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Abstract. Magnetic domain walls in perpendicularly magnetised thin films are
attractive for racetrack memoriess but technological,progress still requires further
reduction of the operationing currents. To efficiently drive these objects by the
means of electric current, one has to optimizerthe damping-like torque which
is caused by the spin Hall effects Thissnot only requires a high net spin Hall
angle but also the presence of a)Dzyaloshinskii-Moriya interaction (DMI) to
produce magnetic textures sensitive,to this type of the torque. In this work,
we explore the coexisténce andimportance of these two phenomena in epitaxial
Pt/Co/Pt1_gAu, films inywhich we control the degree of inversion symmetry-
breaking between the two interfaces by varying x. Gold is used as a material with
negligible induced magnetic moment,and spin Hall effect and the interface between
Co/Au as a source of a small DMI. We find no current-induced domain wall motion
in the symmetric Pt/Co/Pt (z = 0) trilayer. By fitting a one-dimensional model
to the domain wall velocity as a function of drive current density and in-plane
applied field in samples with non-zero values of x, we find that both net DMI
strength and spin Hall angle rise monotonically as Au is introduced. They reach
values of 0.75 + 0.05'mJ,/m? and 0.10 4+ 0.01, respectively, for Pt/Co/Au (z = 1).

Keywords: Magnetic multilayér, chiral domain wall, spin-orbit torque, spin Hall effect,
Dzyaloshinskii-Meriyasinteraction
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1. Introduction

The very first concept of ‘racetrack’ magnetic record-
ing, based on a soft magnetic ribbon, a writing nee-
dle, and a candle, was proposed in 1888 by O. Smith
[1]. Today, more a century later, based on the same
principle, domain walls (DWs) and skyrmions - the
smallest magnetic quasiparticles - are the candidates
for magnetic data recording [2, 3] where spin-polarized
current flow controls their motion along the racetrack.
Although initially it has been suggested that the spin-
transfer torque (STT) can drive such non-collinear ob-
jects [4, 5], it has been recently revealed that the mech-
anism describing their interaction with the electric cur-
rent can be more complex due to spin-orbit torques
(SOTs) [6]. Spin-orbitronics is thus a part of spin-
tronics employing the coupling between the electron’s
spin and its motion to manipulate the magnetic state.
Their presence makes the mechanism of magnetization
dynamics more complex but also offers more opportu-
nities to enhance the dynamics, when treated properly.

Spin-orbit coupling leads to several phenomena
including anisotropic magnetoresistance, magnetocrys-
talline anisotropy, magnetization damping, anomalous
Hall effect, Rashba effect [7, 8], spin Hall effect (SHE)
[9], Dresselhaus effect [10] and the Dzyaloshinskii-
Moriya interaction (DMI) [11]. Of a particular impor-
tance for the DW dynamics is the SHE, which arises
from spin-dependent transverse scattering in materials
with a large spin-orbit coupling. This drives a trans-
verse spin current that gives rise to a net spin surface
accumulation o ~ J x z. The ratio/of spin accumu-
lation o to charge current J is typically quantified by
the spin Hall angle fsy. The spin acgumulation, can
diffuse into a ferromagnet and so will exert a torque
on a magnetization when a magnetic layersis-brought
into contact with such a heavy metal. The spin-orbit
torque can be, in general, decomposed into two com-
ponents [12]: M X o, referrédsto as adfield-like torque,
and M x (M x o), often called a,damping-like torque.

Although the field-liketorque can, in general, have
an impact on the magnetization reversal [13], it has
been shown that its impact on the DW dynamics
is rather detrimental [14,°15,+16]. Nevertheless, it
has been measuréd to be much/smaller than the
damping-like torque’ at a/Pt/Co interface [17]. On
the other handsthe damping-like torque proved to be
extremely useful for driving high-velocity DW motion
[18, 19]. Therefore it is the SHE and the associated

net spin current flowing into the ferromagnet that
predominantly drives the dynamics. The symmetry
considerations show that the damping-like torque/is
relevant only for the motion of Néel DW§'in a magnetic
layer with perpendicular magnetic anisotropy (PMA)
[14, 20] whose presence is not trivial due to their
additional magnetostatic energy cost. Néel walls can
be stabilized in thin magnetic fibms by the interfacial
Dzyaloshinskii-Moriya interagtion (DMI) [21]. The
DMI favours cycloidal magnetie structures, such as
Néel walls [22, 23] or hedgehog skyrmions [24, 25]. Tt
also imposes a fixed chirality on these structures, which
dictates the sign of the damping-like torque inside a
Néel DW and therefore the direction of motion with
respect to the spin ‘accumulation o. The heavy metal
with high spin-otbit interaction is not only the source
of the SHE but serves ,also as an element breaking
the inversion symmetry at the interface between the
heavy metal and ferromagnet leading to the presence
of interfacial DMI. The coexistence of high SHE and
strong /DMI paves the path for the possibly most
efficient racetrack operation.

The SHE can be maximised by choosing a material
with high spin Hall angle such as Pt, Pd, W, or Ta
[26] or heavy metal alloys [27, 28], and can be even
increased by putting a material with opposite spin
Halb azigle on the other side of the ferromagnet [29].
As mentioned above, this has to be accompanied by
a choice of interface with high DMI and in the case
of two interfaces, the two materials can be chosen so
that also the DMI is constructively additive [30, 25].
The interface quality has an important impact on SHE
due to its transparency for the spin current and also
influences the DMI magnitude [30, 31]. To avoid such
ambiguities and in order to explore this systematically
one has to grow such materials in a controlled way.

While in magnetic semiconductors GaMnAs [32]
and in easy-plane ferromagnets Permalloy [33, 34] have
been used as model systems to systematically study
the relevant torques, the physics of PMA films with
broken inversion symmetry at interface is lacking a
prototypical system. Ambiguities arising from the
quality of the growth prevent an agreement with the
theory. Here, we experimentally investigate epitaxial
layers of Pt/Co/Pti_;Au,, shown schematically in
figure 1, for which the well-defined crystal lattice and
orientation makes the system amenable to treatment
by first principles theory. The choice of Au, a heavy
element with fully filled 5d band, is motivated by a
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13 Figure 1. Trilayer stack structures. (a) Pt/Co/Pt (z = 0) trilayer. (b) Pt/Co/PtsoAuso (z = 0.5) trilayer. (c¢) Pt/Co/Au (x = 1)

14 trilayer. As the Au content in the top layer is increased there is an increasing degree of structural inversion symmetry breaking.

15 Electrons flow in the opposite direction to the conventional current density J. The spin Hall effect in the heavy metal layers converts

16 this into a vertical spin current flow, indicated by the increasing separation of the orange and cyan.arrews. In the inversion symmetric
Pt/Co/Pt trilayer, equal and opposite spin currents are injected into the Co from above and below, cancelling their effects. The net

17 spin current injected into the Co becomes larger as the inversion asymmetry becomes stronger.

18

19

20 ?,mall SHE [35] and a small DMI arising. at CO/Au Table 1. Au concentration z, uniaxial anisotropy K,, DW

21 interface [36, 37]. Gold therefore serves as a textbook — _iqtp A, Gilhért, damping o, effective DMI constant Doy and

22 element giving the opportunity to study the effect effectivesspin Hall angle 6syy. Deg and feg were extracted from

23 Of Controued broken Symmetry on either Side Of the the current-induced DW motion data shown in ﬁgures 2 and 3.

24 ferromagnet and its importance for DMI and SOTs. = K, A o D Osi

25 o By (M) (nm) (mJ/m?)

26 2. Epitaxial trilayer growth and 100 [0.9£02 9+£1 035+£0.05 0.75+£0.05 0.10+0.01

27 characterization 50 0.84£02 11+£2 0.35+0.05 0.22+0.05 0.04+0.01

28 0 0,7+ 0.2 17+3 0.17+0.01 0+£0.05 0.00 £+ 0.01

29 We studied Pt(3 nm)/Co(0.8 nm)/Pt;_,Au,(3 nm)

30 trilayers with = = 0, 0.5, and 1 that were prepared

31 by sputtering at high temperatures, as deseribed prior analysis of field-driven DW dynamics based

32 previously[38, 39]. The main points of the growth _on micromagnetic simulations incorporating realistic

33 method are that a seed Pt layer was gputtered onto a/” models of disorder [39)].

34 C-plane sapphire substrate at 500°C, followed by Co at

35 a substrate temperature .Of 100°C. The Pt1 —;Au, layer 3 rrent-driven domain wall motion

36 was grown by co-sputtering from Pt and Au targets at easurements

37 100°C, with the sputtering powers adjusted to keep

38 the rate ~ 1A/S- Epitaxial growth along the (111) In order to study the efficiency of the SOT, the

39 direction was confirmed by x-ray diffractometry. All  flms were patterned by photolithography and ion

40 the films showed a square hystéresisidoopras a function  pheam milling into 2.5 pm wide, 20 pum long wires.

41 of perpendicular magnetic field, in polar Kerr effect  The wires were connected to Au contact pads to

42 measurements, confirming.the outzof-plane character provide an electrical connection to an external electric

43 of magnetic anisotropy. circuit, which was impedance-matched to 50 €. The

44 The micromagneti¢ parameters of our trilayers DW displacement was observed by wide-field Kerr

45 can be established basedon.our previous detailed  mjcroscopy at room temperature. The DWs were

46 characterization of such, epitaxial systems. The  pucleated and placed into their initial position by

47 exchange stiffness'A & 201 pJ/m 3ft this thlck.ness. of  the combination of a series of current pulses with

48 Co layer [40, 39, whilst.the saturation magnetization  ap in-plane magnetic field. In the inset of figure 2

49 of the Co layer, once the proximity effects have been  we show a differential Kerr micrograph of a typical

50 accounted for, is Mg = 1.0 £0.2 MA/m [39]. The pw displacement caused by a sequence 2x30 ns long

51 perpendigular maguetic anisotropy, Ku, was previously  current pulses of density 2.6 x 10'2 A/m?. The DW

52 found t6 increase as the Au content rises [39], the values displacement was measured for various pulse lengths

53 for these samples are given in table 1. The domain wall varying between 20 ns and 30 ns to minimize the

54 thickness Ar= V4 A/ Keﬁ’lis conztrolled by the effective parasitic effect of the finite rise and fall times.

55 amisotropy K.g = Ku — 3p0Mg, which includes shape For each current density the measurement was

56 effects; with values again given in table 1. Values repeated five times and the average velocity calculated.

57 for'the Gilbert damping coefficient o are taken from  Thege average velocities are plotted in figure 2 as a

58

59
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Figure 2. Velocity versus pulse current density for each of the
three trilayer stacks. Negligible DW motion was observed for
the inversion symmetric Pt/Co/Pt stack. The inset shows a
series of differential Kerr images, each taken after application of
2 % 30 ns, J = 2.6 x 1012 A/m2 current pulses. The DWs move
in the electric current direction. Dashed lines correspond to the
results of the simulations based on the 1D model.

function of current density. One can see that thie
DWs in Pt/Co/Pt (x = 0) were almost completely
insensitive to the current, which is in accordance with
the scenario of compensated spin Hall current coming
from the bottom and top layers (figure 1). Nete that
the current density needed to move the DWs by.volume
spin-transfer torque is higher than that applied ‘here
[41, 42].

The DW velocities in figure 2 j/are, enhanced as
soon as the spatial symmetry is broken with addition
of Au into the Pt top layer, and are faster for higher x.
The DWs always move against the electren flow, which
is in contradiction with volume spin-transfer torque
scenario [4] indicating that another q/mechanism plays
a more important role. Instead, i the picture of the
SOT, the dominating torque arises from SHE-effective
field poHsug, which can be expressedias [35, 21]

hOsuJ
—_— 1
2€MStCO ( )

where J is the charge currentidensity along the x axis,
Osn is the effective/spin Hall anglegand ¢y, is thickness
of the Co layer. Thesffective spin/Hall angle represents
the net effect ofithe wertical spin currents being driven
into the magnetic layer from the above and below. In
the case of Pt/Co/Pt1_,Au, trilayers the effective spin
Hall current is'ecomposed of two parts arising from the
bottom and top layers [20, 29]. In a naive picture
one cam,explain this with a reduction of the SHE
coming frem the top layer due to the negligible SHE
of Au[35], as depicted schematically in figure 1. The
resulting effective spin Hall angle will become larger
with z since the spin-current arising from the bottom

poHsue =

300l © PUCo/Au "

o PYCo/PtyAuy,

-150 -100 -50. O 50 100 150
oH ()

Figure 3. Current,induced DW motion in Pt/Co(8 A)/X as
a function of in-plane magnetic field for two different capping
layers. The current densityfis fixed to J = 2.7 x 1012 A/m?.
The full and emptyrsymbols correspond to the down-up and up-
down DWs, respectively:‘The dashed lines correspond to the fit
of the results of'the 1D model to the data.

Pt layer beecomes uncompensated by the top layer. At
the same, time, with the increased trilayer asymmetry,
theeffective DMI increases and enforces the chiral Néel
wall structure. As a result, higher DW velocities are
observed and their direction of motion is in agreement
of leftthanded DW chirality [43] and positive effective
spin'Hall angle governed by the Pt layer [44].

In order to get more quantitative insight into this
process, the DW velocities were measured as a function
of in-plane field poH, applied along the length of
the wire for a fixed value of J = 2.7 x 102 A/m?.
The DW velocities for up-down and down-up DWs
as a function of the in-plane field are displayed in
figure 3. The DW velocity is zero in a region around
a stopping field poH, = —poHpMmi, where Hpyyp is
the effective field across the DW arising from the
DMI [21]. This is when the applied field cancels this
effective DMI field, the DW structure reverts to Bloch
wall configuration favoured by the magnetostatics,
which, as stated above, is insensitive to the SOT. This
stopping field is therefore a direct measure of the DMI
strength D = poHp)MsA. The sign of the DW
motion is reversed on either side of this field which
agrees with the SOT scenario because it is the mutual
combination of spin Hall angle and the DW chirality
which dictates the direction of the DW motion. The
field reverses the DW chirality and so the direction
of the DW motion. The velocities are enhanced with
the further increase of the in-plane field. The values
of D measured from these stopping fields are given
in table 1. They are in good agreement with those
obtained from asymmetric bubble expansion [39] when
the 1/t scaling of the interfacial DMI is taken into
account.
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In order to describe the experimental results of
the current-driven DW motion, we have performed
simulations based on a 1D model of SOT-driven DW
motion [45]. In the simplest version of this model, the
DW dynamics is described by two variables: the DW
position ¢, and the internal DW angle 1) defined as the
angle between the internal DW moment with respect
to the positive longitudinal axis > 0. The model may
be extended by introducing a third variable, the DW
tilting angle y, which describe the orientation of the
normal unit vector to the DW plane with respect to
the +x-axis. The corresponding equations, which here
were numerically solved using a commercial solver, are
presented in detail in reference [45].

In agreement with other observations, the bulk
spin transfer torques (STT) were neglected in this
analysis. As discussed in the introduction, field-like
torques are expected to be small in systems like the
one we have studied. We verified that setting the
field-like SOT to zero does not modify significantly the
presented results in comparison to keeping a field-like
torque term of up to one order of magnitude smaller
than the damping-like SOT. Hence, for simplicity of
calculation, our results were obtained assuming that
both volume STT and the field-like SOT are zero. Also;
in the light of the above considerations, the damping-
like SOT was assumed to be due to the spin Hall effect.

The values of A, K,, Ms, «, as deseribed in
section 3 above and given in table 1, augmented by the
values of D obtained from the stopping field analysis,
were used as inputs to the model. The data in figure 2
clearly indicate that there is a pinning, threshold for.
the DW propagation, i.e. there is a minimum current
density below which the DWs do not propagates, We
therefore introduced an effective pinning field, Hpinv
opposing the free DW motion, aswan extra fitting
parameter. This effective pinning field is, assumed to
be a periodic spatial function Hyg = sin(27ms/Lpin),
parameterised by the maximum amplitude of the local
pinning and the pinning periedicity Lpin' We
assumed that Lpi, = 2A°~ 20 nm, consistent with
high resolution transmission electron microscopy cross-
sectional imaging [39]" “The pinning field amplitude
was chosen to matchithe experimental current density
threshold in the v(J)/curves shown'in figure 2. Whilst
both the simple and'extended models yield very similar
results for the @ = 0.5 trilayer, the additional tilting
parameter yis necessary to properly describe the x = 1
trilayer that has higher DMI. Here we show the results
of the simple model for the former and those of the
extended model for the latter.

The experimental data show low velocity motion
for current densities just below the depinning thresh-
old in thesmodel. This is due to thermally-activated
current-agsisted creep motion [46], which our zero-

temperature model is not capable of treating. Al-
though the description of the disorder and pinning by
the periodic pinning introduced in the 1D model.con-
stitutes an approximation of the real origin ofithe dis-
order in these epitaxial stacks (the local variation of
the Co thickness), the agreement between,the/experi-
mental v(J) data (circles in figure 2)rand the 1D model
predictions (dashed lines) is remarkable for,values of .J
higher then the depinning threshold.

The same inputs were used toysimulate the v(H,)
data in figure 3, with the résults shown as dashed lines.
Again, the agreement is excellent) The sole remaining
fitting parameter needed to.perform these simulations
is the effective spin/Hall angle gyy. The results are
shown in table 1, withePt/Co/Au showing an effective
fgpr = 0.10 £ 001, and Pt/Co/PtsoAuso showing an
effective fgyy of about half that value. We assume that
Pt/Co/Pt, which doesnot display any current-driven
DW motion, has fgg '~ 0.

4. Conclusions

Our “results jindicate that the effective spin Hall
angle |Agy increases roughly in proportion to the Au
concentration in the top layer when the bottom Pt
layer has fixed thickness and composition, just as the
DMI.dobes [39]. This is physically reasonable, since the
effegtive DMI should be negligible in symmetric stacks
(Pt/Co/Pt), where the effects at opposite interfaces
cancel one another, and the effective DMI parameters
should increase with the asymmetry by reducing the
Pt concentration (or in other words, increasing the Au
concentration) in the top layer. In addition, just as the
spin Hall angle of the Au should be also negligible, the
effective spin Hall angle in the Pt/Co/Pt;_, Au, stacks
increases with the Au concentration x in the top layer,
because again, the effective spin Hall angle becomes
null in perfect symmetric stacks (Pt/Co/Pt), where the
top and the bottom Pt layers induce opposite spin Hall
effects (zero net spin Hall effect). Those predictions
are consistent with the fact that no current-driven
DW motion was experimentally observed in symmetric
Pt/Co/Pt multilayers. We find that the effective SHE
increases monotonically with the increased Au content
in Pt which can be explained by simple arguments
based on asymmetry opening presented in figure 1.
However, the origin of the SHE depends on both
the intrinsic band structure and extrinsic scattering
effects [47], which does not necessarily imply a simple
dependence for fgpp(x), and first principles studies
are needed to properly understand this behaviour.
Nevertheless, our findings in these epitaxial trilayers
are in qualitative agreement with the previous results
obtained for polycrystalline Pty _, Au, systems [27, 28].
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