arm is still sensitive to the to the magnetic configuration of the spin
valve. This detection circuit can effectively be seen as short-circuiting the traditional
FM2/NM detection circuit. It leads to a much smaller non-local spin valve resistance
at the gain of a larger effective torque we can apply.

In the final part, we show a device which successfully demonstrates the possibility
to tune the resonance properties of a ferromagnet by spin-transfer torque. We show
how a spin-transfer torque influences the resonance properties of a small ferromagnet.
From this resonance experiment we obtain a large amount of information about the
intrinsic parameters of the ferromagnet, but also of the contacts which connect the
ferromagnet.

1See also section 2.3 where this example is analyzed.
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7.2 A lateral magnetic memory device (MRAM)

Magnetoresistive magnetic memory (MRAM) has been in use in hard disks for decades.
In the common hard disk, a F/N/F spin valve is incorporated into the readhead which
is read out by monitoring the resistance of the spin valve. The spin valve has one fer-
romagnet with a fixed magnetization while the other magnetization has a low switch-
ing field. When the location of the spin valve is scanned over a magnetic disc, the
stray field of the magnetic domains switches the magnetic state of the spin valve in
the readhead. By recording the resistance as a function of location, the magnetic state
of the disc can be mapped. The read-head is typically made from a perpendicular
spin valve, i.e. where the layers are grown on top of each other such that the distance
between the magnets is minimal and the parallel-antiparallel resistance difference
maximal.

Here, we show the results of a lateral non-local spin valve which shows an effect
with similar functionality. In our experiment, we continually read out the magnetic
state of the non-local spin valve with a small current and send large current pulses
through the device in an attempt to switch the magnetization state. The fabricated
device and measurement geometry is illustrated in Fig. 7.1a. In series to the cur-
rent source which is used to monitor the non-local resistance of the ferromagnet, we
connected the pulsed current source, which is capable of sending 50µs short current
pulses of varying size through the device. The results from these pulsed experiments
are summarized in Fig. 7.1b. Prior to the measurements, the magnetic state of the
spin valve was first fixed in the parallel state of different orientations by applying a
large magnetic field. Thereafter, we attempted to switch the magnetization by send-
ing pulsed charge currents and monitored the non-local resistance afterwards. It was
possible to switch the magnetic state from parallel to antiparallel and back in both
prepared orientations, which is shown by the hysteresis loops of Fig. 7.1b. A fairly
large charge current of 10 mA was needed to switch the magnetization from the par-
allel state to the antiparallel state and vice versa.

The origin of the switching process can be deduced from the symmetry between
the prepared state and the sign of the charge current which is needed to make the
parallel-antiparallel transition. If the switching process is due to spin-transfer torque,
the charge current which is needed to make the parallel-antiparallel switch should
not depend on the prepared parallel state, because both the orientation of the injected
spin current and the magnetization of the ferromagnet in which is the spin current
is injected changes sign if both magnetizations reverse. However, in our experiment
we observe otherwise. Therefore, we can conclude the effect we observed is not
due to spin-transfer torque switching. By constructing a finite-element model of the
device, and doing the calculation of the previous chapter (Eq. 6.10), we find that
the current needed to switch the magnetic state due to spin-transfer torque is 20 mA.
This is consistent with the observation that the switching process cannot be due to
spin-transfer torque.

Fig. 7.1c shows the spin valve results for the sample with a thin (5 nm) and
thick ferromagnet (25 nm) FM2. The larger switching field at 25 mT increases by
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Figure 7.1: Results from a lateral MRAM device. a) Colored SEM picture of the fabricated Py/Cu/Py
device. a 1000x300x20 nm3 ferromagnet FM1 is connected to a 150x50x5 nm3 ferromagnet FM2 by a
100 nm wide copper ’fork’. The yellow contacts are made of gold. b) Measurement of the non-local
spin valve signal RNLS V @ 4K as a function of 50µs long current pulses Ipulse. Prior to the measurement,
the magnetization were brought into different parallel states, after which the pulse intensity was varied in
the indicated scan directions. c) The non-local spin valve signal of two different devices where only the
thickness of FM2 was varied.

more then a factor two to 70 mT when the the second ferromagnet is thinner, making
the identification of both switching fields unambiguous. One possibility to switch
the magnetization of FM2 is by the magnetic field the charge current induces. The
finite-element model allows to calculate that at a current of 10 mA which we send
through the device, a magnetic field of approximately 9 mT is created in the middle
of FM2. Because this value is smaller then the switching field of FM2, we rule out
switching of FM2 by magnetic fields. It is possible that somehow FM1 switches by
current-induced magnetic fields since its switching field is considerably lower. How-
ever, from experiments on many different samples in the same batch, we found that
the switching currents are only slightly (∼1-2 mA) lower then the current at which the
sample is destroyed. Also, the current which flows through FM1 is very large; gen-
erally larger then the electromigration limit (>1012A/m2). We therefore believe the
switching occurs by some combination of domain-wall creation induced by the large
charge currents and magnetic-field/charge current induced domain-wall motion[3].
This example shows that it is not sufficient to demonstrate only one hysteresis loop as
evidence for spin-transfer torque switching[4]. Both parallel states should show sim-
ilar behavior[2]. The magnetic fields in the device should be carefully considered, as
well as that the current density is low enough such that the experiment does not enter
the domain where it is possible to create current-induced domain walls.
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Figure 7.2: Non-local spin valve device with an embedded magnet. a) colored SEM picture of the
device. a 15 nm thick Ferromagnet FM1 is connected to a 40x200x10 nm3 ferromagnet FM2 by a 30 nm
thick copper ’fork’. Ferromagnet FM2 is fully embedded in the copper. The spin valve signal is sensed in
the normal manner, but now we have effectively created a short cut in our detection circuit. The copper
needs to be thin to increase the short resistance of the copper. b) The measured non-local spin-valve of 70
µΩ is smaller then the calculated 200 µΩ from a 2-channel diffusion model.

7.3 Non-local spin valve device with an embedded mag-
net

In order to demonstrate spin-transfer torque switching, the applied torque needs to
maximal. This implies that we need to maximize the spin current which is injected
and at the same time minimize the size of the ferromagnet. In a usual non-local spin
valve, two contacts are present on the switching ferromagnet. One contact serves
as a reference, and supplies the spin-accumulation which is converted to a voltage
difference over the interface. The other contact senses this voltage. Because two
contacts are present, this puts a constraint on the minimal size the ferromagnet can
have, and therefore on the efficiency of spin-transfer torque.

Here, we show an altered non-local spin valve geometry which does not have this
constraint. The fabricated device and resulting non-local spin valve measurement is
shown in Fig. 7.2. The device is very similar to the device of the previous section
(Fig. 7.1), except that the V+ and V− contacts are effectively short circuited. The
ferromagnet is completely embedded into a copper contact. This will reduce the
magnitude of the non-local spin valve signal but can increase the torque significantly.

By creating a finite-element model of the 2-channel diffusion model, we calculate
that the spin-valve signal for the device should be 200 µΩ. In our measurement, we
observed a spin-vale signal of 70 µΩ, which is somewhat smaller. We speculate this
is either due to the exact effective contact resistance, which is likely to be poorly
estimated by the 2-channel model, or the uncertainty in the thickness of the copper,
which has a large influence on the effective short-circuit resistance. Unfortunately, the
small thickness of the copper prohibits us from sending large charge currents through
the device. Therefore, this device was not suitable for spin-transfer torque switching
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experiments.
We have also fabricated a device which is similar in design, but has a very small

ferromagnet FM2 of 80x35x10 nm3. The calculated spin-transfer torque switching
current of this ferromagnet is very small due to its reduced volume (I=3 mA) such
that it should be possible to switch it. Unfortunately, the non-local spin valve signal
was buried in the noise (< 10 µΩ) such that it was impossible to detect the magnetic
state and verify this by non-local spin valve measurements. We calculated the non-
local spin valve signal in this case to be 40 µΩ.

This experiment shows it is possible to detect the magnetization state of a fer-
romagnet which is fully embedded in the non-magnetic material. A more complex
fabrication technique which for example selectively etches part of the copper on top
of the ferromagnet should be able to increase the maximum current which can be sent
through the device as well as the non-local spin valve signal.

7.4 STT induced Gilbert damping in a FMR experi-
ment

In the previous chapter, we have introduced an experiment which allows to quantify
spin-transfer torque in a non-local spin valve by its effect on ferromagnetic resonance
experiments. Here, we show the results of such an experiment where we fabricated
and measured a dedicated device. In the experiment, the non-local spin valve geome-
try is used to inject pure spin currents into the ferromagnet of interest. This ferromag-
net is brought into resonance by an externally applied H0 and microwave frequency
magnetic field hµ. The resonance angle and width depends on the applied microwave
magnetic field and the Gilbert damping of the ferromagnet. In the experimental ge-
ometry we propose, the injected perpendicular spin current induces a spin-transfer
torque which points collinear to the Gilbert damping, which allows us to tune the res-
onance angle. We detect the resonance angle by measuring the change in resistance
of the ferromagnet. This change is due to the anisotropic magnetoresistance effect,
which describes that the resistance of a ferromagnet depends on the angle between
the magnetization and charge current. In section 6.3 we proposed the fabrication of a
specific non-local spin valve device which should be able to demonstrate this effect.
We have fabricated a very similar device, of which a SEM picture is shown in Fig.
7.3a.

The non-local spin valve device consists of two ferromagnets: one large and one
small. They are connected to each other by a copper ’fork’. The large ferromagnet
is of slightly different dimension then proposed, in order to ensure well-separated
resonance fields. A spin current can be injected into FM2 by sending a charge current
IS TT from contact 1 to 2 and the magnetization state can be detected by the non-local
voltage V4−5. The non-local spin valve signal which has been measured is shown in
Fig. 7.3b. This illustrates the possibility to inject spin currents into the magnet.

The resistance of ferromagnet FM2 is probed by sending an additional dc charge
current Idc from contact 1 to 3 and probing the voltage V4−5. Here contact 1 is used
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Figure 7.3: Spin-Transfer torque tuning of the Gilbert damping in a ferromagnetic resonance ex-
periment. a) Colored SEM picture of the fabricated non-local spin valve. A spin current is injected into
a 190x45x7 nm3 ferromagnet FM2 by sending a charge current IS TT . The resistance of FM2 is probed by
sending a dc charge current Idc and measuring the voltage V4−5. b) The measured non-local spin valve
resistance. c) Ferromagnetic resonance curve of FM2 at various charge currents IS TT . The red lines are
Lorentzian fits. d) Resulting width and height of the resonance curves in b). They are determined from the
Lorentzian fits. The red lines shows the result of a least square fit of all data to Eq. 6.5 where the only free
parameter is the spin current in the Slonczewski term. The other parameters are determined from the curve
at IS TT =0 (hµ) and the ferromagnetic resonance experiment which is described in figure 7.4.
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as a common ground for both current sources. In our experiments, the collinear mag-
netic field is scanned and the microwave frequency magnetic field is modulated in
intensity. We were able to use this modulation technique instead of microwave fre-
quency modulation[5] because we use an i-Si substrate instead of a mildly doped
n-Si. This reducing heating effects and the typical noise which accompanies it. This
can also be observed in the background voltage, which reduces from hundreds to a
few µV. For each resonance curve, we have varied the microwave frequency ω/2/π
and the current IS TT which induces spin-transfer torque.

Fig. 7.3c shows our principal results on how the resonance properties of the
small ferromagnet changes under the influence of different currents IS TT . We observe
that both the height and width clearly change under the influence of an injected spin
current, which is a trademark of spin-transfer torque induced Gilbert damping. The
measured signals are of Lorentzian shape. Fitting them with a Lorentzian function,
we find the width (FWHM) and height of the different curves, which are shown as a
function of the spin-transfer torque current in Fig. 7.3d. We see that the resonance
width can be tuned from 7.8 to 5.5 mT while the height of the resonance curve can
be tuned from 260 to 580 nV by applying IS TT± 1.5 mA of charge current. Both fea-
tures change consistently with an applied spin-transfer torque, i.e. when the height
increases, the width decreases. In the following, we will use the analysis method de-
veloped in the previous chapter to determine the injected perpendicular spin currents
and thereby the mixing conductance G↑↓ of the Py/Cu interface.

7.4.1 Resonance curve analysis

By fitting the obtained voltages with Eqs. 6.2 and 6.9 it is possible to extract the
perpendicular spin currents which are injected. However, this equation has a large
number of parameters. We limit these by first determining the resonance parameters
of the ferromagnet in a separate experiment. In this experiment, we examine how
the ferromagnetic resonance curves change as a function of the used microwave fre-
quency ω/2/π in the absence of spin-currents. The results from this experiment are
shown in Fig. 7.4. Fig. 7.4a shows the measured resonance curves as a function of the
used frequency. The curves are fitted with Lorentzian functions in order to accurately
determine the observed resonance field. For our ferromagnet, the observed resonance
fields versus frequency is shown in Fig. 7.4b. By fitting the Kittel formula (Eq. 6.5)
to this data, it is possible to obtain the saturation magnetization Ms and the (diagonal)
demagnetization tensor N̄ of the ferromagnet. For a typical bar ferromagnet, we can
assume that the demagnetization field Hd=-N̄ ~M points mainly out of plane, only has
a small component in the width direction and is negligible along the length of the fer-
romagnet. Using Eqs. 6.22-6.23, it is possible to directly calculate these components
of the diagonal demagnetization tensor Nt=0.90, Nw=0.096. The actually fabricated
shape of the ferromagnet can slightly vary. Therefore, we fit our data to the Kittel
formula with only two free parameters Nt and Ms, where we assume Nw=1-Nt. We
determine the saturation magnetization of the ferromagnet to be Ms=0.78 T and the
demagnetization Nt=0.88 using a least square fit. The saturation magnetization is sig-
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nificantly lower then the usually observed Ms=1 T[5] for Permalloy while the found
demagnetization parameter is reasonable. We note that using a small anisotropy field
does not influence this result significantly2. For completeness, the calculated reso-
nance field of FM1 is also shown, where we have used its specific demagnetization
parameters. This shows it is well separated.

Using the saturation magnetization and demagnetization parameter, we can fit all
curves in Fig. 7.4a directly to the expected voltage signal of Eq. 6.2, in which the
time-averaged square angle θ2 is given by Eq. 6.9. The free parameters in this fit are
a curve dependent microwave magnetic field hµ and a Gilbert damping constant for
all curves. We find a mildly varying hµ ≈ 2 mT with a Gilbert damping α = 0.011,
consistent with what has been found before[5]. In order to calculate this, we needed
the 4-points resistance of the ferromagnet, which we obtain from finite-element mod-
eling to be 35 Ω, and the anisotropic magnetoresistance of Permalloy: ∆R/RFM = 1%.
The small variation in microwave magnetic field is due to small frequency-dependent
reflections in our microwave circuit. We can also calculate the expected microwave
magnetic field directly from the microwave power send through the coplanar short[6].
Sending a microwave power of 9 dBm towards the short of a coplanar-strip, we cal-
culate that a microwave-frequency charge current of 25 mA flows through the short.
This gives a microwave magnetic field of 2 mT at 1 µm distance from the short, illus-
trating that the microwave losses of the constructed waveguide on our i-Si wafer are
very small.

We now have all the parameters which determine the calculated voltage signal Eq.
6.2 in the absence of perpendicular spin currents. Using this information, we are now
able to fit the resonance curves where perpendicular spin currents are injected. In this
experiment, we have used a somewhat lower microwave power of 3 dBm. First, the
curve at IS TT =0 is fitted which gives us a smaller microwave magnetic field hµ = 1
mT, consistent with the 6 dBm reduction in microwave power. We consider two fitting
procedures. In the first procedure, we fit each curve with an individual spin current
coefficient β in a least square method. The results from this fit are shown in Fig. 7.3c.
This shows the curves can be fitted accurately with the spin-transfer torque parameter
β. A small curve-dependent additional magnetic field HS TT <0.5 mT was also used
in the formula to improve the fits. These are due to the magnetic fields induced by
the large charge current IS TT . The curves corresponds to spin currents Is = (180, 13,
0, -5, -53) for IS TT = (-1.5, -1, 0, 1, 1.5) mA. We define a ’collinear’ spin injection
efficiency ν = Is/IS TT . Here Is = I⊥/ sin(θ) is defined as a perpendicular spin-current
projection on the easy axis of the ferromagnet. A linear fit gives a collinear spin
injection efficiency ν= 6.5%. This least square procedure fits the height of the curves
more accurately then the width. We find that the error in this fit is large, which is
possibly caused by the stray fields of the charge current IS TT which can tilt the average
magnetization. When we observe the height and width of the curves individually in
Fig. 7.3c, it can be seen that the width behaves more linear with the applied current
IS TT . Therefore, we also used a least square fitting procedure which fits all curves

2A typical anisotropy field of ±20 mT changes Ms by ± 0.05 T and Nt by ± 0.02.
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Figure 7.4: Further ferromagnetic resonance experiments. a) Ferromagnetic resonance curves as a
function of microwave frequency. The red lines are Lorentzian fits to the data. b) The resonance fields
versus the microwave frequency. The red line shows a fit to the Kittel formula (Eq. 6.5) from which we
obtain the saturation magnetization and demagnetization field. The green line represents the calculated
resonance fields for FM1 which shows the resonances are well separated. For FM1 we used Ms = 1T and
demagnetization parameters from Eqs. 6.22-6.23). c) Repeating the Lorentzian fits of a) with Eq. 6.2
where we use the obtained parameters from b), we determine the variation in microwave magnetic fields.

simultaneously by a single parameter ν. The width and height obtained from these
fits are plotted in Fig. 7.3d. From this procedure, we find a slightly smaller value ν=
5.6%. The width of the curves are very well fitted, while for the height the trend and
size is well described. We will use this value in our further analysis.

Using the parameters we have determined from our experiment, we can calculate
(Eq. 6.10) that a spin current Is = 480 µA is needed to switch the magnetization of
FM2. At the charge currents IS TT = ±1.5 mA and the obtained efficiency ν, we find
that we were able to apply an effective spin-transfer torque which is ≈18% of the
critical current. This means it was possible to tune the effective Gilbert damping of
the ferromagnet by ≈18%.

7.4.2 Ferromagnetic/Non-magnetic interface

By constructing finite-element models of the device, it is possible to relate our re-
sults directly to the quantum-mechanical transmission and reflection properties of
the ferromagnet/non-magnetic interface. How this can be done has been described
in section 6.3. In order to do this, we have constructed a finite-element model of
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the fabricated device. As input, we use the model parameters of the previous chap-
ter, i.e. an interface resistance 1/G equal the ferromagnetic square resistance of the
2-channel model λF/σF with an interfacial spin polarization which is fitted to the
measured non-local spin valve and the measured conductivities σcu = 4.26·107S/m,
σPy = 4.32·106S/m and copper relaxation length λcu = 350 nm.

The spin-polarization of the interface is obtained by fitting the measured to the
calculated spin-valve signal by varying the interface polarization P. We find that the
spin valve signal of 2.2 mΩ fits to a spin polarization P = 0.23, which is somewhat
lower than the usually found equivalent P = 0.33. From the model we obtain that
the parallel spin current which is injected into FM2 is around 2.6% of the charge
current IS TT . When η → ∞, the perpendicular spin current is around 3.8% when
the magnetizations are perpendicular to each other. Both values are lower then the
obtained spin injection efficiency of 5.6% in our spin-transfer torque experiment.

Possible reasons for this discrepancy can come from the various assumptions we
used in our analysis. It is likely that the size of the ferromagnetic is smaller than
designed, because our experiment is performed in air. It is known that if Permalloy
is exposed to air, a small oxide forms on the which is non-magnetic. In this case,
our FMR analysis overestimates the volume of FM2. The modeling then overesti-
mates the injected perpendicular spin current. If we assume a typical oxide of 2 nm is
present, the obtained perpendicular spin current reduces from 5.6% to ≈4%. Also, we
use Argon ion-milling in our fabrication procedure to remove the oxide which grows
on top of the Permalloy, such that we obtain ohmic contacts[7]. It is known that
this procedure reduces the measured spin-valve voltages considerably[2, 8]. In the
model, this is taken into account by a reduced spin injection and detection efficiency,
characterized by the overall bulk or interfacial spin polarization. It is currently not
understood what physical process is exactly responsible for this reduction. It can be
due to the creation of spin scatterers at the interfaces or an increase in surface rough-
ness, which increases the effective area. Because our spin valve is non-symmetric,
it is possible that such an effect is not equally affecting the spin injection and detec-
tion mechanism. If the spin injection is larger then we assume, it is possible that the
perpendicular spin currents are also larger then we calculate from the modeling.

The above reasons makes it hard to quantify the mixing conductance parameter
η = 2Re(G↑↓)/(G↑ + G↓) of our Permalloy-Cu interface. However, we can safely
assume that it is large η � 1, because the observed effect is larger then we calculate
for η → ∞. In order to obtain a more accurate prediction for η, the exact thickness
of the layers needs to be monitored and the origin of the reduced spin-valve signals
needs to be determined.

3The interfacial equivalent we have derived in chapter 6 where the non-collinear and 2-channel models
were compared. It is known that for thin ferromagnets, the measured signals are underestimated, see also
the description of the non-local spin valve of Yang[2] in chapter 2.
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7.5 Conclusion and Outlook
In this chapter we have shown the results from three fabricated non-local spin valve
devices which were aimed at demonstrating spin-transfer torque switching and spin-
transfer torque induced changes in ferromagnetic resonance. While we did not suc-
ceed in demonstrating spin-transfer torque switching, we did demonstrate an experi-
ment in which the magnetization state could be programmed by sending large charge
currents through the device. The origin of the switching process remains unclear,
but has likely to do with the electrical creation and movement of magnetic domains.
The critical current which could be sent through this device was twice as low as the
threshold for spin-transfer torque switching. In the following we have shown a sep-
arate non-local spin valve device where the reduced dimensions of the ferromagnet
can be used to increase the effective spin-transfer torque. With further optimization
in the device geometry and selective etching techniques, this device can be used to
demonstrate spin-transfer torque switching without more elaborate techniques such
as shadow deposition[2, 7].

In the final part, we have shown a device that successfully demonstrated spin-
transfer torque tuning of the Gilbert damping by pure spin currents. An analysis
shows that it was possible to tune the Gilbert damping by as much as 18%. We have
shown that by using ferromagnetic resonance experiments in combination with mea-
sured spin valves in the same devic,e it is possible to obtain a large amount of informa-
tion about the bulk properties of the ferromagnet, but also of the ferromagnetic/non-
magnetic interfaces.

We note that the techniques demonstrated in this chapter can also be used to study
the properties of other ferromagnet/non-magnetic interfaces. For example, in case of
a non-local spin valve with tunnel barriers the perpendicular spin currents are greatly
enhanced. In such a device, the injection process is not limited by the conductivity
mismatch problem[9] but also the injected spins cannot enter the detecting ferromag-
net. The injected spin current into this ferromagnet is purely due to perpendicular
spins which reflect of the interface. This further enhances the spin injection process.
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