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Field-induced magnetization dynamics in a [Co/Ni] superlattice exhibiting strong perpendicular
magnetic anisotropy is studied using Kerr microscopy. We report domain wall velocity over 8
decades within thermally activated, transitory, and flow dynamical regimes. At low field, the
thermally activated regime is characterized by dendritic domain growth that differs from the creep
mechanism usually observed for the interaction of domains wall with a 2D random pinning potential
for layers grown by sputtering. This result is explained by the epitaxial nature of the [Co/Ni]
superlattices involving a single-type defect. The transition from the thermally activated to the flow
regime is characterized by a reduction of the density of non-reversed domains which exists after
domain wall displacement. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4908177]

The control of magnetic domain wall (DW) motion
under the action of an electrical current is of great interest
for the development of new data storage electronic devices
such as magnetic racetrack memories' or logic devices.” In
this context, materials with perpendicular magnetic anisot-
ropy (PMA) are particularly attractive,>* since they exhibit
very narrow domain walls compatible with high density stor-
age as well as spin-orbits effect that can improve the effi-
ciency of current-induced domain wall motion.>® However,
even if the efficiency of current driven DW motion can be
enhanced, the threshold current is still limited by the pres-
ence of structural defects in the materials. Particularly, the
strong interaction of narrow DWs with random nanoscale
inhomogeneities can lead to a so-called thermally activated
creep motion for H < Hgy.p, where Hge, is the depinning
field. This creep regime has been observed in various ultra
thin films with PMA such as, for instance, Co/Pt,7’8 CoFe, or
CoFeB.’ Particularly, a In(v) versus H ' dependence has
been found consistent with the propagation of a 1D domain
wall in a 2D weak random disorder. As these films are usu-
ally deposited by sputtering, the random disorder originates
in particular, from crystalline texture, interface intermixing,
or grain boundaries, which induce a distribution of PMA on
the nanoscale. In epitaxial systems, the nature, density, and
distribution of structural inhomogeneities can be very differ-
ent, which may give rise to a different mechanism of domain
wall motion. This has been shown, for example, in L;0 FePt
films with PMA'® where extended 3D microtwins induced
by a relaxation process generate a dendritic like motion dis-
tinct from the creep mechanism.

Along this line of developing efficient materials for
racetrack memories devices, [Co/Ni] rnultilayer”’12 shows
very good promise since low propagation fields'' and large
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spin-orbit effect have been evidenced in (111) textured films.®
Recently, we have successfully grown single-crystal [Co/Ni]
(111) superlattices by molecular beam epitaxy (MBE).'*'*
Monoatomic control of the successive Co and Ni layers has
allowed us to tune very precisely the PMA. Moreover, epitax-
ial [Co/Ni](1111) shows a low damping constant down to
0.02 measured by ferromagnetic resonance (see Ref. 15 for
Co/Ni multilayers), enhanced spin moment,'* and high spin
polarization at the Fermi level compared to bulk Co.'® Thus,
these epitaxial MBE-grown [Co/Ni](111) superlattices appear
as model systems to further understand the role of structural
inhomogeneities on the physics of DW dynamics.

In this letter, we investigate the magnetization dynamics
in epitaxial [Co/NiJ(111) layer. Kerr microscopy imaging
shows that the Co/Ni full films have little nucleation point
density slightly below the coercivity field. The field induced
magnetization reversal through domain wall motion is ana-
lyzed and linked to three DW velocity regimes. The ther-
mally activated regime found at low field differs from the
creep regime usually observed for sputtered systems’"'” and
its specificities are correlated to the epitaxial nature of our
Co/Ni films. We clearly show that depending on the DW ve-
locity regime the density of unreversed domain left after
“saturation” is drastically different which can have a strong
effect on macroscopic hysteresis loop.

Epitaxial V(5)/Au(1)/Ni(0.2)/[Co(0.5)/Ni(0.6)]..3/Au(1.2)
stack (thicknesses in nanometer) was deposited on sapphire
(11-20) substrate by MBE under ultra-high vacuum has previ-
ously described in Ref. 13. The crystalline structure and the
layer-by-layer growth have been checked during deposition
using RHEED. A saturation magnetization Ms = 9.3 x 10° A/m
(930 emu/cm®) and an effective anisotropy constant K= 3.0
x 10°J/m* 3 x 10* ergs/cm3) were determined with a commer-
cial SQUID-VSM magnetometer. The magnetization reversal
was studied by magneto-optical Kerr effect (MOKE) micros-
copy at room temperature (RT). The magnetization reversal

© 2015 AIP Publishing LLC
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under DC applied magnetic field in a continuous film is
presented in Fig. 1. The Kerr loop measured over large 2.6
x 4mm? area shows a coercivity poH.=22.5mT (Fig. 1(a)).
To investigate the nucleation processes, images are taken for
magnetic field applied slightly below the coercive field as
shown in Fig. 1(b) for H=21.1mT. In those conditions, the
[Co/Ni] superlattice shows only few nucleation sites per mm?.
In Fig. 1(b), there are 7 nucleation spots (black areas) for a
10mm? area. Nucleation spots are generally related to local
variations of magnetocrystalline anisotropy or magnetization.
In regular sputtered PMA multilayers, anisotropy variation is
found to mainly arise from crystalline misorientation.'®'” In
epitaxial film, such granular structure does not exist but some
other defects can affect the magnetic anisotropy such as twin
domains and stacking fault as discussed below in more details.
On the same film, the DW velocity was determined by
measuring the DW displacement from a nucleation spot after
application of 5ms to 5 us magnetic field pulses (Hpuise)-
Figure 2 gives the DW velocity as a function of pigHpyse (the
scale of the DW velocity is linear in (a) and logarithmic in
(b)). Three different regimes can be observed: for fields
lower than 24 mT, the DW velocity exponentially increases
with the field amplitude, for fields higher than 27 mT, the ve-
locity saturates around 10m/s, whereas between 24 and
27mT, a transitional regime occurs. The magnetic configura-
tions after the domain growth have been studied for the three
regimes and are shown for magnetic fields of 23.7, 25.6, and

20 (a) ' ' '

Kerrsignal (a. u)
o

FIG. 1. Magnetization reversal under DC magnetic field done at RT on
a 2.6 x 4mm?> area [Co/Ni](111) superlattice full film using Kerr micros-
copy experiment. (a) Kerr-magnetometry: hysteresis loop (coercivity: poHc
=22.5mT). (b)Kerr-imaging: picture taken an applied DC yyH=21.1mT.
The black magnetic contrast is related to reversed magnetization for H >0,
and the grey one being the unreversed part obtained after saturation at a
higher opposite field (around —500 mT).
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FIG. 2. DW velocity measured for the full film at RT as a function of the
pulsed magnetic field intensity (5 us—5ms). (a) Linear scale. (b) Semi-
logarithmic scale. Kerr microscopy pictures of the magnetic domain after
DW propagation for 23.7, 25.6, and 29.3mT are added (275 x 275 um®
area). The red solid line is an Arrhenius-type law fit, and the green dashed
line is the fit for creep law. Inset Fig. 2(b): Velocity vs (;10Hpu1se)’1/4
representation.

29.3 mT, respectively, in Fig. 2(a). A correlation between the
regimes of DW velocity and the mechanism of domain
growth is clearly identified. Indeed for uoHpyse =23.7mT,
the domain has expanded through dendritic-growth,? leav-
ing some unreversed spots behind the domain boundary.?!*?
The domain growth transits from dendritic to wall-front
motion regime?' where the number of residual unreversed
sites decreases as can be seen for 25.6 and 29.3 mT. Note
that some residual domains persist up to 31 mT (the maxi-
mum field that we could reach).

In the following, we focus on the three DW velocity
regimes. At low fields for ultra-thin magnetic films with
PMA, as discussed above,””'” a creep regime® is usually
expected. In that case, the interaction of a 1D domain walls
with a 2D random disorder leads to DW velocity given by
v(H) =vy exp[—Uc (Hdep/H)” “/kgT], where vy is the prefac-
tor, Uc is a characteristic energy barrier, kg is the Boltzmann
constant, T is the temperature, and Hge, is the depinning
field. In Fig. 2(b) and in the inset of Fig. 2(b), we clearly
observe that the creep law does not fit well the data above
magnetic fields of 21 mT. Instead, the experimental data fit
better with v(H)=vy exp[2uoMsV.(H-Hgep)/kgT] (called
Arrhenius-type law of Fig. 2), where v is the prefactor and
V, is the activation volume.?* The In(v) versus HoHpyise 18
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linear over 7 decades of magnitude up to the depinning field
UoHgep =24 mT (i.e., the field at which the DW leaves the
thermally activated regime). The slope of In(v) versus
HoHpuise gives 2MgV,/kgT =2190J/T, which leads to an
activation volume V, =4900 nm®. It allows us to determine a
characteristic propagation length &= (Va/tc(,/Ni)l/2 around
37 nm, which corresponds to the length scale of the pinning
potential. Considering uoHgep =24 mT, the depinning energy
barrier Egep=2MgV,oHgep is thus found to be around
53 kgT at RT, which is much larger than that of Co (4kgT)**
or FePt (27 kgT).%

The fact that no creep regime is observed relies on the
nature of the pinning defects in our epitaxial Co/Ni multi-
layers. Particularly, the data are consistent with the presence
of a single type defect® instead of a distribution of different
structural inhomogeneities. For the epitaxial [Co/Ni] system,
a regular single-type defect pattern is consistent with mag-
netization reversal zone by zone as observed by MOKE
imaging consistent with random-walk along the defect net-
work.”®*” A correlation between fractal dendritic—growth
and defects (microtwin) is also highlighted on high coerciv-
ity epitaxial FePt system and has been analyzed as percola-
tion in a band lattice.'® In our case, we have identified two
types of defect in the superlattice films that could affect do-
main wall motion, but we cannot claim which one contrib-
utes to the unique energy barrier. The first is due to the
formation of twin domains in the V buffer layer as shown by
RHEED since the epitaxial relationships of V [—111] paral-
lel to a-Al,O5 [0001] and V [—11—1] parallel to «-Al,O5
[0001] are equivalent. It affects the Au layer and further
forms grain boundary defects in the Co/Ni layer. The twin
domain boundary period is expected to be of the order of
100 nm or less. The second type of observed defect consists
in stacking faults in the Co/Ni film itself. Locally A-B-C pile
can be replaced by A-B-A pile, for instance. Also, grain
boundaries have actually been observed by transmission
electron microscopy. It was, however, very difficult to get in-
formation about the average distance between grain bounda-
ries due to this second type of defect. Using Au(111) single
crystal as substrate would cancel twin domains and would
allow to the disentangle the role of twin domains from other
sources of pinning.

For magnetic fields higher that Hg, (Fig. 2(a)), DW
velocity enters in a viscous flow regime’ where two regimes
can be distinguished without Walker breakdown.
Considering the 1D DW model,?® it is predicted a steady and
a precessional linear regime separated by the Walker field
H,, = aMsNy/2,29 where Ny is the demagnetizing factor
across the wall. Due to the low damping constant o in epitax-
ial [Co/Ni], the estimated ugH,, is about 10mT which is
much lower than the depinning field Hyep. Therefore, H,, lies
inside the thermally activated regime and the Walker break-
down is hidden as in the case of CoFeB/MgO.’ For
Hgep <H < Hgpoyw, the transitory regime is usually called
depinning regime’ because it separates thermally activated
behavior to flow. The slope between poHgep, =24 mT and
upper limit estimated to poHgow =27 mT gives a value
around 3.7ms '/mT. This transitory regime also marks the
transition between dendritic growth and wall-motion. For
H > Hgow, the velocity seems to reach a plateau for around
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10m/s. The velocity plateau agrees well with other stud-
ies.””” The flow regime velocity in Fig. 2(b) is similar to that
obtained by Yamada et al. on sputtered [Co/Ni] multilayer
for sub-micronic wire width.*® The fact that MBE-grown
[Co/Ni] superlattices does not show faster domain wall
motion than [Co/Ni] multilayers grown by sputtering is not
surprising since in the flow regime, the DW propagation is
less sensitive to pinning defects and should behave as
described by the 1D model. The plateau arises probably
because we have reached the low mobility precessional re-
gime after the Walker breakdown.

Magnetic domain imaging, achieved using the magneto-
optical Kerr effect, is found to be a great tool to study the
magnetization dynamic. In the following, we focus on the
dendritic behavior of DW motion, which is characterized by
non-reversed regions. In a previous study, cumulative minor
loops growth in PMA multilayers was observed®' and could
be explained as an accumulation of small unreversed
domains that then act as nucleation center that aid subse-
quent reversals and facilitate the “cumulative minor loop
growth” effect. The nucleation process and the nature of the
interaction between the domain walls and the extended
defect structure remain open questions.”” To get a better
understanding of the presence of non-reversed domains, we
performed Kerr microscopy experiments using a specific
procedure described as follow: after full saturation of mag-
netization using a field of —50mT (step 1), a constant DC
field of ;yH=20mT is applied to expand the reversed do-
main propagating from the nucleation site (see Fig. 1(b)).
The field is stopped when DW is in the camera’s view. Step
2 consists of the application of a single pulsed field whose
amplitude varies between 23.9 and 31mT (the duration
depends of the field amplitude). As the size of the non-
reversed spots is very small (close or below the resolution of
the instrument), an opposite DC field of yyH=—17mT is
applied during several seconds in order to extend the non-
reversed domains and make them more visible (step 3). We
have checked that for —17 mT, no new nucleation processes
occur. Magnetic images at steps 1 and 3 are shown in Fig.
3(a) for puoHpyuse =25.2, 26, and 28.1 mT, respectively. The
transition between the two regions corresponding to DC
uoH=20mT and poHpys is highlighted by a yellow line in
Fig. 3.

The density of unreversed domains for the region where
the propagation occurs only under field pulsed (zone 2) is
plotted as a function of pioHpuee in Fig. 3(b). For magnetic
field lower than 26 mT, the density of non-reversed domains
(about 8000 spots by mm?) does not vary significantly with
toHpuise- This field range corresponds to the transition
between dendritic-growth and wall motion behavior for DW
dynamics and is close to Hgoy. For a field pulse larger than
26 mT, the density decreases drastically and goes to zero at
poHpuise =31mT. The viscous flow regime is then only
reached at this stage. This demonstrates that the type of do-
main reversal regime determines the number of nucleation
center which can greatly affect the macroscopic hysteresis
loop.' The nature and the initial size of the remaining do-
main could not be studied with our experimental technique.
In Ref. 33, it has been shown that a DW can circumvent a
defect by propagating around it, which generates two parallel
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FIG. 3. Non-reversed micro-domains analysis (a) pictures on the left are the
view of the non-reversed spot during DW propagation. The yellow dashed
line indicates the originate DW position after propagation under DC
1oH=20mT, moving direction from left to right. Note that the size of the
non-reversed spot can be changed from one run to another due to duration
(between 7 and 14s) of opposite field of —17mT. (b) Non-reversed spot
density as a function of yoHpyie for zone 2 (right side on pictures 3(a)). The
error bars are taken at 20% of the density.

domain walls. If the applied field is too low, dipolar repul-
sion can prevent DWs annihilation, which gives rise to 360°
domain walls.>® In the present case, no 360° DWs have been
observed. Just after the annihilation, a very small closed
unreversed domain is created around the defect. For such a
reversed domain surrounded by an opposite magnetization,
the demagnetizing field is much larger than the one obtained
for 360° domain walls, so the unreversed spot can survive.
Once formed, these unreversed spots become very stable and
difficult to reverse due to dipolar field (many unreversed
spots remain in the left side of the yellow line at the end of
step 3 in Fig. 3(a)). For a circular domain, we can estimate
the dipolar field on the center of the spot using
toHaip = HotconiMs/t, where 1 is the radius of the spot and
tco/ni = 3.5 nm is the thickness of the magnetic layer. Using
this calculation, an applied field of 31 mT is needed to com-
pensate the dipolar field of an unreversed domain larger than
260 nm of diameter.

In conclusion, we have studied field-induced DW
motion in a model system based on [Co/Ni] superlattices

Appl. Phys. Lett. 106, 062406 (2015)

with large PMA. The epitaxial nature of the films allows us
to observe a regime of thermally activated dendritic domain
wall motion involving a barrier that changes linearly as a
function of the applied magnetic field, which is different
from the creep regime usually found in thin films with PMA.
The propagation can be understood as a reversal zone by
zone on a network of structural defects with a presence of
unique energy barrier. Two types of defects are proposed,
one induced by the buffer layer and the other one inside the
Co/Ni multilayer. Using single Au(111) single crystal as sub-
strate could allow to conclude on the role of the first defect.
The transition to the flow regime is found to be related to the
external magnetic field by overcoming the dipolar field stabi-
lizing the unreversed regions. Our results confirm that mag-
netic imaging is required to properly understand the domain
wall motion mechanism, especially for implementation into
nanostructured spintronics devices.

We would like to thank V. Jeudy and A. Thiaville for
fruitful discussions. This work was financially supported by
the ANR “Friends” the Partner University Fund (France
embassy), FEDER France, the Region Lorraine, and the
Grand Nancy.
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