
PHYSICAL REVIEW B 1 JANUARY 1998-IIVOLUME 57, NUMBER 2
Magnetization reversal in nanostructured Co/Pd multilayers
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~Received 17 April 1997; revised manuscript received 22 July 1997!

We report the experimental results on magnetization reversal in Co/Pd multilayers. Interestingly enough,
reversal phenomena in this system were found to be strongly dependent on the magnetic properties varied with
the Co-sublayer thickness. Direct domain observations and magnetization viscosity measurements revealed that
wall motion was dominant in the samples having 2-Å-thick Co sublayer, whereas nucleation was dominant in
those having 4-Å-thick Co sublayer. Magnetization reversal was theoretically studied using a nanomagnetic
model and the strong dependence of reversal behavior on the magnetic properties could be qualitatively
explained.@S0163-1829~98!02602-2#
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I. INTRODUCTION

Co/Pd magnetic multilayers, which are artificially grow
periodic layered structures of alternating Co and Pd mat
als, have been one of the most prospective candidates fo
next generation of high-density magneto-optical record
media, due to their novel magnetic and magneto-opt
properties.1–4 Enormous studies have been carried out on
magnetic and magneto-optical properties of this system,
very little work has been done on the magnetization reve
mechanism.

Domain dynamics of magnetization reversal become v
important in the high-density recording process, since it g
erns the formation of the written domain size, irregulari
and stability. Therefore, it is very important to understa
the magnetization reversal mechanism for further impro
ment of recording performance as well as for the fundam
tal understanding of magnetism in thin films.

Previous observations of magnetization reversal in am
phous rare-earth transition-metal,5–7 sandwiched Co,8–10 Co-
based alloys,11 and multilayered systems12–15 have shown
two limiting behaviors of magnetization reversal; wa
motion and nucleation dominant processes. The origin
these contrasting behaviors still remains controversial. M
of the experimental studies have explained that magne
tion reversal behavior was mainly governed by structu
properties such as local structural variation,6 film thickness,7

lattice mismatch,8 sublayer thickness,12 and interfacial
roughness.13 On the other hand, recent theoretical wor
based on two-dimensional micromagnetic simulation16–18

and the Ising system19,20 have reported that magnetizatio
reversal behavior could be predicted with magnetic prop
ties, without considering the detailed microstructure.

This paper is organized as follows: we present the exp
mental procedure in Sec. II, the experimental results and
cussion on magnetization reversal in nanostructured Co
multilayers in Sec. III, together with Monte Carlo simulatio
and summarize our findings in Sec. IV.

II. EXPERIMENT

Co/Pd multilayers were prepared on glass substrates
e-beam evaporations of Co and Pd under the base pressu
1.031026 Torr. The multilayer structure was achieved b
570163-1829/98/57~2!/1085~5!/$15.00
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alternatively exposing the substrate to two e-beam sou
via a rotating substrate holder. Two sources of Co and
were physically separated by stainless-steel shields to
vent the cross contamination of their fluxes. The sour
were screened with a shutter driven by a stepping moto
order to prevent deposition to the substrate during rotation
the substrate holder. The substrate holder was placed 25
above the sources. To achieve the intended sublayer th
ness, the dwelling time of the substrate staying above e
source was controlled by a computer interfaced to a stepp
motor which drove the substrate holder. Typical deposit
rates of 0.3 Å/s for Co and 0.5 Å/s for Pd, monitored by tw
corresponding quartz crystal sensors, were kept cons
within a 10% fluctuation. The difference between the
tended thickness and the actual thickness determined f
low-angle x-ray diffraction turned out to be less than 2
The samples had various Co-sublayer thicknesses of 2,
3, 3.5, and 4 Å. But all samples had a constant Pd-subla
thickness of 11 Å and the same number of repeats. Care
taken to maintain the same preparation conditions excep
Co-sublayer thickness and the macroscopic magnetic pro
ties were confirmed to be quite reproducible for the sa
nominal samples prepared in different runs.21 All samples in
this study developed low-angle x-ray diffraction peak
which suggested the existence of the multilayer structure
those samples.

Magnetization reversal behavior was studied by direct
servation of domain structure using a magneto-optic mic
scope equipped with advanced video processing techniq
as well as magnetization viscosity measurement monito
the Kerr rotation angle at the wavelength of 6320 Å w
time. In both experiments, the sample was first saturated
applying the magnetic field normal to the film plane a
then, reversal behavior was investigated under reversing
plied field smaller than the coercivity. Both experimen
were taken under the same experimental condition, thus
croscopic patterns of the reversing domain structure could
investigated along with the magnetization viscosity curv
The magnetization was measured using a highly sens
vibrating sample magnetometer22 ~VSM! calibrated against a
Ni standard. The magnetic anisotropy was measured usi
torque magnetometer at an applied field of 10 kOe. For b
magnetization and anisotropy measurements, a small si
from the sample holder and uncoated substrate was
1085 © 1998 The American Physical Society
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1086 57SUG-BONG CHOE AND SUNG-CHUL SHIN
tracted out. We will designate the samples as (tCo-Å
Co/11-Å Pd! n , wheretCo is the Co-sublayer thickness andn
is the number of repeats.

III. RESULTS AND DISCUSSION

All samples in this study had perpendicular magnetic
isotropy and showed the Kerr hysteresis loop of unit squa
ness. In Fig. 1, we exhibit the hysteresis loops measured
VSM for the samples of 2, 3, and 4-Å-thick Co sublayer. T
~2-Å Co/11-Å Pd! 10 multilayer exhibits a smaller magnitud
of the saturation magnetization and a more square hyste

FIG. 1. Hysteresis loops measured by VSM for the sample
~a! 2, ~b! 3, and~c! 4-Å-thick Co sublayers. Each sample has t
saturation magnetization of 210, 300, and 370 emu/cc and the
ercivity of 1.2, 0.6, and 0.4 kOe, respectively.
-
e-
by

sis

loop than other samples. The slant hysteresis loop of
~4-Å Co/11-Å Pd! 10 sample may be caused by a strong
strength of the demagnetizing field, because the magne
tion reversal is more impeded for the sample having a lar
demagnetizing field during the reversal process.18 The mea-
sured coercivitiesHc are 1.2, 0.6, and 0.4 kOe for th
samples of 2, 3, and 4-Å-thick Co-sublayer thickness,
spectively.

Interestingly enough, reversal phenomena in this sys
were found to be very sensitively changed from wall-moti
dominant reversal to a nucleation dominant one with incre
ing the Co-sublayer thickness from 2 to 4 Å. Gradual var
tion in domain reversal pattern was clearly observed e
with a 0.5-Å increment in the Co-sublayer thickness. In F
2, we show typical domain reversal patterns of~2-Å Co/11-Å
Pd! 10, ~3-Å Co/11-Å Pd! 10, and ~4-Å Co/11-Å Pd! 10 mul-
tilayers in order of increasing areal fractions of the revers
domains, taken under the applied fields smaller than the
ercivities of the samples. Wall-motion dominant reversal
the ~2-Å Co/11-Å Pd! 10 sample can be vividly seen from
Fig. 2~a!. In this sample, a few nucleated domains were fi
formed in the beginning and gradually expanded in size a
domain boundaries by wall motion. Eventually, all domai
of the sample were completely reversed. The domain ev
tion process was essentially the same irrespective of
magnitude of an applied field, but the rate of domain evo
tion was considerably accelerated by increasing the app
field. Even though the wall propagation speed was varied
different domain boundaries due to the wall pinning caus
by local irregularities such as microstructural defects and
terfacial roughness in the sample, magnetization reversa

f

o-

FIG. 2. Direct observation of the typical time-dependent dom
patterns of~a! ~2-Å Co/11-Å Pd!10 underH50.88 Hc , ~b! ~3-Å
Co/11-Å Pd!10 under H50.89 Hc , and ~c! ~4-Å Co/11-Å Pd!10

under H50.83 Hc . The percent denoted at the bottom of ea
frame is the areal fraction of the reversed domain.
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57 1087MAGNETIZATION REVERSAL IN NANOSTRUCTURED . . .
curred at all domain boundaries as seen in the figure. T
the microstructural irregularities are not the major factor
determining the reversal mechanism in this sample, but o
yield the ragged wall boundaries.

In the ~4-Å Co/11-Å Pd! 10 sample, a magnetization reve
sal of dendritic growth is clearly observed as shown in F
2~c!. In this system, the once nucleated domain grew o
slightly in size but expanded quickly by dendritic grow
throughout the whole area of the sample. The dendr
stripes hardly grew in width, thus the widths of the strip
remained nearly constant during the reversal process.
unreversed region between the dendritic stripes remained
changed even after a long time and could be reversed onl
increasing an applied field close to the coercivity. More d
tailed investigation revealed that the dendritic stripes gr
not by means of continuous expansion of the domain-w
boundary but by abrupt jutting-out of certain-sized spro
adjacent to the existing domain boundary.5 The sizes of the
sprouts were almost same during the whole reversal pro
and could be interpreted either as a cross-sectional are
the Barkhausen volume or a minimum size of nucleation

In the ~3-Å Co/11-Å Pd! 10 sample, an intermediate reve
sal behavior of the samples mixed with domain-wall exp
sion and dendritic growth appeared as seen in Fig. 2~b!. The
magnetic domain reversed not only by the growth of rand
jutting-out stripes but also by the areal expansion of the
main wall in every domain boundary. Comparing with t
complete reversal in Fig. 2~a!, the unreversed areas su
rounded by reversed areas still remained in Fig. 2~b!. How-
ever, the fraction of the unreversed area is much smaller
the jutting-out domain size and the width of the stripe a
much larger than the sample shown in Fig. 2~c!.23 Contrast-
ing magnetization reversal behaviors dependent on the
sublayer thickness were again confirmed by magnetiza
viscosity measurements. In Fig. 3, we show the normali
time-dependent magnetization viscosity curves measured
the ~2-Å Co/11-Å Pd! 10, ~3-Å Co/11-Å Pd! 10, and ~4-Å
Co/11-Å Pd! 10 samples under various reversed fields as
noted in the figures. The Kerr angle and time in the figure
normalized by a maximum Kerr angle and the half relaxat
time, respectively. As mentioned earlier, the rate of rel
ation is sensitively dependent on the strength of an app
field, but the basic shape of the normalized curves fo
given sample remains the same irrespective of the app
field. However, the shapes of the curves among the sam
are quite contrasting.

The ~2-Å Co/11-Å Pd! 10 multilayer shown in Fig. 3~a!
exhibits initially a convex curve indicating a slow relaxatio
rate. Then, it shows more rapid relaxation with time a
gradually approaches the complete reversal state. This s
of the curve is known to be a typical shape of therma
activated relaxation with rare nucleation probability and f
domain-wall motion. In this case, the initial relaxation rate
limited by the probability of nucleation, while the intermed
ate relaxation rate is governed by the successive domain-
expansion.24 The final equilibrium state is determined by th
counterbalance of an applied field and the demagnetiz
field, so that every curve reaches the saturation value du
the weak demagnetizing field in the~2-Å Co/11-Å Pd! 10
sample. The magnetization viscosity curve is well match
with the observed domain reversal behaviors: few nuclea
s,
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sites in the beginning and complete reversal via a w
motion-dominant process.

In contrast, the~4-Å Co/11-Å Pd! 10 multilayer in Fig.
3~c! exhibits initially a concave curve representing the fa
decay rate and slowly approaches an equilibrium state. T
shape of the curve can be interpreted as manifesting a typ
behavior of thermally activated relaxation with large nuc
ation probability and slow domain-wall motion. It should b
pointed out that due to a strong demagnetizing field in
~4-Å Co/11-Å Pd! 10 sample, the degree of magnetization r
versal is dependent on an applied field and complete reve
is never achieved at small applied fields even after a lo
time as seen in the figure. Though the viscosity measurem
revealed the nucleation dominant reversal in the~4-Å Co/
11-Å Pd! 10 sample, the direct domain observation did n
apparently show the truly nucleation dominant patterns
dendritic-growth ones. As mentioned above, the dendr

FIG. 3. Normalized viscosity curves under several revers
fields for ~a! ~2-Å Co/11-Å Pd!10, ~b! ~3-Å Co/11-Å Pd!10, and~c!
~4-Å Co/11-Å Pd!10.
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1088 57SUG-BONG CHOE AND SUNG-CHUL SHIN
growth was evolved by means of the abrupt jutting-o
sprouts, which might be interpreted as a new upcom
nucleation adjacent to the existing domain boundary ra
than as a domain-wall growth along the dendritic stripe p
terns. The dendritelike domain patterns have been reporte
many magnetic thin-film systems5 and more detailed inves
tigations on the dendritelike growth are needed. The~3-Å
Co/11-Å Pd! 10 sample in Fig. 3~b! shows nearly a linea
dependence of magnetization relaxation in the beginn
which is a kind of intermediate shape between the con
and concave curves observed in Fig. 3~a! and Fig. 3~c!, re-
spectively. Thus, one might interpret this linear depende
as reflecting a thermally activated reversal behavior mi
with nucleation and wall-motion mechanisms.

To understand the observed reversal behaviors in Co
multilayers, a theoretical study has been carried out
Monte Carlo simulation adopting a simple uniaxial anis
ropy model, proposed by Kirbyet al.16 In this model, the
film is considered to be composed of nanosized ident
single domain cells of volumeVc on hexagonal lattices lying
in theXY plane with the periodic boundary condition.25 Each
cell has the saturation magnetizationMs , the uniaxial anisot-
ropy Ku , and the exchange stiffnessAx . The magnetic en-
ergy E of a cell having magnetization angleu from the1z
axis is given by

E5KuVc sin2 u2MsVc~Hz1Hd!cosu

1S 32
1

2
cosu(

k
cosukDEw , ~1!

where the first term is the uniaxial anisotropy energy,
second term is the magnetostatic energy from the exte
field Hz normal to the film and the demagnetizing fieldHd ,
and the last term is the domain-wall energy summed over
six boundaries to the nearest neighbors having the mag
zation directionuk . The domain-wall energyEw in one edge
of a cell is calculated by the Bloch-wall approximation of t
wall-energy density 4AAxKu. The demagnetizing fieldHd at
the center of the cell is calculated by summing the magn
field from the point dipoles at the center of other cells with
the Nth nearest cells. We tookN520 at whichHd was al-
most saturated to its asymptotic value.26 The magnetic en-
ergy E has two minimums atu50 andp with a maximum
in between. The energy barrier to reverse is the differenc
energy between the initial value and the maximum, and
given by

EB5KuVc
F 11cosu

MsVc~Hz1Hd!1
1

2
Ew(

k
cosuk

2KuVc

G 2

,

~2!

whereu anduk are the initial magnetization direction of th
cell and the nearest neighbors, respectively. The probab
P of a cell to reverse through the energy barrierEB by ther-
mally activated fluctuation in timeDt is

P5P0 exp~2EB /kBT!Dt, ~3!

whereP0 is the probability constant,kB is Boltzmann’s con-
stant, andT is the temperature. The valueP0Dt is deter-
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mined to make the maximumP equal to 1/N by preliminary
calculatingP/P0Dt over the whole sample. A cell is dete
mined to be reversed when a random value ranging@0,1# is
greater than the probabilityP of the cell and then, the tota
domain pattern is constructed from each state of the in
vidual cell calculated by the checkerboard scann
method.26 Magnetization reversal of Co/Pd multilayers h
been investigated by the above simulation of 643128 cells.
In the simulation,Vc was taken as 2.92310218 cc and no
detailed microstructure was considered. Thus, the reve
probability of each cell is expressed mainly by the mac
scopic magnetic parameters. The values ofMs andKu used
in the simulation were experimentally determined, wherea
reported bulk value was used to determineAx of each mul-
tilayered structure of the samples.27 We assumed that the
in-plane exchange interaction lied only in the Co sublay
not in the Pd sublayer and thus, the effectiveAx of the
multilayer was considered to be increased with increas
the Co-sublayer thickness. The values ofMs and Ax were
substantially increased with the Co-sublayer thickness,
the change inKu among the samples was not noticeable b
cause the ratio between the surface-induced anisotropy
the Pd-sublayer thickness in our multilayered system w
almost the same as the crystalline anisotropy of the Co s
layer.

In Fig. 4, we present simulated domain-reversal patte
for ~2-Å Co/11-Å Pd! 10 and~4-Å Co/11-Å Pd! 10 multilayers
with respect to the areal fraction of the reversed domain. I
very interesting to note that the shapes of the simulated
main reversal patterns with the Co-sublayer thickness
basically the same as those of the experimental ones. C

FIG. 4. Simulated patterns of domain development.~a! ~2-Å
Co/11-Å Pd!10 with Ms5210 emu/cc,Ku54.53106 erg/cc, and
Ax53.531027 erg/cm, and~b! ~4-Å Co/11-Å Pd!10 with Ms5370
emu/cc,Ku54.53106 erg/cc, andAx56.231027 erg/cm. All fig-
ures were obtained underH50.99 Hc8 , whereHc8 was determined
by the equation ofHc852Ku /Ms24pMs . The percent denoted a
the bottom of each frame is the areal fraction of the reversed
main. We assumed Bloch wall transition configuration.
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57 1089MAGNETIZATION REVERSAL IN NANOSTRUCTURED . . .
sidering the fact that the theoretical prediction was obtai
by assuming identical cells of uniform films with the macr
scopic magnetic values, good correspondence between
experimental observation and the theoretical prediction
plies an essential role of the macroscopic magnetic prope
on the domain reversal mechanism. The reversal mecha
is determined by the competition between a new upcom
nucleation probability and the gradual wall-expansion pr
ability, where both probabilities are governed via therma
activated process determined by the macroscopic magn
properties.18 These reversal behaviors are quite understa
able by considering the domain configuration of the grou
energy state. The multilayer of the thinner Co sublayer
weak demagnetization energy due to its weak magnetiza
and thus, it prefers large domain configuration to reduce
domain boundary length due to the relatively strong doma
wall energy. The large domain should be achieved by
wall-motion process from the typical-sized nucleation cen
and thus, the multilayer shows the wall-motion dominant
versal behavior. On the other hand, the multilayer of
thicker Co sublayer has strong demagnetization energy
thus, the domain splits into the narrow stripe patterns
minimize the demagnetization energy. Therefore, in t
multilayer it is quite natural to observe the dendritic stri
growth from the nucleation center by the thermally activa
relaxation to the stripe domain configuration of the grou
energy state.

It has been reported that the reversal mechanism
greatly influenced by large structural variation caused
very different preparation conditions.6,7,13 However, the mi-
crostructural effect on the reversal mechanism in our sam
is believed to be negligible, because the samples were fa
cated in the same preparation conditions with the total th
ness of 130–150 nm. Atomic-sized irregularities due to
de
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lattice mismatching and the residual stress were also s
gested and examined as a possible origin of the contras
reversal behaviors.8,12,14 However, such small-sized irregu
larities are expected to interact with the domain-wall prop
gation not by individual interaction but by cumulative inte
action of overall irregularities, due to much larger doma
sizes than structural irregularities. For the domain dynam
the effects of atomic-sized irregularities should be treated
an averaged property over the size of the domain wall
therefore, the domain wall cannot feel any local structu
variation of atomic-sized irregularities.

IV. CONCLUSIONS

We have investigated magnetization reversal of Co
multilayers by direct observations of domain patterns a
time-dependent measurements of the magnetization visco
curves. We have demonstrated that the magnetization re
sal phenomena in this system were sensitively changed f
wall-motion dominant reversal to a dendritic-growth dom
nant one with ranging the Co-sublayer thickness from 2 t
Å. The dendritic-growth pattern is believed to be a kind
microscopic domain pattern caused by the nucleation do
nant reversal mechanism. Based on a nanomagnetic c
puter simulation without considering detailed microstructu
properties, we conclude that the domain reversal behavio
this system is mainly governed by the macroscopic magn
properties.
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