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ABSTRACT

We study the influence of He™ 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 He™ irradia-
tion, 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
DML, 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 perpendicu-
lar magnetic anisotropy (PMA) is of great interest for the realization
of low-power high-performance memory and logic devices."” 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-wall”* and skyrmion™® 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

chiral DW or skyrmion motion results from the presence of pinning
defects, which induces large threshold currents and stochastic behav-
iors. Such an important role of magnetic inhomogeneities in the
current-induced motion of skyrmions has been revealed in recent
studies,”” 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
intermixing'”'" can not only induce a spatial distribution of interface
anisotropy but also interfacial DML Recently, Zimmermann et al.'’
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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,'” ab initio calculations show that a 25% interfacial mix-
ing 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 addi-
tion, previous studies'™'* have shown that asymmetric disorder
between the bottom and top interfaces in the heavy metal (HM)/ferro-
magnetic metal (FM)/oxide or HM structure can lead to an increase in
the DMI. These studies clearly show that understanding and minimiz-
ing 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 devices'” 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.'*"”
We show that opposite to the Ta-CoFeB-MgO system,'”'" 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)/CooFes0B2o(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 irra-
diated by He™ ions with an energy of 15keV and fluences (irradiation
doses, ID) ranging from 2 x 10'® to 3 x 10" ions/m> As demon-
strated in previous studies, the use of light He™ irradiation at energies
in the range of 10-30keV 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
Ar" or Ga™ ions.
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FIG. 1. (a) Schematic diagram of the investigated structure. (b) Hysteresis loops of
irradiated samples for different irradiation fluences (IDs). (c) Saturation magnetiza-
tion Ms as a function of fluence. (d) Effective anisotropy (black triangles) and inter-
face anisotropy (orange dots) as a function of fluence. Error bars correspond to
uncertainties in the estimation of the anisotropy field Hy.
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As shown in Fig. 1(b), the coercive field is reduced when increas-
ing the He" fluence, and for the largest dose of 3 x 10" He™/m?
the easy axis of magnetization lies in-plane. Figures 1(c) and 1(d)
show the saturation magnetization M, the effective anisotropy Ky
= %qusH , where Hy is the anisotropy field, and the interface anisot-
ropy K; = (Kef + pgM?/2) X tpyr. M and Hi were measured by
superconducting quantum interference device (SQUID) magnetome-
try under perpendicular and in-plane magnetic fields, respectively.
Upon irradiation, M, K., and K; show a linear reduction as a func-
tion of fluence. This is consistent with our previous study on Ta-
CoFeB (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).'® Here also,
the reduction of M; is consistent with a diffusion of Fe into the W layer
due to a negative enthalpy of mixing,'” As for Ta-Fe alloys, which
formed a dead layer at the CoFeB-Ta interface,”” ** W-Fe alloys are
also expected to be paramagnetic for a low concentration of Fe.” This
explains that the overall magnetization is linearly reduced upon irradi-
ation 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.” This also explains the reduction of coercive fields seen in Fig.
1(b). Indeed, as shown by Kerr microscopy measurements, the magne-
tization 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,” 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 =3 x 10" ions/m?) than
for Ta-CoFeB (1 nm)-MgO (ID = 1.5 X 10" jons/m?) 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 He" irradiation induced interface inter-
mixing on DW dynamics, the DW velocity has been measured by
Kerr microscopy for different fluences up to 1 x 10" ions/m> Note
that above this fluence, the interface anisotropy energy is too low, lead-
ing 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 H, with the pulse duration ranging
from 3 p s to 10 s. All measurements were conducted at room temper-
ature. 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 law*

_Ue Haep) " -1
k B T H, VA

where Ug is the scaling energy constant, kj is the Boltzmann constant,

T is the temperature, Hggp is the depinning field at 0K, and u=1/4is

the critical exponent. This thermally activated regime describes the

collective pinning of the DW by structural defects present in the ultra-
thin films. For high fields, too many nucleation events occur, which

v = v(Hdep)eXp
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FIG. 2. (a) Typical image of DW expansion under a field pulse allowing the mea-
surement of DW velocity. (b) DW velocity as a function of perpendicular magnetic
field H,~""* 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 Hy,, as a
function of fluence. The inset shows the fitting procedure to determine Hge, 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 He 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

S = (kB—T) ngp (2)
as a function of fluence, which represents the slope of the linear varia-
tion seen in Fig. 2(b). The slope S shows a linear reduction as a func-
tion of the fluence, which is consistent with a progressive increase in
DW velocity at a given field. Hyp is usually estimated by determining
the intersection between the creep and the intermediate depinning
regime using a fitting procedure.”*”” 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

(a) Pristine

ARTICLE scitation.org/journal/apl

Fig. 2(d)]. As seen in Fig. 2(d), a strong reduction of Hg, from 40 to
20 mT is observed upon irradiation, indicating a decrease in the pin-
ning potential strength. As described in Ref. 18, Hyp, includes a depen-
dence on magnetic anisotropy K4, saturation magnetization M;, and
the pinning density ; through

2
Kegn?
eff i ) (3)

Hdep X
N

From the value of M, and Ky, which both decrease upon irradiation,
we can deduce that the reduction of Hg, by a factor of 2 is mainly
driven by the reduction of the pinning density #; since the ratio K./
M is nearly constant from ID =0 to ID = 10 X 10'® ions/m?. In adé{i—
tion, by considering the value of Hy, in Eq. (2), the reduction of the
parameter S is also found to be mainly driven by the reduction of Hy,
since le]—% 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 system'® is 1-2 orders of magnitude larger
than that of W-CoFeB (0.6 nm)-MgO at a given field for similar Koy
and M; values. This is related to a higher pinning strength in pristine
W-CoFeB (0.6 nm)-MgO structures as illustrated by the different Hy,,
values [Hgp =8 mT (Ref. 18) and Hye, =40 mT for Ta-CoFeB-MgO
and W-CoFeB-MgO systems, respectively]. Beyond the fact that a
0.6nm thick magnetic layer is more disordered than a 1nm 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,” this can
explain the difference in domain wall velocity with respect to the pris-
tine 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 mag-
netic properties, we have also studied the influence of intermixing on
the Dzyaloshinskii-Moriya interaction. We have used magnetic bubble

(b)  After Irradiation

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 cor-
respond to the CoFeB and W layers, respectively. Before irradiation, the interface disorder is dominated by roughness (terraces separated by atomic steps), whereas after irra-

diation, interface disorder is related to intermixing.
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Published under license by AIP Publishing

115, 122404-3


https://scitation.org/journal/apl

Applied Physics Letters

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.”” By measuring
the DW velocity in both directions along the x axis, the effective
Hpy field can be estimated. The DMI constant D is then directly cal-
culated from pyHpyy = D/M;A, where A is the DW width defined by
/A /Kef, 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 = 4 mT, which corresponds
to a DMI constant of 0.30 = 0.022 mJ/m? and a right-handed mag-
netic chirality, in agreement with previous studies on W-CoFeB-MgO
films.”’ Figure 4(b) shows the DMI value as a function of the fluence
up to 1 x 10" ions/m?, where a slight linear decrease is observed from
0.30 = 0.02 to 0.21 = 0.02 upon intermixing. It has been shown that
the CoFeB/W interface exhibits a positive DMI constant,”” while the
MgO/CoFeB interface has the opposite sign.”””’ As we have shown,
the main effect of ion irradiation is to induce intermixing at the bot-
tom 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.'”'” In par-
ticular, 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.,”*
which demonstrate a DMI enhancement with the Pt thickness in Pt/
CoFeB systems due to cumulative itinerant electron hopping between

06— 06
0.5¢ B e 105
T 04l Ni\\‘\t\l loa T
? 0.3t R T | {0.3 E
< 02] CTTTti- o2 o
0] lo4
ool o o ... 0.0

0 2 4 6 8 10
Irradiation Dose (108 ions/m?)

(b)

FIG. 4. ga) Differential Kerr microscopy images of the sample irradiated at
10 x 10" ions/m? under an in-plane field of uyHy = +23.2mT. (b) Interface
anisotropy energy K; (black squares) and DMI constant (orange squares) as a func-
tion of the fluence.
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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 DML As a result, the bottom
interfacial DMI is weakened, leading to a reduction of the overall still
positive DML

Finally, the interfacial anisotropy K; and the DMI value hav-
ing 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 K; and DMI exhibit a linear decrease
vs ID with a very similar trend. Considering the slope coefficient
Bk, and Py, defined as the relative change in K; and DMI con-
stant over the change in the irradiation fluence, namely, AK;/AID
and ADMI/AID, respectively, we find i =0.0121 m]J/10'® ions
and fpy; = 0.0094 mJ/10'® ions. This direct relationship between
the relative variation of DMI and interface anisotropy upon inter-
mixing indicates that they have the same origin, the exchange
interaction between magnetic and heavy metal atoms mediated by
spin—orbit coupling.”” >’

In summary, we have studied the influence of He* irradiation-
induced 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 K; is demonstrated. Only an irradiation
dose of 4 x 10'® jons/m” 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 He" 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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