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Magnetization reversal in nanostructured Co/Pd multilayers
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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-A-thick Co sublayer, whereas nucleation was dominant in
those having 4-A-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[S0163-182608)02602-2

[. INTRODUCTION alternatively exposing the substrate to two e-beam sources
. . . e via a rotating substrate holder. Two sources of Co and Pd
Co/Pd magnetic multilayers, which are artificially grown oo physically separated by stainless-steel shields to pre-
periodic layered structures of alternating Co and Pd materigent the” cross contamination of their fluxes. The sources
als, have been one of the most prospective candidates for thgsre screened with a shutter driven by a stepping motor in
next generation of high-density magneto-optical recording,ger to prevent deposition to the substrate during rotation of
media, dui to their novel magnetic and magneto-opticajhe supstrate holder. The substrate holder was placed 25 cm
propertl_esl. Enormous studies have been carried out on theyhqoye the sources. To achieve the intended sublayer thick-
magnetic and magneto-optical properties of this system, byfess the dwelling time of the substrate staying above each
very I|tt|<_e work has been done on the magnetization reversal, rce was controlled by a computer interfaced to a stepping
mechanism. _ o motor which drove the substrate holder. Typical deposition
Domain dynamics of magnetization reversal become veryaias of 0.3 A/s for Co and 0.5 A/s for Pd, monitored by two
important in the high-density recording process, since it 9O0V¢orresponding quartz crystal sensors, were kept constant
erns the formation of the written domain size, irregularity, yithin a 10% fluctuation. The difference between the in-
and stability. Therefore, it is very important to understandienged thickness and the actual thickness determined from
the magnetization reversal mechanism for further improveb\,\,_ang|e x-ray diffraction turned out to be less than 2%.
ment of recording performance as well as for the fundamenthe samples had various Co-sublayer thicknesses of 2, 2.5,
tal understanding of magnetism in thin films. _ 3, 3.5, and 4 A. But all samples had a constant Pd-sublayer
Previous observations of magnetization reverseiloln amOrickness of 11 A and the same number of repeats. Care was
phous rare-ezirth transmpn-me?af, sandquTSed C8;°Co-  taken to maintain the same preparation conditions except the
based gl!oyé, and multilayered sys.terf.'?s have shown  co_syplayer thickness and the macroscopic magnetic proper-
two limiting behaviors of magnetization reversal; wall- ies were confirmed to be quite reproducible for the same
motion and nucleation dominant processes. The origin ofominal samples prepared in different r#hgll samples in
these contrasting behaviors still remains controversial. Mosfig study developed low-angle x-ray diffraction peaks,
of the experimental studies have explained that magnetizayhich suggested the existence of the multilayer structure in
tion reversal behavior was mainly governed by structurakyose samples.
properties such as local structural variatfofiim thicknes§7, Magnetization reversal behavior was studied by direct ob-
lattice m|s3matcﬁ3, sublayer thicknes, and interfacial  servation of domain structure using a magneto-optic micro-
roughness? On the other hand, recent theoretical worksgcope equipped with advanced video processing techniques
based on _two-d|men§(|)0nal micromagnetic smulai‘t_‘?o??_ as well as magnetization viscosity measurement monitoring
and the Ising systeth” have reported that magnetization the Kerr rotation angle at the wavelength of 6320 A with
reversal behavior could be predicted with magnetic propergme. |n both experiments, the sample was first saturated by
ties, \{vithout cpnsidering the detailed microstructure. applying the magnetic field normal to the film plane and
This paper is organlzed as foIIows:lwe present the EXPElithen, reversal behavior was investigated under reversing ap-
mental procedure in Sec. ll, the experimental results and dISp"ed field smaller than the coercivity. Both experiments
cussion on magnetization reversal in nanostructured Co/Pare taken under the same experimental condition, thus mi-
multilayers in Sec. Ill, together with Monte Carlo simulation, ¢roscopic patterns of the reversing domain structure could be
and summarize our findings in Sec. IV. investigated along with the magnetization viscosity curves.
The magnetization was measured using a highly sensitive
vibrating sample magnetometéfVSM) calibrated against a
Ni standard. The magnetic anisotropy was measured using a
Co/Pd multilayers were prepared on glass substrates biprque magnetometer at an applied field of 10 kOe. For both
e-beam evaporations of Co and Pd under the base pressuremfgnetization and anisotropy measurements, a small signal
1.0x 10 ® Torr. The multilayer structure was achieved by from the sample holder and uncoated substrate was sub-

Il. EXPERIMENT
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FIG. 2. Direct observation of the typical time-dependent domain
-400 ' ' : 2 patterns of(a) (2-A Co/11-A Pd,, underH=0.88 H,, (b) (3-A
-2 10 1 Co/11-A Pd,, underH=0.89 H,, and (c) (4-A Co/11-A Pd,,
Applied Field (kOe) underH=0.83 H.. The percent denoted at the bottom of each
frame is the areal fraction of the reversed domain.
400 (C)' ' ! : loop than other samples. The slant hysteresis loop of the
(4-A Co/11-A Pd,, sample may be caused by a stronger
g 200 | d strength of the demagnetizing field, because the magnetiza-
) tion reversal is more impeded for the sample having a larger
8 demagnetizing field during the reversal procksshe mea-
g O sured coercivitiesH. are 1.2, 0.6, and 0.4 kOe for the
r; samples of 2, 3, and 4-A-thick Co-sublayer thickness, re-
¥ 200l ) spectively.
= Interestingly enough, reversal phenomena in this system
were found to be very sensitively changed from wall-motion
-400 : i . L dominant reversal to a nucleation dominant one with increas-
-2 -1 0 1 2

ing the Co-sublayer thickness from 2 to 4 A. Gradual varia-
tion in domain reversal pattern was clearly observed even

ith a 0.5-A increment in the Co-sublayer thickness. In Fig.

, we show typical domain reversal patterng®# Co/11-A
Pd 10, (3-A Co/11-A Pdy,, and (4-A Co/11-A Pd 1, mul-
(%ilayers in order of increasing areal fractions of the reversed
domains, taken under the applied fields smaller than the co-
ercivities of the samples. Wall-motion dominant reversal in
the (2-A Co/11-A Pd,, sample can be vividly seen from
Fig. 2(a). In this sample, a few nucleated domains were first
formed in the beginning and gradually expanded in size at all
domain boundaries by wall motion. Eventually, all domains
of the sample were completely reversed. The domain evolu-
tion process was essentially the same irrespective of the

All samples in this study had perpendicular magnetic anmagnitude of an applied field, but the rate of domain evolu-

isotropy and showed the Kerr hysteresis loop of unit squaretion was considerably accelerated by increasing the applied
ness. In Fig. 1, we exhibit the hysteresis loops measured bijeld. Even though the wall propagation speed was varied at
VSM for the samples of 2, 3, and 4-A-thick Co sublayer. Thedifferent domain boundaries due to the wall pinning caused
(2-A Co/11-A Pd 1o multilayer exhibits a smaller magnitude by local irregularities such as microstructural defects and in-
of the saturation magnetization and a more square hysteredisrfacial roughness in the sample, magnetization reversal oc-

Applied Field (kOe)

FIG. 1. Hysteresis loops measured by VSM for the samples o
(@ 2, (b) 3, and(c) 4-A-thick Co sublayers. Each sample has the
saturation magnetization of 210, 300, and 370 emu/cc and the c
ercivity of 1.2, 0.6, and 0.4 kOe, respectively.

tracted out. We will designate the samples ag@
Co/11-A Pd,,, wheret, is the Co-sublayer thickness and
is the number of repeats.

Ill. RESULTS AND DISCUSSION
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curred at all domain boundaries as seen in the figure. Thus, 1
the microstructural irregularities are not the major factor in
determining the reversal mechanism in this sample, but only
yield the ragged wall boundaries.

In the (4-A Co/11-A Pd o, sample, a magnetization rever-
sal of dendritic growth is clearly observed as shown in Fig.
2(c). In this system, the once nucleated domain grew only
slightly in size but expanded quickly by dendritic growth
throughout the whole area of the sample. The dendritic
stripes hardly grew in width, thus the widths of the stripes
remained nearly constant during the reversal process. The 0 1 2 3 4
unreversed region between the dendritic stripes remained un-
changed even after a long time and could be reversed only by
increasing an applied field close to the coercivity. More de-
tailed investigation revealed that the dendritic stripes grew
not by means of continuous expansion of the domain-wall
boundary but by abrupt jutting-out of certain-sized sprouts
adjacent to the existing domain boundaryhe sizes of the
sprouts were almost same during the whole reversal process
and could be interpreted either as a cross-sectional area of
the Barkhausen volume or a minimum size of nucleation.

In the (3-A Co/11-A Pd o sample, an intermediate rever-
sal behavior of the samples mixed with domain-wall expan-
sion and dendritic growth appeared as seen in Hig).. Zhe 0
magnetic domain reversed not only by the growth of random
jutting-out stripes but also by the areal expansion of the do-
main wall in every domain boundary. Comparing with the
complete reversal in Fig. (d), the unreversed areas sur- 1

Kerr angle (normalized)
o
L)

-1+

Kerr angle (normalized)
o
*
(d

rounded by reversed areas still remained in Figp).2How-
ever, the fraction of the unreversed area is much smaller and
the jutting-out domain size and the width of the stripe are

"  H=076H,

H=0.72H,
H=0.67 H,

much larger than the sample shown in Figc)Z® Contrast-

ing magnetization reversal behaviors dependent on the Co-
sublayer thickness were again confirmed by magnetization
viscosity measurements. In Fig. 3, we show the normalized
time-dependent magnetization viscosity curves measured for
the (2-A Co/11-A Pd,,, (3-A Co/11-A Pd,,, and (4-A
Co/11-A Pd,, samples under various reversed fields as de- 0 1 > 3 4
noted in the figures. The Kerr angle and time in the figure are t/t
normalized by a maximum Kerr angle and the half relaxation

time, respectively. As mentioned earlier, the rate of relax- FiG. 3. Normalized viscosity curves under several reversing
ation is sensitively dependent on the strength of an appliegleids for (a) (2-A Co/11-A Pd,q, (b) (3-A Co/11-A Pd,,, and(c)

field, but the basic shape of the normalized curves for q4-A Co/11-A Pd .

given sample remains the same irrespective of the applied

field. However, the shapes of the curves among the samplesites in the beginning and complete reversal via a wall-
are quite contrasting. motion-dominant process.

The (2-A Co/11-A Pd,, multilayer shown in Fig. @) In contrast, the(4-A Co/11-A Pd,, multilayer in Fig.
exhibits initially a convex curve indicating a slow relaxation 3(c) exhibits initially a concave curve representing the fast
rate. Then, it shows more rapid relaxation with time anddecay rate and slowly approaches an equilibrium state. This
gradually approaches the complete reversal state. This shapbape of the curve can be interpreted as manifesting a typical
of the curve is known to be a typical shape of thermallybehavior of thermally activated relaxation with large nucle-
activated relaxation with rare nucleation probability and fastation probability and slow domain-wall motion. It should be
domain-wall motion. In this case, the initial relaxation rate ispointed out that due to a strong demagnetizing field in the
limited by the probability of nucleation, while the intermedi- (4-A Co/11-A Pd ,, sample, the degree of magnetization re-
ate relaxation rate is governed by the successive domain-walkersal is dependent on an applied field and complete reversal
expansiorf* The final equilibrium state is determined by the is never achieved at small applied fields even after a long
counterbalance of an applied field and the demagnetizinme as seen in the figure. Though the viscosity measurement
field, so that every curve reaches the saturation value due t@vealed the nucleation dominant reversal in thed Co/
the weak demagnetizing field in th@-A Co/11-A Pd,, 11-A Pd,, sample, the direct domain observation did not
sample. The magnetization viscosity curve is well matchedpparently show the truly nucleation dominant patterns but
with the observed domain reversal behaviors: few nucleatiodendritic-growth ones. As mentioned above, the dendritic

.vco.oo o0

Kerr angle (normalized)
o
¢

1/2
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growth was evolved by means of the abrupt jutting-out v %
sprouts, which might be interpreted as a new upcoming . .‘.
nucleation adjacent to the existing domain boundary rather [ o _

than as a domain-wall growth along the dendritic stripe pat- ’ :
terns. The dendritelike domain patterns have been reported in [* . .

many magnetic thin-film systemsnd more detailed inves-
tigations on the dendritelike growth are needed. T&&
Co/11-A Pd,, sample in Fig. &) shows nearly a linear
dependence of magnetization relaxation in the beginning,
which is a kind of intermediate shape between the convex
and concave curves observed in Figa)3and Fig. 3c), re-
spectively. Thus, one might interpret this linear dependence
as reflecting a thermally activated reversal behavior mixed
with nucleation and wall-motion mechanisms.

To understand the observed reversal behaviors in Co/Pd
multilayers, a theoretical study has been carried out by
Monte Carlo simulation adopting a simple uniaxial anisot-
ropy model, proposed by Kirbet al® In this model, the
film is considered to be composed of nanosized identical
single domain cells of volum¥_ on hexagonal lattices lying
in the XY plane with the periodic boundary conditiéhEach JT Y ——————
cell has the saturation magnetizatiih , the uniaxial anisot- (a) (b)

ropy K, and the e>_(Change stl_ffne_sés(. The magnetic en- FIG. 4. Simulated patterns of domain developmea. (2-A
ergyE 01_‘ a cell having magnetization angiefrom the +z  ~/11.4 Pd,, with Me=210 emulcc,K,=4.5x 10° ergicc, and
axis is given by A=3.5x10"" erg/cm, andb) (4-A Co/11-A Pd,, with M =370
) emu/cc,K,=4.5x 1P erg/cc, andA,=6.2x10" 7 erg/cm. All fig-
E=KyVc SiM® 6—MgV(H,+Hg)cos 0 ures were obtained undet=0.99H/, whereH was determined
1 by the equation oH;=2K,/Ms—4m7Mg. The percent denoted at
+|(3— = cos 02 cos 6y |Ey,, 1 the bottom of each frame is the areal fraction of the reversed do-
2 K main. We assumed Bloch wall transition configuration.

1 micron

where the first term is the uniaxial anisotropy energy, themined to make the maximur® equal to 1N by preliminary
second term is the magnetostatic energy from the extern@alculatingP/P,At over the whole sample. A cell is deter-
field H, normal to the film and the demagnetizing fieid , mined to be reversed when a random value ran§ih is

and the last term is the domain-wall energy summed over thgreater than the probabilitl? of the cell and then, the total
six boundaries to the nearest neighbors having the magnetilomain pattern is constructed from each state of the indi-
zation directiond, . The domain-wall energkg,, in one edge vidual cell calculated by the checkerboard scanning
of a cell is calculated by the Bloch-wall approximation of the method?® Magnetization reversal of Co/Pd multilayers has
Wa”_energy density m The demagnetizing f|e|H|d at been in\(estiga_lted by the above simulation ox@48 cells.

the center of the cell is calculated by summing the magnetién the simulation,V. was taken as 2.9210 *®cc and no
field from the point dipoles at the center of other cells within détailed microstructure was considered. Thus, the reversal
the Nth nearest cells. We took =20 at whichH, was al- probability of each cell is expressed mainly by the macro-

most saturated to its asymptotic vaRfeThe magnetic en- SCOPIC magnetic parameters. The valued/afandK, used
ergy E has two minimums ap=0 and# with a maximum in the simulation were experimentally determined, whereas a

in between. The energy barrier to reverse is the difference iﬁeported bulk value was used to determieof each mul-

energy between the initial value and the maximum, and it i§|layered structure Qf the §ampI@sWe ?Ssumed that the
in-plane exchange interaction lied only in the Co sublayer,

iven b ) i
g y not in the Pd sublayer and thus, the effectike of the
1 2 multilayer was considered to be increased with increasing
MVo(H,+Hg)+ =Ey>, €OS 6, the Co-sublayer thickness. The valueshf and A, were
2 "4 LAY : .
_ substantially increased with the Co-sublayer thickness, but
Eg=K V| 1+cos@ , i ¢
2K Ve the change irK,, among the samples was not noticeable be-

2 cause the ratio between the surface-induced anisotropy and
the Pd-sublayer thickness in our multilayered system was

where § and 6, are the initial magnetization direction of the . .
?Imost the same as the crystalline anisotropy of the Co sub-
ayer.

cell and the nearest neighbors, respectively. The probabilit
P of a cell to reverse through the energy barkigrby ther-

mally activated fluctuation in timat is In Fig. 4, we present simulated domain-reversal patterns

for (2-A Co/11-A Pd o and(4-A Co/11-A Pd ;o multilayers
P=P, exp(—Eg/kgT)At, 3) with respect to the areal fraction of the reversed domain. It is
very interesting to note that the shapes of the simulated do-
wherePy is the probability constankg is Boltzmann’s con- main reversal patterns with the Co-sublayer thickness are
stant, andT is the temperature. The valug,At is deter- basically the same as those of the experimental ones. Con-
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sidering the fact that the theoretical prediction was obtainedattice mismatching and the residual stress were also sug-
by assuming identical cells of uniform films with the macro- gested and examined as a possible origin of the contrasting
scopic magnetic values, good correspondence between theversal behavior$!?14 However, such small-sized irregu-
experimental observation and the theoretical prediction imiarities are expected to interact with the domain-wall propa-
plies an essential role of the macroscopic magnetic propertiggation not by individual interaction but by cumulative inter-
on the domain reversal mechanism. The reversal mechanisaction of overall irregularities, due to much larger domain
is determined by the competition between a new upcomingizes than structural irregularities. For the domain dynamics,
nucleation probability and the gradual wall-expansion probthe effects of atomic-sized irregularities should be treated as
ability, where both probabilities are governed via thermallyan averaged property over the size of the domain wall and
activated process determined by the macroscopic magnetiberefore, the domain wall cannot feel any local structural
properties® These reversal behaviors are quite understandvariation of atomic-sized irregularities.
able by considering the domain configuration of the ground
energy state. The multilayer of the thinner Co sublayer has
weak demagnetization energy due to its weak magnetization
and thus, it prefers large domain configuration to reduce the We have investigated magnetization reversal of Co/Pd
domain boundary length due to the relatively strong domainmultilayers by direct observations of domain patterns and
wall energy. The large domain should be achieved by théime-dependent measurements of the magnetization viscosity
wall-motion process from the typical-sized nucleation centecurves. We have demonstrated that the magnetization rever-
and thus, the multilayer shows the wall-motion dominant ressal phenomena in this system were sensitively changed from
versal behavior. On the other hand, the multilayer of thewall-motion dominant reversal to a dendritic-growth domi-
thicker Co sublayer has strong demagnetization energy antint one with ranging the Co-sublayer thickness from 2 to 4
thus, the domain splits into the narrow stripe patterns tod. The dendritic-growth pattern is believed to be a kind of
minimize the demagnetization energy. Therefore, in thignicroscopic domain pattern caused by the nucleation domi-
multilayer it is quite natural to observe the dendritic stripenant reversal mechanism. Based on a nanomagnetic com-
growth from the nucleation center by the thermally activatedputer simulation without considering detailed microstructural
relaxation to the stripe domain configuration of the groundproperties, we conclude that the domain reversal behavior in
energy state. this system is mainly governed by the macroscopic magnetic
It has been reported that the reversal mechanism wasroperties.
greatly influenced by large structural variation caused by
very different preparation conditiofig:*3 Hovyeve.r, the mi- ACKNOWLEDGMENTS
crostructural effect on the reversal mechanism in our sample
is believed to be negligible, because the samples were fabri- This work was supported by Korea Science and Engineer-
cated in the same preparation conditions with the total thicking Foundation(KOSEP and the Ministry of Science and
ness of 130—150 nm. Atomic-sized irregularities due to theTechnology of Korea.
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