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We systematically investigated the Ni and Co thickness-dependent perpendicular magnetic anisotropy (PMA) coef-
ficient, magnetic domain structures, and magnetization dynamics of Pt(5 nm)/[Co(tCo)/Ni(tNi)]5/Pt(1 nm) multilayers by
combining the four standard magnetic characterization techniques. The magnetic-related hysteresis loops obtained from
the field-dependent magnetization M and anomalous Hall resistivity (AHR) ρxy showed that the two serial multilayers with
tCo = 0.2 nm and 0.3 nm have the optimum PMA coefficient KU as well as the highest coercivity HC at the Ni thickness
tNi = 0.6 nm. Additionally, the magnetic domain structures obtained by magneto-optic Kerr effect (MOKE) microscopy
also significantly depend on the thickness and KU of the films. Furthermore, the thickness-dependent linewidth of ferro-
magnetic resonance is inversely proportional to KU and HC, indicating that inhomogeneous magnetic properties dominate
the linewidth. However, the intrinsic Gilbert damping constant determined by a linear fitting of the frequency-dependent
linewidth does not depend on the Ni thickness and KU. Our results could help promote the PMA [Co/Ni] multilayer
applications in various spintronic and spin-orbitronic devices.
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1. Introduction
Magnetic multilayers with strong perpendicular magnetic

anisotropy (PMA) and low magnetic damping have attracted
much attention because of their potential applications in high-
density magnetic random access memories (MRAM)[1–5] and
spin torque nano-oscillators.[6–9] Compared to the in-plane
magnetized ferromagnets, ferromagnetic films with PMA fa-
cilitate the realization of nonvolatile MRAM with lower power
and higher density storage because the latter has lower crit-
ical switching current and higher thermal stability than the
former as the continuous downscaling of the cell size of
devices.[10] In addition, PMA can be an effective magnetic
field to achieve zero external magnetic field working spin-
torque nano-oscillators with ferromagnets with strong PMA
and low damping as its free layer.[11] Therefore, the control-
lable tailoring PMA of magnetic films is an essential pre-
requisite for developing high-performance spintronic devices.
The magnetic multilayers, e.g., [Co/Pd], [Co/Pt], and [Co/Ni],
provide an opportunity to tune their magnetic properties by
changing the thickness ratio controllably and the number of
bilayer repeats thanks to the interface-induced PMA due to
interfacial spin–orbit coupling and interfacial strain relevant
magnetoelastic effects.[12–17] Among these PMA multilay-

ers, the PMA [Co/Ni] multilayer also exhibits low damp-
ing constant,[14] which gets much attention, especially for
the fields of current-driven auto-oscillation of magnetization
and excitation and manipulation of spin-waves.[18,19] Further-
more, the PMA [Co/Ni] multilayer is also useful for spin–orbit
torque devices.[20–22] Therefore, [Co/Ni] multilayers are con-
sidered one of the most promising PMA ferromagnets in vari-
ous spintronic devices. Although there are a few studies on the
magnetic anisotropy, magnetotransport, and magnetic damp-
ing of Pt/[Co/Ni] multilayers,[6,14,23] the systematically stud-
ied evolution of magnetostatic properties, including the topog-
raphy of magnetic domains and magnetic dynamics with the
thickness ratio of Co and Ni layers for this multilayer film still
needs to make a thorough investigation for facilitating it better
used in further spintronics.

Here, we systematically investigate how to control the
magnetic film PMA by tailoring the interfacial effect by vary-
ing the thickness of the Ni layer and its impact on magnetic
domain structure and dynamical damping in two serial Co/Ni
multilayers with tCo = 0.2 nm and 0.3 nm. The highest PMA
coefficient KU∼ 3×106 erg·cm−3 and coercivity HC∼ 250 Oe
are found at the optimum Ni thickness tNi = 0.6 nm for the
studied two serials. The nucleation of the magnetic domain oc-
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curs at only a few nucleation sites and gradually expands with
magnetic fields for the multilayers with the optimum Ni thick-
nesses 0.4 nm–0.6 nm. Finally, the intrinsic Gilbert damp-
ing constant α is not sensitive to thickness-dependent KU and
domain structures even though the linewidth of ferromagnetic
resonance is inversely proportional to KU and HC, which is
dominated by inhomogeneous magnetic properties.

2. Experiment
Two serial multilayers of Pt(5)/[Co(0.2)/Ni(tNi)]5/Pt(1)

and Pt(5)/[Co(0.3)/Ni(tNi)]5/Pt(1), named as Pt/[Co(0.2)/Ni(tNi)]
and Pt/[Co(0.3)/Ni(tNi)], respectively, were deposited on
Si/SiO2 substrates at room temperature by dc-magnetron sput-
tering with Ar pressure 3×10−3 torr. The unit in parentheses
is the thickness in nm. The base pressure of the sputtering
deposition chamber is below 2× 10−8 torr. The deposition
rate was monitored by the quartz crystal monitor in situ and
calibrated by spectroscopic ellipsometry (SE). The static mag-
netic properties were characterized by the vibrating sample
magnetometer (VSM), the anomalous Hall resistivity (AHR)
measurement, and the magneto-optic Kerr effect (MOKE) mi-
croscopy respectively. The films’ ferromagnetic resonance
(FMR) spectra, obtained by combining coplanar waveguide
(CPW) and lock-in techniques, were also adopted to charac-
terize their dynamic magnetic properties. All these magnetic
characterizations were performed at room temperature.

3. Results and discussion
3.1. Quasi-static magnetic properties

To directly obtain the thickness dependence of PMA
properties in the Co/Ni films, we first performed the mag-
netic hysteresis loops of samples with different thicknesses
using VSM. Figure 1 shows the magnetization hysteresis
loops with the out-of-plane and in-plane field geometries
for the two serial multilayers of Pt/[Co(0.2)/Ni(tNi)] and
Pt/[Co(0.3)/Ni(tNi)] samples. The well-defined square M–H
loops under out-of-plane field [Figs. 1(a) and 1(c)] indicate
that two studied serial Pt/[Co/Ni] multilayers exhibit a per-
pendicular magnetic anisotropy. Additionally, the saturation
magnetization MS of the multilayers decreases with increas-
ing the thickness of the Ni layer tNi, from 673 emu·cm−3

to 495 emu·cm−3 for Pt/[Co(0.2)/Ni(tNi)] and 723 emu·cm−3

to 639 emu·cm−3 for Pt/[Co(0.3)/Ni(tNi)], which agrees with
the much lower MS ∼ 484 emu·cm−3 of the metal nickel
compared to that of the cobalt layer MS ∼ 1422 emu·cm−3.
Based on the out-of-plane and in-plane magnetization hys-
teresis loops, the perpendicular anisotropy field HK was de-
termined by using the defined formula for the PMA:[12,24]

HK = (2/MS)(
∫ MS

0 H⊥dM−
∫ MS

0 H‖dM)+4πMS. The calcu-
lated HK, MS and the coercivity HC, obtained from the M–H

loops, were summarized below in Fig. 5.
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Fig. 1. (a)–(b) Magnetization loops of the films Pt(5)/[Co(0.2)/Ni(tNi)]5/Pt(1)
with out-of-plane (a) and in-plane (b) magnetic field. (c)–(d) Same as (a)–(b),
for Pt(5)/[Co(0.3)/Ni(tNi)]5/Pt(1).

These static magnetic properties of the metal Pt/[Co/Ni]
multilayer films also can be determined by the electric trans-
ports in magnetic field, e.g., anomalous Hall resistivity (AHR)
and magnetoresistive effect. Compared to the standard mag-
netometer above, the electric transports in magnetic field mea-
surements provide an alternative approach and, especially,
more useful for spintronic nano-devices because they can
easily access the magnetic properties of the microscale and
nanoscale samples.[25,26] Therefore, we also perform the out-
of-plane and in-plane AHR loops as a function of the ap-
plied magnetic fields for the studied two serial multilayers, as
shown in Fig. 2. The coercivity HC determined from the out-
of-plane AHR loops are well consistent with the values ob-
tained by the M–H loops, and are also summarized in Fig. 5.
Meanwhile, we can calculate HK of the studied films from
the in-plane AHR loops by using the following relation:[27]

HK = H‖ · tanarcsin(ρxy (H)/ρxy(0))+4πMS, where ρxy (0) is
the AHR value at zero in-plane field. The evolution of HK

with the thickness of the Ni layer is overall consistent with the
results determined by the VSM measurement. Furthermore,
the AHR measurements also provide us the additional infor-
mation, which can not be easily accessed by VSM, about the
studied two serial Pt/[Co/Ni] multilayers. For example, we
find that the in-plane AHR near-zero magnetic field is much
smaller than the out-of-plane AHR for the samples with cer-
tain Ni thickness, indicating that these samples form the multi-
domain structures at the low in-plane magnetic fields. There-
fore, the value of the difference between out-of-plane and in-
plane AHR at near-zero fields hints that the different Ni thick-
ness films may exhibit distinct magnetic domain structures.[28]
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Fig. 2. (a)–(b) Anomalous Hall resistivity as a function of out-of-plane
(a) and in-plane magnetic field with 5◦ tilt angle from the file plane
(b) for the samples Pt(5)/[Co(0.2)/Ni(tNi)]5/Pt(1). The inset shows the
geometric relationship between magnetic field, magnetization and effec-
tive anisotropic field Heff

K = HK − 4πMS. (c)–(d) Same as (a)–(b), for
Pt(5)/[Co(0.3)/Ni(tNi)]5/Pt(1). All AHR were measured by using the films
patterned into a 0.3×10 mm Hall cross.

3.2. Magnetic domain structures

To directly reveal the evolution of magnetic domain struc-
ture with Ni thickness and the detail of magnetization rever-
sal process under external field, the MOKE microscopy is
also performed for Pt/[Co(0.2)/Ni(tNi)] serial samples. Fig-
ure 3 shows MOKE loops and the representative MOKE im-
ages during scanning out-of-plane magnetic fields. Bright
and dark regions represent the domains with magnetic mo-
ment point-up and point-down, respectively. Except for the
multilayer with the nickel thickness tNi = 0.2 nm [Fig. 3(a)],
all films exhibit a well-defined PMA corresponding rectangu-
lar or dumbbell-shape hysteresis loops [Figs. 3(b)–3(h)]. The
MOKE images show that the sample with tNi = 0.3 nm begins
to nucleate with numerous nucleation points approximately
uniform dispersion on the whole film at the field of 138 Oe,
then gradually expand with increasing field, and saturate to
the uniform state at H⊥ > 300 Oe [Fig. 3(b)]. Combining with
field-dependent magnetic susceptibility and AHR characteri-
zations, HC and HK of Pt/[Co(0.2)/Ni(tNi)] first enhance with
increasing tNi, reach the maximum at tNi = 0.6 nm, and then
reduce with continue increasing tNi to 0.9 nm. For the sam-
ples with 0.4 nm ≤ tNi ≤ 0.6 nm, the MOKE loops exhibit
a well-defined rectangular shape. Meanwhile, in contrast to
tNi = 0.3 nm, only a few nucleation points appear at the criti-
cal magnetic field, and then begin to expand the magnetic do-
main with a continuously increasing field. For increasing tNi

to above 0.7 nm, the MOKE loops begin to transfer into the
dumbbell shape from the prior well-defined rectangular shape.
The corresponding MOKE images show that the films with

tNi ≥ 0.7 nm form tree-like domain walls with more irreg-
ular branchings as increasing tNi during the field range near
below the saturation field [the middle picture of Fig. 3]. In
other words, for the films with tNi ≥ 0.7 nm, the length of
the domain wall increases with increasing tNi which is consis-
tent with the trend of dependence of HK on Ni thickness. As
we know that the total energy density of the magnetic domain
wall per unit area γw is proportional to magnetic anisotropy
energy, exchange energy and demagnetization energy based on

the widely recognized formula:[29] γw =A π2

δ
+ KU

2 δ +
M2

S
4

µ0δ 2

t+δ
,

where A is the exchange constant, δ is the thickness of the
domain wall, KU is the PMA coefficient, MS is the saturation
magnetization, t is the thickness of the entire film, and µ0 is the
permeability of vacuum. To minimize the total energy of the
entire film, the volume (or length) of the domain wall needs
to reduce and increase demagnetization energy when KU in-
creases with increasing tNi in the range of 0.4 nm–0.6 nm.
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Fig. 3. (a)–(h) Magneto-optic Kerr hysteresis loops and magnetic domain im-
ages of the films Pt(5)/[Co(0.2)/Ni(tNi)]5/Pt(1) with labeled thickness tNi =
0.2 nm (a), 0.3 nm (b), 0.4 nm (c), 0.5 nm (d), 0.6 nm (e), 0.7 nm (f), 0.8 nm
(g), 0.9 nm (h), respectively. The corresponding magnetic domain images
with the size of 100 µm×150 µm were obtained at the labeled out-of-plane
magnetic fields (also marked as the red dots on loops).

3.3. Magnetization dynamics

To further investigate the Ni thickness-dependent magne-
tization dynamics of Co/Ni multilayers, we perform the broad-
band FMR measurement with the external field perpendicu-
lar to the film plane. All FMR measurements were carried
out with a home-made differential FMR measurement sys-
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tem combining lock-in technique at room temperature. A
continuous-wave Oersted field with a selected radio frequency
is generated via connecting coplane waveguide (CPW) with
an RF generator, which produces a microwave signal to ex-
cite FMR of ferromagnetic film, which with film surface was
adhered on the CPW. The RF power used in the experiments
is 15 dBm. To improve the signal-to-noise ratio (SNR), a
lock-in detection technique is employed through the modula-
tion of signals. The modulation of a direct current (DC) mag-
netic field H is provided by a pair of secondary Helmholtz
coils powered by an alternating current (AC) source with
129.9 Hz [see Fig. 4(a)].[16,30] The differential absorption sig-
nal is measured by sweeping the magnetic field with a fixed
microwave frequency. The representative FMR spectrum of
Pt(5)/[Co(0.2)/Ni(0.3)]5/Pt(1) obtained at 9 GHz is shown in
the inset of Fig. 4(b). The differential FMR spectrum can be
well fitted by using a combination of symmetric and antisym-
metric Lorentzian function, as follows:

dP
dH

= VS
4∆H (H−Hres)[

4(H−Hres)
2 +(∆H)2

]2

+VA
(∆H)2−4(H−Hres)

2[
4(H−Hres)

2 +(∆H)2
]2 , (1)

where VS and VA represent the symmetric and antisymmetric
factors, H is the external magnetic field, Hres is the resonance
field, and ∆H is the linewidth of FMR corresponding

√
3 times

of the peak-to-dip width in the FMR spectrum. The relation-
ship between the frequency f and the resonance field Hres of
the two series of Pt/[Co(0.2)/Ni(tNi)] and Pt/[Co(0.3)/Ni(tNi)]
samples [Figs. 4(b) and 4(d)] can be well fitted by the Kittel
equation[31]

f = (γ/2π)(Hres +Heff) , (2)

where (γ/2π) = 2.8 MHz·Oe−1 is the gyromagnetic ratio, Heff

is the effective demagnetization[32] Heff =HK−4πMS. There-
fore, the magnetic anisotropy field HK also can be directly de-
termined from the dispersion relation of f versus Hres by using
a parameter MS obtained by VSM. In addition, we can obtain
the intrinsic Gilbert damping α by fitting the experimental data
of linewidth ∆H versus resonance frequency [Figs. 4(c) and
4(e)] with the formula ∆H = ∆H0 + (4πα f/γ), where ∆H0

is an inhomogeneous linewidth independent of the frequency,
and the second term is the intrinsic linewidth linearly propor-
tional to the frequency. The inhomogeneous linewidth of sam-
ples is derived from roughness, defects and inhomogeneous
PMA and magnetization.[33]

0 3 6

-6

0

6

1 2 3 4 5
3

6

9

12

15

3 6 9 12 15

0

0.3

0.6

0.9

1 2 3 4 5
-6

0

6

12

18

4 8 12 16 20
-0.4

0

0.4

0.8

1.2

d
P
/
d
H

(a
rb

. 
u
n
it
s)

Data
fit

(a)

(c)

(e)(d)

0.3 nm 0.6 nm

0.4 nm 0.7 nm

0.5 nm

f
 (

G
H

z
)

f
 (

G
H

z
)

(b)

0.2 nm 0.6 nm

0.3 nm 0.7 nm

0.4 nm 0.8 nm

0.5 nm 0.9 nm

tCo/. nm, tNi/

tCo/. nm, tNi/

Hres (kOe)

Hres (kOe) f (GHz)

f (GHz)

H⊥ (kOe)

D
H

 (
k
O

e
)

D
H

 (
k
O

e
)

Fig. 4. (a) Differential FMR spectra experimental setup. (b) Dependence of the resonance field Hres on the frequency f with the out-of-plane field for
the films Pt(5)/[Co(0.2)/Ni(tNi)]5/Pt(1). Solid lines indicate the Kittel fitting curves. The inset is the representative FMR spectrum obtained at 9 GHz,
which can be well fitted by Eq. (1) (solid red line). (c) The linewidth versus frequency (symbols) for the samples Pt(5)/[Co(0.2)/Ni(tNi)]5/Pt(1).
The solid line is a linear fitting, which can extract the corresponding damping constant α based on Eq. (2). (d)–(e) Same as (b)–(c), for the films
Pt(5)/[Co(0.3)/Ni(tNi)]5/Pt(1).

Figure 5 summarizes the dependence of the determined
material parameters: the saturation magnetization MS, the
coercivity HC, the anisotropy field HK, the inhomogeneous
linewidth ∆H0 and the magnetic damping constant α on Ni

thickness tNi for the studied two series of Pt/[Co(0.2)/Ni(tNi)]
and Pt/[Co(0.3)/Ni(tNi)] samples. The determined HK by three
independent methods shows an overall consistent behavior.
The HK begins to increase with increasing tNi, and reaches
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Fig. 5. (a)–(e) Dependence of the saturation magnetization MS (a), the co-
ercivity HC (b), the anisotropy field HK (c), the inhomogeneous linewidth
∆H0 (d) and the magnetic damping constant α (e) on the Ni thickness tNi in
the films Pt(5)/[Co(0.2)/Ni(tNi)]5/Pt(1). (f)–(j) Same as (a)–(e) for the sam-
ples Pt(5)/[Co(0.3)/Ni(tNi)]5/Pt(1). MS, HC, and HK were determined from
the previous magnetization loops, AHR loops, MOKE loops, and the ferro-
magnet resonance spectra. The linewidth was determined by fitting the ex-
perimental FMR spectrum with a Lorentzian function based on Eq. (1). The
magnetic damping constant was obtained by a linear fitting of ∆H versus f
curves based on Eq. (2).

the maximum at tNi ∼ 0.6 nm, whereafter reduces again with
continuing to increase tNi. Several reasons account for this
phenomenon. First, the magnetic anisotropy of the studied
multilayer is mainly contributed from the interfacial magnetic
anisotropy of the Co/Ni and Pt/Co interfaces.[34] Second, the
Co/Ni multilayers’ interface quality depends highly on the Ni
layer’s thickness. In other words, too thin nickel layer may
not get a good Co/Ni interface due to inevitable elements dif-
fusion during sputtering deposition. However, the HK will
drop due to reducing the ratio of the interfacial anisotropy
to the volume anisotropy energy if the Ni layer is too thick.
Like HK, the HC shows a similar trend with varying thick-
ness of the Ni layer. As we well know that the coercivity
depends on PMA, as well as defects-induced pinning effects.
But, in our case, the results show that the combination of

PMA and magnetization-relevant demagnetization field domi-
nate the coercivity, which can be well explained by the Brown
formula:[35] HC = (2KU/MS)−NMS, where KU = (MSHK)/2
and N are the magnetic anisotropy constant and the demagne-
tization factor of the film, respectively.

Figures 5(d) and 5(i) show the inhomogeneous
linewidth (∆H0) of FMR spectra as a function of tNi for
Pt/[Co(0.2)/Ni(tNi)] and Pt/[Co(0.3)/Ni(tNi)], respectively.
For thin thickness Ni samples, island structures are most
likely formed. This results in a broadening of the resonance
linewidth due to a distribution of effective internal anisotropy
and demagnetization fields.[37] One can see that the mini-
mum linewidth of two serial samples corresponds to the max-
imum PMA field HK, suggesting the inhomogeneous mag-
netic anisotropy-induced linear broadening is the minimum
at the optimum PMA condition.[36] Although the intrinsic
damping constant is almost independent of the Ni thickness
for the studied two serials, but the Pt/[Co(0.2)/Ni(tNi)] films
have a lower damping constant α ∼ 0.04 than α ∼ 0.07 of
Pt/[Co(0.3)/Ni(tNi)]. The obvious difference in damping con-
stant between the two serial multilayer systems indicates that
the former has better magnetic dynamic properties.

4. Conclusion
The Ni thickness effect on the static magnetic prop-

erties and magnetic dynamics of Pt(5 nm)/[Co(0.2 nm and
0.3 nm)/Ni(tNi)]5/Pt(1 nm) multilayers demonstrate that the
two studied serial multilayer systems exhibit the optimum
PMA coefficient KU well as the highest coercivity HC at the
Ni thickness tNi = 0.6 nm. The MOKE images further confirm
that the maximum KU corresponds to the magnetic domain
structure with the shortest length of domain wall through mini-
mizing the total energy, which consists of magnetic anisotropy
energy, exchange energy, and demagnetization energy. Fur-
thermore, the frequency-dependent FMR spectra show that
the damping constant remains almost constant with the differ-
ent Ni thicknesses for both serials, but the Pt/[Co(0.2)/Ni(tNi)]
multilayer serial has a lower damping constant α ∼ 0.04 than
0.07 of the Pt/[Co(0.3)/Ni(tNi)] serial. According to the ob-
tained results, we find that the optimum PMA coefficient
KU = 3.3×106 erg·cm−3, the highest coercivity HC = 250 Oe,
and as well as the lowest damping constant α = 0.04 can be
achieved at Pt(5)/[Co(0.2)/Ni(0.6)]5/Pt(1). Our results of op-
timizing magnetic properties of the Pt/[Co/Ni] multilayer by
tuning the ratio of Co/Ni layers is helpful to facilitate its ap-
plications in various spintronic devices.
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[34] Arora M, Hübner R, Suess D, Heinrich B and Girt E 2017 Phys. Rev. B
96 024401

[35] Kronmüller H, Durst K D and Sagawa M 1988 J. Magn. Magn. Mater.
74 291

[36] Shaw J M, Nembach H T and Silva T J 2010 J. Appl. Phys. 108 093922
[37] Platow W, Anisimov A N, Dunifer G L, Farle M and Baberschke K

1998 Phys. Rev. B 58 561

017503-6

http://dx.doi.org/10.1088/1674-1056/abdea2
http://dx.doi.org/10.1088/1674-1056/abdea2
http://dx.doi.org/10.1088/1674-1056/27/9/098504
http://dx.doi.org/10.1088/1674-1056/23/4/047504
http://dx.doi.org/10.1088/1674-1056/24/9/097506
http://dx.doi.org/10.1088/0256-307X/37/11/117501
http://dx.doi.org/10.1088/0256-307X/37/11/117501
http://dx.doi.org/10.1103/PhysRevLett.114.137201
http://dx.doi.org/10.1103/PhysRevApplied.16.034044
http://dx.doi.org/10.1103/PhysRevApplied.16.034044
http://dx.doi.org/10.1039/D1NR00254F
http://dx.doi.org/10.1088/1674-1056/abaed5
https://doi.org/10.1063/1.4799524
http://dx.doi.org/10.1088/0256-307X/33/3/037501
http://dx.doi.org/10.1088/0256-307X/33/3/037501
http://dx.doi.org/10.1103/PhysRevMaterials.2.064410
http://dx.doi.org/10.1103/PhysRevMaterials.2.064410
http://dx.doi.org/10.1088/1674-1056/abcf9d
http://dx.doi.org/10.1063/1.4795013
http://dx.doi.org/10.1063/1.4976028
http://dx.doi.org/10.1063/1.4976028
http://dx.doi.org/10.1088/0256-307X/38/4/047501
http://dx.doi.org/10.1088/1674-1056/ac2b22
http://dx.doi.org/10.1088/1674-1056/ac2b22
http://dx.doi.org/10.1103/PhysRevApplied.13.024034
http://dx.doi.org/10.1103/PhysRevApplied.13.024034
http://dx.doi.org/10.1103/PhysRevB.103.144426
http://dx.doi.org/10.1038/nmat4886
http://dx.doi.org/10.1038/nmat4886
http://dx.doi.org/10.1038/srep20778
http://dx.doi.org/10.1038/srep20778
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1109/LED.55
http://dx.doi.org/10.1103/PhysRevB.103.024415
http://dx.doi.org/10.1088/1674-1056/ac20cc
http://dx.doi.org/10.1063/1.4866774
http://dx.doi.org/10.1063/1.4866774
http://dx.doi.org/10.1021/acs.nanolett.8b05121
http://dx.doi.org/10.1021/acs.nanolett.8b05121
http://dx.doi.org/10.1038/ncomms1888
http://dx.doi.org/10.1063/5.0020701
http://dx.doi.org/10.1088/0256-307X/37/8/087503
http://dx.doi.org/10.1103/PhysRevB.84.054424
http://dx.doi.org/10.1088/0256-307X/37/5/058501
http://dx.doi.org/10.1016/j.jmmm.2018.04.046
http://dx.doi.org/10.1103/PhysRevB.96.024401
http://dx.doi.org/10.1103/PhysRevB.96.024401
http://dx.doi.org/10.1016/0304-8853(88)90202-8
http://dx.doi.org/10.1016/0304-8853(88)90202-8
http://dx.doi.org/10.1063/1.3506688
http://dx.doi.org/10.1103/PhysRev.58.561

	1. Introduction
	2. Experiment
	3. Results and discussion
	3.1. Quasi-static magnetic properties
	3.2. Magnetic domain structures
	3.3. Magnetization dynamics

	4. Conclusion
	References

