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ABSTRACT
We study the inﬂuence of Heþ irradiation induced interface intermixing on magnetic domain wall (DW) dynamics in W-CoFeB (0.6 nm)MgO ultrathin ﬁlms, which exhibit high perpendicular magnetic anisotropy and large Dzyaloshinskii-Moriya interaction (DMI) values.
Whereas the pristine ﬁlms exhibit strong DW pinning, we observe a large increase in the DW velocity in the creep regime upon Heþ irradiation, which is attributed to the reduction of pinning centers induced by interface intermixing. Asymmetric in-plane ﬁeld-driven domain
expansion experiments show that the DMI value is slightly reduced upon irradiation, and a direct relationship between DMI and interface
anisotropy is demonstrated. Our ﬁndings provide insights into the material design and interface control for DW dynamics, as well as for
DMI, enabling the development of high-performance spintronic devices based on ultrathin magnetic layers.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5121357

Domain wall (DW) dynamics in ultrathin ﬁlms with perpendicular magnetic anisotropy (PMA) is of great interest for the realization
of low-power high-performance memory and logic devices.1,2 The
combination of the spin–orbit torque (SOT) resulting from the spin
Hall effect (SHE) and the Dzyaloshinskii–Moriya interaction (DMI) at
interfaces between heavy metals (HMs) and ferromagnetic layers has
been demonstrated to be a powerful means to drive efﬁciently
domain-wall3,4 and skyrmion5,6 motion, which are expected to be the
promising new generation of information carriers owing to ultralow
driving currents. However, the crucial limitation of SOT induced
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chiral DW or skyrmion motion results from the presence of pinning
defects, which induces large threshold currents and stochastic behaviors. Such an important role of magnetic inhomogeneities in the
current-induced motion of skyrmions has been revealed in recent
studies,7–9 taking into account a distribution of magnetic properties in
a granular magnetic media where the grain size is comparable to the
skyrmion diameter. One important source of disorder is related to the
atomic-scale properties of the interface where roughness or interface
intermixing10,11 can not only induce a spatial distribution of interface
anisotropy but also interfacial DMI. Recently, Zimmermann et al.10
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employed ab initio calculations to study the effect of intermixing on
DMI at Co/Pt interfaces, ﬁnding that the DMI dropped by about 20%
and remained constant for a broad range of degrees of intermixing. In
another study,12 ab initio calculations show that a 25% interfacial mixing at the Co/Pt interface reduced the total DMI value by half. These
calculations take only the nearest neighbors into account, leading to a
gap between simulation results and experimental conditions. In addition, previous studies13,14 have shown that asymmetric disorder
between the bottom and top interfaces in the heavy metal (HM)/ferromagnetic metal (FM)/oxide or HM structure can lead to an increase in
the DMI. These studies clearly show that understanding and minimizing the role of interface disorder are crucial for the design of future
low power devices based on chiral DW motion and skyrmion
manipulation.
In this work, we study the inﬂuence of interface intermixing
on DW dynamics in W-CoFeB (0.6 nm)-MgO ﬁlms that exhibit
high PMA and a large DMI value. Such a system shows great
potential not only for SOT based memory devices15 but also for
spin Hall nano-oscillators and spin Hall generation of propagating
spin waves owing to its high PMA and large spin Hall angle.16,17
We show that opposite to the Ta-CoFeB-MgO system,14,18 a weak
intermixing of the bottom W-CoFeB interface leads to a strong
reduction of DW pinning and an increase in DW velocity in the
creep regime, whereas the DMI value is only slightly reduced. The
reduction of DMI is also found to be correlated with the reduction
of interface anisotropy.
The investigated samples are W(4 nm)/Co20Fe60B20(0.6 nm)/
MgO(2 nm)/Ta(3 nm) structures [Fig. 1(a)], grown on top of oxidized
silicon substrates using a “Singulus Rotaris” deposition system. The
samples were annealed at 400  C for 2 h. Then, the samples were irradiated by Heþ ions with an energy of 15 keV and ﬂuences (irradiation
doses, ID) ranging from 2  1018 to 3  1019 ions/m2. As demonstrated in previous studies, the use of light Heþ irradiation at energies
in the range of 10–30 keV induces short range atomic displacements
(1–2 interatomic distances) without generating defects in the materials
(absence of cascade collisions) as in the case of irradiation with heavier
Arþ or Gaþ ions.

FIG. 1. (a) Schematic diagram of the investigated structure. (b) Hysteresis loops of
irradiated samples for different irradiation ﬂuences (IDs). (c) Saturation magnetization Ms as a function of ﬂuence. (d) Effective anisotropy (black triangles) and interface anisotropy (orange dots) as a function of ﬂuence. Error bars correspond to
uncertainties in the estimation of the anisotropy ﬁeld Hk .
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As shown in Fig. 1(b), the coercive ﬁeld is reduced when increasing the Heþ ﬂuence, and for the largest dose of 3  1019 Heþ/m2,
the easy axis of magnetization lies in-plane. Figures 1(c) and 1(d)
show the saturation magnetization Ms, the effective anisotropy Keff
¼ 12 l0 Ms Hk; where Hk is the anisotropy ﬁeld, and the interface anisotropy Ki ¼ Keff þ l0 Ms2 =2  tFM . Ms and Hk were measured by
superconducting quantum interference device (SQUID) magnetometry under perpendicular and in-plane magnetic ﬁelds, respectively.
Upon irradiation, Ms, Keff , and Ki show a linear reduction as a function of ﬂuence. This is consistent with our previous study on TaCoFeB (1 nm)-MgO systems where the main effect of ion irradiation
is to induce Fe diffusion into Ta (intermixing at the bottom interface),
while the top CoFeB-MgO interface is more robust upon intermixing
(Fe-Mg and Co-Mg have a positive enthalpy of mixing).18 Here also,
the reduction of Ms is consistent with a diffusion of Fe into the W layer
due to a negative enthalpy of mixing.19 As for Ta-Fe alloys, which
formed a dead layer at the CoFeB-Ta interface,20–22 W-Fe alloys are
also expected to be paramagnetic for a low concentration of Fe.23 This
explains that the overall magnetization is linearly reduced upon irradiation induced intermixing at the W-CoFeB interface. In addition, the
primary source of reduction of interfacial anisotropy upon irradiation
is related to the diffusion of Fe from the top CoFeB-MgO interface to
the W layer, reducing the hybridization between the Fe-3d and O-2p
orbitals.24 This also explains the reduction of coercive ﬁelds seen in Fig.
1(b). Indeed, as shown by Kerr microscopy measurements, the magnetization reversal is dominated by nucleation of reversed domains at
some speciﬁc locations followed by rapid DW propagation. Thus, the
coercive ﬁeld here corresponds to the nucleation ﬁeld. As nucleation
ﬁeld depends on the anisotropy,25 the reduction of the coercivity ﬁelds
upon irradiation is linked to the reduction of anisotropy. It is also
worth noting that a higher ﬂuence is needed for the magnetization to
go in-plane for W-CoFeB (0.6 nm)-MgO (ID ¼ 3  1019 ions/m2) than
for Ta-CoFeB (1 nm)-MgO (ID ¼ 1.5  1019 ions/m2) in spite of the
thinner magnetic layer. This is consistent with the fact that the enthalpy
of mixing of W-Fe is less negative than that of Ta-Fe, i.e., W is more
robust to intermixing than Ta.
To address the effect of Heþ irradiation induced interface intermixing on DW dynamics, the DW velocity has been measured by
Kerr microscopy for different ﬂuences up to 1  1019 ions/m2. Note
that above this ﬂuence, the interface anisotropy energy is too low, leading to a spontaneous demagnetized state, where it is impossible to get
a stable domain bubble. The domain wall velocity has been determined
by measuring the average displacement of bubble-like domains under
perpendicular magnetic ﬁeld pulses Hz with the pulse duration ranging
from 3 l s to 10 s. All measurements were conducted at room temperature. The typical image of a magnetic domain after expansion under
a perpendicular ﬁeld is presented in Fig. 2(a). The DW velocity plotted
on a logarithmic scale in Fig. 2(b) is given by the universal creep law26
"
!#


Hdep l
UC
v ¼ vðHdep Þexp 
1 ;
(1)
kB T
HZ
where UC is the scaling energy constant, kB is the Boltzmann constant,
T is the temperature, Hdep is the depinning ﬁeld at 0 K, and l ¼ 1/4 is
the critical exponent. This thermally activated regime describes the
collective pinning of the DW by structural defects present in the ultrathin ﬁlms. For high ﬁelds, too many nucleation events occur, which
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Fig. 2(d)]. As seen in Fig. 2(d), a strong reduction of Hdep from 40 to
20 mT is observed upon irradiation, indicating a decrease in the pinning potential strength. As described in Ref. 18, Hdep includes a dependence on magnetic anisotropy Keff , saturation magnetization Ms, and
the pinning density ni through
Hdep

FIG. 2. (a) Typical image of DW expansion under a ﬁeld pulse allowing the measurement of DW velocity. (b) DW velocity as a function of perpendicular magnetic
ﬁeld Hz1/4 for different ﬂuences. (c) Coefﬁcient S [linear slope of the DW velocity
vs ﬁeld seen in (b)] as a function of the irradiation ﬂuences. (d) Value of Hdep as a
function of ﬂuence. The inset shows the ﬁtting procedure to determine Hdep as
described in the text.

makes it difﬁcult to measure the DW velocity. As seen in Fig. 2(b), the
main result of this study is a strong increase in the DW velocity in the
creep regime upon Heþ irradiation induced intermixing.
This result is opposite to that of Ta-CoFeB-MgO systems, where
irradiation induced intermixing leads to a strong reduction of DW
velocity due to an increase in the pinning potential. To provide a
deeper understanding of the increase in DW velocity in the creep
regime, as illustrated in Fig. 2(c), we have plotted


UC
l
(2)
Hdep
S¼
kB T
as a function of ﬂuence, which represents the slope of the linear variation seen in Fig. 2(b). The slope S shows a linear reduction as a function of the ﬂuence, which is consistent with a progressive increase in
DW velocity at a given ﬁeld. Hdep is usually estimated by determining
the intersection between the creep and the intermediate depinning
regime using a ﬁtting procedure.26,27 We apply this procedure here but
taking into account that the intermediate depinning regime above the
creep regime is very limited since it was not possible to measure DW
velocity at very high ﬁelds due to nucleation events [see the inset of

pﬃﬃﬃﬃﬃﬃﬃﬃ 23
Keff ni
/
:
Ms

(3)

From the value of Ms and Keff , which both decrease upon irradiation,
we can deduce that the reduction of Hdep by a factor of 2 is mainly
1
2
driven by the reduction of the pinning density ni since the ratio Keff
/
18
2
Ms is nearly constant from ID ¼ 0 to ID ¼ 10  10 ions/m . In addition, by considering the value of Hdep in Eq. (2), the reduction of the
parameter S is also found to be mainly driven by the reduction of Hdep
since kUBCT is nearly constant (varying from 15 to 12).
The increase in domain wall velocity is then correlated with a
reduction of the density of the pinning centers in our samples driven
by ion irradiation induced intermixing. This is opposite to the
Ta-CoFeB (1 nm)-MgO case where irradiation induced intermixing
leads to a strong increase in DW pinning. In order to explain this
result, we ﬁrst note that the DW velocity in the nonirradiated
Ta-CoFeB (1 nm)-MgO system18 is 1–2 orders of magnitude larger
than that of W-CoFeB (0.6 nm)-MgO at a given ﬁeld for similar Keff
and Ms values. This is related to a higher pinning strength in pristine
W-CoFeB (0.6 nm)-MgO structures as illustrated by the different Hdep
values [Hdep ¼ 8 mT (Ref. 18) and Hdep ¼ 40 mT for Ta-CoFeB-MgO
and W-CoFeB-MgO systems, respectively]. Beyond the fact that a
0.6 nm thick magnetic layer is more disordered than a 1 nm thick
layer, our further assumption is that since the W-CoFeB interface is
less sensitive to intermixing than the Ta-CoFeB interface, the interface
disorder may be dominated by roughness in pristine W-CoFeB-MgO
structures (ﬂat terraces separated by atomic steps at the W-CoFeB
interface) and by intermixing in thicker Ta-CoFeB-MgO structures.
Since the strength of pinning is higher for atomic steps,28 this can
explain the difference in domain wall velocity with respect to the pristine ﬁlms. As sketched in Fig. 3, upon irradiation, intermixing is
induced at the W-CoFeB interface, erasing the atomic steps and
smoothening the interface. This leads to a reduction of the pinning
consistent with the increase in DW velocity.
To further investigate the effects of interface disorder on magnetic properties, we have also studied the inﬂuence of intermixing on
the Dzyaloshinskii-Moriya interaction. We have used magnetic bubble

FIG. 3. Schematic of the interface structure in (a) pristine and (b) irradiated W-CoFeB-MgO ﬁlms. The dots in yellow represent the MgO layer, while those in gray and blue correspond to the CoFeB and W layers, respectively. Before irradiation, the interface disorder is dominated by roughness (terraces separated by atomic steps), whereas after irradiation, interface disorder is related to intermixing.
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expansion in the creep regime under both perpendicular and in-plane
magnetic ﬁelds. As shown in Fig. 4(a), the radial symmetry is broken
due to the presence of an internal effective DMI ﬁeld.29 By measuring
the DW velocity in both directions along the x axis, the effective
HDMI ﬁeld can be estimated. The DMI constant D is then directly calculated
from l0 HDMI ¼ D=Ms D, where D is the DW width deﬁned by
p
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
A=Keff , with A being the exchange stiffness constant, taken here as
15 pJ/m (Ref. 30) and assumed to be constant for all samples. For the
pristine sample, we ﬁnd a DMI ﬁeld of 58 6 4 mT, which corresponds
to a DMI constant of 0.30 6 0.022 mJ/m2, and a right-handed magnetic chirality, in agreement with previous studies on W-CoFeB-MgO
ﬁlms.31 Figure 4(b) shows the DMI value as a function of the ﬂuence
up to 1  1019 ions/m2, where a slight linear decrease is observed from
0.30 6 0.02 to 0.21 6 0.02 upon intermixing. It has been shown that
the CoFeB/W interface exhibits a positive DMI constant,32 while the
MgO/CoFeB interface has the opposite sign.32,33 As we have shown,
the main effect of ion irradiation is to induce intermixing at the bottom heavy metal (HM)/ferromagnetic metal (FM) interface. Such
intermixing modiﬁes the atomic environment of magnetic and heavy
metal atoms at the interface (from interface roughness to intermixing),
which reduces the DMI value as shown in previous studies.10,12 In particular, interface DMI is expected to be higher for a rough interface
[Fig. 3(a)] than for an intermixed interface [Fig. 3(b)] since pairwise
interaction between 2 magnetic atoms mediated by a heavy metal
atom is maximized. Our results are in line with those of Tacchi et al.,34
which demonstrate a DMI enhancement with the Pt thickness in Pt/
CoFeB systems due to cumulative itinerant electron hopping between
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the atomic spins at the interface and the nonmagnetic atoms in the
heavy metal. In our case, the allowing of the W layer with Fe at the
bottom interface reduces the scattering of itinerant electrons with the
HM, resulting in an overall reduction of DMI. As a result, the bottom
interfacial DMI is weakened, leading to a reduction of the overall still
positive DMI.
Finally, the interfacial anisotropy Ki and the DMI value having the same units (millijoule per square meter) are plotted as a
function of the ﬂuence on the same graph as seen in Fig. 4(b).
First, we can notice that both Ki and DMI exhibit a linear decrease
vs ID with a very similar trend. Considering the slope coefﬁcient
bKi and bDMI , deﬁned as the relative change in Ki and DMI constant over the change in the irradiation ﬂuence, namely, DKi =DID
and DDMI=DID, respectively, we ﬁnd bKi ¼ 0.0121 mJ/1018 ions
and bDMI ¼ 0.0094 mJ/1018 ions. This direct relationship between
the relative variation of DMI and interface anisotropy upon intermixing indicates that they have the same origin, the exchange
interaction between magnetic and heavy metal atoms mediated by
spin–orbit coupling.35–37
In summary, we have studied the inﬂuence of Heþ irradiationinduced interfacial intermixing on domain wall dynamics and
Dzyaloshinskii-Moriya interaction. We have observed a large increase
in domain wall velocity in the creep regime which is consistent with a
reduction of pinning at the W/CoFeB interface. A slight reduction of
the DMI value is found upon irradiation, and a direct relationship
with the interface anisotropy Ki is demonstrated. Only an irradiation
dose of 4  1018 ions/m2 is needed to reduce the depinning ﬁeld by a
factor of 2, keeping a high value for the anisotropy and the DMI. Our
results open a path to ﬁnely tune DMI and domain wall dynamics in
ultrathin magnetic ﬁlms using atomic scale control of intermixing
through light Heþ irradiation. These results are also interesting for
spin Hall nano-oscillators and spin Hall generation of propagating
spin waves for which a precise control of PMA and DMI is crucial.
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and J. Åkerman, preprint arXiv:1904.06945 (2019).
18
L. Herrera Diez, F. Garcıa-Sanchez, J. P. Adam, T. Devolder, S. Eimer, M. S. El
Hadri, A. Lamperti, R. Mantovan, B. Ocker, and D. Ravelosona, Appl. Phys.
Lett. 107, 032401 (2015).
19
A. De
R bski, R. De
R bski, and W. Ga˛sior, Arch. Metall. Mater. 59, 1337
(2014).
20
J. Sinha, M. Gruber, M. Kodzuka, T. Ohkubo, S. Mitani, K. Hono, and M.
Hayashi, J. Appl. Phys. 117, 043913 (2015).
21
J. Sinha, M. Hayashi, A. J. Kellock, S. Fukami, M. Yamanouchi, H. Sato, S.
Ikeda, S. Mitani, S. H. Yang, S. S. P. Parkin, and H. Ohno, Appl. Phys. Lett.
102, 242405 (2013).
22
S. Ingvarsson, G. Xiao, S. S. Parkin, and W. Gallagher, J. Magn. Magn. Mater.
251, 202 (2002).

Appl. Phys. Lett. 115, 122404 (2019); doi: 10.1063/1.5121357
Published under license by AIP Publishing

ARTICLE

scitation.org/journal/apl

23

A. Nicolenco, N. Tsyntsaru, J. Fornell, E. Pellicer, J. Reklaitis, D. Baltrunas, H.
Cesiulis, and J. Sort, Mater. Des. 139, 429 (2018).
24
H. X. Yang, M. Chshiev, B. Dieny, J. H. Lee, A. Manchon, and K. H. Shin,
Phys. Rev. B 84, 054401 (2011).
25
T. Devolder, J. Ferre, C. Chappert, H. Bernas, J. P. Jamet, and V. Mathet, Phys.
Rev. B 64, 064415 (2001).
26
V. Jeudy, A. Mougin, S. Bustingorry, W. Savero Torres, J. Gorchon, A. B.
Kolton, A. Lema^ıtre, and J. P. Jamet, Phys. Rev. Lett. 117, 057201 (2016).
27
R. Diaz Pardo, W. Savero Torres, A. B. Kolton, S. Bustingorry, and V. Jeudy,
Phys. Rev. B 95, 184434 (2017).
28
J. Ferre, V. Repain, J. P. Jamet, A. Mougin, V. Mathet, C. Chappert, and H.
Bernas, Phys. Status Solidi A 201, 1386 (2004).
29
S. G. Je, D. H. Kim, S. C. Yoo, B. C. Min, K. J. Lee, and S. B. Choe, Phys. Rev. B
88, 214401 (2013).
30
M. Yamanouchi, A. Jander, P. Dhagat, S. Ikeda, F. Matsukura, and H. Ohno,
IEEE Magn. Lett. 2, 3000304 (2011).
31
S. Jaiswal, K. Litzius, I. Lemesh, F. B€
uttner, S. Finizio, J. Raabe, M. Weigand, K.
Lee, J. Langer, B. Ocker, G. Jakob, G. S. D. Beach, and M. Kl€aui, Appl. Phys.
Lett. 111, 022409 (2017).
32
R. Soucaille, M. Belmeguenai, J. Torrejon, J.-V. Kim, T. Devolder, Y.
Roussigne, S.-M. Cherif, A. A. Stashkevich, M. Hayashi, and J.-P. Adam, Phys.
Rev. B 94, 104431 (2016).
33
H. Yang, O. Boulle, V. Cros, A. Fert, and M. Chshiev, Sci. Rep. 8, 1 (2018).
34
S. Tacchi, R. E. Troncoso, M. Ahlberg, G. Gubbiotti, M. Madami, J. Åkerman,
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