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Chiral domain walls in ultrathin perpendicularly magnetised layers have a Néel structure sta-
bilised by a Dzyaloshinskii-Moriya interaction (DMI) that is generated at the interface between
the ferromagnet and a heavy metal. Different interface materials or properties are required above
and below a ferromagnetic film in order to generate the structural inversion asymmetry needed to
ensure that the DMI arising at the two interfaces does not cancel. Here we report on the magnetic
properties of epitaxial Pt/Co/AuxPt1−x trilayers grown by sputtering onto sapphire substrates with
0.6 nm thick Co. As x rises from 0 to 1 a structural inversion asymmetry is progressively gener-
ated. We characterise the epilayer structure with x-ray diffraction and cross-sectional transmission
electron microscopy, revealing (111) stacking. The saturation magnetization falls as the proximity
magnetisation in Pt is reduced, whilst the perpendicular magnetic anisotropy Ku rises. The micro-
magnetic DMI strength D was determined using the bubble expansion technique and also rises from
a negligible value when x = 0 to ∼ 1 mJ/m2 for x = 1. The depinning field at which field-driven
domain wall motion crosses from the creep to the depinning regime rises from ∼ 40 to ∼ 70 mT, at-
tributed to greater spatial fluctuations of the domain wall energy with increasing Au concentration.
Meanwhile, the increase in DMI causes the Walker field to rise from ∼ 10 to ∼ 280 mT, meaning
that only in the x = 1 sample is the steady flow regime accessible. The full dependence of domain
wall velocity on driving field bears little resemblance to the prediction of a simple one-dimensional
model, but can be described very well using micromagnetic simulations with a realistic model of
disorder. These reveal a rise in Gilbert damping as x increases.

PACS numbers: 75.70.Tj; 75.76.+j; 75.50.-y

I. INTRODUCTION

Research into magnetic thin films has made huge
progress over the last few decades, largely due to the
additional functionality emerging at interfaces between
a magnetic film of few or sub-nanometer thickness and
its surroundings. In addition to a wide range of novel
magnetotransport effects1, the magnetic properties are
profoundly affected by the choice of materials with which
those interfaces are made and the nature and quality of
the interfaces. Emergent properties span both the statics
and dynamics of the magnetization. One of the first to
be discovered was the perpendicular magnetic anisotropy
(PMA)2, which can be strong enough to cause a spin-
reorientation transition and lift the magnetisation out of
the film plane in the ground state. Forming an interface
with a metal close to satisfying the Stoner criterion can
lead to proximity magnetism3, which can account for a
significant proportion of the total moment if the magnetic
layer is very thin. Long-predicted4, but only recently
observed5, is the interfacial Dzyaloshinskii-Moriya inter-
action (DMI), which arises due to inversion symmetry
breaking and favours chiral magnetic states6,7. Mean-

while, the damping of magnetisation dynamics can be
enhanced by spin-pumping into the surrounding layers8.

Magnetising a film perpendicular to its plane is
a highly demagnetising configuration and domain
structures9, separated by domain walls (DWs), com-
monly occur. Whilst magnetostatics alone favours a
Bloch wall configuration, the interfacial DMI takes a form
that would prefer a Néel structure with a fixed chirality10.
This is important for the latest forms of racetrack mem-
ory that exploit PMA materials11, since the DWs are
driven by spin-orbit torques12 that require a component
of magnetization collinear to the electron flow. This is
not trivial to arrange by other means and it explains,
for example, why Bloch walls are insensitive to this type
of torque13, and why the wall chirality determines the
direction of wall motion under current14,15.

Many of these effects, for instance the PMA and
DMI, require strong spin-orbit coupling (SOC) and so
it is heavy metals that are commonly used to form
the interfaces with the ultrathin magnetic layer, usu-
ally in polycrystaline multilayers prepared by sputter-
ing. Nevertheless, properties such as the DMI are ex-
tremely sensitive to the interface quality16,17. To avoid
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FIG. 1. Structural characterization of Pt/Co/AuxPt1−x tri-
layers. (a) X-ray diffraction spectra confirming the fcc (111)
orientation of the samples. (b) Dark field HRTEM cross-
section images. (c) EDX spectra showing distinguishable lay-
ers with possible intermixing at the interfaces.

such ambiguities and in order to explore this system-
atically one has to grow such materials in a controlled
way. Here we experimentally investigate epitaxial layers
of Pt/Co/AuxPt1−x prepared by sputtering onto single
crystal sapphire substrates18. Pt is a common pairing
with Co that has strong PMA and DMI16, and is close
to satisfying the Stoner criterion19, giving strong proxim-
ity magnetism. The choice of Au, a heavy element with
fully filled 5d band, is motivated by a negligible proxim-
ity effect15,20 and the expectation of a small DMI arising
at Co/Au interface21,22. Gold therefore serves as a text-
book element giving the opportunity to study the effect
of controlled broken symmetry on either side of the ferro-
magnet and its importance for the various effects arising
at these interfaces.

II. EPILAYER GROWTH AND

CHARACTERIZATION

The trilayers of Pt(3 nm)/Co(0.6 nm)/AuxPt1−x
(3 nm), in which 0 ≤ x ≤ 1, were prepared by sputter-
ing at high temperatures, as described in Ref. 18. The
seed Pt layer was sputtered directly on a C-plane sap-
phire substrate at 500◦C followed by Co at 100◦C. The
AuxPt1−x layer was grown by co-sputtering from Pt and

Au targets at 100◦C in a way that the sputtering powers
were adjusted to keep the rate ∼ 1 Å/s. The multilayers
were capped with ∼2 nm of Ta, which is polycrystalline.

The quality of these epilayers was confirmed by x-ray
diffraction (XRD) and transmission electron microscopy
(TEM). The XRD spectra for x = 0, 0.5, and 1, shown
in Fig. 1(a), are consistent with the previous study18. In
each case, a broad principal peak (due to the extreme
thinness of the layers) is found close to θ = 40◦, sur-
rounded by satellite Pendellösung fringes. This peak is
very close to bulk Pt (111) Bragg peak at θ = 39.74◦,
showing the matching of the multilayer structure with
the substrate. The appearance of Pendellösung fringes in
the XRD of a multilayer emphasise the uniformity of the
strain in the layers and smoothness of the interfaces23,24.
The peak moves to slightly lower angles as Au is intro-
duced into the upper layer, as might be expected from a
Vegard law-type behaviour.

Cross-sections of the three samples are shown as dark
field high-resolution transmission electron microscopy
(HRTEM) images in Fig. 1(b). Lattice fringes are visible
extending coherently across all three layers, emphasising
the epitaxial nature of the samples. Energy dispersive
x-ray analyses of each of the three samples are shown in
Fig. 1(c), showing distinct layers. The lattice spacing in
the vertical direction, d111, can be evaluated using posi-
tion of the main peak in the XRD pattern and Bragg’s
law, or by averaging the lattice spacings in the cross-
sectional TEM images. Comparing evaluated values from
both measurements, there is just about 2% difference in
d111 between them (within error bars) which is a good
agreement.

The contrast in TEM images is related to the atomic
number inducing a darker appearance for the Co layer in
comparison with Pt and Au. Investigating the changes
of greyness in vertical direction of images results in Co
thicknesses of 1.03 nm, 1.26 nm and 1.17 nm for x = 1,
0.5 and 0, respectively. (The thickness was measured for
stripes of ∼ 0.4 nm width across the entire image, and
then the average was calculated). This is much higher
than the nominal thickness of 0.6 nm. In fact, this is
expected as TEM shows the additive effect of all atomic
layers in the depth of FIB-cut lamella (which is usually
∼ 50 nm). So, when the electron beam goes through
the TEM specimen, the thickness fluctuations of the thin
layer will be added to the actual thickness resulting in the
overestimation of thickness. It has also been reported
previously than evaluating thickness from TEM cross-
sections might result in overestimated thicknesses, some-
times even two times higher than the real value25. Hence,
x-ray reflectivity patterns of samples were fitted using the
GenX package26, which yielded thicknesses very close to
the nominal ones for the Co layers. Considering all these
facts, the nominal thickness of 0.6 nm was taken to be
a good estimate of the true thickness value for further
analysis of parameters describing the samples.

All the films showed square magneto-optical Kerr effect
(MOKE) hysteresis loops as a function of perpendicular
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FIG. 2. Magnetic characterization of Pt/Co/AuxPt1−x trilayers. (a) Polar MOKE loops. (b) Anisotropy field, HK, and effective
anisotropy energy, Keff both increase with Au concentration. (c) Saturation magnetization Ms supposing that all the magnetic
moment is confined in the Co layer (black dots), extracted proximity-induced magnetism in Pt layers (red) and corrected Co
layer values MCo (blue). (d) Variation of relative saturation magnetization with temperature for Pt/Co/Pt. The solid red line
is a fit of the Bloch law.

magnetic field, confirming that the PMA generated at the
Co-heavy metal interfaces is strong enough to overcome
the shape anisotropy (Fig. 2(a)). Superconducting quan-
tum interference device vibrating sample magnetometry
(SQUID-VSM) was used to measure the anisotropy field
HK, inferred from the in-plane saturation field, plotted
in Fig. 2(b), and the saturation magnetizationMs shown
in Fig. 2(c). To calculateMs, it was assumed that all the
measured moment is confined in the Co layer of thickness
t. However, due to the proximity effects, induced mag-
netic moments also exist in the Pt layers. The induced
moment in Pt can be estimated by assuming a negligible
proximity effect in Au20, and so the difference in moment
between the x = 0 and x = 1 films corresponds to the in-
duced moment in a single Pt layer. This is summarized in
Fig. 2(c) which reveals the contribution of the magneti-
zation in the Pt, to the constant magnetization of the Co
layer (1.0 ± 0.1 MA/m). This is comparable to the pre-
viously published values for Co/Pt multilayers with the
same nominal thickness of cobalt16,27–31. On the other
hand, if we consider thicknesses deduced from the TEM
measurements, the saturation magnetization of mulilay-
ers would be about 0.6-0.7 MA/m which is unusually low
for supposedly 1 nm of Co27,32. This also emphasises the
unreliability of thickness estimations from TEM cross-
sections. Following this analysis, the effective anisotropy
can be calculated by Keff = 1

2µ0MCoHK that is also plot-
ted in Fig. 2(b), which rises markedly with Au content x.
The values, along with the other magnetic data for each
sample, are given in Table I. The temperature depen-
dence of MCo between 5 and 400 K for the x = 0 sample
shown in Fig. 2(d) was fitted with the Bloch law33,

MCo(T )

M0
= 1− c

(

kBT

J

)
3

2

, (1)

where M0 is the magnetization at 0 K, c = 0.0294 for
an fcc lattice, kB is the Boltzmann constant and J is
the exchange integral. Knowing J , one can obtain the
exchange stiffness as A = QJS2/a, with Q = 4 as the
number of atoms per unit cell for fcc, S the spin quantum
number, and a = 0.355 nm the lattice constant. The

value we obtain is A = 17 ± 1 pJ/m. This reduction in
A with respect to the bulk value for Co of 30 pJ/m is in
good agreement with our previous findings for Co layers
of this thickness34.

III. DOMAIN WALL CHIRALITY

Ferromagnet-heavy metal interfaces also exhibit inter-
facial DMI4, which enforces the Néel form of the DW
profile with a fixed chirality6,10. Here we have stud-
ied this property using the asymmetric bubble expansion
method16,35. A bubble domain is nucleated and then ex-
panded by an out-of-plane applied field Hz, whilst HDMI,
the effective field induced at the DW by the DMI10 is
enhanced or compensated by an in-plane applied field
Hx, resulting in different creep-regime velocities for walls
on either side of the bubble moving with or against
the in-plane field35,36. The effective micromagnetic DMI
strength is given by Deff = µ0HDMIMCo∆, where ∆ is
the DW width. To measure HDMI we have used Kerr
microscopy with a two-coil setup to apply Hz and Hx

independently. We measure the DW creep velocity as
a function of Hx by pulsing Hz with a fixed amplitude.
The DW motion at low magnetic fields follows the creep
law30, and its velocity can be expressed as

v = v0 exp
(

ζH
− 1

4

z

)

(2)

where v0 is the velocity prefactor, Hz is out-of-plane driv-
ing field, and ζ is the scaling coefficient

ζ = ζ0

[

σ(Hx)

σ(0)

]
1

4

(3)

where ζ0 can be considered as a scaling constant for pin-
ning properties independent of in-plane field. σ is the
Néel wall energy density16,35, which contains a term pro-
portional to |Hx+HDMI|. Hence the highest wall energy,
and (through Eqs 2 and 3) minimum DW creep velocity
v corresponds to the point where µ0Hx = −µ0HDMI, i.e.
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TABLE I. Magnetic properties of epitaxial Pt/Co/AuxPt1−x for the three different values of Au concentration x studied here.

These are saturation magnetization MCO, uniaxial anisotropy constant Ku = Keff + 1

2
µ0M

2
Co, DW width ∆ =

√

A/Keff ,
Gilbert damping constant from creep and depinning fits αexp, Walker breakdown field µ0HW calculated using DW mobility,
Gilbert damping constant from micromagnetics αµM, depinning field Hd obtained from fitting with the creep law, thickness
fluctuation δ used in the micromagnetics simulations, correlation length of the disorder ξ, strength of the pinning disorder
fpin/ξ, and effective DMI constant Deff , as well as the inferred handedness of the chirality of the domain walls.

x MCo Ku ∆ αexp µ0HW αµM µ0Hd δ ξ fpin/ξ Deff Chirality

MA/m MJ/m3 nm mT mT nm meV mJ/m2

1 1.0± 0.1 1.2± 0.2 5.5± 0.9 0.9± 0.1 280± 10 0.35± 0.05 72± 2 9% 25± 3 510± 50 −1.0± 0.3 Left

0.5 1.1± 0.2 1.1± 0.2 7± 1 0.4± 0.1 49± 3 0.35± 0.05 56± 2 8.5% 21± 2 330± 30 −0.35± 0.09 Left

0 1.0± 0.2 1.0± 0.2 8± 1 0.2± 0.1 11± 1 0.17± 0.01 39± 2 7% 22± 2 240± 20 −0.07± 0.07 None

the point at which external field transforms the Néel wall
to a Bloch wall16.

We performed bubble expansion measurements on all
three epilayers, the results are shown in Fig. 3. Mea-
surements as a function of Hz at given values of Hx

(not shown) yielded a ln v ∝ H
−1/4
z scaling, confirming

that measurements are in the creep regime. A typical
Kerr difference micrograph of an expanded DW bubble
in Pt/Co/Au film is displayed in inset of Fig. 3(a), show-
ing the asymmetric expansion. Examples of datasets for
v(Hx) for Pt, Pt50Au50, and Au capping layers are shown
in Fig. 3(b), (c), and (d), respectively. One can imme-
diately see a shift of velocity minimum away from zero
in-plane field, indicating the presence of a DMI. The solid
lines correspond to the fits of Eq. 2. The effective DMI
field for each sample, determined from these fits, is plot-
ted in Fig. 3(a) as a function of Au concentration x. It
should be noted that the high uncertainty in the D value
for Au capped trilayer is due to not reaching the min-
imum velocity (i.e. the inversion symmetry axis of the
curve) cannot be seen, as a result of experimental limi-
tations, and so our value is based just on the fit to the
data that is shown. Negligible DMI in Pt/Co/Pt con-
firms that the system has an high degree of inversion
symmetry for x = 0, which is not a trivial result16,29,
since small differences in top and bottom interface struc-
ture can easily break inversion symmetry and lead to an
appreciable DMI17. The negligible DMI in this case can
thus be expected to lead to walls of Bloch form with no
fixed chirality.

Also, Kim et al. stated that this assumption that the
velocity minimum occurs at −µ0HDMI only holds if the
minimum velocity falls on the inversion symmetry axis of
the velocity curve37. In other words, it holds if the asym-
metric contribution to the velocity is negligible. In such
a case, any contribution from chiral damping is negligible
and DMI can be accounted for all the chiral behaviour
in the sample. Examination of symmetric and asymmet-
ric contributions of our velocity curves, showed that the
latter is one order of magnitude smaller than the former,
proving the dominance of the symmetric contribution and
ruling out any chiral damping effect.

The effective DMI field and the strength of DMI con-

(a)

(b)

(c)

(d)

FIG. 3. Asymmetric bubble expansion measurements. (a)
Effective DMI field µ0HDMI and effective DMI constant Deff

as a function of Au concentration x in Pt/Co(6 Å)/AuxPt1−x

epilayers. An example of a Kerr difference image of the bubble
expansion in Pt/Co/Au is shown as an inset. The values plot-
ted were derived from the data in panels (b)-(d), which show
DW velocity as a function of in-plane magnetic field µ0Hx in
case of Pt, Pt50Au50 and Au capping layers, respectively, for
µ0Hz = 7, 8, and 10.5 mT.

stant Deff increase with x. This is expected since the
trilayers are becoming more inversion asymmetric. From
the symmetries of the applied fields we deduce that for
x > 0, the DMI enforces left-handed chirality of the Néel
walls, which is consistent with ab initio calculations for
Pt/Co interfaces22.

IV. FIELD-DRIVEN DOMAIN WALL

DYNAMICS

In the previous section, we considered some aspects of
the creep regime, where the applied field is small with
respect to the depinning field and DW motion is ther-
mally activated. For applied fields exceeding the depin-
ning field, DW dynamics first goes through a so-called
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depinning transition and then move in the viscous flow
regime where temperature plays no role: the DW velocity
is controlled by damping, parameterised by the Gilbert
damping coefficient α. We measured the DW velocity
across both regimes by investigating bubble expansion
driven by pulsed out-of-plane applied field using a fast
micro-coil of diameter 1 mm that produced pulses with a
200 ns rise time. The DW velocity is then calculated by
dividing the distance which the DW covered during the
pulse by the pulse duration. The velocities as a function
of out-of-plane field µ0Hz are shown in Fig. 4(a). The
DW velocity for a specific value of Hz is rising with the
broken inversion symmetry of the trilayer. The measured
velocities cover the thermally activated creep regime, the
depinning transition, and the beginning of the appear-
ance of the expected linear change of velocity in the flow
regime. The data were fitted simultaneously with the
universal creep and depinning regime functions38:

v(H) =







v(Hd) exp
(

− ∆E
kBT

)

Creep

vT(Hd)
x0

(

Hz−Hd

Hd

)β

Depinning
(4)

where v(Hd) is the creep prefactor corresponding to the
velocity at depinning, T is the temperature, kB is the
Boltzmann constant, Hd is the depinning field, ∆E =
kBTd[(Hz/Hd)

−1/4 − 1] is the pinning potential, vT =
v(Hd)(Td/T )

ψ is the DW velocity in a disorder-free case,
x0 = 0.65 ± 0.04 is a dimensionless constant39, and ψ =
0.15 and β = 0.25 are depinning exponents38. Here we
define the creep regime as H ≤ Hd and the depinning
regime as H >

∼ Hd

[

1 + (0.8(Td/T )
−ψ)1/β

]

. The fitting
results, which yield a good agreement with the acquired
experimental data, are shown in Fig. 4(a) and Fig. 4(b).
There is good agreement with both the creep law and
with the depinning law for H > Hd.
The depinning field Hd that separates the creep and

depinning regimes of DW motion is marked on each
curve in Fig. 4 by solid stars. The only-non-universal
(i.e. material and temperature dependent) parameters
of the fits are the depinning field Hd, depinning veloc-
ity vT(Hd), and depinning temperature Td. All these
three parameters are increasing with the Au concen-
tration in the system (Fig. 4(c-e)). Following Ref. 38,
the material dependent parameters Hd and Td can be
used to estimate the variation with gold concentration of

the coherence length (ξ =
[

(kBTd)
2/(2MsHdσt

2)
]1/3

),

and the pinning strength (fpinξ =
[

(kBTd)
3/(σξt)

]1/2
).

The results are reported in Table I. It can be seen
there that the correlation length of the disorder is almost
constant(ξ = 23± 2 nm), which suggests that the typical
length scale of the variations of the pinning potential (i.e.
of the fluctuation of DW energy) is independent of the
gold concentration. Moreover, the increase of the pin-
ning strength suggests that fluctuations of DW energy
are larger at the CoAu interface than at the CoPt inter-
face. This is compatible with a smearing of DW energy
fluctuations at the CoPt interface due to intermixing,
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FIG. 4. OoP-only field-driven DW motion for
Pt/Co/AuxPt1−x epilayers. (a) Fits to the data by
universal models for creep (dashed-dotted curve) and de-
pinning regimes (solid curve) on a linear-linear plot. The
dotted lines are linear fits to the viscous flow regime. (b)
Semi-logarithmic plot of the same velocity data as a function
of (µ0H)−1/4 to show fitting to the creep regime more
clearly. Data are shifted to the right respectively for clarity
of presentation. In each case, the solid stars show the
depinning field Hd. (c)-(f) Changes of derived parameters
with concentration of gold x: depinning field Hd, depinning
temperature Td, DW velocity in a film with pinning vT , and
DW mobility m, respectively.

which do not exist at the CoAu interface since Co and
Au do not form any alloy40.
In each case the DW enters the flow regime, where v ∝

Hz, at high fields. As stated before, vT is assumed to be
the velocity of DW in the absence of pinning, hence DW
mobility will be m = µ−1

0 vT /Hd. Using this calculated
m [Fig. 4(f)], a line can be drawn with this slope, going
through origin, shown in Fig. 4(a) as a dotted line. Non-
trivially, the line falls onto the experimental data-points
at high fields where v ∝ Hz. This is interesting, as the
calculated DW mobility (that is a flow regime related
parameter) is derived from creep and depinning fits to
the experimental data which are measured with magnetic
fields much lower than what viscous flow motion needs.
In other words, we could learn about the flow regime and
its parameters without a need to reach high, flow-related
fields.
The standard one-dimensional (1D) model description

of DW dynamics10, which describes the DW motion in
terms of its position q and internal spin configuration
φ, predicts that the DW mobility m in the flow regime
depends on Gilbert damping, α, as follows:

m =

{

γ∆/α Steady flow

γ∆/
(

α+ α−1
)

Precessional flow
(5)
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where γ is the gyromagnetic ratio30. The Gilbert damp-
ing for the three layers, αexp, determined from these
dashed lines are given in Table I. Eq. 5, which relates
the DW mobility to αexp, only gives a solution in the
case of precesssional flow the trilayers capped with Pt
and AuPt, whilst yielding a only steady flow solution for
the epilayer where x = 1.
The Walker field, which separates the steady and

precessional flow regimes, can be estimated by using
relation10

HW = αexp sinΦW(HDMI −Hdemag cosΦW), (6)

where Hdemag is the DW demagnetizing field, and

cosΦW = ([HDMI/Hdemag] −
√

[HDMI/Hdemag]2 + 8)/4.
The values we obtain for HW are also given in Table I.
The Walker field increases markedly with x, due to the
stronger DMI as the inversion asymmetry is progressively
broken. It can be seen that knowledge of the DMI field
and Gilbert damping are needed to determine the regime
of the DW dynamics with respect to the Walker field.
Nevertheless, comparing these values with Hd, we can
see that our results are self-consistent, confirming which
flow regime each sample enters on exceeding the depin-
ning field.

V. MICROMAGNETIC SIMULATION

The Gilbert damping values αexp obtained from Eq. 5
is unexpectedly large in the Pt/Co/Au sample30, sug-
gesting that such a description, based on a 1D model,
might not always be applicable in these systems. This
could be due to a strong effect of disorder, since the 1D
model usually assumes DW motion in perfectly homoge-
neous conditions.
In order to test this conjecture, we performed nu-

merical micromagnetic simulations using the mumax3

package41. We used the experimentally measured mag-
netic parameters (A, Ku, MCo, and Deff) and imple-
mented disorder by means of Voronoi tessellation (see
Fig. 5(a)) of the sort usually used to represent a grain
structure42,43. Since our trilayers are epitaxial they do
not have a grain structure per se, but there are mag-
netic layer thickness fluctuations, as revealed by the TEM
cross-sections. In each region the micromagnetic param-
eters were changed as expected from a random thickness
fluctuations that affectKu, Deff andMCo

44–46. The stan-
dard deviation of this fluctuation is given by the parame-
ter δ. The simulated sample is discretized in rectangular
cells of (2 × 2 × t) nm3, where t is the thickness of the
sample. We consider a region of 1.0 µm × 0.5 µm, with
periodic boundary condition along the y direction. The
DW is relaxed at the center as shown in Fig. 5(b). The
‘grain’ size is set to 15 nm, which is a scale consistent
with our TEM analysis here, and close to the values of
ξ given in Table I. We simulate the DW dynamics for
50 ns, in order to reach a stationary state in which the

exp.   mag.   1D.
               Au
             PtAu
             Pt

0 20 40 60 80 100 120
0

50

100

150

200

250

V
el

oc
ity

 (m
/s

)

Hz (mT)

(a) (b)

(c)

FIG. 5. Field-induced DW motion in Pt/Co/AuxPt1−x epi-
layers. (a) and (b) Visualisations of the micromagnetic sim-
ulations for Pt/Co/Au with δ = 8.5%, α = 0.35 at t = 0ns.
(c) Field-dependent velocity curves along with the simulation
from micromagnetic simulations and 1D model calculations.
It is shown that 1D model calculations cannot reproduce the
data while the micromagnetic simulations can follow change
in velocity precisely.

calculated DW velocity is not influenced by the simula-
tion time. We performed different simulations combining
different values of α and δ. As all the experimental mea-
surements were done at room temperature, the simula-
tion temperature was set to T = 300 K, accounted for by
a thermal field of the form given by Brown41,47. The best
fits are shown in Fig. 5(c) for the three samples. The de-
scription of the data with this approach is excellent. The
corresponding best fitting parameters (αµM and δ) are
reported in Table I. The larger δ we had to introduce
for the samples doped with Au reflects the higher values
of fpin due to the more abrupt interface between Co and
Au, as previously commented on.

In every case, αµM < αexp, although the largest differ-
ence is for x = 1. That damping parameter for Pt/Co/Au
of is in reasonable agreement with the values reported for
typical Pt/Co systems α ≈ 0.330. For Pt/Co/PtAu and
Pt/Co/Pt are slightly lower but just within an error bar
of αexp. We calculated the prediction of the 1D model
for αµM, also shown Fig. 5(c) as solid lines, which do
not coincide with the data at all. The failure of the 1D
model can be easily understood if we look at the depin-
ning fields obtained from the creep fits. When Hz ≈ Hd

for Hd < HW, as is the case for Pt/Co/Au, disorder has
a strong effect on the DW dynamics, which can be repro-
duced successfully only with full micromagnetic simula-
tions. On the other hand, if Hz ≫ Hd > HW disorder
has a smaller effect on the DW dynamics and the predic-
tions of the 1D model are in agreement with micromag-
netic calculations in that field regime, as is the case for
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Pt/Co/Pt and Pt/Co/PtAu. Not taking into account
the DW’s internal dynamics (such as the presence and
collision of Bloch lines) can only lead to an upper limit
estimation for damping46, due to the fact that all dissi-
pation mechanisms are–implicitly–attributed to damping
in that case48.
The larger damping in the more strongly Au-doped

samples could be due to a larger spin pumping49 at the
Co/Au interface. An increased spin Hall effect was in-
deed recently observed in Pt/Au/Co stacks50 and at-
tributed to a larger spin transmission at the Au/Co in-
terface, which could also affect the spin pumping mecha-
nism. However, it is unlikely that it could explain alone
the large difference with the Pt/Co/Pt sample. More-
over, similar spin mixing conductances were observed in
Pt/Co and Au/Co by FMR51. Non-local damping (de-
pendent on the spin configuration)52–54 could also play
an important role for narrow DWs and could lead to
an increased effective Gilbert damping55. Hankiewicz
et al., in particular, showed that non-local damping in-
creases with the disorder scattering rate and is strongly
enhanced by electron-electron interactions for weak spin
polarization52, as could occur at the Co/Au interface
or in case of intermixing. Non-local effects will also be
stronger for the larger magnetization gradients around
the narrower walls found for trilayers containing more
Au. Also, it was reported that for Au/Co interfaces the
very interfacial atomic layers are playing the most impor-
tant role in damping of the system, while for Pt/Co bi-
layers the effect can be extended to a few atomic layers56.
So the observed higher thickness fluctuations (i.e. inter-
face roughness) and probable intermixing of layers for
Pt/Co/Au trilayers of this study can affect the effective
damping.

VI. CONCLUSIONS

We have prepared and studied a series of
Pt/Co/Pt1−xAux epitaxial trilayers with a well-defined
crystallographic structure and controlled levels of prox-
imity magnetism and inversion symmetry breaking.
We have determined their static magnetic properties
and the field-driven domain wall dynamics that they

support. Our main findings are as follows. Comparing
the measured moments of our samples allows us to
estimate the degree of proximity magnetization in Pt,
which is about one-third of the total moment in a
Pt/Co(0.6 nm)/Pt trilayer. Adding Au increases the
PMA, and also breaks the inversion symmetry and
increases the overall DMI. This DMI leads to homochiral
left-handed Néel domain walls, as predicted by theory
for Pt/Co22, suggesting that the DMI arising from the
Au interface is weak, mirroring findings for the spin-orbit
torque15. Adding Au also increases the depinning field
and temperature for these walls, which is consistent
with a more abrupt magnetic interface in the absence
of proximity magnetism. The field-driven domain wall
dynamics, including the crossover from creep to viscous
flow, can be described well by a micromagnetic model
that takes appropriate account of the disorder in the
sample whereas a simple 1-D model fails to do so. This
micromagnetic modelling reveals lower values of Gilbert
damping than the 1-D case, due to the proper treatment
of pinning, although still rising up to α ≈ 0.3 as Au is
added. The rise is likely to be due to higher interface
transparency leading to increased spin pumping or to
higher levels of non-local damping. The overall approach
to the study of these trilayers used here could be also
extended to studying the physics of skyrmions57,58,
which contain the same physics as the chiral walls
although expanded into two dimensions.
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8093 Zürich, Switzerland.

† Email: c.h.marrows@leeds.ac.uk
1 A. Hoffmann and S. D. Bader, “Opportunities at the fron-
tiers of spintronics,” Phys. Rev. Appl. 4, 047001 (2015).

2 W. J. M. de Jonge, P. J. H. Bloemen, and F. J. A.
den Broeder, “Experimental investigations of magnetic
anisotropy,” (Springer, Berlin, 1994) Chap. 2.3.

3 W. J. Antel, M. M. Schwickert, T. Lin, W. L. O’Brien,
and G. R. Harp, “Induced ferromagnetism and anisotropy
of Pt layers in Fe/Pt(001) multilayers,” Phys. Rev. B 60,

12933 (1999).
4 A. Fert, “Magnetic and transport properties of metallic
multilayers,” in Metallic Multilayers, Materials Science Fo-
rum, Vol. 59, edited by A. Chamberod and J. Hillairet
(1991) pp. 439–480.

5 G. Chen, J. Zhu, A. Quesada, J. Li, A. T. N’Diaye, Y. Huo,
T. P. Ma, Y. Chen, H. Y. Kwon, C. Won, Z. Q. Qiu,
A. K. Schmid Schmid, and Y. Z. Wu, “Novel chiral mag-
netic domain wall structure in Fe/Ni/Cu (001) films,”
Phys. Rev. Lett. 110, 177204 (2013).



8

6 M.-J. Benitez, A. Hrabec, A. P. Mihai, T. A. Moore,
G. Burnell, D. McGrouther, C. H. Marrows, and S. McVi-
tie, “Magnetic microscopy of topologically protected ho-
mochiral domain walls in an ultrathin perpendicularly
magnetized Co film,” Nature Commun. 6, 8957 (2015).

7 J.-P. Tetienne, T. Hingant, L. J. Mart́ınez, S. Rohart,
A. Thiaville, L. Herrera Diez, K. Garcia, J.-P. Adam, J.-
V. Kim, J.-F. Roch, I. M. Miron, G. Gaudin, L. Vila,
B. Ocker, D. Ravelosona, and V. Jacques, “The na-
ture of domain walls in ultrathin ferromagnets revealed by
scanning nanomagnetometry,” Nature Commun. 6, 6733
(2015).

8 Y. Tserkovnyak, A. Brataas, and G. E. W. Bauer,
“Enhanced Gilbert damping in thin ferromagnetic films,”
Phys. Rev. Lett. 88, 117601 (2002).
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