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For static magnetic properties of the Co/Ni bilayers, macroscopic hysteresis loops and microscopic magnetic moment
distributions have been determined by the object oriented micromagnetic framework (OOMMEF). It is found that when the
bilayer systems are fully decoupled, the magnetizations of the two phases reverse separately. The coercivity of the bilayers
decreases to a valley value sharply with increasing interfacial exchange coupling and then rises slowly to a platform. On
the other hand, we have carried out an atomistic simulation for the laser-induced ultrafast demagnetization of the Co/Ni
bilayer. A larger damping constant leads to a faster demagnetization as well as a larger degree of demagnetization, which
is consistent with the first-principle theoretical results. For the magnetization recovery process, the damping constant has
different influences on the recovery time with various peak electron temperatures, which is ignored in previous atomistic
simulations as well as the Landau—Liftshit-Bloch (LLB) micromagnetic calculations. Furthermore, as the interfacial ex-
change coupling increases, the ultrafast demagnetization curves for Co and Ni become coincident, which is a demonstration
for the transition from two-phase phenomenon to single-phase phenomenon.

Keywords: micromagnetic simulation, interfacial effect, hysteresis loops, ultrafast demagnetization
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1. Introduction

The Co/Ni magnetic multilayered thin films with perpen-
dicular anisotropy have drawn a great deal of attention in the
past several decades owing to their applications in the field
of magnetic storage and spintronic devices.!!! The properties
of interface induced large perpendicular magnetic anisotropy
(PMA)?! can be modified by controllable experimental condi-
tions. The PMA with Ni as the capping layer increases linearly
with the annealing temperature. It is in contrast to that in the
case of the Pt capping layer.!3! The influence of the layer rep-
etition numbers and film thickness on PMA has been studied
by You et al.'*! The interfacial effect is very critical for obtain-
ing the high quality thin film, and in turn it can affect both the
static and dynamic properties of the bilayers. Up to now, the
fast magnetization dynamics in GHz frequency has been dis-
cussed widely in Co/Ni systems. For instance, the relationship
between Gilbert damping and magneto-crystalline was studied
using an all-optical method.~7! Also, the dependence of the
intrinsic Gilbert damping on the stack number as well as the
layer thickness was reported for Co/Ni thin films.!8! However,
the ultrafast demagnetization in Co/Ni bilayer on the sub-ps
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scale is rarely reported, which is helpful for understanding the
terahertz emission in such thin films with large PMA. "]

In this study, the hysteresis loops and magnetic rever-
sal process of a Co/Ni bilayer system were calculated using
the object oriented micromagnetic framework (OOMMEF), in
which the interfacial exchange coupling constant plays a ma-
jor role. More importantly, we also investigated the interfacial
effect on the laser induced ultrafast demagnetization dynam-
ics in the Co/Ni bilayer based on the atomistic spin dynam-
ics model. Our work can open a novel avenue to manipulate
the ultrafast demagnetization via the interfacial exchange cou-
pling constant in perpendicular magnetic anisotropic Co/Ni bi-
layers, and it has an immediate implication for the design of

high frequency spintronic devices.

2. Static magnetic properties
2.1. Micromagnetic model

The three-dimensional (3D) micromagnetic calculation of
the OOMMF code is based on the Landau-Lifshitz—Gilbert
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dynamic equations!!%-!!]

M _ s 7
S = |11 M x Her—

dr |/}’| X eff Ms

where M is the magnetization, Heg is the effective field, ¥

M x (M X Heff), (l)

is the Landau-Lifshitz gyromagnetic ratio, and « is a dimen-

sionless damping constant. The effective field is defined as

follows:

—ty ! g—]@ )
The average energy density E in Eq. (2) is a function of

M specified by Brown’s equations!!?!
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where A and K are the exchange and anisotropy energy con-
stants, respectively, H and Hgy(r) are the applied and magne-
tostatic self-interaction fields, while My = M(r) is the spon-
taneous magnetization. These equations hold for both the Co
and Ni phases. The four terms at the right side of Eq. (3)
correspond to the exchange energy, the anisotropy energy, the
applied field (Zeemam) energy, and the magnetostatic (demag-
netization) energy, respectively.

In the 3D simulation carried out by OOMME, the length
and width of both the Co and Ni layers are set as 20 nm. The
material is divided into small cells whose length and width are
2.0 nm. The height of each cell is set as 0.1 nm. The applied
field varies from 3 T to —3 T in the simulation, starting from
a positive saturation state, in which the magnetic moments in
each cell are uniformly distributed with the initial magnetiza-
tion parallel to the applied field.

In this work, both Co and Ni have a strong PMA with
the following parameters: 131 M = 1.72, MN' = 0.60, K©° =
6.69 x 10~2* J/atom, KN = 5.47 x 10726 J/atom, A° = 6.06 x
10721 J, and AN = 2.757 x 10721 J. The thicknesses of the Co
and Ni layers keep constant values of 0.4 nm and 1.6 nm, re-
spectively. Only the exchange interaction between the neigh-
boring region pair is taken into account and the free boundary
conditions are chosen. The exchange energy constant between
the Co and Ni layers is varied to consider its effect on the mag-
netization reversal.

2.2. Macroscopic hysteresis and magnetic moment distri-
bution in the film

Figure 1 shows the macroscopic hysteresis loops of the
Co/Ni bilayers with various interfacial exchange coupling con-
stants. We can see that some obvious dissimilarities in the hys-
teresis loops are caused by the varying interfacial exchange
coupling constants. When jiper = 5 X 10721 J, correspond-
ing to the case of strong coupling, the hysteresis loop dis-
plays a good squareness behavior, indicating that the magne-
tization of the whole bilayers takes a complete reversal coher-
ently. The underlying magnetization reversal can be illustrated

clearly by the 3D magnetization moment distribution shown
in Figs. 2(a) and 2(b). We note that, once the applied field
is large enough, the orientation of magnetic moment in both
Co and Ni changes from positive to negative simultaneously.
The loops for jiner = 5 x 1072 T and jiger = 0 J, however,
exhibit a kink phenomenon, indicating that the magnetization
reversal occurs in two steps. As illustrated in Figs. 2(c) and
2(d), the first step corresponds to the magnetization reversal
of the Ni phase which has a smaller switching field and the
second one corresponds to the Co phase reversal. For inter-
mediate interfacial exchange energy constant, the squareness
of the hysteresis loops is kept well enough, while the critical
field of coercivity has a valley value. The interfacial coupling
constant also has an important influence in the SmCo/Fe and
NdFeB/Fe exchange coupled systems, where the squareness of
the hysteresis loop deteriorates with interfacial exchange cou-

pling decreasing.!14-16]
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Fig. 1. (color online) Calculated major hysteresis loops of the Co/Ni
bilayers with out plane easy axes based on OOMMEF with various inter-
face exchange energy constants.

2.3. Critical field

The interfacial exchange coupling constant plays an im-
portant role in determining the hysteresis loops, and conse-
quently the intrinsic coercivity. Figure 3 presents the coer-
civity as a function of the interfacial exchange coupling. The
coercivity of the bilayers decreases to a valley value sharply
with increasing interfacial exchange coupling and then rises
slowly to a platform. The variation of the system’s energy
barrier with the interfacial exchange coupling constant may
contribute to the above relationship. According to the an-
alytical solutions!!”) based on the Stoner—Wohlfarth model
in exchange-coupled magnets, the energy barrier of the Ni
phase increases with the coupling constant, whose magne-
tocrystalline anisotropy is weak compared with that of the Co
phase. In contrast, the energy barrier of Co decreases with the
interfacial exchange coupling constant. So a critical interfacial
coupling constant exists where the kink in the hysteresis loops
disappears and the valley value of coercivity occurs.
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Fig. 2. (color online) 3D evolution of the magnetic moments calculated by OOMMEF for Co/Ni bilayers: (a) before coercivity with
Jinter =6 X 10721 J, (b) after coercivity with jiper = 6 X 10721 J, (c) before coercivity with jiner = 0, (d) after coercivity with jiper = 0.
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Fig. 3. Calculated coercivity as a function of interfacial exchange en-
ergy constant.

3. Dynamic magnetic properties
3.1. Atomistic spin model

The ultrafast demagnetization dynamics is simulated
with an atomistic spin model using the Vampire software
package.!!318] In this atomistic simulation, the energetics of
the systems are described by an extended Heisenberg spin
model with the following form:

H=-Y7;5-S—kY (Si-e)* =Y usSi- Hypp.  (4)

i#] i i
The first term is the dominant one called Heisenberg exchange
energy, where J;; is the exchange interaction constant between

the nearest neighboring two spins S; and S;. The second term
describes the magnetocrystalline anisotropy of the spin, where
ky is the uniaxial anisotropy energy per atom. And the last
term is the Zeeman energy involving interactions between the
system and external applied fields, where L is the magnetiza-
tion moment per atom.
The dynamics of spin systems are determined by the

Landau-Liftshit-Gilbert equation with Langevin dynamics

% - _(1+—Y7L2) [ x Hig+A8; x (S x Hip)], (5)
where 7 is the gyromagnetic ratio, and A is the microscopic
damping parameter mainly coming from the intrinsic contribu-
tions of spin—electron and spin—lattice interactions. H| éff is the
net magnetic field on each spin including an additional white
noise term!!”!
2AkgT
YUsAL

wn=T(0)

where kg is the Boltzmann constant, 7T is the system tempera-
ture, At is the integration time step, and I'(¢) is the Gaussian
white noise term representing the thermal fluctuations on each
atomic site. So, the effective field in the above LLG equation
with Langevin Dynamics reads

1 JH

H . =—-——""— 0 6
eff .usasl—'_ th ()
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The system temperature is calculated from a two-temperature
model which couples the spin and electron systems closely
and equilibriums with the phonon system in the end. The
famous two-temperature model has been widely used in or-
der to understand the laser-induced ultrafast demagnetization

dynamics. [?°!

3.2. Damping dependence of ultrafast demagnetization

As shown in Fig. 4, a rapid decrease of magnetization
takes place on the sub-picosecond timescale. It is consis-
tent with previous experiments,?!! indicating that the macro-
scopic LLG equation applied at the atomistic level contains
the physics of ultrafast demagnetization behavior. The sim-
ulations are carried out for Co single layer thin film with A
ranging from 0.01 to 0.25. We note that a larger microscopic
damping constant leads to a faster and larger demagnetization.
In fact, the microscopic damping parameter A coming from the
local intrinsic contributions (spin—lattice and spin—electron in-
teractions) in the atomistic spin dynamics model, as the bridge
between the spins and the heat baths of electrons and phonons,
represents the strength of the spin—orbit coupling effect.[?23]
Therefore, it is expected that a larger microscopic damping
parameter A can facilitate the laser induced ultrafast demag-
netization as shown in Fig. 4. As the microscopic damping
constant A increases, the demagnetization time 74 declines
monotonously.

0 0.2 0.4 0.6
Time delay/ps

Fig. 4. (color online) Ultrafast demgnetization curves for Co film with
various damping constants.

It turns out that A in the atomistic spin model can be de-
fined by the microscopic spin-flip rate as done in LLB micro-

24251 A5 the material-specific intrinsic

magnetic simulations. !
spin scattering rate, it is necessary to investigate its influence
roughly in a large range of A as shown in Fig. 5. The largest
microscopic damping constant results in a rapid magnetization
decay followed by a pronounced recovery process. This value
of damping corresponds to that of 3d transition metal with
a relatively high spin-flip probability. However, the small-
est microscopic damping constant gives rare earth dynamics

shown as a slow demagnetization process without any obvious

recovery. To some extent, the various microscopic damping
constant known as the spin-flip rate in this atomistic simula-
tion defines the diversity of ultrafast demagnetization behav-
iors compared with the M3TM model.?!!
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Fig. 5. (color online) Ultrafast demagnetization curves with a large
range of microscopic damping constant.
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Fig. 6. (color online) Recovery time of Co film as a function of micro-
scopic damping constant with various electron temperatures.

In the ultrafast magnetization dynamics, the recovery
time?%! is another critical parameter besides the above demag-
netization time and demagnetization state. Figure 6 gives the
relationship between the recovery time and microscopic damp-
ing constant with various peak electron temperatures. As can
be clearly observed, the relationship presents different trends
for peak electron temperatures below and above the Curie tem-
perature 1300 K. With microscopic damping constant increas-
ing, the recovery time drops gradually to a constant value for
peak electron temperatures below the Curie point, while it de-
creases to a valley value first and then rises again with the elec-
tron temperature exceeding the Curie point. In the atomistic
spin dynamics model, the microscopic damping constant can
be treated as the coupling strength between the spins and lat-
tice. In this aspect, it can explain the monotonous decreasing
relationship for the recovery time and microscopic damping
parameter. The stronger coupling strength leads to a faster an-
gular momentum transfer to the lattice, consequently a shorter
time to recover the magnetization. However, the magnetiza-
tion recovery rate also depends on the final magnetic state.>’]

057501-4



Chin. Phys. B Vol. 27, No. 5 (2018) 057501

In detail, the recovery of the magnetization will be slowed
down with a larger demagnetization. It is based on the in-
terpretation that the magnetic recovery from the demagnetized
state takes place via the growth of magnetization which recov-
ers in random directions. The maximum magnetic quenching
will be larger with a higher electron temperature as well as a
larger microscopic damping constant. Therefore, it is expected
that the recovery time shows a non-monotonic behavior with
the microscopic damping constant increasing.

3.3. Interfacial exchange coupling dependence of ultrafast
demagnetization time

Up to now, we have investigated the effect of inter-
actions among spins, electrons, and lattice in cobalt single
layer thin film carefully. Though similar principles still hold
for the Co/Ni bilayer system, the effect of the interfacial
coupling constant on the ultrafast demagnetization is worth-
investigating. In statics, the hysteresis loops present distinct
magnetization reversal behaviors with various interfacial cou-
pling. In dynamics, the ultrafast demagnetization curves for
the Co and Ni phases in the Co/Ni bilayer on the timescale
less than 1 ps are regulated by the interfacial exchange cou-
pling as well. In Fig. 7, the demagnetization curves for Co and
Ni coincide with each other in the strong interfacial coupling
case, indicating that the bilayer system behaves as an entirety.
While the above two curves for Co and Ni separate with each
other in the weak interfacial coupling case. It indicates that the
interfacial coupling constant between Co and Ni thin layers not
only plays a major role in determining the magnetic reversal
behaviors, but also in the ultrafast demagnetization dynamics.

1.0 I i T T T
—e— Jinter = 6.0X1072! J Co
3 " —— Jinter =6.0X10721 J Ni
" 5 —— Jinter = 0.8X10721 J Co
0.2 \ +jlmer:0.8><1[]*2l INi
0.6
=
S 0.25
Time delay/ps
< 0.4 1
0.2
0 . | , | I
0 0.2 0.4 0.6 0.8 1.0 1.9

Time delay/ps

Fig. 7. (color online) Ultrafast demagnetization curves for Co and Ni
in Co/Ni bilayers with interfical coupling constant jiper = 6.0 x 10721 J
and jiper = 0.8 x 10721 J. The inset shows the partial enlarged details
of the main figure between 0.21 ps to 0.29 ps of time delay.

4. Conclusion

In this study, the static and dynamics properties of Co/Ni
bilayers have been studied using 3D micromagnetic simulation

and atomistic spin dynamics model, respectively. The coerciv-
ity of the bilayers decreases to a valley value sharply with in-
creasing interfacial exchange coupling and then rises slowly to
a platform. Also, the interfacial coupling between the Co and
Ni layers affects the magnetic reversal in Co/Ni bilayers. The
microscopic damping constant in the atomistic spin dynamics
domains the ultrafast demagnetization mechanism in Co/Ni bi-
layers. The recovery time of the magnetization after the laser
pulse shows a non-monotonic behavior with the increasing mi-
croscopic damping due to the coexistence influence from both
the coupling constant between the spin and lattice and the final
demagnetization state.
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