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Bit patterned recording (BPR) has attracted much attention due to its promising potential in achieving high densities
in magnetic storage devices. The materials with strong perpendicular magnetic anisotropy (PMA) are always preferred in
designing the BPR. Here, the patterned Co/Ni multilayers showing d—d hybridization induced PMA was studied. In par-
ticular, we record the ultrafast spin dynamics by means of time-resolved scanning magneto-optical Kerr effect (TRMOKE)
microscopy. We are able to acquire the “snapshot” magnetic maps of the sample surface because of both the femtosecond
temporal and submicrometer spatial resolution in our TRMOKE microscopy. Furthermore, the spatially inhomogeneous
ultrafast demagnetization was observed in experiment, and this has been evidenced by simulations.
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1. Introduction

As compared with the continuous magnetic recording me-
dia, the magnetic island achieved by lithographically in bit
patterned recording (BPR) is used to be a single bit. This
makes BPR more applicable in contracting the spintronics
devices with high density.[!! Meanwhile, the thermal stabil-
ity is another key parameter in designing the magnetic data
storage media.[>3] As a result, the magnetic materials with
high perpendicular magnetic anisotropy (PMA) is usually de-
sirable. For instance, Yang et al. investigated the PMA in
Fe/MgO™ and Co/graphenel®! heterostructures structures via
first-principles calculations. Even, they stated that the inter-
faces between ferromagnetic and heavy nonmagnetic transi-
tion metals such as Co/Pt, Co/Pd, and Co/Ni have been used
to achieve high PMA. In these materials, the PMA comes from
the strong hybridization between the 3d orbitals of transition
metal and the 5d orbitals of the heavy metals. In fact, a lot
of investigations!®®! on the origin of the PMA as well as the
Gilbert damping has been carried out, since they are critical for
the modulation of both densities and power consumptions for
magnetic recording media and magnetic random-access mem-
ories (MRAMYS).

For the above-mentioned magnetic multilayers with
PMA, the static magnetic properties and dynamics in nanosec-
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0101 However,

ond timescale have been extensively studied.
their ultrafast spin dynamics within picosecond timescale is
largely unexplored. The fundamental and practical limit of the
speed of magnetization reversal is a subject of vital importance
for magnetic recording and information processing technolo-
gies as well as one of the most intriguing questions of modern
magnetism. The conventional way to reverse the magnetiza-
tion M is to apply a magnetic field H antiparallel to M.
In the case of static magnetic configurations, magnetic force
microscopy provides highly detailed results against which nu-
merical predictions can be tested. For dynamic phenomena,
direct experimentation is also highly desirable, and may even
stimulate the development of new phenomenological theory.
In this study, we investigate the ultrafast spin dynamics
in Co/Ni patterned multilayers via both time-resolved scan-
ning magneto-optical Kerr effect (TRMOKE) microscopy!'!!
and simulations, including atomistic and FDTD methods. We
directly observed the “snapshot” magnetic maps of the sam-
ple surface thanks to the temporal and spatial resolution of
TRMOKE equipment. Therefore, we are able to collect the
first-hand insight into the magnetization development, ob-
serving nonuniform spatial profiles which would be invisi-
ble within other techniques such as a typical TRMOKE!?!
without microscopy and Vector Network Analyzer ferromag-
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netic resonance (VNA-FMR).!'3! Instead, they can only be
used to extract the magnetization dynamics in time and fre-
quency domain, respectively. This combination makes this
technique a very powerful tool for fundamental as well as ap-
plied physics. For example, it has been used to direct visual-
ize the nonuniform spin precession, magnetostatic waves, and
spin waves.!'*l More importantly, it could be quite sensitive
for the local magnetization evolution as a function of time and
space in the isolated area.

2. Results

A DC magnetron sputtering system is used to deposit thin
The thin film deposi-
tion process takes place at room temperature. The film struc-
ture is NiFeCr(30)/Cu(30)/[Co(1.5)/Ni(5)]s/NiFeCr(30), and
the thickness of each layer shown in parentheses is in units of

films on water-cooled Si substrates.

A. The background vacuum of the sputtering system is bet-
ter than 4 x 107> Pa, and the Ar air pressure is maintained
at 0.5 Pa. Each layer of film is deposited by the correspond-
ing metal target, and the purity of the target material used is
higher than 99.99%, and the thickness of each layer is con-
trolled by sputtering time. In Fig. 1(a), the magnetic hystere-
sis loops of Co/Ni multilayer is shown. It was measured by
applying a magnetic field perpendicular to the film. The easy
magnetization axis was parallel to the film normal direction in-
dicating the large PMA of the multilayer. The anisotropy field
of this multilayer was estimated to be about Hx = 2.3 kOe
(1 0e=79.5775 A-m™"), and coercivity of H. = 150 Oe and
the normalized magnetization is about 0.91. The anisotropy
field is estimated from an effective magnetic anisotropy, so
that it includes both perpendicular magnetic anisotropy and
shape anisotropy.
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Fig. 1. Out of plane hysteresis loop obtained in [Co(1.5A)/Ni(5A)]s
multilayer using VSM.

Figure 2(a) shows the TR-MOKE signals of the ultrafast
demagnetization evolution after optical excitation.!!>!6] For
our TR-MOKE experimental setup, we used 780-nm laser as
the pump with 55-fs pulse duration and the single pulse en-
ergy is around 100 nJ at 5.2-MHz repetition rate (For more
details, please see our previous work!">!). A rapid decrease of

magnetization takes place on the subpicosecond time scale,
followed by a pronounced recovery. The time evolution
of magnetization on picosecond timescales can be fitted ac-
cording to Eq. (1) in terms of the three-temperature model
BTM)!>-171 which describes the energy distribution among

electrons, phonons, and spins after laser excitation:
AM(I) . A AZTE_AITMe
M | (t/t+1)05
_ A —A) g
T — ™

—t/TM

Tg — ™™
]@(t)} -G(t,16), (1)

where G(t,7g) represents the convolution product with the
Gaussian laser pulse profile and 7 is the full width at half
maximum of the laser pulses. @(¢) is the Heaviside function.
The constant A represents the amplitude of demagnetization
obtained after equilibrium between the electrons, spins, and
phonons, while A, is proportional to the initial electron tem-
perature raise. The two critical time parameters Ty and Tg
are the ultrafast demagnetization time and magnetization re-
covery time, respectively. Here, the ultrafast demagnetization
time extracted from Eq. (1) is 150 fs, which agrees well with
previous reports in Co/Nil'®! or Co/Pt!!8] ultrathin film with
strong PMA.
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Fig. 2. (a) Ultrafast demagnetization curve obtained by TRMOKE mea-
surement. The red line represents the numerical result using Vampire
package and the blue one is the fitting curve from Eq. (1). (b) The evo-
lution of electron and phonon temperature after the excitation of fem-
tosecond laser pulse.

In order to understand the non-equilibrium process in-
duced by femtosecond laser pulse in Co/Ni systems, the ul-
trafast demagnetization dynamics is simulated by means of
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Vampire!!! software package. The dynamics of magnetiza-
tion induced by laser pulse could be partially understood by
the two-temperature model, which has been included in Vam-
pire. Besides, for the magnetization system, the following
Hamiltonian is used to describe all the energies included in
the simulations:

H=-YJiSi-Si—kiY (Si-e)* =Y uSi- Hyp.  (2)

i#] i i
It is obvious that the first term is the Heisenberg exchange en-
ergy, where J;; is the exchange interaction constant between
the nearest neighboring two spins S; and S;. Then, k, rep-
resents the uniaxial anisotropy energy per atom, so the sec-
ond term indicates the magnetocrystalline anisotropy for the
whole system. And, the third one showing the Zeeman energy
describes the interactions between the magnetic moments and
the applied fields.

To obtain the laser induced magnetization dynamics, the
typical Landau-Lifshitz—Gilbert equation has to be incorpo-
rated by Langevin dynamics, in which the thermal effect is
taken into account by the term of H éff:

a8, Y

ar 7(1—&-712)[51' X Hep+ASi % (Six Her)l,  (3)

where 7 is the gyromagnetic ratio, A is the microscopic damp-
ing parameter mainly coming from intrinsic contributions of
spin-electron and spin—lattice interactions. Héff is the net
magnetic field on each spin including an additional white noise

. i zlkBT
term: H} =T (t) TR

stant, T is the system temperature, Az is the integration time

where kg is the Boltzmann con-

step. And I'(¢) is the Gaussian white noise term representing
the thermal fluctuations on each atomic site. Therefore, the ef-
fective field in above LLG equation with Langevin Dynamics
reads

Héff:_;sgg"_ th- “)

As mentioned above, the two-temperature model describ-
ing the interactions between electron and lattice system is al-
ways used to understand the laser-induced magnetization dy-
namics. In this model, the spin and electron system are closely
coupled between each other. And finally, they equilibrated
with the lattice leading to an equilibration temperature for the
whole system. Such evolution of the system temperature is the
driven force underlying the magnetization dynamics.

For the ferromagnetic structures constructed within Vam-
pire software, the length and width of both Co and Ni lay-
ers are set as 30 nm with the periodic boundary condi-
tions. The total height is set as 3.25 nm, where the ratio
between Co and Ni is 1:5 in consistent with that in experi-
ments. Meanwhile, we assume that the heat capacity of lat-
tice G, is independent of the lattice temperature and given by

C, =85x 10° J-m—3.K~!, while the electronic heat capac-
ity C. is proportional to the temperature 7; via C, = y1; with
y=3x 103 J-m~3.K~!. The value of electron—lattice coupling
parameter Ge_ is setas 1.5 x 10'® W-m~3.K~!. The values of
all the parameters are consistent with those in literatures. ['%-20]

In Fig. 2(a), the magnetization evolution as a function of
time obtained in experiments is consistent with that within
atomistic simulations. It indicates that the simulations com-
bining the LLG equations with the two-temperature model is
validated to understand the ultrafast demagnetization. Fig-
ure 2(b) shows the evolution of temperatures of electrons and
phonons after the excitation by ultrashort laser pulse. The
electronic system is driven to a high temperature firstly, and
then pure energy transfer from the optically excited hot elec-
trons to the lattice. As a result, both the electrons and phonons
reach an equilibrium state after a typically 1 ps.

Figure 3 shows typical images of magnetic domains in
Co/Ni multilayers at various time delays after excitation by
laser pulses via our time-resolved scanning magneto-optical
Kerr effect (TRMOKE) microscopy. The images were ob-
tained for both types of domains with initial magnetization up
and down. In the first few hundreds of femtoseconds, pump
pulses bring the originally magnetized medium into a strongly
non-equilibrium state with no measureable net magnetization.
After sub-picosecond timescales, the magnetization recovers
from the quenching state slowly. It is clearly that the demag-
netization profile is non-uniform spatially. The amplitude of
the response is largest in the middle, and then it propagates
towards the edge.

Fig. 3. Images of magnetic domains in Co/Ni multilayers at various time
delays after excitation by laser pulses.

In order to understand this phenomenon, a commercial-
grade simulator based on the finite-difference time-domain
(FDTD) method®" was used to calculate the laser absorp-
tion profiles within a two-dimensional plane. We consid-

ered a Gaussian distribution wave illumination at a wave-
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length 800 nm, linearly p-polarized, impinging on the sam-
ple through a lens in order to agree with the experimen-
tal conditions. The light absorption per unit volume reads
—0.50 |E|*imag (), we only need to know the elec-
tric field and the imaginary part of the permittivity which is
easy to measure in an FDTD simulation.

As shown in Fig. 4(a), the absorption picture of Gaus-

sian laser perpendicular to the thin film makes us clear that the

Paps =

middle region of the sample shows a stronger optical absorp-
tion and consequently the faster demagnetization rate in the

(a)
2.0

=16

y (um)

0.1
@ (pm)

0.9

X1019

middle region. This agrees well with the results obtained in
our experiment. As the direction of incoming laser not align-
ing the normal axis, the optical absorption distribution shows
asymmetric behaviors as illustrated in Fig. 4(b). Although the
10° incidence geometry was kept constant defined as the angle
between the out-plane laser wave vector k and normal axis of
the sample, the out-plane incoming laser wave vector k was
varied. With the laser wave vector rotating counter clockwise,
the intensity of light absorption in the edge around the projec-

tion of wave vector decreases, as is given in Fig. 5.

(b)
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Fig. 4. FDTD-simulated light absorption inside thin films for perpendicular incoming laser (a) and 10° with respect to the normal axis (b).

(a)

3.6

3.0

-24

=1.8

1.2

x1019

3.0

X109

y (um)

x1019

(b)
3.6

3.0

-24

- 1.8

1.2

0.6

x (urﬁ)

y (pm)

—0.7

0.1
z (um)

0.9

Fig. 5. FDTD-simulated light absorption inside thin films for various laser wave vector k: (a) 10°, (b) 30°, (c) 50°, (d) 70°. The angle was
defined between the projection of k in thin film and the plane composed of the incoming laser and normal axis.

3. Conclusion

In conclusion, we studied the magnetization dynamics
taking place at picosecond timescale for ferromagnetic Co/Ni
multilayers. By means of the time-resolved scanning Kerr mi-

croscopy technique as well as the atomistic simulations, the
evolution of magnetization as a function of time was achieved
from experiments and calculations, respectively. Moreover,

we experimentally produced a group of dynamic MOKE im-
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ages at different delay times. The non-uniform spatial demag-
netization profile was explained based on an FDTD simula-
tion, where the Gaussian shape laser absorption profiles was
demonstrated. Such attempts with the time-resolved magnetic
imaging techniques will provide deeper insights into interest-
ing physics such as the microscopic mechanisms and interac-
tions responsible for different types of magnetization dynam-
ics.
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