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Non-adiabatic spin-torques in narrow magnetic
domain walls
C. Burrowes1,2, A. P. Mihai3,4, D. Ravelosona1,2*, J.-V. Kim1,2, C. Chappert1,2, L. Vila3,4, A. Marty3,4,
Y. Samson3, F. Garcia-Sanchez5, L. D. Buda-Prejbeanu5, I. Tudosa6, E. E. Fullerton6 and J.-P. Attané3,4

Torques appear between charge carrier spins and local
moments in regions of ferromagnetic media where spatial mag-
netization gradients occur, such as a domain wall, owing to an
exchange interaction. This phenomenon has been predicted by
different theories1–7 and confirmed in a number of experiments
on metallic and semiconductor ferromagnets8–19. Understand-
ing the magnitude and orientation of such spin-torques is an
important problem for spin-dependent transport and current-
driven magnetization dynamics, as domain-wall motion un-
derlies a number of emerging spintronic technologies20,21.
One outstanding issue concerns the non-adiabatic spin-torque
component β, which has an important role in wall dynamics,
but no clear consensus has yet emerged over its origin or
magnitude. Here, we report an experimental measurement of β
in perpendicularly magnetized films with narrow domain walls
(1–10 nm). By studying thermally activated wall depinning, we
deduce β from the variation of the Arrhenius transition rate
with applied currents. Surprisingly, we find β to be small and
relatively insensitive to the wall width, which stands in contrast
to predictions from transport theories2,5–7. In addition, we find
β to be close to the Gilbert damping constant α, which, in light
of similar results on planar anisotropy systems15, suggests a
universal origin for the non-adiabatic torque.

The adiabatic torque, which accounts for transport processes in
which the conduction spin follows the local spatial magnetization
variation by remaining in either the majority or minority state, is
well understood and has been reproduced by a number of different
transport theories. In contrast, the non-adiabatic contribution,
characterized by a dimensionless parameter β (ref. 22), remains
the subject of much debate. Various mechanisms have been put
forward to explain its origin, such as momentum transfer2,7, spin-
mistracking4,6 or spin-flip scattering3. It is predicted that large non-
adiabatic effects should appear in narrow domain walls because of
large magnetization gradients2,5,6, whereby the wall width becomes
comparable to important transport scales such as the spin-diffusion
length2 or the Larmor precession length6, which are of the order of
a few nanometres in ferromagnetic transition metals. The presence
of a non-adiabatic term is of fundamental importance, because its
existence implies that current-driven wall motion is possible for any
finite current in a perfect system, even in the absence of an applied
magnetic field. Difficulty in characterizing β experimentally there-
fore stems in part from being able to distinguish between extrinsic
sources of wall pinning, due to structural defects, for example, from
the intrinsic finite threshold current predicted2 for β=0.

We have studied current-driven domain wall dynamics in
two different pseudo spin-valve systems based either on CoNi
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Figure 1 | Schematic overview of experiment. a, Domain-wall propagation
is detected in the free layer of a spin valve by measuring the in-plane giant
magnetoresistance between the V+ and V− leads as a function of time. The
a.c. (lock-in detection of the giant magnetoresistance voltage) and d.c.
current are injected between leads I+ and I−. Typical wire dimensions are
10 µm long and 200 nm wide. b, The statistics of thermally activated
domain-wall depinning are determined using a large intrinsic defect in FePt
and a constriction in CoNi. An example of a time-resolved giant
magnetoresistance (GMR) measurement is shown. The lowest (highest)
resistance is reached when the domain wall passes the first (second)
electrical contact. Between these two values, the variation of the giant
magnetoresistance as a function of time corresponds to domain-wall
motion between the two contacts. The motion occurs in a series of two
abrupt jumps separated by long plateaux where the wall is pinned.
The two different pinning times obtained at the same magnetic field and
current illustrate the stochastic nature of domain-wall depinning
under currents.
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Figure 2 | Field and current dependence of depinning time distributions. a–d, Example of normalized distribution of depinning time from a constriction in
a CoNi system for H= 550 Oe, J=0 (a); H= 590 Oe, J=0 (b); H= 550 Oe, J= 1010 A cm−2 (c); H= 550 Oe, J=−1010 A m−2 (d). In our convention,
positive currents favour wall motion in the same direction as a positive applied field, and vice versa.

multilayers18 or FePt alloy thin films23,24, which possess large
magnetocrystalline anisotropies that lead to narrow domain walls
(λ = 10 nm in CoNi and 1 nm in FePt). In these materials, the
uniaxial anisotropy is perpendicular to the film plane, which
results in simple Bloch wall structures. Figure 1a shows a schematic
diagram of our film structures and geometry used. The free
magnetic layer in which the domain wall propagates is composed
of a [Co(0.15)/Ni(0.6)]4/Co(0.3)/Pd(0.7) multilayer for the CoNi
system and a highly chemically ordered L10 FePt(4) film for
the FePt system, where the figures in parentheses denote the
film thicknesses in nanometres and the subscript indicates the
number of repetitions. The stacks are patterned using electron-
beam lithography and ion etching into 200-nm-wide wires to
conducewallmotion in only one dimension. A largemagnetic pad is
defined at one wire end, which allows domain walls to be nucleated
and injected into the wire. One set of electrical contacts at the
wire ends allows a.c. and d.c. electrical currents to be applied to
detect and drive respectively the domain wall, while a separate set of
contacts allows the time-varying in-plane giant magnetoresistance
signal to be measured simultaneously to track the domain-wall
position. As illustrated in Fig. 1b, for the CoNi system, we have
used lithographically defined constrictions along the wire to pin
the domain wall at specified positions, whereas for the FePt system
the domain wall is reproducibly pinned on a single natural defect
with a pinning strength that dominates those of other pinning
sites within the nanowire23,24. From hysteresis loop measurements,
carried out at a sweep rate of 10Oe s−1 at room temperature,
we find a depinning field (averaged over 20measurements) of
0.58 kOe for the CoNi system and 4.5 kOe for the FePt system.
We determine β experimentally using the statistics of thermally
activated domain-wall depinning from these pinning centres.

Figure 2 shows several distributions of pinning times measured
as a function of applied field and current. For each measurement,
the domain wall is nucleated in the reservoir and propagates
in the wire under field and current until it is pinned at the
constriction (CoNi) or on the natural defect (FePt). Meanwhile,

the giant magnetoresistance effect is monitored as a function of
time (Fig. 1b). After a certain duration, termed the pinning time,
thermal activation causes the wall to depin from the pinning site
and propagate farther along the wire until it is annihilated at the end
of the wire (corresponding to full magnetization reversal of the free
layer). This procedure is repeated several hundred times for each
applied field and current. When the applied field is increased, the
distribution of pinning times becomes narrower (Fig. 2a,b), which
reflects a more deterministic dynamics as the energy barrier at the
pinning centre is reduced. As expected, the opposite behaviour is
observed when the applied field is decreased, whereby the spread in
pinning times becomes larger. This asymmetry is also observed for
weak applied d.c. currents (well below the critical current needed to
drive wall motion in zero field), as shown in Fig. 2, whereby positive
currents (Fig. 2c) lead to narrower distributions and negative
currents (Fig. 2d) to wider ones. This observation confirms the
presence of spin-transfer, as current-induced heating would lead to
a decrease in the energy barrier for both current polarities.

The range of depinning times measured is limited by a number
of experimental constraints (see Supplementary Information). The
lower bound is determined by the rise time of the electromagnet,
which restricts the strength of the magnetic field applied; it takes
0.5–1 s to obtain fields in excess of 1 kOe. Therefore, it is possible to
obtain a good estimate of the depinning time only if the propagation
time of the domain wall from the nucleation reservoir exceeds this
rise time. The upper bound is determined by problems related to
electrical discharge. Electrical discharge shortens the lifetime of the
samples and also places an upper limit on the range of currents we
can apply. As a result of the statistical nature of the experiment,
whereby several hundreds of measurements are made for each
applied field and current, each depinning time measurement is
limited to 120 s to avoid premature device breakdown.

Thermal activation over a single energy barrier is described
by an Arrhenius law, whereby the probability of escape over the
barrier Eb is exponential and characterized by a time constant
τ = τ0 exp(Eb/kBT ), with an attempt frequency τ−10 (refs 24, 25).
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Figure 3 | Cumulative distribution functions. a,b, Cumulative probability
function F(t) of depinning at constant magnetic field for zero, positive and
negative current for CoNi (a) and FePt (b). The F(t) functions were
obtained by integrating the distribution of depinning time (Fig. 2).

Weuse the cumulative distribution function, F(t )=1−exp(−t/τ ),
which is obtained by integrating over the measured distribution
of pinning times. Example F(t ) results are shown in Fig. 3. For
the CoNi system, we have verified that F(t ) fits well with an
exponential function (Fig. 3a), which is consistent with a depinning
process dominated by a single energy barrier. From these fits, we
obtain a measure of the Arrhenius time τ as a function of field
and current. For FePt, we observe that depinning on the main
defect is associated with two different mechanisms, each involving a
different energy barrier height, similarly to what has been observed
previously in FePt single layers24 and for artificial defects17. For
one mechanism the pinning strength is large and leads to a time
constant too long to be measured, whereas the other configuration
leads to a characteristic time of the order of seconds. Therefore,
the function F(t ) does not asymptotically approach 1 for the
FePt system as t increases (Fig. 3b). Nevertheless, we can isolate
the time constant corresponding to the most probable depinning
transition24, which we use in the following to characterize the
spin-torque contribution.

Figure 4 shows the variation of theArrhenius time τ as a function
of low current densities, under different applied fields. For both
systems, we observe a clear linear current dependence for lnτ ,
implying a linear reduction in the barrier height. These results
can be explained by a theory we have developed to account for
spin-torques in thermally activated domain-wall depinning26. The
key result is that the current-dependent energy barrier has the form
Eb= Eb,0−σ I , where the efficiency parameter σ (with dimensions
of J/A in SI units) is proportional to β (see the Methods section).
The linear variation of the ln τ as a function of current has also been
confirmed in micromagnetics simulations in which we considered
wall depinning from a single defect. By taking into account the
measured Joule heating in our fits of the experimental data, we
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Figure 4 | Current dependence of Arrhenius rate. a,b, Characteristic time
τ as a function of the applied d.c. current density for different magnetic
field values for CoNi (a) and FePt (b). The symbols represent experimental
data and the solid lines represent a linear fit on a log scale.

obtain βCoNi = 0.022±0.002 and βFePt = 0.06±0.03. We note that
these values are similar to known values of the Gilbert damping
constant, αCoNi=0.032±0.006 and αFePt'0.1.

Both the adiabatic and non-adiabatic terms lead to domain-wall
displacement, but only the non-adiabatic term has the appropriate
symmetry to drive steady-state wall motion as in the case of
field-driven dynamics22. For this reason, a number of researchers
have sought to characterize non-adiabatic torques by associating
these as an additional effective field. Our experimental and
theoretical results are consistent with this approach in the limit
where the barrier height also varies linearly with applied field,
but also highlight the limitations of this analogy for perpendicular
anisotropymedia. First, wall motion in suchmaterials is dominated
by strong intrinsic pinning, which may lead to propagation fields
that greatly exceed the Walker breakdown field above which
wall motion is oscillatory27. As such, it is unclear whether a
field–current equivalence should be made on the basis of wall
motion in the streaming or Walker regime. Second, propagation
fields themselves are temperature dependent and are subject to
magnetic viscosity, which mean they depend strongly on the
sweep rate of applied fields. The latter is exacerbated by Joule
heating, which can result in temperature changes of a few
hundred kelvin. Our method and analysis accounts explicitly
for activation-driven processes, which circumvent the problems
highlighted here and lead to a more accurate determination
of β. Whereas the values of β we find are much smaller
than previous observations on other perpendicular anisotropy
systems19, the extrapolated critical currents for zero-field current-
driven wall motion are similar. We believe this discrepancy is
due to how the current–field equivalence is interpreted for the
non-adiabatic torques.
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Our result, that β ≈ α for walls of 1 and 10 nm in width, shows
that non-adiabatic effects are weak even for narrow walls down
to near-atomic dimensions. This is remarkable given that strong
non-adiabatic effects are expected on length scales over which
spin transport is conserved while large magnetization gradients
occur. The fact that β ≈ α is also observed for wide walls15
points towards a universal origin for β that may not necessarily
be associated with transport processes per se. For example, a
recent calculation shows that magnon emission by the domain
wall can lead to the appearance of a non-adiabatic term, with
β = α, but only with adiabatic torques28. Other theories, which
invoke symmetry arguments29 or describe spin-flip scattering7
leading to both magnetic damping and spin-torques, also predict
β = α. This suggests that non-adiabaticity may be strongly tied
to magnetic dissipation processes in general, thereby offering a
guide for both future theoretical studies and device engineers
who seek to optimize current-driven wall motion for potential
spintronic applications21,30.

Methods
The adiabatic and non-adiabatic spin-torque terms refer to the first and second
terms, respectively, on the right-hand side of the modified Landau–Lifshitz
equation of motion for magnetization for one-dimensional current flow
along the x direction,

∂m
∂t
+γ0m×Heff−αm×

∂m
∂t
=−u

∂m
∂x
+βu

(
m×

∂m
∂x

)
where u= JPgµB/2eMs is an effective drift velocity for the spin current, J is the
current density, P is the spin polarization, g is the gyromagnetic ratio, µB is the
Bohr magneton, e is the electron charge andMs is the saturation magnetization. In
addition,m is a unit vector representing the orientation of magnetization, γ0 is the
gyromagnetic factor,Heff is an effective field, α is the Gilbert damping constant and
β is the non-adiabatic coefficient.

The CoNi film structure consists of a Si/SiO2/Ta/Pd/reference layer/Cu/free
layer/Ta multilayer film, grown by sputtering. The reference layer is a composite
[(Co/Pd)2/(Co/Ni)3] to enhance the perpendicular magnetic anisotropy, whereas
the free layer is a [(Co/Ni)4/(Co/Pd)] multi-layer with a lower anisotropy.
The resulting films are highly (111) textured. The use of Pd allows us to get
higher uniformity and lower distribution of intrinsic pinning fields than our
previous spin valves based on [Co/Pt]/[Co/Ni] multilayers18. In addition, higher
giant magnetoresistance ratios are obtained, with values varying from 3.7 to
4.5%. The FePt-based spin valves consist of a MgO(001)/free layer/Pt/reference
layer multilayer film grown by molecular beam epitaxy at high temperature.
Both the reference and the free layers consist of a high chemically ordered
L10 FePt, with a very high anisotropy (Ba ∼ 10 T) along the (001) direction.
As the microstructures are different in the FePt underlayer and overlayer, the
electrodes have slightly different switching fields23. The typical magnetoresistance
ratio in the FePt-based spin valves is about 0.8% at room temperature. The
CoNi free layer has narrow domain walls (λ=

√
A/Keff ∼ 10 nm, where

Keff =Ku−µ0M 2
s /2 with Ku being the uniaxial anisotropy) and low coercivity

(<0.5 kOe), whereas the FePt free layer has an even stronger perpendicular
magnetic anisotropy, giving rise to ultra-narrow domain walls (λ∼ 1.2 nm), but
with larger coercive fields (>4 kOe).

High-quality 200-nm-wide wires with low edge roughness (<10 nm) were
fabricated by means of conventional electron beam lithography and ion milling.
A large magnetic area was added at one end of the magnetic wires that acts as a
domain wall reservoir. For the CoNi devices, we have lithographically defined
artificial constrictions with a central part of 100 nm and lateral size varying from 10
to 500 nm. To measure the giant magnetoresistance, large electrical electrodes were
patterned using optical lithography. For the CoNi and FePt devices, up to 10 wires
with different constriction shapes and structural defects weremeasured.

For the transport measurements, the giant magnetoresistance signal at room
temperature is obtained using an a.c. (10 µA) lock-in technique. For measurements
on CoNi samples, the d.c. current was injected using a bias-tee. For measurements
on FePt samples, the current source used provided directly the sum of a d.c. and
an a.c. current. The giant magnetoresistance signal was measured as a function of
time to determine the depinning time under magnetic field and/or current. The
measurement procedure is conducted as follows. First, the hard and free layers of
the spin valve are saturated with a strong negative field. Then a constant positive
field is applied to nucleate in the free layer and inject a single domain wall into
the wire while measuring the giant magnetoresistance as a function of time. A d.c.
current is applied in addition to the positive field to facilitate wall depinning. The
typical time resolutions of our set-up are 50ms (CoNi) and 100ms (FePt), and
the spatial resolution is about 100 nm. However, the rise time of the electromagnet

(typically 0.5–1 s) gives an upper bound to the magnetic fields we can apply,
which also places a lower bound on the depinning times we can measure. Joule
heating under d.c. currents in the CoNi samples has been measured and is found
to be up to 20K at the maximum used current density of 2×107 A cm−2. For the
FePt system, the Joule heating has been measured using measurement of the wire
resistivity, and is below 5K for all current densities presented in this letter. In all
samples, the current density has been calculated by supposing a homogeneous
current flowing through the whole stack, so the given J value is an upper estimate
of the current density flowing in the free layer. The range of applied currents has
been limited in the present study to limit deterioration of our samples due to
electrical discharge and to minimize the effects of Joule heating. The latter is a
significant issue for data analysis, as even changes of a few tens of kelvins can mask
the effects of spin-transfer.

For the fits to the cumulative distribution function, we typically find a 1%
error in the characteristic time τ for activation over a single barrier process in
CoNi, with a similar figure for activation processes in FePt after we have accounted
for the most probable path, as discussed elsewhere24.

For the micromagnetics studies, we studied a single FePt thin film in which
the domain wall is pinned on a single defect to minimize the simulation time. This
simple system, which models the free layer of the FePt-based spin valves, captures
the essential physics of stochastic domain-wall depinning. For this calculation,
the thermal fluctuations and the adiabatic and non-adiabatic contributions of
the spin transfer have been included in the modified Landau–Lifshitz–Gilbert
equation. The simulated system consists of a FePt film 80×50×5 nm3 in size with
a uniaxial anisotropy Ku, except at the centre where a defect of size 5×10×5 nm3 is
introduced with a lower anisotropy constantKdef=Ku/2.

For the analytic theory, we derived the field- and current-dependent Arrhenius
transition rate from the stochastic equations of motion for a one-dimensional Bloch
wall26. By solving for the stationary distribution function using a Fokker–Planck
formalism, we followed Kramers’s approach to obtain an analytical expression
for the characteristic attempt frequency and changes to the energy barrier due
to spin-torques. We find that the barrier energy changes linearly with current,
Eb = Eb,0−σ I , where σ represents an efficiency factor that is proportional to the
non-adiabatic coefficient and I is the applied current,

σ =βP
h
e
1x
λ

where 1x is the width of the pinning potential (as seen by the domain wall) and
λ is the domain-wall width. The experimental values of beta are determined by
fitting the slopes of ln τ as a function of current and by assuming that 1x ≈ λ. It
can be shown that the width of the potential well due to a pinning site has a weak
dependence on the applied field, which results in a weak field dependence of the
efficiency parameter σ .
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