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S1. Asymmetric magnetic hysteresis loops by chiral magnetization configurations 

To provide a more comprehensive understanding of the asymmetric and unidirectional 

magnetization reversal by the chiral magnetization configurations, here we discuss magnetic 

hysteresis loops under an applied in-plane field HIN. Figure S1a shows the magnetic 

hysteresis loops in a synthetic antiferromagnet (SAF) with antiparallel coupling. Arrows and 

the enumeration of 1-4 indicate the four representative magnetization states of parallel and 

the antiparallel magnetization alignments. A key feature of the magnetic hysteresis loops is 

that the switching fields for each state show different behaviors under HIN. For the switching 

from antiparallel to parallel alignment corresponding to the switching from 1 to 2 and 3 to 4 

state, the switching fields for both up-to-down (U-D) and down-to-up (D-U) switching are 

moved into the direction on which |HSW| increase. However, the relative change in the 

switching field exhibits different behaviors according to the sign of HIN and the switching 

polarity: for the switching from 1 to 2 state, the change in HSW is smaller than that for the 

switching from 3 to 4 state at μ0HIN = 100 mT, and vice versa at μ0HIN = -100 mT. Whereas, 

for the switching from antiparallel to parallel alignment, the change of HSW is negligible for 

the switching from 2 to 3 but |HSW| decreases for the switching from 4 to 1 at μ0HIN = 100 mT, 

and vice versa at μ0HIN = -100 mT. This HIN- and magnetization-state-dependent switching 

behavior is in disagreement with the general feature that the HIN assists the magnetization 

reversal irrespectively of the magnetization states and the sign of HIN (see Fig. S1b), implying 

that there exists a hidden interaction breaking the field-reversal symmetry. Note that the HIN- 

and magnetization-state-dependent switching behavior is a unique signature of the chiral 

magnetization configurations. For SAF with antiparallel coupling, when HIN assists the 

magnetization reversal, the magnitude of HSW is generally increased as HIN increases for the 

switching from parallel to antiparallel alignment, whereas it decreases for the switching from 

antiparallel to parallel alignment. This is because the antiparallel magnetization configuration 



is a favored state, so the switching from the parallel to antiparallel (antiparallel to parallel) 

alignment requires more (less) energy for the magnetization reversal when it is assisted by 

HIN. This is in agreement with the hysteresis loops in Fig. S1b, as calculated neglecting the 

antisymmetric interlayer exchange interaction (IEI). In this context, the measured switching 

behavior can be understood as follows: for both switching from 1 to 2 and 2 to 3, the 

magnetization reversal is more assisted by positive HIN than by negative HIN, but vice versa 

for the switching from 3 to 4 and 4 to 1. This is in perfect agreement with the chiral 

magnetization configurations and the effect of HIN on their switching, as schematically drawn 

in Fig. S1c. 

 

Figure S1. Asymmetric hysteresis loops by HIN. a, Hysteresis loops measured for synthetic 

antiferromagnet (SAF) with antiparallel coupling under the in-plane field μ0HIN = 0 and  100 mT 

applied along asymmetric (AS) axis, as defined in Fig. 2. The red arrows represent the magnetization 

direction of the two different ferromagnetic layers of the SAF. The four representative alignments are 

numbered. b, Numerically calculated hysteresis loops of SAF with antiparallel symmetric IEI but 

without antisymmetric IEI. The red and blue lines are superimposed. c. Schematic illustration of chiral 

magnetization configuration of four different magnetic states and the effect of HIN on the 

magnetization reversal. The black arrows show the in-plane field acting on the magnetization. All 

magnetization configurations have the same chirality of the right-handedness. 

  



S2. Other possible contributions to asymmetric hysteresis loops 

2.1 Biquadratic interlayer exchange interaction. 

Besides the symmetric IEI, an additional non-Heisenberg IEI, namely the biquadratic IEI, may 

manifest in SAFs as attributed to a lateral inhomogeneity that gives rise to local fluctuations 

of the symmetric IEI.
1,2

 This biquadratic IEI is generally expressed as –J2(m1m2)
2
, where J2 

denotes the coupling constant, m1 and m2 are the magnetization vectors of the two coupled 

layers.
1
 Hence, the effect can also lead to the non-collinear spin structures as suspected to be 

in our samples. However, this cannot account for the chiral and unidirectional features 

demonstrated as described in the main text, as it has an isotropic nature as the symmetric IEI. 

Figure S2 shows the numerically calculated the azimuthal-angular dependence of switching 

field that is obtained by taking into account the biquadratic IEI and symmetric IEI under the 

application of |μ0HIN| = 50 mT. The results clearly demonstrate that the switching fields for 

U-D and D-U switching of both the bottom and top layers become isotropic, as expected. 

Therefore, we conclude that the biquadratic IEI can be ruled out as the origin of the 

phenomena we observed. 

 

Figure S2 Numerically calculated azimuthal-angular dependence of switching fields from 

biquadratic interlayer exchange interaction.  a, Azimuthal-angular dependence of switching 

fields HSW for the bottom layer of synthetic antiferromagnet (SAF) with antiparallel coupling, as 



obtained from numerical calculation taking into account Zeeman energy, anisotropy energy, 

symmetric interlayer exchange interaction (IEI), and biquadratic IEI. b, Azimuthal-angular 

dependence of switching fields for the top layer of SAF with antiparallel coupling. The red and blue 

lines represent for up-to-down (U-D) and down-to-up (D-U) switching polarities, respectively. The 

blue and red lines are superimposed for both graphs. 

 

2.2 Intralayer Dzyaloshinskii-Moriya interaction combined with the symmetric interlayer 

exchange interaction. 

As described and demonstrated by studying a laterally symmetric reference sample and 

previous studies about the intralayer Dzyaloshinskii-Moriya interaction (DMI),
3–5

 although 

the intralayer DMI can break the field-reversal symmetry of the domain wall dynamics,
4
 this 

cannot solely lead to the asymmetric magnetic hysteresis loops of which coercive fields are 

predominantly determined by the nucleation field of reversed domains. An asymmetric 

magnetic hysteresis loop can only appear when it is assisted by additional symmetry breaking 

effects, such as laterally asymmetric microstructures
5
 and spin currents with a fixed spin 

polarization which all give rise to additional out-of-plane fields,
3,6

 but this is not our case (see 

Fig. S3a). 

In this section, we further discuss whether the intralayer DMI can lead to the appearance of 

the unidirectional and chiral features, particularly, in combination with the symmetric IEI, 

from simple symmetry considerations as well as micromagnetic simulations.  

Let us first discuss the effect of the intralayer DMI and the symmetric IEI from a simple 

symmetry argument. In a lack of the inversion symmetry breaking (ISB) such as the 

antisymmetric IEI in the plane of thin films, the magnetic multilayers with the intralayer DMI 

at each interface, the symmetric IEI, and magnetic anisotropy lies in a Cnv symmetry class 

where n >1, as individual magnetic energies have an in-plane symmetry higher than C2v. Note 

that although the intralayer DMI arises due to the ISB at interfaces (out-of-plane) it still has a 



high symmetry in the plane of magnetic thin films. This in-plane symmetry of the magnetic 

system leads to the identical magnetic behaviors for the following magnetic configurations 

(Fig. S3 a-c) given by two different rotation operations. First, for the case where the magnetic 

multilayers and magnetic fields applied to the system are all rotated by 180˚ with respect to 

the axis perpendicular to the thin films (z-axis), the two different configurations 

(configuration a and b) in Fig. S3 are equivalent by symmetry, thereby, it is apparent that 

they should give the equivalent switching fields. By contrast, for the case where the magnetic 

multilayers are solely rotated by 180° around z-axis, the magnetic behaviors of the 

configurations (b) and (c) can be differentiated by the in-plane field depending on the 

symmetry of the individual magnetic interactions in the magnetic system. However, as 

aforementioned above, the intralayer DMI, the symmetric IEI, and magnetic anisotropy 

energy with the symmetry higher than C2v should be all equivalent to the inversion of the in-

plane magnetic field, therefore, two configurations of (b) and (c) are energetically equivalent, 

implying that hysteresis curves under application of Bx and –Bx should be identical for a 

certain magnetic configuration (see configurations a and c). This is clearly in contrast to our 

experimental observation that magnetic configurations (a) and (c) show different switching 

fields. This general symmetry argument implies that our experimental results cannot be 

accounted for by the existing mechanisms such as intralayer DMI and the symmetric 

component of IEI as well as the magnetic anisotropy with the high order contributions.   

The symmetry argument can be also given by simple mathematical formulations. We denote 

the magnetic energy functional of the system by 𝐸(𝐦1,𝐦𝟐)  where 𝐦1  and 𝐦2  are 

magnetization unit vectors of top and bottom layers, respectively. In the absence of the 

antisymmetric IEI, the Cnv symmetry has an invariance under rotation around z by 2π/n. 

Denoting the corresponding rotation by ℛ, this is equivalent to 



𝐸(𝐦1,𝐦𝟐) = 𝐸(ℛ𝐦1, ℛ𝐦2). 

Now, we consider an external magnetic field 𝐁ext = 𝐵𝑥𝑥̂ + 𝐵𝑧𝑧̂ where 𝑥̂ and 𝑧̂ are the 

unit vectors in the x and z direction respectively. Bx and Bz are the x and z components of the 

external field. Then, it is straightforward to show that 

𝐸(𝐦1,𝐦𝟐) − (𝐦1 +𝐦𝟐) ⋅ (𝐵𝑥𝑥̂ + 𝐵𝑧𝑧̂)

= 𝐸(ℛ𝐦1, ℛ𝐦2) − (ℛ𝐦1 + ℛ𝐦𝟐) ⋅ (𝐵𝑥ℛ𝑥̂ + 𝐵𝑧𝑧̂). 

Note that the hysteresis loop measures mz component, which is invariant under ℛ, the 

hysteresis loop obtained from (𝐦1,𝐦𝟐) and that obtained from (ℛ𝐦1, ℛ𝐦𝟐) should be 

identical. Therefore, we conclude that the hysteresis loops for 𝐁ext = 𝐵𝑥𝑥̂ + 𝐵𝑧𝑧̂  and 

𝐁ext = 𝐵𝑥ℛ𝑥̂ + 𝐵𝑧𝑧̂ are identical. Note that the aforementioned and illustrated in Fig. S3 

cases correspond to a special case of ℛ𝑥̂ = −𝑥̂, but this general symmetry argument can 

apply to any rotation operation of ℛ.  

There are two side remarks. First, in real situations, there could be a number of local defects 

which may locally break the Cnv symmetry. However, such an effect can be excluded for a 

large sample - that is our case, as it will be averaged out. Second, this symmetry argument 

may require more careful consideration if the energy functional 𝐸(𝐦1,𝐦𝟐) has more than 

one minimum, possibly resulting in random behaviors of switching fields. But, this also can 

be ruled out by the systematic and repetitive measurements performed with various magnetic 

fields.  



 

Figure S3. Three equivalent configurations in magnetic systems with Cnv symmetry.  a, The 

magnetic multilayer system before considering a rotation. The white arrows represent the 

magnetization directions of m1 and m2 of the different ferromagnets. The dark blue arrow represents 

the direction of the in-plane bias field. b, The system after rotation of magnetic multilayers and 

magnetic fields by 180° around z. (a) and (b) are equivalent by symmetry. c, The system after rotation 

of magnetic multilayers by 180° around z. For the magnetic systems with Cnv symmetry for all 

consisting interactions, the configuration (b) and (c) are equivalent under the inversion of the 

magnetic fields. Therefore, configuration (a), (b), and (c) should be all equivalent for Cnv symmetry 

systems.  

 

In addition to the symmetry argument, we also explored this effect by micromagnetic 

simulations taking into account the symmetric IEI, the intralayer DMI, and the perpendicular 

magnetic anisotropy. We employed the OOMMF code incorporating the Landau-Lifshitz-

Gilbert (LLG) equation of motion of magnetization. In our calculations, we used the 

following material parameters: saturation magnetization Ms = 1.1×10
6
 A/m, exchange 

stiffness A = 10×10
-12

 J/m, uniaxial anisotropy KU = 9.83×10
5
 and

 
10.5×10

5 
J/m

3 
for

 
the

 

bottom and top layers, respectively. The exchange coefficient for the symmetric IEI we used 

is Jsym = -10.5×10
-5

 mJ/m
2
. For the intralayer DMI, we used |D| = 0.5 mJ/m

2 
for both top and 

bottom ferromagnetic layers. Two different cases of which the top and bottom layers have the 



same and opposite sign of the effective DMI are considered. Figure S4 shows the calculated 

hysteresis loops at μ0HIN = 0 and ±200 mT. When HIN is applied, HSW change by HIN. 

However, we found that HIN affects the hysteresis loops identically for all switching cases 

irrespectively of the switching polarity and the sign of HIN, leading to the symmetric 

magnetic hysteresis loops around Hz. This reveals that the intralayer DMI combined with the 

symmetric IEI cannot produce chiral and asymmetric magnetization reversal by HIN, and HIN 

only assist the magnetization switching.  

 

Figure S4. The effect of intralayer Dzyaloshinskii-Moriya interaction and symmetric interlayer 

exchange interaction on magnetic hysteresis loops. a, Magnetic hysteresis loops calculated by 

micromagnetic simulations with an in-plane bias field μ0HIN = 0 and  200 mT for the case where the 

intralayer Dzyaloshinskii-Moriya interaction of the top (Dtop) and bottom layers (Dbottom) are the same. 

The red and blue lines represent the case when μ0HIN = 200 and -200 mT respectively. b, Magnetic 

hysteresis loops for Dbottom/Dtop = -1. The blue and red lines are superimposed for both graphs. 

 

2.3 High-order magneto-crystalline anisotropy energy  

In the presence of the ISB, the magneto-crystalline anisotropy energy can also contain an 

antisymmetric term that is odd upon the magnetization reversal
7
 , accordingly, leading to 

asymmetric hysteresis loops as well. The magneto-crystalline anisotropy energy up to fourth 



order, then, can be expressed as:   2 4 3

1 2 3, cos cos cos sin cos3E K K K          , 

where the θ and φ represent the polar and azimuthal angle of the magnetization respectively. 

K1, K2, and K3 denote the constant of the first, second, and fourth order surface anisotropy. In 

general, this effect is tiny, so it is neglected in most cases. However, this can presumably 

compete with the asymmetric IEI, as both are small in amplitude. Here, we explore the effect 

of the asymmetric anisotropy energy on the magnetization reversal by numerical calculations 

of the macro-spin model.  

In our calculations, we took into account Zeeman energy, anisotropy energy, and symmetric 

exchange interaction. For the anisotropy energy, in order to see the effect better, we used K3 

corresponding to K3/K1 = 0.03, which is two orders of magnitude larger than realistic values. 

Note that, for simplicity, here we neglect the second order anisotropy K2 that may 

quantitatively affect the switching fields but would not significantly alter the qualitative 

features. Furthermore, in our calculations, we assumed that the asymmetric anisotropy term 

exists only in the top layer. This is justified, as the reference sample of Pt/Co/Pt/Ru 

nominally identical to the bottom half of SAFs with parallel and antiparallel couplings does 

not show any unidirectional feature. Figure S5 show the azimuthal-angular dependence of the 

calculated switching fields in SAFs with antiparallel coupling. Although the unidirectional 

behavior is seen for the top layer attributed to the asymmetric anisotropy term, however, the 

isotropic behavior is seen in the bottom layers. This evidences that although asymmetric 

anisotropy from the high-order magneto-crystalline anisotropy can give rise to the 

unidirectional anisotropy in the magnetization switching field, it exists independently in each 

magnetic layer, therefore, the chiral behavior between the top and bottom Co layers cannot be 

accounted by this effect.  

 



 

Figure S5. Asymmetric switching behaviors by high-order asymmetric magneto-crystalline 

anisotropy. Azimuthal-angular dependence of switching field HSW for synthetic antiferromagnet with 

antiparallel coupling in the presence of the high-order asymmetric magneto-crystalline anisotropy. 

The two rows show the results for the top and bottom ferromagnetic layer. The red and blue symbols 

represent the up-to-down (U-D) and down-to-up (D-U) switching of the magnetic layers. Only a 

unidirectional feature is observed for the top magnetic layer. The red and blue lines are superimposed 

for the right panel. 

  



S3. Azimuthal-angular dependence of switching field in SAFs with parallel and 

antiparallel coupling 

The azimuthal-angular dependence of switching fields from numerical calculations is 

discussed in this section. In our calculations, the same material parameters and interactions as 

discussed in the main text and methods are used and an arbitrarily defined antisymmetric IEI 

vector, ˆ [010]D  , which is along the 90°-270° line in Fig. S6, is considered. Figure S6 shows 

the calculated azimuthal-angular dependence of switching fields. Interestingly, qualitatively 

similar behaviors to the experimental observations – chiral and unidirectional behaviors - are 

seen, although the direction of the asymmetric (AS) and symmetric (S) axes (see Fig 3) which 

are dependent on the selection of the D vector is found to be different to those from 

experimental data. We note that AS and S axes are always perpendicular and parallel, 

respectively, to the D vector. This is due to the fact that the chiral tilting between the 

magnetizations appears perpendicularly to the D vector. Hence, only the in-plane field 

component along the tilting axis can break the field-reversal symmetry, leading to the 

difference in Zeeman energy.  

 

Figure S6 Numerically calculated switching fields in synthetic antiferromagnets with 

antisymmetric interlayer exchange interaction. a, Azimuthal-angular dependence of switching field 

in synthetic antiferromagnets (SAFs) with parallel coupling, as calculated in consideration of the 

antisymmetric interlayer exchange interaction. The red and blue symbols represent the up-to-down 

(U-D) and down-to-up (D-U) switching of the ferromagnetic layers. AS and S represent asymmetric 

and symmetric axes, respectively. b, Azimuthal-angular dependence of switching field in SAFs with 

antiparallel coupling. The left and right panel of (b) represent switching fields for the bottom and top 



magnetic layers, respectively. All the results show a unidirectional characteristic in the azimuthal-

angular dependence of HSW. 

 

S4. Details about the ab initio calculations  

In order to evaluate the chiral IEI, we perform ab-initio calculations of the energy dispersion 

of coned spin spirals
8
 that propagate perpendicular to the film plane. The spin rotation axis is 

oriented perpendicular to the mirror plane in the C1v systems such that the collinear magnetic 

moments in layer 𝑖 follow the equation 

 cos , sin sin , sin cosi i iqR qR   S  

Here, the wave vector q = (0, 0, q) of the spin spiral is characterized by the scalar q, the small 

cone angle ß typically amounts to 10˚, and Ri denotes the z position of the 𝑖th magnetic layer. 

Introducing the relative canting angle α = q(Ri - Rj) between the two adjacent ferromagnetic 

layers i and j, we can determine effective coupling constants based on the energy dispersion 

E(α) of the spin-spiral state: 

   

   

 

inter 2

inter 2
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
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While using a small cone angle 𝛽 ensures that the magnetic force theorem can be applied, 

the corresponding energy scale of spin-orbit induced changes in the dispersion of spin spirals 

is on the order of tens of μeV (see Fig. S7), which necessitates a dense sampling of the 

momentum Brillouin zone. 



 

Figure S7. First-principles calculation of chiral interlayer exchange interation. The chiral 

interlayer exchange interaction manifests in a spin-orbit induced contribution 𝛿𝐸soc to the total 

energy, which is antisymmetric with respect to the relative canting angle 𝛼 between the collinear 

magnetic layers. The data are shown for an overall ferromagnetic or antiferromagnetic coupling of the 

magnets with the top Co residing exactly in the middle of positions “a” and “b” shown in Fig. 4b of 

the main text. 

  



S5. Antisymmetric interlayer exchange interaction in other materials systems 

In addition to materials systems discussed in the main text, in order to examine the 

presence of the antisymmetric IEI in other material systems with different lateral ISB, here, 

we discuss two different materials systems of Pt/Co/Pt/Ir/Pt/Co/Pt and SAFs of 

Pt/CoSiB/Pt/CoSiB/Pt, with ferromagnetically and antiferromagnetically aligned layers due 

to the symmetric IEI. Similar measurements discussed in the main text were performed on the 

sample stacks. For these samples stacks, unlike the materials systems discussed in the main 

text, no height difference in the anomalous Hall effect (AHE) voltage is seen due to the 

identical thicknesses of the top and bottom ferromagnetic layers. Thus, the top and bottom 

magnetic layers are indistinguishable. Therefore, hereafter, we refer each magnetic layer to 

FM1 and FM2. 

5.1. Pt/Co/Pt/Ir/Pt/Co/Pt grown by oblique sputtering 

To explore the effect of the in-plane symmetry of multilayers on the ISB as well as the 

antisymmetric IEI, we prepare the multilayers of 

Ta(4)/Pt(4)/Co(1)/Pt(1.1)/Ir(tIr)/Pt(1.1)/Co(1)/Pt(2) ) (layer thicknesses in nanometers), where 

tIr = 0.3 and 0.75 nm for parallel and antiparallel couplings, respectively. For the purpose, 

particularly, we employ an oblique sputtering technique that allows us to control the direction 

of the sputtered atoms and possibly lower the in-plane symmetry. The most prominent effect 

of the technique is that it introduces tilted columnar structures, 
9,10

 as illustrated in Figure S8a. 

An interesting feature of the structure, we expect here, is that the columnar structure can have 

a broken inversion symmetry along the sputtering gradient axis. This may allow us to 

manipulate the IEI and the antisymmetric IEI in a controlled fashion. The oblique sputtering is 

performed with an oblique angle of α = 30° at which the target is tilted about 30° with respect 

to a substrate normal vector. We note that, here, the Ir layer is sputtered at the oblique angle 

without the rotation of sample holders during the growth, but for other layers, all are grown at 



α = 0° (face-to-face configuration) with the sample rotation. Furthermore, as a reference 

sample, we also grow the samples where all layers are grown at the face-to-face configuration 

and with the sample rotation. The oblique sputtering is a well-established technique and its 

effect is studied in many systems.  

Figure S8b-e shows the azimuthal-angular dependence of switching fields in SAFs with 

parallel and antiparallel coupling for both oblique sputtered and face-to-face sputtered thin 

films. The measurements are conducted with an in-plane field of |0HIN| = 100 mT. For the 

oblique sputtered films, a unidirectional characteristic is observed for both SAFs with parallel 

and antiparallel coupling similar to that of the Pt/Co/Pt/Ru/Pt/Co/Pt in the main text. Most 

interestingly, we find that, for both SAFs with parallel and antiparallel couplings, the 

asymmetric axis AS of the samples all lies along the sputtering gradient direction where we 

expect the inversion symmetry is broken for the oblique sputtered samples. By contrast, we 

find that the direction of the AS is rather randomly distributed in the sample grown at the 

face-to-face configuration and exhibit much smaller amplitude. 

By employing the oblique sputtering, we find that the orientation of the effective symmetry 

breaking and the antisymmetric IEI can be controlled. However, we expect a similar effect 

can be achieved by introducing, for example, a thickness gradient or an asymmetric grown by 

in-plane magnetic fields, which all lead to the effective symmetry breaking, and therefore, to 

the antisymmetric IEI, as demonstrated by our experiments and ab-initio calculations. 

 

 



 

Figure S8 Chiral and unidirectional magnetization switching behaviors in synthetic antiferromagnet of 

Pt/Co/Ir/Co/Pt grown by oblique sputtering and face-to-face sputtering. a, Schematic illustrations of the 

oblique and face-to-face sputtering. For the oblique sputtering, Ir atoms are deposited at oblique angle of α = 30° 

which allows tilted columnar microstructure of thin films. The mirror symmetry of the tilted columnar 

microstructures is broken along the sputtering gradient axis. For the face-to-face sputtering, the targets are 

aligned normal to the surface of the substrate. b-e, Azimuthal-angular dependence of HSW in synthetic 

antiferromagnets of Pt/Co/Pt/Ir/Co/Pt multilayers by the oblique (b) and (c) and face-to-face (d) and (e) 

sputtering with both parallel and antiparallel couplings. The HSW is measured at a constant in-plane field of 

|0HIN| = 100 mT. The oblique sputtered films had a tilt along the 0-180 direction. AS and S represent 

asymmetric and symmetric axes, respectively. 

 

  



5.2. Pt/CoSiB/Pt/CoSiB/Pt 

In addition to materials systems discussed in the main text, in order to examine the 

presence of the antisymmetric IEI in other material systems, we used SAFs of 

Pt/CoSiB/Pt/CoSiB/Pt.
11

 Similar measurements discussed in the main text were performed on 

the sample stacks of Ta(5)/Pt(3)/Co75Si15B10(1.5)/Pt(tPt)/Co75Si15B10(1.5)/Pt(3), where tPt = 

1.7 and 2.2 nm for which the symmetric IEI is ferromagnetic and antiferromagnetic, 

respectively.  

Figure S9a and S9b show the azimuthal-angular dependence of switching fields in 

SAFs with parallel and antiparallel coupling, respectively. The measurements were conducted 

at the in-plane field of |0HIN| = 50 mT and 100 mT, for SAFs with parallel and antiparallel 

coupling, respectively. Interestingly, an unidirectional behavior is clearly seen for both SAFs 

with parallel and antiparallel coupling as same as the SAFs of Pt/Co/Pt/Ru/Pt/Co/Pt stacks 

discussed in the main text, exhibiting an asymmetric AS along the direction of HIN // 0° and 

30° for SAF with parallel and antiparallel coupling, respectively. Particularly, for the 

antiparallel coupling case, the chiral nature of IEI in SAF of Pt/CoSiB/Pt/CoSiB/Pt 

multilayers is evidenced again from the remarkably distinct switching behavior – the opposite 

direction of the unidirectional switching – between FM1 and FM2, highlighting the presence 

of the antisymmetric IEI in SAFs of Pt/CoSiB/Pt/CoSiB/Pt multilayers. 

The HIN dependence of switching field HSW is plotted in Fig. S9c and S9d. For both 

parallel and antiparallel coupling cases, an asymmetric behavior is seen when HIN is applied 

along the AS axis, while a symmetric behavior is measured for HIN // S. For the parallel 

coupling case, we found the difference in switching fields corresponding to 0Hsw ≈ 2.4 mT 

between the positive and negative HIN when HIN // AS. For the antiparallel coupling, 

asymmetric curves with maxima (or minima) of HSW, at |0Hshift| ≈ 60 mT were found in both 



FM1 and FM2. We note that Hshift of FM1 and FM2 is found to be on the similar magnitude, in 

contrast to the results from Pt/Co/Pt/Ru/Pt/Co/Pt stack which shows a large difference in 

Hshift between the top and bottom layers (see Fig. 3b and 3d). This is due to the difference in 

material parameters between the top and bottom layers, e.g., the difference in perpendicular 

anisotropy arising from different interfacial qualities between top and bottom Co layers. 

We would like to highlight that although the microscopic structure of 

Pt/CoSiB/Pt/CoSiB/Pt multilayers is different from the one of Pt/Co/Pt/Ru/Pt/Co/Pt, which 

may give rise to the difference in the magnitude of the antisymmetric IEI and its characteristic 

vector Dinter, the antisymmetric IEI is commonly found in both sample structures. This 

evidences that the effective symmetry breaking is inevitable during the sample preparation of 

polycrystalline samples, therefore, giving rise to a finite amplitude of the effective 

antisymmetric IEI. Furthermore, we note that the crystalline structure of CoSiB on Pt is 

amorphous
12

 while Co prefers (111) crystallographic texture
13

. Based on this fact, we 

speculate that the antisymmetric IEI is less sensitive to the microscopic structure of the 

ferromagnetic layers than the spacer non-magnetic layers with a relatively large spin-orbit 

coupling, as discussed in the main text. 



 

Figure S9 Chiral and unidirectional magnetization switching behaviors in synthetic antiferromagnets of 

Pt/CoSiB/Pt/CoSiB/Pt a, Azimuthal-angular dependence of switching field HSW in synthetic antiferromagnet 

(SAF) of Pt/CoSiB/Pt/CoSiB/Pt with parallel coupling. The red and blue symbols represent the up-to-down (U-

D) and down-to-up (D-U) switching fields respectively. The symmetric (S) and asymmetric (AS) axes 

correspond to the axis where the symmetric and unidirectional behaviors, respectively, are the most prominent. 

The HSW is measured at a constant in-plane field of |0HIN| = 50 mT and 100 mT, for SAFs with parallel and 

antiparallel coupling, respectively. b, Azimuthal-angular dependence of HSW in SAFs with antiparallel coupling. 

The top and bottom panel correspond to ferromagnetic layer 1 (FM1) and 2 (FM2), respectively. c, The HSW 

versus HIN, applied along AS (top panel) and S (bottom panel) axes in SAFs with parallel coupling. The right 

panels on each column of (c) represent averaged |HSW| of U-D and D-U switching for HIN and -HIN, respectively. 

d, The HSW versus HIN in SAFs with antiparallel coupling. The HSW for FM2 and FM1 are plotted on the left and 



right panels of each column. For both parallel and antiparallel coupled cases, the symmetric (asymmetric) HSW 

with respect to HIN = 0 is found when HIN is applied along S (AS) axis. 
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