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Structural symmetry breaking in magnetic materials is responsible for a variety of
outstanding physical phenomena. Examples range from the existence of multiferroicst, to
current induced spin orbit torques (SOT)?’ and the formation of topological magnetic
structures®L, In this letter we bring into light a novel effect of the structural inversion
asymmetry (SIA): a chiral damping mechanism. This phenomenon is evidenced by
measuring the field driven domain wall (DW) motion in perpendicularly magnetized
asymmetric Pt/Co/Pt trilayers. Thedifficulty in evidencing the chiral dampingisthat the
ensuing DW dynamics exhibit identical spatial symmetry to those expected from the
Dzyaloshinskii-Moriya interaction (DM 1)%18, Despite this fundamental resemblance, the
two scenarios are differentiated by their time reversal properties. while DMI is a
conservative effect that can be modeled by an effective field, the chiral dampingispurey
dissipative and has no influence on the equilibrium magnetic texture. When the DW
motion is modulated by an in-plane magnetic field, it reveals the structure of the internal
fields experienced by the DWs, allowing to distinguish the physical mechanism. The
observation of the chiral damping, not only enrichesthe spectrum of physical phenomena
engendered by the SIA, but since it can coexists with DM it is essential for conceiving
DW and skyrmion devices'.

The role of the SIA on the magnetic propertieshef tnetallic ferromagnets has been
the focus of extensive research. Whether the Skeurscat an interface or in the bulk of a
material, it may induce non-collinear exchangeratgon$ (DMI). This gives rise to a rich
variety of magnetic phases, such as spin héli€asid skyrmions or to magnetic frustratica
Recently, it was proposed that the DMI promotesettistence of Néel DWs in materials where
the configuration otherwise favored would be Bfgcin the context of current induced DW
motior’®?? this is an important idea, as it may solve a lstapding issue of DWs moving in

the direction of the electric current and not ititat of the electron flow, as one would expect



from spin transfer torqdé&!® Moreover, the observation that the field-drivew Dnotion in
Pt/Co based multilayers is made asymmetric by am@lmagnetic fields was also linked to the
possible occurrence of DI

Until now, DMI was the only well established intetian known to link the DW
magnetic texture to the SIA of the layer structumethis letter we propose a new mechanism,
where the magnetic texture can sense the SIA amaidg whose intensity depends on the DW
chirality.

DWs in materials with perpendicular magnetic amgoy (PMA) are the perfect test-
ground for such phenomena: they are chiral obgewtistheir motion is relatively easy to detect.
From the perspective of the magnetization dynanaitselevant physical phenomena translate
into torques that control the magnetization accwydio the phenomenological Landau—
Lifshitz—Gilbert (LLG) equatioff. Their time reversal properties separate themwno t
categories. They can, either derive from a fornemérgy and be invariant to time reversal
(anisotropy, exchange), or they may be dissipaanel break time reversal symmetry
(damping). These two scenarios are exclusive, ensinse that there is no other possibility.
Similarly, the physical phenomenon linking the DVWdtian asymmetry to the material’s SIA
must fall into one of these categories. It can adgive from chiral energy (DMI) or be a form
of chiral dissipation.

The effect of chiral energy has already been evidérexperimentally. The DMI
implies the existence of an internal fielchNd setting the DW chirality (Figure 1b). As a
consequence, the core magnetization of up/down and down/up (1) DWs will point in
opposite directions. The field driven DW velocitgncsense this interaction if an external in-
plane field (hb) is applied simultaneously with the perpendictieid (H;). 1| andit DWSs
moving along kp will experience different effective fields @¢-Hom and Hy+Hpwmi) and

therefore will have different velocity. As long @ applied field does not alter the equilibrium



DW profile (by significantly tilting the domainshé DW dynamics are correctly described by
a collective coordinate model. Since in this cageahid Hwm enter the DW equation of motion
on equal footing?, DMI will bias the velocity dependence onpHby +Homi and -Hwm
respectively (Figure 1b), making the motion asymioet

The chiral damping mechanism, although allowed Pgmeetry has never been
observed experimentally. Its chief attribute istthanlike DMI, it causes asymmetric
displacements without biasing the magnetic configan (Figure 1d).

We use wide field Kerr microscopy to probe the DWbtion in asymmetric
Ptaoa/Cosa/Pia trilayers subjected simultaneously t@ &hd H,. A pulse of H nucleates a
reversed domain. A second pulse ofddcompanied by il further propagates the circular
DW. Figure 2a shows typical magnetic differentiahages corresponding to the DW
displacement produced by, ldnd H,. The reversed magnetization produces bright (dk)da
contrast. Without i the DWs move over equal distances in all direstidrhe direction and
the magnitude of the asymmetry are controlled Ry Fhis is qualitatively consistent with the
existence of the bln: depending on the type of DWj () or (1 1), Hip either adds-up or
subtracts to b, leading to different effective field for the timNs. To verify this possibility,
we measured the DW velocity() vs. Hp for a fixed H. While Hp can be applied continuously,
as it provokes no DW motion lis applied in pulses of 400 ms, is extracted by dividing the
displacement observed on the Kerr image by theedalggth.

Figure 2 shows the effect ofij-bn v... Besides the chiral effects emerging from SIA,
Hip may also affects, through phenomena unrelated to SIA (such as thatwms of the

effective anisotropy). To separate the chiral éfe@ee decompose. into a symmetricg) and
anti-symmetric &) component with respect toiH V., =S+A2) and V., =S1-A2),

where S=(\/Tl -V T)/Z and A= 2[(VH -V T)/(VTl +V T). While S can be affected by non-SIA

phenomenaA is a robust indicator of chiral effects, as by systry, only SIA related



phenomena can create it. Sifcdictates the ratiq, /v = = ﬂ, it is also an indicator of the

asymmetry of DW motion the along the direction gf (figure 2a).
The variation ofA vs. Hp has two distinctive features: it varies continsigwp to a
saturation field (h=40mT), and then saturates (Figure 2a,2b), meathagbelow Ha the

velocities of the two DWs vary differently, whilbave Hatthey vary identically to each other.
This indicates that the parameter responsibleVfo?V,, must also saturate ats4d In our

samples, the only micromagnetic parameter thatwvaaymonotonically up to 40 mT and then
saturate, is the DW core magnetization. Due tdahge uniaxial anisotropy @¢500 mT¥>,
the domain tilting affecting the DW internal struit and the effective DW width, becomes
significant at much higher fields.

Hsatmust then designate the field value for which HoWs become magnetized along
Hip, implying that Hbwmi is smaller than K. If DMI imposes homochiral Néel DWs,ijHacts
only on the magnetization of one of the two DWstlesother one is already align@dgure
1a). Thereforey,, should display a feature atdfor only one of the DWs (Figure 1c). On the
contrary, we observe (Figure 2c¢,S5) thatvs. Hp changes slope close tedfor both DWs.
The fact that Ektis physically relevant for both DWs excludes thistence of homochiral Néel
DWs in our samples. It also sets a ceiling value Hawm within the precision of ki
determination (x10mT).

As explained earlier, ifA is produced by a small DMI (that we cannot ruld ou
completely), the velocity curves for the two DW®shl have the same shape and only differ
through a horizontal offset given by the valuehsf Ebm bias field (Figure 1b). By shifting the
two curves in opposite directions by, they should coincide. Clearly, the measugdo
not follow this scenario: it is impossible to oaglthe curves by any amount of lateral shifting

(Figure 2c).



Based on the variations ©f, induced by K at constant | we established that our
samples support Bloch DWs and that the asymmetigharesm evidenced in samples with
Néel DWg>1does not apply here. Now we switch perspectivessaundy the DW motion as a
function of H; at fixed Hy. To separate the effect ofpdn the chiral energy and chiral damping,
we rely on the well-known creep scaling law, ddsog the DW velocity at very small driving

fields:

U H 1/4
v, =v [exp-——P [ 1
creep — V0 F|: kBT z ( )

U. - height of the pinning barrietd p - Pinning field;

Since the prefactdt v, = d,f, @xp{c E-IIEJ—_CI_} (C=1 is an empirical constant) also
B

depends exponentially on the pinning barrier, in@re convenient to write the creep scaling

law'®2% as

Vow = dy f, Eexp[— kET [(H - HC_““)} )

B

H
and group all the terms related to energy intmglsiexponential £ =U H p1’4). H. :C_E 5

the critical field that determines the limit of theeep regim#. Since the dissipation does not

contribute to the exponent, the damping can orfigcathe prefactéf?q, 3! (do — disorder
correlation lengthfp — the attempt frequency).
As long as the creep scaling law applies, the (pildn(vDW)VSHZ'Mallows to analyze

separately the effect ofiHHon the prefactor and the exponent, as they apggsetre intercept
and the slope of the linear dependence (FigureF3@yre 3a,b shows typical results for two

samples with different capping thicknessi§lt and Poa). The linear dependence specific for



the creep regime is observed for the two sampldsbath DW polarities. To evidence the

symmetric and anti-symmetric effects of e consider

Atreep ~In (VSOmTT . ) “In (VSOmTi ! ) 3)

S —%[In(v80mTH )+ In(v80mTH )]— In(vomT) 4)

creep

According to (2) they can be written

d fBOmTu _ _ EBOmTu _ EBOmTu
Aveey = IH(L _ (H ] 4 _ H, 1/4 (5)
KeT

80mT ¢ 1
do fo

S =In

creep —

\/dOfOBOme mOfOBOmTH _ (H s H 14 %(EBOmTN + EBOmTu )_ EOmT (6)
d, fomT ? ¢ keT

Remarkably,Acreep Shows negligible dependence dm‘nz_ll4 (inset of Figure 3a,b),
implying that the bubble asymmetry is not due twatkenergy E*™"'* = E®**""*" ) but to chiral

dissipation @,f>™""" 2d,f2™™"). At the same timeSreep decreases linearly WifHZ_M,

signaling the existence of non-chiral energy cbations related to H (
ESOTT = RO 2 EOTT)),

Though it has been predictédhat friction affects the creep of an elastic meanie via
the velocity prefactor, to our knowledge, in theeaf DWs no microscopic mechanism has
yet been proposed. For this particular case, tlysipél parameter most likely to depend on
damping is the attempt frequerfgyWe verify this possibility using micromagnetiosilations
by calculating the DW depinning time from a sindéfect for different damping values (Figure
3c,d). Indeed, we observe a strong dependence oékbase time on damping. Since the barrier
height is kept constant in the simulations, itnéydo that can be responsible for this variation.

We find thatfo is proportional to the inverse of the damping (DVéhlity). This trend (
VDW:]/O’) is further confirmed for a wider range of applfealds and damping values using a

1D modef°.



The above mechanism can account for the chiral Dxvawhics if the damping

coefficient depends on the orientation of the DWfse with respect to the magnetization
gradientﬂDaC(rﬁp[Dr‘ry). However, this kind of damping cannot exist bylitsn a real

physical system since the dissipation may becongative if the chiral contribution exceeds
the intrinsic damping. To prevent this unphysiaath&vior, the chiral damping must include at

least a second component, which always offsetaltge in the positive range. For example, its
mathematical expression could bella, +ac(ﬁ]p[Drr£), whered, > Q. Based on this

expression, the amplitude of the chiral dampingrontion can be extracted from the value of

a0+ac
a,-a

- a
and A/2= YV 7L e obtainAr2= %

Y
A. Above Ha, where np saturates; - =
VT 1 /Vl 1 +1 ao

L1 c

For the sample exhibiting the largest asymmetrgufgé S1), the amplitude of the chiral
damping reaches approximately 50% of the constami p
To illustrate the effect of the chiral damping tie DW dynamics we use a numerical

collective coordinate model. Since such models dbimclude explicitly the magnetization
gradients, we write the chiral damping using a giiied form: @ =Q, +Qa.CO¥. Here the

value of the magnetization gradient is consideraastant and is implicitly included in the
values ofao and ac. The orientation of the DW magnetization is ddsedi by the azimuthal
angle@. Figure 2e shows the computed as a function of | at 0K and without pinning. The
salient feature is that the velocities of both D®é&surate simultaneously, at the field value
where their core magnetization saturates. In d@leompare the experimental results with the
simulations, the symmetric compon&uf the measured velocity must be removed, aqibis
produced by the chiral damping. For this purposenaenalizev,: and v:, to the average
velocity alongx andy, the in-plane directions. The normalized DW velp¢Rigure 2d, Figure

Sb) saturates atskl in perfect agreement with the simulations.



At this stage, we do not understand why, contrargrevious studies, the effect of the
chiral damping in our samples is larger than thfectfof DMI. We infer that these two
phenomena should co-exist, but their relative gitemay be strongly dependent on the precise
crystallographic structure. An independent hinthaf co-existence of chiral damping and DMI
was provided by the magnon dynamics in Fe/W bi#ay@here it was observed that the not
only the dispersion relation was shifted due to DMit also that magnon lifetime depends on
the chirality®.

While theoretical work is definitely required to derstand the origin of the chiral
damping, we would like to speculate and point talsae plausible explanation: both
theoretically and experimentally it was shown thatspin orbit torques have two components:
a field like*® (conservative) part and a damping like (dissiggtipart->° Theoretically the
DMI was linked to the conservative (field like) 8r° as they share a common microscopic
origin. In a similar way, the chiral damping reahere, might be reminiscent of its dissipative
component.

From a practical perspective, the DW motion asymyrein be useful for memdror
logic device# requiring unidirectional DW movement. The applicatof an alternating H
causes the domain to enlarge and then shrink toitisl position. When i is applied along
with Hz, the DW motion will become asymmetric. lfipithanges sign together with,,Hhe
asymmetry of the domain growth will be opposite¢hat of its contraction. Consequently, the
domain will not come back to its initial positiomtbwill be shifted along the axis of the in-
plane field®. The relative sign of the two field componentsteols the direction. Compared to
current induced DW motion where trains of DWs arshed along 1D wires, the phenomenon
that we describe affords a distinctive ability bifsng 2D magnetic domains in any directions

of a full sheet magnetic layer (Figure 4c; suppletagy movie).



In conclusion, the quantitative analysis of fieldluiced DW motion has revealed the
existence of a chiral damping term whose effectshenDW dynamics have the same spatial
symmetry as those expected from the DMI. Understanand controlling the chiral damping
is essential for the designing spintronics devit@s rely on chiral magnetic textures, such as

DW or skyrmion racetracks.
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H,=0 H,,> Hp

Figure 1. Graphic illustration of the asymmetric DW dynamiesPMA materialsa. A DW
(dotted line) separates two oppositely magnetizedains (grey and white). The DMI can be
modeled by an effective field that only exists desthe DW and that always rotates the DW
magnetization to point from the domain pointingtaghe one pointing down. Ififlis applied
alongx, the two DWs standing orthogonal to its directigil react differently: while one
remains magnetized in the same direction (red)pther will reverse its chirality (blue).

b Without SIA and hence with no DMI to differentidtee two DWSs, K will have the same
effect on the field driven velocity of the two DWsat move along (black dashed lines). If
present, the b bias field will shift laterally the velocity curgdor the two DWs (red and blue
lines). An important consequence is that any featirthe initial velocity curve allowing to
identify the DW transformation, such as a changslgbe when its magnetization saturates,
will translate laterally, and always manifest a #ame velocityway. c. If no DMI is present,
the DWs have Bloch structure; the structural charggeduced by g will be identical for the
two DWs.d. The chiral damping does not shift laterally theiah “non-SIA” velocity curve
(black dotted line), but creates an asymmetricicartcorrection. In this case, the DW
transformation from Bloch to Néel, will not occurthe same velocity, but at the same field

value (Ha.
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Figure 2. DW velocity modulation by H in Pt/Co/Pt layersa. Kerr microscopy images of
field induced DW displacements. Dark contrast gposds to the growth of a “down” domain;
Bright contrast corresponds to an “up” domain. Within-plane field the DW motion is
isotropic. The in-plane field (white arrows) makke bubble growth asymmetric: in the field
direction for an “up” domain; opposite to the fiedection for a “down” domain. It appears

that the asymmetry depends on the direction of ithplane component of the DW'’s
magnetization ify,) with respect to the gradient of its vertical cament (im,), defining a
chirality. b. The anti-symmetric component of the DW velocits¢fos/Ptis s Sample) varies
monotonically and then saturates at a charactefistd value (Ha). Since any deviations from
the conditionv,+ (Hip) = vi. (—Hip), are caused by noise or measurement artifactsygmve
the signal/noise ratio we plét= Y2 Arar(Hip) — Aran(—Hip ), instead oRraw = 2(vi+ — V1 1)/ (Vi1

+ vty) (Figure S5x. The measured DW velocity exhibits changes in thpesat Hat for both

DWs (red and blue) and both directions gf. Mote that despite the different overall shape of

the DW velocity dependence for the two sampled) bwtasurements exhibit a change of slope
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at Hsatd. the velocity of the left and right moving DWs naized to the average velocity along
the in-plane directionx(@ndy) show that while one of the DWs is acceleratedother slows

down. Both these relative variations saturate sat &€ DW velocity calculated by a collective

coordinate model using a chiral damping definedads a, +a. [m, . The red and black

curves correspond to thel and thelt 1 DWSs. The values were used in the calculation are:

a0=0.6 ac=0.3,ADW=5nm, H;p=35mT, H=0.01mT.
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Figure 3. Effect of chiral damping on thermally activatetMDnotiona,b. Creep scaling law
for vy andv;, for the P30CosPtis.6and P$cCosPtzo samples. The measurements were performed
at Hp=0 (black) and §=80 mT (red and blue). The grey horizontal linthis limit of the creep
regime, where we expect the transition to the f{Bigure S2). The rectangular black square at
the intercept of the linear fit with this limitinggion is an approximate indicator of ¥. In

the inset we plotSreep (empty symbols) andAcreep (full symbols) c. Design of the
micromagnetic model system. The first picture fiefhto right is a differential Kerr image of

a DW propagated by Hshowing the typical DW shape. The second one shematic
representation of the localized pinning that credhe rippled DW shape evidenced by Kerr
imaging. The third picture is a micromagnetic cguafation depicting a pinned DW in a 100
nm wide nanowire pinned to a localized defect;dfik rectangle designates an area with 50%
smaller anisotropy that attracts the @RWT'he simulated depinning probability (60 indepernden
events) for two damping values (0.5 and 0.25) atI8mT. The de-pinning field at OK is 30mT.
The inset shows that the curves overlap when thesttale is normalized by the damping

constant. This indicates thigtis proportional to the inverse of the damping.
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initial

Figure 4. Bubble shifting by magnetic fields. Sequence ioéa Kerr images showing the
bubble shifting in the BiCosPtig7 sample by combined in-plane and perpendiculaddiel
(Hip=40mT and H= 11mT) The relative direction of the in-plane g®pendicular magnetic
field is indicated on the images. The same experialeparameters are used in the

supplementary movie.
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SUPPLEMENTARY INFORMATION

S1. Thickness dependence of DW motion asymmetryrdadace anisotropy
S2. Prefactor of the DW creep scaling law

S3. Influence of damping on the DW velocity in thermally activated regime

a) Chiral damping and thermal fluctuations
b) Depinningtimevs. Gilbert damping

c) Veocity dependence on damping in thethermally activated regime

S4. Asymmetry dependence on DW velocity.
S5. Link between the asymmetry ang wariation

S1. Thickness dependence of DW motion asymmetry and interface

anisotropy.

To probe the dependence of this phenomenon on tteriad properties, we have
compared the asymmetries measured on several sahgoleng different thickness of the Pt
upper layer (15A-70A). We chose this approachnsuge that neither the magnetic properties
of the Co layer nor the interface asymmetry known to be essential for the DMI, are affected.
All the samples exhibit the same qualitative bebaw varies up to kk; and fully saturates
above. SurprisinglyA decreases as the top Pt is made thicker. Theljildggb experimentally
turn off A affords another independent way of probing itggiari The DMI creates an
asymmetry by inducing a bias field that shifts viedocity curves towards positivegHor one
DW and towards negativejd-for the other (Figure 1c). Consequently, the sdiom value of
A should be proportional to the bias fieldofd). And since Hatis the experimental indicator
of Hpwmi, the amplitude oA should be related toskl Experimentally we do not observe such a
connection: the variations éf are not associated to changes ef (fFigure S1), thus showing
thatA does not originate fromdw.

The uniaxial anisotropy fields ¢Hwere determined from measurements of anomalous
Hall effect for all the samples. The results pldtia figure S1 shows a reduction of the
anisotropy fields from the sample with the thinn@$.6A) Pt capping to the thickest (70A).
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The variation of the anisotropy field reflects anbe of the interfacial anisotropy. While H
varies by 30% (0.55 T to 0.38 T) after correctiagthe layer’'s demagnetizing fieldgys=1.3
T), we calculate a maximum variation of the anispyrconstant of 10%.

Though the relative change of the interfacial amnggry is small, it is nevertheless
surprising to observe such a variation for Pt cagayers exceeding several nm. A plausible
hypothesis is that the heating of the sample dutempsition may influence its crystallographic
structure in the vicinity to the interface. It iselvknown that high temperature annealing

enhances the Pt and Co intermixing.
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Figure S1. a. Asymmetry curves extracted from Kerr microscopyages for Pt
thickness ranging from 15 A to 70 B. When normalized to 1 all the curves overlap,
indicating that Hatis the same for all the samples. The inset shbersiependence of
the normalizing factor (saturation value of therasyetry) with the thickness of the Pt
capping.c. Measurement of the anisotropy fields of all thengkes used in the
experimentd. Asymmetry of the annealed sample compared toglieposited ones. If
the asymmetry value would be correlated to theoartpy field the asymmetry of the
annealed sample (red) would be comprised in-betweeasymmetries measured for the

samples with 30A and 56A of Pt capping.
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In order to corroborate this hypothesis we havevgreeveral series of the following
samples: RtCosPto, PtoCosPto and P#cCosPtss20. While the Pdo layer of the second was
deposited continuously, the Pt capping of the tihnies deposited in three steps consisting of
Pto separated by 30 seconds pauses, to allow codiigy. The changes of iHcorrespond to
small variations of the interfacial anisotropy cams, and therefore are sensitive to small
variations of the growth conditions.

Despite the variations from series to series, wensistently find that
Hk(P13oC0sPto) > Hi(PtaoC0sPta520)+50MT > H(PtsoCsPiso)+100mT, in agreement with the
different heating that the samples might have sedfe

To verify experimentally that the heat-inducedrades in the anisotropy do not affect
the asymmetry we annealed the=18.7A sample at 200°C in vacuum for 30 minutes] an
measured again itskHas well as the DW motion asymmetry. Indeed, weenkesthat the
annealed sample has a smaller anisotropy fieldséihee as the sample witi=30A), consistent
with the Pt-Co inter-diffusing, while the asymmetgmains almost unchanged (Figure S1 d).
The only consequence of the anisotropy variatidghasthe DW width might vary from sample
to sample. However, since it depends on the sqoateof the anisotropy field, its variations
will not exceed 10%. Consequently, the DW demagmggifield stabilizing the Bloch DW
structure will vary by the same ratio. In the alusewf DMI, Hat IS given by the DW
demagnetizing field. The fact that we do not degext significant sample-to-sample variation

of Hsatis consistent with this scenario.

S2. The prefactor of the DW creep scaling law

Recently, Gorchon et &levidenced experimentally an exponential dependehtee

creep velocity prefactor on temperature. They fotlvad:

v, =d,f, Edax;{c E—I&J—T}

B

d,f,, is the product of the pinning potential corredatiength ¢o) and the depinning

attempt frequencyfd). C=1 is an empirical constant. Inserting this formultoithe creep

scaling law leads to:

H

U H 1/4 . B
c P EQHZ Y4 H, 1’4)}, where H,_ :C_f;

KT

Vow =d, o @x;{—

By rewriting the creep law under this form all teeergy contributions are removed

from the velocity prefactor; they are included ig'#4 which is an offset of the abscissa.
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Figure S2 represents schematically the changeseotreep scaling law produced by
variations of the energy barrier and of the attefrgjuency. Changes of the pinning barrier
have two effects. On one hand, the slope is maljibet the curve is also shifted laterally, due
to the variation of the pinning field (related tetenergy barrier). On the contrary, the attempt
frequency does not produce any variation of thpesla only shifts the curve vertically. Our
experimental data (Figure 3 in the main text) doasexhibit any significant change of slope
when H; is reversed (from -80mT to 80mT); we only obseashift. We deduce that this must
be a vertical shift (associatedftd, since a lateral shift (associated to the pintieig) would
be accompanied by a change of slope. The counsange can be seen when comparing the
curve at kh=0mT to the curves obtained at 80mT. Their diffeeem slope is associated to a

change of the pinning field (Figure 3 in the maartj.
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Figure S2. Influence of energy barrier and attempt frequemctyhe DW creep scaling
law. a. The variations of the pinning barrier lead to araye of slope (red dotted line),
but also to a lateral shift due to a change ofpinaing field. The horizontal gray line
represents the approximate transition from creeflaw. The black square is the
approximate *b. The variation of the attempt frequency leads onlg vertical shift
of the curvec. HoY* anddo fo can be roughly estimated from the intercept ofdieep

velocity curves corresponding to different pinnivagriers.

Order of magnitude of the attempt frequency.

Besides the measurements of Gorchon éttlaé order of magnitude ab fo can be
extracted also from previous measurements of DWpcihe Pt/Co/Pt samples with varying Co
thicknes8. In this case it is the change of thickness teat$ to changes of the effective

parameters (exchange, anisotropy, pinning...) afigcthe energy landscape. Figure 2d of

-4

supplementary reference 6, exhibiting the DW véjoii the In(v,,,)vSH, = format, shows

that all the curves corresponding to the diffeisarnples converge close to a small area. This
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area allows estimating the range of'fanddo fo values for the series of samples. Since our
samples are nominally identical, and are made uhdesame conditions in the same sputtering

chamber as these previous stutliewe use their estimate for the order of magnitofde, f, .
Independent estimates from these two studies a®nt d,f, =10m/s. Considering this
value, we estimate that the deviations from thegregime should occur whén(v,,, )= 25.

By considering that the disorder correlation lengjtiould be larger than the typical grain size
(20 nm), the order of magnitude of the attemptdeseey could be anywhere between 10MHz
and 1GHz.

S3. Influence of damping on the DW velocity in the thermally activated

regime

Thermally activated DW motion consists of relativelast DW displacements
interrupted by pinning and de-pinning events. & thiving field is sufficiently small compared
to the pinning field, the DW spends most of theetittapped at pinning sites, trying to de-pin.
When the temperature fluctuations finally freehe DW moves to the next pinning center. In
this motion regime the experimentally determined B&h\bcity is much smaller than the steady
DW velocity (which is effective in-between pinnimyents); it is merely a measure of the
average de-pinning time. For this reason, instéddyimg to assess the complete influence of
damping on the thermally activated DW velocity widl first focus on the DW depinning.

The thermally activated de-pinning of a DW depeadswo ingredients: the usually
dominant one is the exponential dependence on dighthof the energy barrier in units of
thermal energy. The other, often neglected, isptleefactor of this exponential, given by the
attempt frequencyp(= f, - exp(AE /kgT)). While the energy barrier does not depend on the
damping value, the attempt frequency may be alteyadariations of the damping. We analyze

this possibility numerically.

a) Chiral damping and thermal fluctuations
The effect of temperature along with the chiral darg proves to be impossible to include in
the numerical modeling. We find that the tempetlone induces DW displacements. This
is a direct consequence of a combination of twtofac
1) the random thermal field is created using a gseandom number generator;

2) the chiral damping makes the DW behave as aeatc
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A ratchet is an object having an asymmetric respda excitatiorfs’. When subjected
to periodic excitations a ratchet produces a rretctional motion (rotation, displacement, etc).
In the case of DW motion, the asymmetric resposggvien by the chiral damping. And since
the temperature fluctuations are generated usipgeado random number generator whose
autocorrelation is not null, it includes periodimngponents that inevitably create an artificial
displacement.

Despite this difficulty, it is still possible togethe effect of damping in the thermally
activated DW motion, using an alternative approg$.long as g is established by the
competition between jfand the DW'’s demagnetizing field, the only vareabtktermining the
damping value is | Therefore, instead of computing the velocity aefence on | we can
use the damping value as the free parameter. Wa agestant damping (independent gf)m
and vary its value. These two methods are equivaleitong as His sufficiently small, not to
induce any supplementary DW deformation andisrdetermined only by the balance between
Hip and the DW’s demagnetizing field. This approximatis valid in the case of very slow

thermally activated DW motion (corresponding to experimental conditions).

b) Depinningtimevs. Gilbert damping

In the micromagnetic simulations (Figure 3d of thain text) we observed a net
dependence of the depinning time on the dampinfficeat. Since the energy barrier for the
two simulations is the same, this difference maly ariginate in the DW’s attempt rate.
Furthermore, the fact that the depinning time @pprtional to the damping value shows that
the DW mobility plays a significant role in the rnant of the DW inside the pinning center. The
DW depinning is a probabilistic process whose ¢biracterization requires averaging over a
statistically significant amount of events. Consagly, micromagnetic modeling, being
relatively time consuming, is not the best-suitedl for the extensive study of the thermally
activated DW motion. In order to further analyze thfluence of the damping coefficient on

the DW depinning we use a numerical collective dowte model.

c) Velocity dependence on damping in thethermally activated regime

While 2D micromagnetics allow including realistigathe partial pinning of the DW,
by definition in the 1D models the entire DW is l@sed in the pinning potential. As a
consequence, when projecting the 2D DW dynamice ansingle dimension, the effective

pinning potential needs to be adapted accordifidig. simplest way is to use effective pinning
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centers that are much wider than the DW, suchtti@DW will have to shift far from the
energy minimum before actually applying pressuréh@npinning potential.
a b
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Figure S3. DW velocity in the 1D model for 3 different dampivalues. Each velocity
point is obtained after averaging 30 displacemprdduced by 500ns long pulsea<DW
velocity when the width of the pinning potentiallid times larger than the size of the DW
(5nm). The inset shows the velocity curves nornedliby the inverse of the damping
value.b. The velocity calculated for a potential half thelth of the DW (5nm). In this

case, the DW velocity is independent of the dampalge.

In order to probe the influence of the dampingat@oh on the thermally activated DW
motion, we calculate the velocity (Figure S3) dsrection of the perpendicular magnetic field,
for several damping values. The DW parameters usetie simulations ardDW=5nm,
Haip=40mT. The effective pinning field is modeled bgiausoidal function with a period of
50nm, (10 times larger than the DW width) with aitgjole of 3mT. This form of pinning is
chosen only for ease of implementing in the nunaéncodel. Though it is not realistic for the
guantitative calculation of the DW velocity, sintallows modeling the repeated pinning and
de-pinning of the DW, it is sufficient to evidenttee impact of damping on the DW velocity.
We observe that the DW velocity depends stronglytlen damping value (0.2, 0.4, 0.6).
Moreover, by normalizing all the velocity curves ttye inverse of the damping (proportional
to the DW mobility) they overlap (figure S2a). Tlmslicates that the DW velocity depends on
the intrinsic DW mobility. On the contrary, whem@pping the DW in a narrow potential well
with the same barrier height (period of 2.5 nm antplitude of pinning field of 60 mT) the

velocity curves completely loose the damping depeand (figure S2b).
d) Attempt frequency in the 1D model
To identify the physical parameter responsibletiier damping dependence of the DW

velocity, we analyze the motion of the DW driverlyony temperature (without Hinside the
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pinning potential. To estimate the DW attempt frergey we compute the frequency spectrum
(by FFT analysis) of the DW position. We observat tine attempt frequency is not described
by a well-defined peak, but rather by a cut-offueal

0 T T T 1 T T T
0,00 0,05 0,10 0,15 0,20 0 2 4 6
frequency (GHz) frequency (GHz)

Figure S4. Fourier analysis of a pinned DW with Hz=0. TheTBRwvere obtained by
averaging 100 independent evolutions with a dunatib500 ns each. The case of a
wide pinning potential. The inset shows that bynmalizing the frequency by the domain
wall mobility (inverse of the damping value), thees overlapb. For a narrow pinning
potential the FFT exhibits a peak whose positicsinsost independent of damping.

When normalizing the different FFTs to the inveo$¢éhe damping (DW mobility) the
spectra overlap. This proves that the charactermtiempt frequency of the DW (cut-off
frequency) changes proportionally to its mobilltythe case where the pinning potential is not
sufficiently wide (of the order of the DW width emaller) the FFT shows a relatively well-
defined resonance peak (corresponding to the D@/ierinagnetic resonance) whose position
does not depend on damping. The fact that the ptt&equency (in this case given by the
position of the peak) loses its damping dependesmqaains why the DW velocity in the case
of narrow pinning potential does not depend on dagip

SA. Asymmetry dependence on DW velocity.

The numerical analysis of the DW motion revealsimportant feature: since the
velocity variation induced by the damping doesdeyend of the value of;H{Figure S2a), the

measured asymmetry should also be independent of H
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Figure S5. Asymmetry dependence on.td. Velocity curves for different values of;H
b. The corresponding asymmetriegu= 2.+ — Vi1)/(vi+ + v14). €. The normalized

velocities.

To verify this prediction, we repeated the measer for different values of H
Indeed we find that, though the velocity changeshibge orders of magnitude, botkatdndA
remain the same. On the contrary, the symmetricpoorant varies significantly, changing the
overall shape of the curves. The uncorrelated bhehaif the symmetric and asymmetric
components of the velocity points to their diffdrengin: while the asymmetry is given by the
chiral damping through the attempt frequency, g§rametric part is linked to changes in the
pinning potential induced by

S5. Link between the asymmetry and mip variation

The DW velocity measurements correspond to theparegime, where the DW velocity
depends linearly on the attempt frequency and exmpitadly on the DW energy and pinning
strength. For simplicity, we merge all energy ciinttions under a same parameter (E)
v= f,[exdE)
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We can write explicitly for the two DWsz, = f,  [explE, ) andv, = f, , [explE,,)

We observe that belowskithe two DW velocities vary differently, while abswvheir ratio
stays constant.
. Y f
Since —+=—2*exdE, -E )
it 011

v, /v, =cstimplies that bothf, /f, =cstandE  —E  =cst, or that the attempt

frequency and energy variations coincidently conspémeach other. This scenario can be
excluded based on the robustness of the observ#ti®@masymmetry saturation is observed for

a wide range of Hfor all our samples. There are two possibilites: |

Case 1) Damping induced asymmetry
This mechanism links directly the two DW velocitiesmp. Therefore, as indicated in the

manuscript the asymmetry saturation coincides thighsaturation of the DWs magnetization.

Case 2) energy induced asymmetry

In thin films with vertical SIA and isotropic in ¢hplane, the chiral energy for the two DWs is:

E O j%cos@)dx

Bow
The three parameters that define this energy aatcctin be in principle affected byytdre:
the magnetization gradient, the DW width and thearientation. Since the variation and the
saturation of the asymmetry occur at low fieldsjlevthe magnetization gradient varies
significantly at much larger fields, comparablehtihe uniaxial anisotropy, we deduce that

the chiral energy variation is essentially due t@aation of n.
06 06
E -E. O j . GO (H,)x- [ - COsh,(H,,)dx

ADW ADW
2 L e .
Slnceg has opposite sign for up/down and down/up DWs,cs) variations induced by
Hip have the same sign, any variation @f far any one of the DWs will ampliffg, —E, .

As a consequencds, —E =cstis verified only if my is constant for both DWs.

Therefore, independently of the mechanism thattesethe asymmetry, its saturation at low

fields, is a robust indicator of thegsaturation.
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