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ABSTRACT
We show a method to control magnetic interfacial effects in multilayers with Dzyaloshinskii-Moriya interaction (DMI)
using helium (He+ ) ion irradiation. We compare results from SQUID magnetometry, ferromagnetic resonance as well
as Brillouin light scattering results on multilayers with DMI as a function of irradiation fluence to study the effect
of irradiation on the magnetic properties of the multilayers. Our results show clear evidence of the He+ irradiation
effects on the magnetic properties which is consistent with interface modification due to the effects of the He+
irradiation. This external degree of freedom offers promising perspectives to further improve the control of magnetic
skyrmions in multilayers, that could push them towards integration in future technologies.

Introduction
Logic devices based on nano-magnetism show the capability to couple ultrafast reversal of the magnetic state (or bit) with a
non-volatile nature due to high thermal stability. A promising magnetic memory architecture is domain-wall based racetrack
memory where the bit is encoded in the form of magnetic domain-walls and moved by spin currents, is still struggling in
its technological implementation. One of the main reasons is related to the pinning effects introduced by defects, limiting
the dynamics and thus the energy cost to store the information1, 2 . Spintronic storage or logic based on magnetic skyrmions
are anticipated to be more efficient and to have a higher storage capacities3–13 . In fact, the small size of skyrmions allow
for a significant reduction of the spacing between the bits and improves the ratio between the information flowing and the
current density employed for the motion. The skyrmion topology, characterized by an integer whirling number5 , makes them
particularly robust to the external environment and notably defects. Specifically, a multi-bit storage device using skyrmions as
information carriers (bits), where the state of the device is modulated by an electric current that shifts the skyrmions in and out
of the device. Such a behaviour, in which the state of the system (“weight") can be dynamically adapted to the environment,
is analogous to a biological synapse and their synaptic plasticity14 . This also opens a way for utilising such devices in novel
applications, such as skyrmion-based artificial synapses and neuron type devices in low-power neuromorphic computing, or
brain-inspired architectures for deep machine learning applications15–20 .
Indeed, materials lacking an inversion symmetry centre and with high spin-orbit coupling, can in general possess an
additional term in the exchange energy, which is anti-symmetric; the Dyaloshinskii-Moriya interaction (DMI)21, 22 . This type of
interaction favours the perpendicular alignment of adjacent spins and can lead to the formation of topological structures, such as
skyrmions, possessing a particular chirality. When interfacial DMI in thin films is utilized for the formation of skyrmions, it is
possible to tailor nucleation processes and skyrmion properties using a variety of approaches23 . In this way, relevant magnetic
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properties, such as perpendicular magnetic anisotropy (PMA) or the DMI strength can be strongly modified. However, a method
to reliably control the stability of skyrmions and their motion is still missing. One possible tool is the irradiation of magnetic
multilayers by light irradiation using helium (He+ ) ions24 .
In particular, it is possible to fine tune the PMA and DMI in ultrathin films and multilayers, which are dominated by
interfacial effects, by appropriately adjusting the irradiation fluence25–29 . Light He+ ions, with energy of approximately 10 keV,
are able to penetrate the stack, disturbing the atomic arrangement in their path and causing atoms to be slightly displaced, as
He+ ions end up deep inside the substrate30 . This series of short-range interactions leads to a mild alteration of the magnetic
properties of the material, without suffering from damage that would be caused by more aggressive techniques such as surface
sputtering25 or cascade collisions. This method has already been shown to modify the magnetic properties of ultrathin trilayers
through soft intermixing26, 31, 32 .
Here, we present a way of controlling magnetic interfacial effects in multilayers exhibing DMI using He+ irradiation.
We compare SQUID magnetometry, ferromagnetic resonance (FMR) and Brillouin light scattering (BLS) results on a set of
Ta(4.5nm)/[Pt(4.5nm)/Co(1.2nm)/Ta(2.5nm)]20 multilayers as a function of He+ irradiation fluence (IR). We study the effect of
the irradiation on the magnetic properties of multilayers such as magnetic anisotropy, Gilbert damping and DMI strength. Our
results show clear evidence of the effect of He+ irradiation on the magnetic properties which is consistent with a controllable
interface modification. The ability to precisely tailor the magnetic properties by externally adjusting the properties of thin-films
offers a promising way to control magnetic skyrmions, making them a viable option for future technological applications.

Results
SQUID magnetometry measurements
In order to investigate the magnetic properties such as the saturation magnetization Ms , the effective uniaxial anisotropy
Keff(SQUID) of the multilayers, we performed SQUID magnetometry at room temperature, applying an external field along the
in-plane (hard-axis) and out-of-plane directions (easy-axis) with respect to the sample surface.
In Figures 1(a) and 1(b), we show the magnetization M as a function of the magnetic field µ0 H in both orientations for
different IR, which indicates that the easy axis lies along the normal to the sample. The saturation magnetization maintains a
constant value Ms = 700 kA/m within the experimental error as a function of IR. The value of the effective out-of-plane magnetic
eff

anisotropy Keff(SQUID) = Ku (SQUID) − 1/2µ0 Ms2 was estimated from the intersection of the slope of the initial magnetization
curve with the saturation field, in the in-plane hysteresis loops (Fig.1(c))33 . It contains both shape anisotropy - 1/2 µ0 Ms2 and
eff(SQUID)

the effective uniaxial anisotropy constant Ku
magnetic anisotropy field µ0 H

eff
K (SQUID)

which includes both the first (Ku ) and second order contributions. The
eff(SQUID)

was determined by 2Ku

/Ms , using the measured value Ms =700 kA/m. Both

eff
Ku (SQUID)

results µ0 H eff(SQUID) and
are summarized in Fig.1(d), as a function of increasing IR. These data clearly demonstrate
K
a reduction of the magnetic anisotropy with increasing IR, until a certain level (8 × 1014 cm−2 ), where this decrease saturates.
We attribute this change to the interfacial modification caused by the IR. When the sample is irradiated with He+ , atomic
displacements are induced which affect the related magnetic properties34 . By increasing the IR, the PMA is reduced due to
induced intermixing at the interface35–37 . The Pt/Co interface roughness (or intermixing) increases linearly with IR, resulting in
a continuous reduction of interfacial PMA35 .
We could also determine µ0 H eff(SQUID) , by the area enclosed between the out-of-plane and in-plane loops in one quadrant
K

eff

of the M − H loops (see SI, Fig.S3). We have fair agreement of Ku (SQUID) between the results of Fig.1(d) and Fig.S3 in terms
of IR dependence and values. A slight quantitative difference potentially comes from the fact that the one extracted by the area
difference between in-plane and out-of-plane field sweeps contains contributions from multi-domain nature of the samples,
which influence M − H loops in small magnetic fields.
Ferromagnetic resonance (FMR) measurements
In order to understand the changes to the magnetic properties due to IR, FMR was employed (Fig.2(a)) to determine the
effective magnetisation µ0 Meff , the effective anisotropy field µ0 H eff(FMR) and the Gilbert damping factor α of the multilayers.
K
Figure 2(b) shows the typical FMR absorption spectra for the multilayers. The absorption peaks are fitted with symmetric and
anti-symmetric Lorentzian functions at each frequency respectively. The fitting formula used to extract the parameters is given
in Eq.S1 (see SI). By analysing these absorption peaks, the resonance position and the linewidth can be determined from which
it is possible to obtain the dynamic properties for a given magnetic sample. The frequency dependent FMR results, (8 - 20
GHz), are shown in Fig.3(a-d) where the external field applied along the film normal for each IR sample.
The solid lines in Fig.3(a-d), are defined by least square fitting of the resonance condition: f = γ µ0 (Hres − Meff )/2π
where γ is the gyromagnetic ratio, µ0 Meff = µ0 Ms − µ0 H eff(FMR) the effective magnetization, respectively, and µ0 H eff(FMR) =
K

K
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Figure 1. (a-b) Normalized magnetization measurements M/Ms while sweeping the external magnetic field µ0 H in the
direction perpendicular (out-of-plane) and parallel (in-plane) to the multilayers with different IR at room temperature. (c)
Initial magnetization curve with in-plane orientation for different IR. In order to estimate the effective anisotropy field, we
averaged the cross-section of a number of slopes taken along the curve from consecutive data points with the saturation field
eff(SQUID)

and we show here the average. (d) Effective anisotropy constant Ku

and effective field µ0 H
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Figure 2. (a) Schematic illustration of FMR setup. (b) The FMR absorption spectras for the sample IR with 2 × 1014 cm−2 at
various frequencies.
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Figure 3. (a-d) Microwave transmission as a function of frequency for different IR with the magnetic field perpendicular to
the film plane. The black hollow markers depict the resonance field obtained by fitting FMR spectra using the Eq. S1 and solid
lines are fitting curve. (e-f) The effective magnetisation µ0 Meff (e) and the effective uniaxial anisotropy field µ0 H eff(FMR) (f) as
K
a function of IR.

eff

2Ku (FMR) /Ms is the effective uniaxial anisotropy field which includes first and second order magnetic anisotropy field
contributions. We found that µ0 Meff is negative (Fig.3(e)), confirming that the demagnetizing energy is less than µ0 H eff(FMR)
K
giving rise to an easy-axis along the film normal (perpendicular easy-axis). The µ0 Meff(FMR) value increases compared to
non-irradiated sample as shown in Fig.3(e). Fig.3(f) details the evolution of both µ0 H
eff
Ku (FMR)

eff
K (FMR)

eff(FMR)

and Ku

as a function of

increasing IR. As shown µ0 H eff(FMR) and
rapidly decrease upon increasing the IR up to a saturation value occurring
K
14
−2
at a IR value of ≈ 8 × 10 cm . Thus, we show that an increase in IR can tailor the µ0 H eff(FMR) of the multilayers. This
K
behavior is in qualitative agreement with that obtained by analysing the hysteresis loops measured by SQUID. We also comment
on the discrepancy in the anisotropy values obtained by SQUID magnetometry and FMR as evidenced. Due to the nature
of the two measurement techniques it is somewhat expected that a small deviation in the values might be obtained. Such a
discrepancy can be attributed to the fact that FMR results refer to the samples in the saturated and uniform ground state, while
during the hysteresis cycles measured by SQUID the samples undergo a reversal involving also inhomogeneous magnetization
configurations.
Analysis of the FMR linewidth µ0 ∆H is a generalized method for extracting α, which characterises the frequency dependent
contribution to the Gilbert damping, as well as the inhomogeneous frequency independent contributions to the linewidth. Fig.4(ad) shows the frequency dependence of linewidth µ0 ∆H for different IR. The extrinsic contributions to linewidth: magnetic
inhomogeneity and two-magnon scattering can broaden the linewidth and cause a non-linear frequency dependence. The
two-magnon contribution as a cause of linewidth broadening is ruled out since the measurements were performed along the outof-plane direction where two-magnon processes are forbidden, according to Arias-Mills theory. The data is fitted using Gilbert
damping contribution and frequency independent inhomogeneous contribution using the relation, µ0 ∆H = µ0 ∆H0 + 2πα f /γ
where α is the Gilbert damping contribution and µ0 ∆H0 is the extrinsic contribution present due to inhomogeneities. It can be
seen from Fig.4(e) that the α value gradually increases as the IR is increased and saturates at a certain level. This shows that
the presence of radiation affects the relaxation rate, but the inhomogeneous contribution is almost constant for all the samples
within the error bars (Fig.4(f)).
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Figure 5. (a) Schematic of Brillouin light scattering (BLS) experiment. The sample is saturated in-plane by an external field
µ0 H = 1.5 T, applied along the z-axis. Stokes and anti-Stokes events in the scattering process correspond to spin waves
propagating with +k and -k, respectively. (b) BLS spectra measured on the as-grown sample at an angle of incidence 45°,
applying an in-plane field µ0 H = ±1.5 T.
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Figure 6. (a) Evolution of the absolute values of the Stokes (full dots) and anti-Stokes (open dots) frequencies measured for
positive applied field µ0 H = 1.5 T, as a function of the IR. (b) The first order out-of-plane uniaxial anisotropy constant (Ku ) as a
function of the IR. (c) Values of the DMI constant D = (πMs ∆ f )/2γk derived from the frequency asymmetry between the
anti-Stokes and Stokes peaks ∆ f of the Fig. 6(a).

Brillouin light scattering (BLS) measurements
As a final step in our investigation of the modifications of the magnetic properties of our multilayers induced by ion irradiation,
we exploited Brillouin light scattering (BLS) with in-plane saturated samples. BLS analysis permitted us to achieve a
complementary estimation of the out-of-plane anisotropy constant, and also to obtain a quantitative evaluation of the DMI
strength. An in-plane magnetic field µ0 H = 1.5 T, sufficiently large to saturate the magnetization in the film plane, was applied
along the z axis, while the in-plane k was swept along the perpendicular direction (x-axis), corresponding to the Damon-Eshbach
(DE) geometry (Fig.5(a)). Due to the conservation of momentum in the light scattering process, the magnitude of the spin wave
wavevector k is related to the incidence angle of light θ , by the relation k = 4π sin θ /λ . Interfacial DMI induces a frequency
asymmetry between DE modes propagating in opposite in-plane directions, corresponding to either Stokes or anti-Stokes peaks
in BLS spectra (Fig.5(b)), perpendicular to the sample magnetization, following the relation ∆ f = 2γD/(πMs )k, where D is
the effective DMI constant, k is the spin wave vector, and γ is the gyromagnetic ratio. In order to estimate the effective DMI
constant D, the spin wave frequency ∆ f was measured at k = 1.67×107 rad/m (corresponding to θ = 45◦ ) on reversing the
direction of the applied magnetic field, that is equivalent to the reversal of the propagation direction of the DE spin wave mode.
Fig.5(b) shows BLS spectra measured for the as-grown sample. One can observe that the Stokes and anti-Stokes peaks are
characterized by a sizeable frequency asymmetry, which reverses upon reversing the direction of the applied magnetic field.
In Fig.6(a) we show the evolution of the absolute values of the Stokes and anti-Stokes frequencies measured for positive
applied field µ0 H = 1.5 T, as a function of the IR. It is evident that there is an increase of the frequencies with the IR, reflecting
an increase of the effective magnetization of the stacks due to a reduction of the out-of-plane anisotropy. Fig.6(b) shows
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the values of the first order uniaxial anisotropy constant Ku obtained from the fit of the BLS frequency performed using the
following expression that is valid for in-plane magnetized films of thickness t:
f (k) = f0 (k) ± fDMI (k)
s


γ µ0
γ
2Ku
=
H + Jk2 + P(kt)Ms H −
+ Jk2 + Ms − P(kt)Ms ±
Dk
2π
Ms
πMs
Where J is the effective exchange constant and the dipolar term P(kt), in the present case of an ultrathin film, becomes

(1)
|kt|
2 .

Discussion
He+ irradiation shows a profound effect on the relaxation properties as demonstrated by a non-monotonic increase in damping
value α (Fig.4e). The large damping parameter in these films can be attributed to an increase in surface magnon-electron
interaction due to a large number of interfaces causing subsequent spin relaxation of conduction electrons that leave the Co
layer at the various interfaces38, 39 . Furthermore, the effect of irradiation on damping in our multilayers indicates that the change
in damping with IR can be correlated to a change in resistivity of the multilayers (see SI, S3). The dominant magnetization
relaxation in our films involves electron scattering both in the bulk and also at the interfaces. To quantify the effect of scattering
as the dominant mechanism, we measure the resistivity of the samples (Fig.S2). We find a correlation between resistivity and
damping values, both showing an increase with increasing IR. The changes in ρ reflect the corresponding changes in α. The
results signify a large contribution of electron scattering on the relaxation properties of He+ irradiated multilayers.
In agreement with the SQUID and FMR results, Ku from BLS is observed to rapidly decrease on increasing IR (Fig.6(b)).
One can note that for low IR values the Ku from BLS is larger than the effective uniaxial anisotropy constant obtained from
FMR measurements (Fig.3(f)). This indicates that a negative contribution of the second order uniaxial anisotropy term (see SI,
Fig. S4), favoring an in-plane easy-axis of the magnetization, is present. As can be seen in Fig.S4, the second order uniaxial
anisotropy term is negative and its modulus decreases reaching an almost zero value at high IR. In Fig.6(c) we show the values
of the DMI constant D = (πMs ∆ f )/2γk derived from the frequency asymmetry ∆ f of the Fig.6(a). The positive value of D
indicates that the right-handed chirality is favored by the DMI. As IR increases, a reduction of the DMI is observed at low IR
followed by a non-monotonic increase with minima at IR = 6 × 1014 cm−2 . Ab initio calculations predict that intermixing at the
Pt/Co interface results in a slight diminution of the DMI40 , in good agreement with our experimental results. A similar decrease
with the He+ irradiation was experimentally observed in W/CoFeB/MgO ultrathin films32 , although an increase was reported in
Ta/CoFeB/Pt29 and Ta/CoFeB/MgO27, 41 .
In summary, we have demonstrated the control of the interfacial properties in Ta(4.5 nm)/[Pt(4.5nm)/Co(1.2nm)/Ta(2.5nm)]20
multilayers with DMI caused to the sample by the He+ irradiation using SQUID magnetometry, FMR and BLS. Our results
show clear evidence of i) tailoring of interface ii) different magnetic properties in multilayers with different IR. As the IR
increases, we observe that the PMA decreases significantly but after the IR reaches a certain level, it approaches saturation,
while a reduction of the DMI is observed at low IR followed by a slight increase at larger IR. The He+ irradiation induces short
range atomic displacements, of the order of a few interatomic distances, leading to interface intermixing and hence altering
the interface-driven PMA and DMI31, 42 . Moreover, He+ irradiation also shows a profound effect on the relaxation properties
as demonstrated by a non-monotonic increase in damping value α. We see a correlation between resistivity and damping
values. The results signify a large contribution of electron scattering on the relaxation properties He+ irradiated multilayers.
Moreover, He+ irradiation can be used virtually in any kind of ultra-thin materials, including ferrimagnets43–45 and synthetic
antiferromagnets46 . In this way, we experimentally demonstrate a method to externally tune the control of skyrmionic ultra-thin
films, bringing them one step closer to technological readiness in applications.

Methods
Sample preparation
The multilayers Ta(4.5 nm)/[Pt(4.5nm)/Co(1.2nm)/Ta(2.5nm)]20 (see SI, Fig. S1 and table I) were deposited simultaneously
on oxidized Si substrates by DC magnetron sputtering at room temperature. They were then uniformly irradiated at room
temperature using a He+ -S system from Spin-Ion Technologies with a 25 keV He+ beam at different IR.
Ferromagnetic resonance (FMR)
The measurements were performed by placing the magnetic multilayers on a co-planar wave-guide that generates the microwave
magnetic fields at various frequencies and allows for the measurement of the absorbed power in the multilayers whilst sweeping
the external field. The external field was modulated with an amplitude of a few mT at 12 Hz and phase-sensitive detection was
used to increase the signal to noise ratio.
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Brillouin light scattering (BLS)
BLS measurements were performed by focusing 150 mW of monochromatic light onto the sample surface. This was achieved
using a single-mode diode-pumped solid state laser operating at λ = 532 nm, using a camera objective of f-number 1.8 and
focal length 50 mm. The backscattered light was analyzed by a Sandercock-type (3-3)-pass tandem Fabry–Perot interferometer.
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