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Influence of Local Coercivity Variation on Magnetization Reversal Dynamics
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Local coercivity variation of Co/Pd nanomultilayers has been investigated by measuring the polar Kerr hystere-
sis loops of local areas of submicron size using a magnetooptlc Kerr microscope system. Interestingly, the local
coercivity distribution is very sensitive to an increase in the number of repeats: the (2-A Co/11-A Pd);y sample
showed a smooth variation of the local coercivity, while (2-A Co/11-A Pd);5 showed a large fluctuation. From
micromagnetic considerations based on a thermally activated relaxation model, we have found that this local
coercivity variation has a crucial effect on the contrasting magnetization reversal behavior observed in those
samples: dominant wall-motion for the former sample and dominant nucleation for the latter one.

1. Introduction

Ultrathin ferromagnetic films and nanomultilayers are of
great interest in recent years due to the possibilities of
nanomagnetic applications, as well as their novel magnetic
properties [1-4]. To achieve high performance in nanomag-
netic applications it is necessary to prepare the materials
nanoscopically uniform, since the irregularity and stability
of domain formation are greatly affected by the nanomag-
netic regularity of the film during the magnetization rever-
sal process [5-9]. Much effort has been devoted to charac-
terizing the nanomagnetic nature of the films by measuring
topographic and magnetic images [10-13]. However, mag-
netization dynamics has rarely been studied by imaging
techniques, because it has been difficult to apply external
fields to samples in imaging systems. Recently, we have
developed a local hysteresis loop measurement technique
within the optical resolution limit by adopting a mag-
netooptic Kerr microscope system. In this study, we have
investigated the local coercivity distribution of Co/Pd
nanomultilayers having perpendicular anisotropy, by mea-
suring the local hysteresis loops. The contrasting domain
configuration and reversal behavior of the Co/Pd nano-
multilayers reported by Choe and Shin [9] has been re-
examined in accordance with the local coercivity distribu-
tion.

2. Experiments

A high-performance Kerr microscope system has been
developed to measure the local hysteresis of magnetooptic
thin films having perpendicular magnetic anisotropy [14, 15].
The system mainly consists of an polarizing optical micro-

scope capable of 1,000x magnification with spatial resolu-
tion of 0.3 um and Kerr angle resolution of 0.2°. To
measure the hysteresis, the system is equipped with an elec-
tromagnet controlled by a personal computer to sweep the
external magnetic field over the range of +5 kQOe.

The domain images are captured by an advanced CCD
camera system which is interfaced to the computer. The
images are composed of the light intensity distribution mea-
sured by a CCD array of 100x80 pixels, where a unit pixel
corresponds to an area of 0.32x0.32 ym?® at the film surface.
Storing the domain images while sweeping the external
magnetic field, it is possible to obtain an array of the local
intensity function I,(H). This is done by recording the
intensity variation at every corresponding (x, y)th CCD pixel
while sweeping the external field H. Figure 1(a) shows the
typical dependence of the intensity variation on the applied
magnetic field H. The intensity I,,(H) is correlated with the
Kerr rotational angle 6,(H) by

L (H)=1+C sin (8, (H) + o, (H) +A8,,), (1)

where [2‘, is the intensity offset of the corresponding CCD
pixel, C;W is the proportionality coefficient between the
intensity and the Kerr rotational angle, o, is the effective
Faraday coefficient of the objective lens of the microscope,
and A@,, is the angle between the polarizer and the ana-
lyzer. Fitting the measured 1,,(H) versus H to Eq. (1) for the
two saturated states 0, (H)= _Bg as shown by the sohd
lines i m Figure 1(a), one can determine the values of Ix},
(Cyy M) (A6,,/a,,), and (Bfg a,,) with the approxi-
mation sin 8~ 8 for small 6. Then Eq. (I) can be rear-
ranged as an explicit function for the normalized Kerr
hysteresis loop in terms of the fitting parameters;
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Fig. 1. (a) Typical value of the local intensity variation I,,(H)
measured by the (x, y)th CCD pixel as a function of an applied
magnetic field H. The solid lines are the fitting curves given by
Eq. (1) for the two saturated states of ny(H)=i9f::. (b) The
normalized Kerr hysteresis loop 6,,(H) generated from the
intensity variation shown in (a).
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Figure 1(b) shows the normalized Kerr hysteresis loop gen-
erated from the intensity variation shown in Figure 1(a). It
should be stressed here that a Kerr hysteresis loop can be
obtained for each CCD pixel, and thus one can generate a
microscopic map of the local coercivity distribution He (x,
y) by measuring the coercivity from the corresponding hys-
teresis loop of each CCD pixel at (x, y). The local coercivity
distribution HAx, y) is further deconvoluted by Hc(x, y)=
H(é +0H(x, y), where H?; is the mean value of the local
coercivity and 6H(x, y) is the local variation of the coerciv-

ity.

3. Results and Discussion

The local coercivity distribution of Co/Pd nanomultilay-
ers has been investigated in this way. Samples of (2-A Co/
11-A Pd), with varying number of repeats n were prepared
on glass substrates by e-beam evaporation under a base
pressure of 1.0x107 torr at ambient temperature. The nano-
multilayered structure was achieved by alternatively expos-
ing the substrate to two e-beam sources with typical
deposition rates of 0.3 A/s for Co and 0.5 A/s for Pd. The
layer thickness was controlled within 4% accuracy using
real-time thickness measurement [14]. The samples of n=
10 and 18 were extensively examined. Both samples had
perpendicular magnetic anisotropy and showed square MH
hysteresis loops. The coercivities measured by VSM were
1.3 and 2.4 kQe for the samples of n=10 and 18, respec-
tively.

Interestingly, the local coercivity distribution was found
to be very sensitive to the number of repeats n. In Figure 2,
we illustrate the local coercivity distribution of (a) n=10 and
(b) 18, respectively, by mapping 6H(x, y) in gray levels on
a 2-dimensional XY plane, where the area of the maps
corresponds to 32.8x26.2 ym?’ at the sample surface. It is
surprising that the local coercivity distribution is so depen-
dent on the number of repeats »: the thinner film with n=
10 shows a smooth variation of the local coercivity as
shown in Figure 2(a), while the thicker film with n =18
shows a large fluctuation of the local coercivity as shown
in Figure 2(b). The standard deviation AH¢ of the local
coercivity distribution increased from 22 to 34 Oe with an
increase in n from 10 to 18. The large fluctuation of the
local coercivity of the thicker film is possibly ascribed to
a larger amount of structural irregularity, because local
structural irregularities such as atomic misfit, defects, and

[] 250e< Shc(x,y)
-25 Oe< dh (x.y)< 25 Oe

[ 5hc(x,y)< -25Oe

Fig. 2. The local coercivity distributions of (a) the (2-A Co/11-A Pd),o and (b) (2-A Co/11-A Pd);s samples. The total area of the
map corresponds to the sample surface area of 32.8x26.2 um?” The map was generated by 100x80 coercivity measurements of indi-

vidual pixels, each with area 0.32x0.32 um>
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Fig. 3. Typical domain patterns at 20% magnetization reversal from the saturated state for (a) (2-A Co/11-A Pd),, and (b) (2-A Co/

11-A Pd),s samples.

dislocations, may be accumulative during film deposition.
The local structural irregularity is known to cause magnetic
inhomogeneity, such as misorientation of the polycrystalline
axes, reduction of the nucleation field, and domain-wall
pinning [16].

Magnetization reversal behavior of the Co/Pd nano-
multilayer samples has been investigated by time-resolved
observation of domain evolution from the saturated state
under a reversed applied field [14, 15]. The reversal process
in this system was found to change from dominant wall-
motion to dominant nucleation with increasing number of
repeats n. Figure 3 shows the typical domain patterns of the
samples with (a) n=10 and (b) 18, respectively, during the
magnetization reversal. The figures were grabbed from the
same positions of the corresponding samples shown in Fig-
ure 2 using the same CCD camera attached to the micro-
scope system and were subsequently intensified by noise
filtering and brightness-contrast adjustment. The black
regions in the figures are the reversed domains at 20%
reversal from the saturated state. A large domain is clearly
observed in Figure 3(a), while a number of small domains
are seen in Figure 3(b). These contrasting reversal patterns
occur by a balance between the nucleation process and the
wall-motion process [7, 8]: he large domain shown in Fig-
ure 3(a) is formed by wall-motion process from a single
nucleation site, while the small domains in Figure 3(b) are
nucleated independently. ‘

It is very interesting to note that these contrasting reversal
patterns coincide with the local coercivity distributions. The
reversal mechanism under conditions of local coercivity
variation has been analyzed, based on a thermally activated
relaxation process. The half-reversal time 7, which is the
time needed to reverse half the volume of the sample, has
been experimentally determined to decease exponentially
with the applied field H [8]. By considering the local coer-
civity distribution H(x, y), the half-reversal time 7(x, y) of
magnetization My of a volume V, located at (x, y) is given
by

V.M
(x, y)=Toexp| —===(H(x, y) - H) |, 3)
kpT

where 7, is the characteristic reversal time for H=H(x, v),
kg is the Boltzmann constant, and 7 is the temperature [7)].
Then, the half-reversal time 7(x, y) is locally irregular even
under a spatially-uniform applied field H, because t(x, y) is
proportional to the value of expt(V,MsO0H A{x, y)/kgT). Since
the magnetization reversal primarily happens in regions of
faster 7(x, y) while the reversal process is impeded at the
regions of slower 7(x, ), the domain reversal pattern is sen-
sitive to the variation in local reversal time. As the local
coercivity variation is increased, the wall-motion is pinned
at the regions of slower reversal speed and the reversal pro-
ceeds by nucleation at regions of faster reversal speed, inde-
pendently of the existing domains. This type of reversal
behavior is perceived as a dominant nucleation reversal. On
the other hand, the reversal behavior under a smooth coer-
civity distribution is dominated by the wall-motion over-
coming the smaller wall-pinning effect.

By measuring the magnetization viscosity curves on chang-
ing the reversed applied field H, the values of (VaMy/kgT)
were determined to be 3.0x1072 Oe™' and 2.5x1072 Qe for
the samples with n=10 and 18, respectively and the reversal
time variation exp(V,MsAH /kgT) was estimated to be 1.9
and 2.3 for the samples of n=10 and 18, respectively. Thus,
it could be well explained that the reversal behavior of the
sample with #n=10 is dominant wall-motion with a smooth
coercivity variation as shown in Figure 2(a), while the
reversal of the sample with n=18 is dominant nucleation
with a large coercivity fluctuation as shown in Figure 2(b).

To better understand the dependence of the reversal
dynamics on the local coercivity variation, a theoretical
study has been carried out by Monte Carlo simulation
adopting a simple uniaxial anisotropy model [14, 17, 18]. In
this model, the film is considered to be composed of nano-
sized single domain cells on a hexagonal lattice lying in the
XY plane, with periodic boundary conditions [19]. The vol-
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ume V, of a hexagonal unit cell is given by ﬁt]di/Z,
where f is the film thickness and 4, is the distance between
the centers of the nearest cells. Each cell has saturation
magnetization M, and uniaxial perpendicular anisotropy K,,
and each cell boundary has wall energy density o,. The
magnetic energy E of a cell having magnetization making
an angle 6 with the +z axis is given by

E=K,V, sin’60-M,V (H_+ H,)cos @

1 d t,o
+{3 - =cosH cos6)—cu, 4
( 2 % 3

where the first term is the uniaxial anisotropy energy, the
second term is the magnetostatic energy due to both the
external field H, and the demagnetizing field H, normal to
the film, and the last term is the domain-wall energy
summed over the six boundaries with the nearest neighbor
cells having the magnetization direction 6. The demagne-
tizing field H, acting on the cell is calculated by summing
the magnetostatic field from the magnetization of the neigh-
boring cells out to the Nth nearest cells, by considering the
magnetostatic interaction energy between the surface mag-
netization distribution of the cells. We took N=40, where H,
was almost saturated to its asymptotic value [19].

The magnetic energy E has two minima, at 6=0 and 7,
with a maximum in between. The energy barrier to reversal,
Ep, is the difference in energy between the initial value and
the maximum, and it is given by

M(H,+H)+ (0,/3d.)X,cos6,7>
EB=KuVC[1+cos6) A+ Hy) 2(KW )2 k},

®)

where 6 and 6, are the initial magnetization direction of the
cell and the nearest neighbors, respectively. The probability
P of a cell reversing through the energy barrier E by ther-
mally activated fluctuation in time At is

P=P0 exp(—EB/kBT)At, (6)

where P, is the probability constant, kg is Boltzmann’s con-
stant, and T is the temperature. The value PoAr is deter-
mined to make X, P(x, y)=1 by a preliminary calculation of

(a)
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PIPAt over the whole sample. A cell is determined to be
reversed when a random value ranging [0, 1] is greater than
the probability P of cell reversal and then, the total domain
pattern is constructed from the state of each individual cell.

Magnetization reversal of the Co/Pd nanomultilayers has
been investigated by this simulation algorithm. To investi-
gate the influence of structural nonuniformity, we assigned
a random fluctuation to the uniaxial perpendicular anisot-
ropy of each cell, where the fluctuation function was cho-
sen to have a Gaussian distribution and the other magnetic
properties held constant for every cell in the sample. The
perpendicular magnetic anisotropy, rather than the satura-
tion magnetization, is expected to be very sensitive to struc-
tural irregularity in this system, since it is mainly caused by
the structurally-induced anisotropy at interfaces. Typical
values of the magnetic properties of the Co/Pd nanomulti-
layered system were used in the simulation: uniaxial anisot-
ropy Ky=1x10° erg/cm’, saturation magnetization Ms=250
emw/cm’, wall energy density oy =0.8 erg/cm’, and cell
volume V=6.9x107" cm®.

Figure 4 shows the simulated domain patterns at 50%
reversal with increasing anisotropy fluctuations of (a) 0, (b)
2, and (c) 4%, respectively. The domain patterns change
from a large regular domain to a number of ragged domains
as the anisotropy fluctuation increases. It is very interesting
to note that these contrasting domain patterns are truly
matched to the experimentally observed domain patterns:
the large domain is formed by a wall-motion process from a
single nucleation site, while the small ragged domains are
nucleated by a nucleation process. The number of nucle-
ation sites increases with an increasing number of repeats,
which is ascribed to the increment of local coercivity fluc-
tuation. It should be pointed out that the domain boundary
is rougher in the thicker sample, which shows the existence
of local structural irregularity. Considering the fact that the
theoretical prediction was obtained by assuming identical
values of the magnetic properties except for the local
anisotropy distribution, the good correspondence between
the experimental observation and the theoretical prediction
implies an essential role of the local anisotropy variation on
the domain reversal mechanism. For a sample with a large
local anisotropy fluctuation, the reversal is initiated at sev-

Fig. 4. Simulated domain patterns at 50% reversal for anisotropy variations of (a) 0%, (b) 2%, and (c) 4%, respectively.
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eral nucleation sites of lower nucleation barrier energy and
then the wall expansion from the nucleation sites is con-
strained at pinning sites with locally high energy barriers.
Thus, several small domains with irregular boundaries
appear as shown in Figure 4(c). On the other hand, a
smooth anisotropy distribution has few nucleation sites and
a weak pinning effect and thus, the reversal expands
smoothly from one nucleated site by wall motion overcom-
ing the pinning sites, as shown in Figure 4(a).

4. Conclusion

We have investigated the local coercivity distributton of
Co/Pd nanomultilayers having perpendicular anisotropy, by
measuring the local hysteresis loops of local areas of sub-
micron size using a magnetooptic Kerr microscope system.
The local coercivity distribution was very greatly increased
with increasing number of repeats: the (Z-A Co/11-A Pd),o
sample showed a smooth variation of the local coercivity,
while (2—A Co/11-A Pd),s showed a large fluctuation. From
a micromagnetic argument based on a thermally activated
relaxation model, we have found that this local coercivity
variation had a crucial effect on the contrasting magnetiza-
tion reversal behavior observed in those samples; dominant
wall-motion for the former sample and dominant nucleation
for the latter one.
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