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Effect of electrical current pulses on domain walls in Pt/Co/Pt nanotracks with out-of-plane
anisotropy: Spin transfer torque versus Joule heating
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The effect of electrical current pulses on magnetic domain walls is studied in a nanometer-scale magnetic
track defined in a He+-irradiated Pt/Co�0.5 nm�/Pt film with out-of-plane anisotropy. Current pulses in a wide
range of intensities and durations are shown to result either in track demagnetization, or in polarity-
independent domain-wall propagation, due to Joule heating during the current pulse. None of the expected spin
transfer effects is shown to occur. To explain this, the spin-dependent current-density distribution in the stack
is evaluated, in the frame of an adapted Fuchs-Sondheimer model. The spin-polarized current density in the
cobalt layer is shown to be unexpectedly low as compared to the charge current in the whole stack, which
causes Joule heating. This is explained by a low electron transmission at Co/Pt interfaces, as is deduced from
resistance measurements on a series of samples with different cobalt thicknesses. This leads us to emphasize
that the balance between spin and total charge current densities should be carefully considered when addressing
spin transfer torque effects.

DOI: 10.1103/PhysRevB.81.024407 PACS number�s�: 75.60.Ch, 73.63.�b, 72.25.Ba, 85.75.�d

I. INTRODUCTION

Current developments of magnetic data storage and data
processing technologies make highly desirable to control
magnetic domain-wall propagation in narrow magnetic
tracks.1–3 In particular, spin transfer torque exerted by a spin-
polarized current on a domain wall propagating in a nan-
otrack is expected to allow a selective and direct addressing
of the magnetic configuration of the nanotrack.1,4–12 For this
purpose, nanotracks defined in ultrathin magnetic films with
out-of-plane magnetic anisotropy gather several
advantages.13,14 Indeed, domain walls in these systems are
thin,15,16 which is deemed to enhance the role of the nona-
diabatic, field similar, directly efficient spin transfer torque
term.17–19 Moreover, confinement effects due to the low film
thickness lead to a lowered Walker breakdown,13,14,19 which
allows to access the so-called precessional domain-wall
propagation regime under a reduced field or current excita-
tion; in this regime, both spin transfer torque terms—
adiabatic and nonadiabatic—are supposed to be efficient,19

and the continuous evolution of the domain-wall micromag-
netic structure during precessional propagation is expected to
lead to a reduced likeliness of the wall to get pinned by the
sample’s intrinsic or extrinsic defects. This being said,
domain-wall pinning still seems to play a predominant role
in most of the out-of-plane magnetized metallic systems
where current-induced domain-wall motion was observed up
to now.20–25 In this context, a model system with artificially
reduced domain-wall pinning is of particular interest so as to
get a further insight into the intrinsic processes of current-
induced domain-wall depinning and propagation, which are
still currently under debate.26,27

In this paper, we report �Sec. II� on our experimental
study of the effects of electrical current pulses on domain
walls, in a magnetic nanotrack defined in an ultrathin Pt/
Co/Pt film with out-of-plane magnetic anisotropy, where pin-

ning has been reduced thanks to He+ irradiation.28 We show
that current pulses in a wide range of intensities, and with
durations varying on 3 orders of magnitude, result either in a
demagnetized state in the nanotrack or in domain-wall
propagation, both unrelated to the pulse polarity. This rules
out spin transfer torque effects and is explained by Joule
heating due to the current circulation in the track.20,29–33 To
explain the absence of a visible effect of spin transfer torque,
spin-polarized electron transport in the cobalt layer of the
track is evaluated �Sec. III�, and is shown to be in an unfa-
vorable balance with Joule heating. This leads us to update
the required conditions for an optimized system for spin
transfer torque and to comment on recent results on this topic
�Sec. IV�.20–25 Even if this work is focused on out-of-plane
magnetized systems, our approach for evaluating spin-
polarized current densities in thin metallic layers and our
conclusions are more general. They can be applied as well to
in-plane magnetized systems, where current-induced
domain-wall propagation was first evidenced.7–9

II. EXPERIMENTS

Magnetic nanotracks were patterned in a Pt�4.5 nm�/
Co�0.5 nm�/Pt�3.5 nm� film, sputter deposited onto a ther-
mally oxidized Si /SiO2�500 nm� substrate. This system pre-
sents a strong, interface-induced out-of-plane magnetic
anisotropy �7.1 kOe anisotropy field�, and is known to re-
verse its magnetization by few domain nucleations, and pre-
dominant easy domain-wall propagation.16 Before pattern-
ing, this film was uniformly irradiated with light He+ ions, at
a very low dose of 5�1015He+ cm−2, with an energy of
30 keV. This irradiation results in a strong reduction in the
out-of-plane magnetic anisotropy,28,34 down to 1 kOe, and
consequently in the coercive and domain-wall propagation
fields. Domain walls can then propagate under a lower mag-
netic field �only 1 Oe dc at room temperature�,35 with an
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even lower sensitivity to intrinsic and extrinsic pinning.
Propagation velocities are thus considerably enhanced.34–37

Besides, the Curie temperature, TC, of the material is reduced
from 415 to 365 K.28,34,35

The width of the tracks, patterned by a conventional pro-
cess of e-beam lithography and ion-beam etching through a
gold mask, was measured by scanning electron microscopy.
For the track described in the following �Fig. 1�a��, it is w
=750 nm, for a typical length of 130 �m. At one end of the
track, a trumpetlike enlargement was designed so as to en-
hance the domain nucleation probability, whereas the other
end of the track was designed with a pointed shape. Around
the track, a micrometric aluminum 50 �-matched coplanar
line was designed �Fig. 1�b��, also by e-beam lithography,
which allows to make electrical contacts between the track
ends and micrometric high-frequency Picoprobes®,38 di-
rectly connected to a voltage-pulse generator. The resistance
of the track itself, R, is close to 0.6 k�.39 However, the
resulting impedance mismatch is localized on a 130 �m cir-
cuit length, which allows to inject nanosecond-scale pulses
without any major degradation of the pulse shape. The cur-

rent density in the track’s cobalt layer during a current pulse
is estimated to be on the order of a few 1011 A m−2 per
applied volt, as calculated when assuming a uniform current
distribution over the track section.

The magnetic measurements, by magneto-optical polar
Kerr microscopy at room temperature, Tamb, were performed
as follows: first, the sample was magnetically saturated by a
strong magnetic field pulse, and a reference magneto-optical
image �s� was registered; then, a small field pulse of opposite
sign was applied to nucleate a domain in the track, and a
second image �n� was taken; finally, the current pulse �or
sequence of well-separated current pulses� was injected into
the track, at zero applied field, and a third image �p� was
taken. The �n�-�s� and �p�-�s� difference images, respectively,
show the magnetic configuration in the track before and after
current injection, which can thus be compared.40

Depending on the applied pulse voltage amplitude, U, and
duration, �t, three characteristic situations can be observed,
regarding the magnetic domain structure in the track �Fig. 2�.
First, the domain structure is not modified by short and/or
low-voltage pulses �Fig. 2�a��; second, long and/or intense
pulses result in a characteristic alternance of small up and
down domains �Fig. 2�b��; finally, for a very narrow range of
pulse durations and intensities, current-pulse-induced propa-
gation of the existing domain walls can be observed in some
cases �Fig. 2�c��. The type of the effect observed after the
application of a definite pulse in the track is qualitatively
reproducible: each pulse whose parameters are represented in
Fig. 2�d� was tried ten times, always giving the same type of
effect. The multidomain magnetic state observed in the track
after a long and/or intense current pulse �Fig. 2�b�� typically
corresponds to a demagnetized state, as can be obtained by
heating the system above its Curie temperature, and then
cooling it back in zero field.20 The frontier line �Fig. 2�d��
between the �U ,�t� ranges corresponding to pulses with no
effect �Fig. 2�a��, and to pulses leading to track demagneti-

(b)(a)

FIG. 1. �Color online� �a� Scanning electron microscopy picture
of a patterned Pt/Co/Pt nanotrack. Its trumpetlike nucleation pad is
visible at its left end, as well as aluminum contact pads at both
ends. �b� Optical microscopy picture of the complete measurement
device. The track is visible in the center, surrounded by the alumi-
num, 50 �-matched coplanar line, which allows electrical connec-
tion to the pulse generator.
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FIG. 2. �Color online� Effect of electrical current pulses, at zero applied field and at room temperature, on the remanent magnetic field
induced domain structure of a 750 nm wide, He+-irradiated Pt/Co�0.5 nm�/Pt nanotrack with an out-of-plane magnetic anisotropy. �a�–�c�
Typical magneto-optical difference images of the track before �top� and after �bottom�: �a� a weak and/or short pulse, which produces no
effect �downward triangles in �d��; �b� a strong and/or long pulse, which provokes the demagnetization of the track �upward triangles in �d��;
�c� a pulse with intermediate strength and duration, which results in the propagation of existing domain walls �dots in �d��. �d� Type of the
observed effect, depending on the pulse voltage amplitude, U, and duration, �t �here in log scale�. The continuous line corresponds to a fit
of the frontier line between the “demagnetizing” and “inefficient” pulse ranges to a law with constant Joule-deposited energy. The dashed and
dash-dotted lines, respectively, correspond to estimates of the T=TC=365 K isotherm curve, calculated as explained in the text �Refs. 30 and
31�.
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zation �Fig. 2�b��, respectively, is very well defined on 3
orders of magnitude of pulse duration. It should be empha-
sized that the observed effects only depend on the current-
pulse duration and intensity and not at all on the pulse po-
larity. In particular, when propagation of the existing domain
walls is observed �Fig. 2�c��, the direction of domain-wall
propagation is independent of the direction of movement of
the electrons which are supposed to induce spin transfer �see,
for example, Fig. 2�c�, where two domain walls propagate in
opposite directions under the effect of the very same current
pulse�. This implies that the observed current-induced
domain-wall propagation is not due to spin transfer. Nor is it
due to possible Oersted field effects since they should also
depend on the current polarity.41 The polarity-independent
domain-wall propagation observed in Fig. 2�c� can rather be
interpreted as resulting from Joule heating: if, during the
pulse, the system is brought very close to its Curie tempera-
ture, domain-wall propagation becomes thermally
activated.42 The propagation direction is then determined by
the small residual magnetic field �less than the 1 Oe dc
propagation field at room temperature� that can always exist
in our setup, and which favors the growth of one or the other
domain type. This process is similar to the one involved in
laser-assisted thermomagnetic recording.43 It was verified ex-
perimentally, by artificially applying a small dc field, either
upward or downward, during the current pulse, which al-
lowed us to control the direction of domain-wall propaga-
tion. More data on this topic will be published elsewhere.35

III. DISCUSSION

A. Joule heating of the track

When a current pulse flows into the nanotrack, Joule ef-
fect results into a heat generation, which, in a first approxi-
mation, is proportional to U2�t. When writing this, we ne-
glect the effect of the track resistance increase during the
pulse, which will be shown to be small in the following.
Once heat has diffused in the track, it is finally dissipated in
its environment, partly by metallic contacts at both of its
ends44 but mainly by the SiO2-covered substrate, which has a
much larger contact surface with the track.30,31 Current-
pulse-induced temperature increases of up to several hun-
dreds of kelvins, due to Joule heating, have been evidenced
in very similar experiments on permalloy tracks,29,32,33 and
have been shown to occur starting from the nanosecond time
scale.33 According to these results, and given the typical
spin-lattice relaxation time scale,45,46 we can reasonably as-
sert that heating of the spin system—and thus also thermo-
magnetic effects—can occur within the duration of the short-
est pulses described in Fig. 2.

The observed frontier line, separating pulses with no ef-
fect from pulses leading to the track demagnetization, can be
well fitted to a hyperbolic law, corresponding to a constant
U2�t product, that is, to a constant heat dissipation in the
nanotrack �Fig. 2�d��. Therefore, it may correspond to the
�T=TC−Tamb isotherm curve, where �T is the temperature
rise between the beginning and the end of the current pulse.
This temperature rise was previously analytically calculated,
taking into account heat dissipation in an insulating30 or par-

tially insulating substrate.31 Following these results, we de-
rived in both cases the resulting equation of the �T=TC
−Tamb isotherm curve. The parameters used for the calcula-
tions are those given in Refs. 30 and 31, apart from the track
length �L=100 �m for its narrowest segment� and resistance
�again assumed as constant�, and the SiO2 coverage thick-
ness on the substrate. Even if they do not perfectly fit to the
experimentally observed frontier line, the resulting curves
�Fig. 2�d�� reproduce the order of magnitude of the pulse
amplitudes and durations corresponding to the crossover be-
tween inefficient and demagnetizing pulses. The observed
misfit may be explained by heat dissipation through the con-
tacts at both ends of the wire, which is not taken into account
here.30,31,44 Moreover, the hypothesis of a stationary and uni-
form thermal regime in the track gets less and less valid
when the pulse duration is reduced, which can explain the
enhanced misfit in the shortest pulse range.30,31

To further validate our interpretation of Fig. 2�d�, we
monitored in real time the resistance of a similar nanotrack
during current pulses,29,32,33 by measuring the voltage across
a 50 � resistance connected in series with the nanotrack. A
typical oscillogram, for a pulse corresponding to U�9 V, is
shown in the inset of Fig. 3: the measured voltage clearly
decreases during the pulse, which is related to a resistance
increase, �R, of the nanotrack, due to Joule heating. �R,
measured at the end of the current pulse, is plotted in Fig. 3
as a function of the pulse duration, and can be fitted to a
linear increase by 2.6 � ns−1. The temperature increase in
the nanotrack is directly connected to the �R value, via a
temperature coefficient, �= �1 /R�Tamb����R /�T�. Starting
from standard, bulk values of � �in the 273–373 K tem-
perature range,47 �Pt=3.92�10−3 K−1, and �Co=6.04
�10−3 K−1�, and taking into account their reduction in me-
tallic films whose thickness is comparable to or smaller than
the electron mean free path �around 10 nm for the metals
used here�,48 a global � coefficient can be estimated for the
whole nanotrack, ��2�10−3 K−1. This allows us to esti-
mate that the nanotrack heats by 1.4 K ns−1 for a U�9 V
pulse. This means that for such current pulses, starting from
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FIG. 3. Increase in a nanotrack’s resistance, �R, between the
beginning and the end of a current pulse corresponding to U
�9 V, as a function of the pulse duration, �t. The dotted line is a
linear fit to the �R data, with a 2.6 � ns−1 slope. Inset: A typical
oscillogram revealing the resistance increase and similar to those
from which �R values were extracted. The plotted voltage was
measured across a 50 � resistance, connected in series with the
R�0.9 k� nanotrack, during a 50 ns current pulse.
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Tamb=300 K, the Curie temperature, TC=365 K, is reached
within 46 ns, which is quite compatible with Fig. 2�d�. For
such a temperature rise, the track resistance increases by
about 13% of its initial value, which is relatively low, and
does not strongly contradict the validity of the initial as-
sumption of a U2�t heat generation.

B. Spin-polarized current in the cobalt layer

1. Fuchs-Sondheimer model

To explain the absence of spin transfer effect, in particular
for current pulses with intensities and durations lower than
those of pulses which result in the track demagnetization, we
now focus on the evaluation of the spin-polarized current
density in the cobalt layer of our metallic stack �Fig. 4�a��,
which is indeed the relevant quantity for estimating the spin
transfer efficiency. The simplest approach to describe elec-
tron transport in metallic layers whose thickness is compa-
rable to or smaller than the electron mean free path is based
on the semiclassical Fuchs-Sondheimer model.49–51 It takes
into account the enhanced interface contributions to electron
scattering in such layers,49,50 as compared to bulk resistivity,
usually described in the frame of the Drude-Sommerfeld
model. When including spin-dependent electron
scattering,52,53 it has also been shown to provide a simple and
physical understanding of giant magnetoresistance in mag-
netic multilayers.

In its full generality, this model requires a very large num-
ber of parameters, necessary to describe each material and
interface, at the expense of a good legibility. To describe our
system, we chose to make several assumptions, in order to
keep only the most meaningful of these parameters. Namely,
each material is described by an electron mean free path, �,
and a resistivity, �, that both depend on the electron spin
�majority, ↑, or minority, ↓� for cobalt.54 Using the usual bulk
spin asymmetry parameter, �=�↓ /�↑, the values of � and �
for each spin channel can be expressed in terms of the over-
all cobalt resistivity, �Co, and mean free path, �Co,

�Co↑ = �Co
1 + �

�
, �Co↑ = �Co

2�

1 + �
, �1a�

�Co↓ = �Co�1 + ��, �Co↓ = �Co
2

1 + �
. �1b�

The density of conduction electrons �thought of as a single
band of free electrons� and the effective electron mass are
assumed to be the same in platinum and cobalt, and to be
independent of spin, which implies that the electrical con-

ductivity, 	=1 /�, is equivalent �proportional with a fixed
coefficient� to an electron collision time, 
. This collision
time disappears in the �� product �such as in the Drude for-
mula�, which is a material-specific constant, independent of
spin, and proportional with a fixed coefficient to the Fermi
velocity, vF. At interfaces between cobalt and platinum, an
electron is assumed to be either transmitted without any
change in its velocity direction �probability T�, or randomly
scattered, with a loss of all memory on its previous velocity.
As interface transmission obviously depends on spin, sepa-
rate coefficients, T↑ and T↓, are introduced to describe the
two spin channels. Their difference is described by a spin
asymmetry coefficient, N, defined as

N =
1 − T↓

1 − T↑
. �2�

Specular reflection at interfaces is not considered here. At the
outer surfaces of the stack, the original Fuchs-Sondheimer
specular reflection parameter, p, is used49–51 while a diffuse
reflection of the electron takes place with a probability
1− p. The surface and interface parameters, p and T, are
assumed not to depend on the incidence angle, unlike in the
quantumlike models.55

In our case, �Fig. 4�a��, the thickness of the whole Pt/
Co/Pt stack is of the order of magnitude of the electron mean
free path, which is known to be lower than �or, at most, equal
to� the spin-diffusion length, �sf.

56 The relevance of spin-flip
effects in our system in thus, a priori, unclear. Therefore, a
first series of calculations was performed without consider-
ing any spin-flip processes across the stack: the Boltzmann
equation was solved separately for the two spin channels,
considered as independent.57 As specular reflection at inter-
faces is not introduced in this model, its solution can be
explicitly written down for any number of layers, n. Only a
one-dimensional numerical integration, over the incidence
angle of the electron on interfaces, is required to evaluate the
spin-polarized current density at a given height, z, across the
stack. In a second series of calculations, spin-flip scattering
was introduced, either in the bulk of platinum layers, through
a spin-flip collision time, 
↑↓, or at the Co/Pt interfaces, by a
spin-flip transmission coefficient, T↑↓. In the first case, a dif-
ferent rotation in spin space has to be performed in each
layer, in order to obtain the eigenmodes of the Boltzmann
equation �depending on 
↑↓, these modes can correspond ei-
ther to �↑ ,↓�- or to �charge, spin�-type vectors�. As a conse-
quence, an explicit solution no longer exists; for each value
of the electron incidence angle, a 4n�4n matrix has to be
inverted. Note that, with such a formalism, specular reflec-
tion at interfaces can be included with no additional calcula-
tion cost. Spin flip in the bulk of the 0.5-nm-thick cobalt
layer is considered as negligible and, thus, is not taken into
account.

2. Parameters for describing Co/Pt stacks

The numerical values of the resistivities, mean free paths,
and an estimate for the surface specular reflection parameter,
p, of platinum were altogether determined by measuring �at
room temperature with a four-probe technique� the apparent

(b)(a) (c)

FIG. 4. Structures of the investigated samples: �a� the Pt/Co�0.5
nm�/Pt stack described in Sec. II; �b� the Pt /Co�tCo� /Pt stacks ad-
dressed in Fig. 5; �c� the spin valves measured in Fig. 6. The defi-
nition of the z coordinate used in the text is indicated.
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in-plane sheet conductances of Pt and Co single layers.
These data were analyzed with the Fuchs-Sondheimer
model, leading to a set of parameters that allow experimental
data to be reproduced. In particular, the inset of Fig. 5 recalls
the result of a Fuchs-Sondheimer calculation for a single thin
film,49,50 and shows that the value of the p parameter directly
controls the thickness dependence of the calculated sheet
conductance. From thick platinum single films, with different
thicknesses, we estimated �Pt=17.45 �� cm, and deduced
�Pt=13.11 nm, from a mean of published values of the �Pt�Pt
product.50,58 From the thickness dependence of the sheet con-
ductance, the p parameter was found to be about 0.6, and
was left as an adjustable parameter for the stacks described
in the following. For cobalt, the overall resistivity and mean
free path were found to be �Co=17.7 �� cm and �Co
=5.2 nm, consistently with literature.50,58 Given the low co-
balt thickness with respect to the electron mean free path in
the sample described in Sec. II, the role of bulk spin scatter-
ing in cobalt is expected to be negligible, and the value of �
is thus anticipated to be of minor importance. It was set to
�=3.53,59 Note that the values of platinum and cobalt resis-
tivities are close to each other. This means that, taking into
account only the bulk resistivities, one would expect the
charge current in cobalt to reach about 5.8% of the total
charge current in the Pt/Co/Pt stack �0.5 nm of cobalt within
a total thickness of 8.5 nm�.

The interface transmission coefficients, T↑ and T↓, are
the most important parameters within this simple model, as
far as spin polarization is concerned. They were similarly
estimated from the sheet conductances of
Pt�4.5 nm� /Co�tCo� /Pt�3.5 nm� trilayers �Fig. 4�b��, where
only the cobalt layer thickness, tCo, was changed. Figure 5
shows the evolution of the sheet conductance, t	 �here, t is
the total thickness of the stack�, as a function of tCo. For
thick cobalt layers �as compared to �Co�, the sheet conduc-
tances of the three layers of the stack simply add, and a

linear behavior of t	 with respect to tCo is expected. Besides,
the positive curvature of the low cobalt thickness data can be
understood from the inset of Fig. 5. On this graph, a curva-
ture is shown to appear on a single film sheet conductance
curve when the surface specularity parameter, p, is reduced,
that is when nonzero interface scattering occurs.49,50 In the
case of a cobalt layer embedded in a Pt/Co/Pt trilayer, the p
parameter, designed to describe single layers, is not relevant.
It is replaced by the interface transmission coefficient, T. The
observed curvature, typical of a nonzero interface scattering,
means that a low T factor at the Co/Pt interfaces is required.
This implies a reduction in the charge current in the cobalt
layer, as compared to that expected when taking into account
only bulk resistivities.

To know more about the spin-dependent transmission co-
efficients, T↑ and T↓, and hence about the spin-polarized cur-
rent in the cobalt layer, sheet conductances in the parallel �P�
and antiparallel �AP� states of several Pt�4.5 nm� /
Co�0.5 nm� /Pt�ts� /Co�0.8 nm� /Pt�3.5 nm� spin valves
�Fig. 4�c��, with an out-of-plane anisotropy,60 were mea-
sured. As shown in Fig. 6, the sheet conductance levels in the
P and AP states have a small61,62 but measurable difference
�11 �S for ts=4.5 nm�. Moreover, the sheet magnetocon-
ductance decreases when the platinum spacer thickness in-
creases. The data displayed in the lower panel of Fig. 7 result
from our calculation within the Fuchs-Sondheimer model, in
the three cases considered in the following, using the afore-
mentioned set of parameters, and adjusting the value of the
surface specularity parameter, p, so as to reproduce the data
shown in Fig. 5. As is already well known for in-plane mag-
netized spin valves with thicknesses of a few
nanometers,52,63 these data show that the sheet magnetocon-
ductance of a Pt/Co/Pt/Co/Pt spin valve is controlled by the
interface spin-scattering asymmetry, N. Therefore, a specific
value of N ��1� is required in order to reproduce the experi-
mental value of the magnetoconductance �dash-dotted line in
Fig. 7�. This N value can a priori correspond to several
�T↑ ,T↓� couples. As discussed above, interface transmission
is expected to be low. Therefore, we chose to assume T↓
=0.1 for these calculations, and then deduced from Fig. 7 the
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FIG. 5. �Color online� Measured sheet conductance, at room
temperature, of Pt�4.5 nm� /Co�tCo� /Pt�3.5 nm� trilayers with dif-
ferent cobalt thicknesses, tCo �dots�. Each data point corresponds to
one sample. The curves were obtained by numerical calculations
within the Fuchs-Sondheimer model, with T↓=0.1, either without
spin flip �full curve, with T↑=0.22, i.e., N=1.15 and p=0.42�, or
with bulk spin flip in platinum �dashed curve, with T↑=0.33, i.e.,
N=1.35 and p=0.33�. The values of the other parameters are those
given in the text. t stands for the total thickness of the stack. The
inset recalls the Fuchs-Sondheimer result for a single thin film, for
p=0, 0.5, and 1 �	0 is the bulk conductivity�.
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total thickness of the stack.
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corresponding values of N and T↑, in order to match the
measured magnetoconductance.

3. Spin-polarized current density without spin flip

Disregarding any spin-flip effects to begin with, T↑
=0.22 together with T↓=0.1 �that is, N=1.15� allow us to
match the measured magnetoconductance value �Fig. 7,
lower panel�. Besides, by numerical calculation within the
Fuchs-Sondheimer model, with the same parameters, the full
curve in Fig. 5 is obtained. It also appears to satisfactorily
reproduce our Pt/Co/Pt sheet conductance experimental data,
provided an adjustment of the specularity parameter, p, at the
outer surfaces of the stack �changing its value only shifts the

whole curve vertically, without affecting its slope and curva-
ture�. Applying now the same set of parameters to the Pt/
Co�0.5 nm�/Pt sample, which shows no detectable spin trans-
fer torque effect on domain walls �Sec. II�, we evaluate the
charge current in the cobalt layer to be 3.36% of the total
current in the sample, and the spin-polarized current only
0.93% �Fig. 7, upper panel�, which corresponds to a polar-
ization P=0.28 in the cobalt layer. The corresponding local
conductivity profiles in the two conduction channels, as a
function of the z position across the stack �Fig. 4�a��, are
plotted in Fig. 8�a�. As a consequence of the low interface
transmission, the current density is strongly reduced in the
cobalt layer as compared to that expected from its bulk re-
sistivity. Spin polarization of the current is largest in the
cobalt, but, as one can see Fig. 8�a�, it also extends in the
platinum layers, where the spin-polarized currents are, re-
spectively, 0.97% and 0.91% of the total current.

4. Effect of bulk spin-flip scattering in platinum

For calculations taking into account spin flip in bulk plati-
num, consistently with experimental evidence of the spin-
diffusion length being on the order of the electron mean free
path,56 and taking care of keeping unchanged the overall
resistivity, the spin-flip collision time, 
↑↓, and the spin-
conserving collision times, 
↑↑ and 
↓↓, were all set equal to
2
Pt. As one can see Fig. 7, introducing such spin-flip scat-
tering in the platinum layers, while keeping all other param-
eters unchanged, does not have a direct influence on spin-
polarized current in the cobalt layer of the Pt/Co�0.5 nm�/Pt
stack. This results from the weakness of interface transmis-
sions that nearly insulates the cobalt layer from the platinum
ones. On the other hand, the sheet magnetoconductance in
Pt/Co/Pt/Co/Pt, that results from a crosstalk between both
cobalt layers in the spin valve, through the platinum spacer,
is markedly reduced, as compared to the case without spin
flip �Fig. 7�. This is remarkable since the platinum spacer
thickness is only one half of the characteristic spin-flip
length, vF
↑↓. To compensate this effect, the interface spin-
scattering asymmetry, N, has to be assumed as larger,
namely, N�1.35, in order to match the experimental value
of the sheet magnetoconductance. Still keeping T↓=0.1, this
implies that transmission of majority electrons at interfaces
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FIG. 7. �Color online� Calculated variation in the sheet magne-
toconductance, for the spin valve with ts=4.5 nm, as a function of
the interface spin-scattering asymmetry parameter, N �lower panel�.
The minority interface transmission is fixed at T↓=0.1. The upper
panel shows the corresponding calculated ratio, �, between the
spin-polarized current in the cobalt layer and the total charge cur-
rent in the Pt/Co�0.5 nm�/Pt stack, as well as T↑ values correspond-
ing to the N scale. For both panels, squares correspond to values
obtained without spin flip. Triangles and crosses correspond to
those obtained while, respectively, taking into account bulk spin-flip
scattering in platinum, and Co/Pt interface spin-flip scattering. The
dash-dotted line indicates the measured value of the sheet magne-
toconductance, namely, 11 �S. t stands for the total thickness of
the stack.
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is increased to T↑=0.33. Figure 5 �dashed curve� shows that,
in this case, providing a small change in the surface specu-
larity parameter, p, the experimental sheet conductance data
are also well reproduced. This indirectly results in an in-
crease in the spin-polarized current in the cobalt layer of the
Pt/Co/Pt stack, when taking into account spin-flip scattering
�Fig. 7�. This result, counterintuitive at first sight, is linked to
the way we determine the model parameters from the experi-
mental data. Namely, with spin flip and the corresponding set
of parameters, we obtain a slightly higher charge current in
the cobalt layer �3.75% of the total current�, as well as a
larger spin-polarized current �1.32% of the total current,
which corresponds to a polarization P=0.35�. The spin-
polarized current in the platinum layers is still around 0.9%.
The new profiles of the spin-resolved conductivities across
the stack are plotted in Fig. 8�b�. The faster decrease in spin
polarization in platinum, when the distance from the cobalt
layer increases, can be clearly seen, as well as the higher
majority-spin current in the cobalt layer, due to the higher
value of T↑.

5. Effect of interface spin-flip scattering

To evaluate the influence of spin flip at the Co/Pt interface
transmission, a 0.5 spin-flip probability was introduced while
still keeping unchanged the total transmission of minority
electrons, T↓=0.1. This way, a minority electron has a prob-
ability T↓↓=0.05 to be transmitted with conserving its spin,
and a probability T↓↑=0.05 to experience a spin-flip trans-
mission. Majority electrons are treated in the same way,
though with an adjusted value of their total transmission, T↑,
which is driven by the interface spin-scattering asymmetry,
N. As shown in Fig. 7, the effect of interface spin flip is very
similar to that of the bulk spin flip: the sheet magnetocon-
ductance is �less� reduced and the spin-polarized current in
the cobalt layer is unchanged. Here again, in order to reach
the experimental level of sheet magnetoconductance, N has
to be increased to 1.21, leading to a proportion 1.03% of
spin-polarized current in the cobalt layer. This value falls in
between the two values previously obtained. However, the
relevance of this type of spin flip is not obvious: the depen-
dence of the sheet magnetoconductance on the platinum
spacer thickness corresponds more to bulk spin-flip scatter-
ing in platinum, that is, moreover, known to be strong.56

6. Spin-transfer versus Joule-heating balance

Summarizing, the calculations detailed above show that:
�i� current—and all the more spin-polarized current—in the
cobalt layer corresponds to a very low proportion of the total
current flowing in the Pt/Co/Pt stack; �ii� the ratio between
spin-polarized current in cobalt and total current in the stack
is weakly affected by the presence of spin-flip scattering,
either in the bulk of platinum, or at Co/Pt interfaces. This last
point is due to a very weak interface transmission of elec-
trons at Co/Pt interfaces, which results in nearly insulating
the cobalt layer from the rest of the stack. The thin gold layer
that remains from the etching mask on top of the tracks was
not explicitly taken into account here. However, its inclusion
in our model would only result in considering a T-type inter-

face instead of the upper, p-type surface of Pt/Co/Pt, which,
as discussed above, weakly impacts spin-polarized transport
in cobalt.

To discuss the consequences of theses results on spin
transfer torque efficiency in a Pt/Co/Pt nanotrack, we now
have to come back to spin-polarized current densities. From
this point of view, among the three cases treated above, the
most optimistic one is the second one, where spin flip in bulk
platinum is taken into account. Even in this case, the spin-
polarized current density expected in the cobalt layer of the
track is only 6.15�109 A m−2 per applied volt, that is,
about two orders of magnitude lower than what was expected
from an oversimplified uniform-current-density assumption.
This means that, for the maximum voltage of 10 V that we
could apply to our nanotrack because of Joule heating �Fig.
2�d��, the maximum spin-polarized current density in cobalt
remained below 1011 A m−2. This is more than one order of
magnitude lower than the 1012 A m−2 current-density range
where spin-transfer-induced domain-wall motion is usually
observed in similar systems,20–25 which seems to explain that
we could not evidence any spin transfer effects. This result is
due to an unfavorable balance between spin transfer torque
and Joule heating in our system, where only 1% of the elec-
trons which provoke Joule heating can actually exert a torque
on a domain wall: the �low� Curie temperature is reached for
spin-polarized current densities still insufficient to make a
domain wall propagate in the track.

IV. CONCLUSIONS AND PERSPECTIVES

The effects of an electrical current on the magnetic do-
main structure in a He+-irradiated Pt/Co�0.5 nm�/Pt nan-
otrack with out-of-plane anisotropy were studied through
current-injection experiments and electron-transport calcula-
tions. We showed that, in this system, current pulses with
durations varying on 3 orders of magnitude, and with inten-
sities limited by Joule heating of the track above its low
Curie temperature, only had thermal effects, and, in particu-
lar, did not cause any detectable spin transfer. Thanks to
calculations within a Fuchs-Sondheimer model adapted to
our system, this was ascribed to the low proportion of spin-
polarized current flowing in the track’s ultrathin cobalt layer,
as compared to the total current in the track, which is mainly
due to the low transmission of electrons at Co/Pt interfaces.

This leads us to emphasize that, among other parameters,
the relative efficiencies of Joule heating and spin-polarized
electron transport should be carefully considered when at-
tempting to select a system for spin transfer torque driven
domain-wall propagation: on top of spin transfer torque in-
tensity, and of domain-wall depinning and propagation
thresholds, the fact that a sufficient spin-polarized current
density can be injected in the system without provoking an
excessive Joule heating is also crucial. This last point mainly
depends on the spin-polarized electron-transport properties,
Curie temperature, and thermal dissipation in the sample. It
is, however, worth to note that bringing a magnetic system
very close to its Curie temperature for a short period of time
can allow extremely fast magnetization reversal processes, as
was recently shown, for instance, in the case of ultrafast
laser-induced magnetization reversal.64
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Our Fuchs-Sondheimer approach is quite general, and can
be applied to other metallic systems, with either in-plane7–9

or out-of-plane magnetic anisotropy.20–25 In particular, it
could help to understand three systems very similar to ours,
namely, Co/Pt multilayers,21 Co/Ni multilayers,24,25 and
Pt/Co/AlOx,20 where spin transfer induced domain-wall de-
pinning and/or propagation were recently evidenced. These
three systems all have a higher amount of magnetic matter
with respect to the total amount of conductive matter, which
may increase the ratio between the spin-polarized current
density in the magnetic layers and the total current density in
the tracks. Pt /Co /AlOx, whose structure differs from ours
only by replacing one of the platinum layers by an insulating
layer, is of particular interest. Apart from the obvious im-
provement in the spin-transfer versus Joule-heating balance,
due to the reduction in the total platinum thickness, and to a
somewhat higher Curie temperature,20 the nature of one of
the cobalt layer’s interfaces is changed in this system, from
the metal/metal type �described above by a T transmission
parameter� to the metal/insulator type �described by a p

specular reflection parameter�. Consequences of such a dif-
ference need to be addressed in more detail.

It should be finally stressed that the Fuchs-Sondheimer
model, based on a continuous Boltzmann equation, is here at
the limit of its validity, as it is applied to ultrathin films of a
few atomic layers. A quantumlike treatment of electron con-
duction in such ultrathin films is therefore desirable.
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