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An artificially modulated magnetic Co/Pd multilayer is one of the promising candidates for high density
magneto-optic (MO) recording media, due to large Kerr rotation angle in the wavelength of a blue laser
beam. However, since multilayer structure, as well as amorphous structure, is a non-equilibrium state in
terms of free energy and MO recording is a kind of thermal recording which is conducted around Curie
temperature (T¢) of the recording media, when the multilayer is used for the MO recording media,
changes in the multilayer structure are occurred as the amorphous structure do. Therefore, the
assessment of the structural stability in the Co/Pd multilayer is crucially important both for basic
research and applications. As the parameter of the structural stability in this research, modulation
amplitude and particle size of the Co/Pd multilayer are measured in terms of Ar sputtering pressure and
heat treatment temperature. From the results of the research, we find out that the magnetic exchange
energy between Co and Pd sublayers strongly affects the changes both of the modulation amplitude and
the particle size of the Co/Pd multilayers, when heat treated below Tc. This discovery will provide the
understanding of the magnetic exchange energy in the structural changes of a magnetic multilayer
structure and suggest the operating temperature range for MO recording in the Co/Pd multilayer for the

basic research and applications, respectively.

1. Introduction

It is well recognized that magneto-optic (MO) recording
offers remarkable performance, with a greater recording
capacity than a hard disc and a better access time than a
floppy disc. Presently, popular MO recording wavelengths
and materials are mainly red laser beams ( 635 - 780 nm)
and amorphous HRE-TM (heavy rare earth-transition
metal) alloys, respectively. However, from the view of
high density MO recording, it is pointed out that corrosion
of the rare-earth elements and the reduction of the Kerr
effect in a short wavelength of the blue laser beam (- 400
nm) cannot be avoided in these amorphous alloys. To
solve these problems, a Co/Pd multilayer has been
introduced for the next generation of the high density MO
recording material [1][2][3][4][5]. Since the Co/Pd
multilayer does not contain any rare-earth clement, it
hardly corrodes. The Co/Pd multilayer also possesses an
enhanced Kerr effect in the short wavelength of the blue

laser beam relative to the currently used amorphous alloys.
Ultimately, the MO recording and the Co/Pd multilayer
seem to be the most promising recording technology and
material for high density information storage in the next
generation.

The multilayer structure, as well as the amorphous
structure, is a non-equilibrium state in terms of free
energy[6][7]. Furthermore, MO recording is a kind of
thermal recording which is conducted around Curie
temperature(TC){8] of a recording material. In the non-
equilibrium state and the thermal recording, if the Co/Pd
multilayer is used for the MO recording material, changes
in the multilayer structure are introduced by stress release
and interdiffusion with the repeated radiation of a laser
beam, and these affect the magnetic and MO
properties[9][10] as do the structure relaxation and the
crystallization in the amorphous alloys. However, despite
the superiority of the Co/Pd multilayer as MO recording
material, research into structural stability during the stress
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relcase and the interdiffusion has hardly conducted on it .

In this research, the structural propertics of the Co/Pd
multilayers during the stress release and the interdiffusion
will be discussed in terms of Ar sputtering pressure and
heat trecatment temperature as parameters of multilayer
characteristic and MO recording, respectively. Since the
multilayer deposited at lower sputtering pressure, gives a
more stable multilayer structure[ [1]]12][ 3] than at higher
sputtering pressurc which possesses excellent magnetic
properties[11][14], the propertics of the multilayers
deposited at diffcrent sputtering pressures have been
analyzed and discussed. In the range of the heat-treatment
temperaturce, when considering MO recording applications,
TC is one of the important parameters. So the hcat
treatment for the stress release and the interdiffusion is
conducted in two groups; one below TC and the other
above TC. The interdiffusion process of the Co/Pd
multilayers was presented elsewherc[15].

2. Experimental Procedure

The Co/Pd multilayers were deposited on R-planc
sapphire substrate (26 = 25.60° and 52.50°) in a two-tlarget
UHV (Ultra High Vacuum) dc¢ magnetron sputtering
system which was gettered with liquid nitrogen. The
configuration of the sputtering system is described
clsewhere[16][17]. The substrates sat on a rotating holder
and passed alternately beneath the two magnetrons on
which the targets of Co and Pd were attached. A fixed
shield was positioned between the level of the magnetrons
and that of the substrate holder, with slots cut bencath the
magnetrons. The target-substrate distances were 30 mm
and 40 mm for the Co and Pd, respectively. The vacuum
system was pumped down to 10" Torr by a liquid nitrogen
trapped  diffusion pump. The sputlering gas was Ar
(99.999%), processed with an Ar purifier. The sputtering
pressures were at 0.7 Pa (Sample No. 4457) and 2.0 Pa
(Sample No. 4461} in the low and the high pressure runs,
respectively. The multilayers had 200 periods and total
cffective layer thicknesses were designed about 4000A for
both of the multilayers deposited at 0.7 Pa and 2.0 Pa. The
Co  sublayer designed 1o obtain
perpendicular magnetic anisotropy (less than 8 A)(14) and
maximum magnctostriction (30 at. 9% of Co)(5).

The compositions of the multilayers were determined
using an EDS (Energy Disperse Spectrometer). Curie
temperature of the Co/Pd multilayers (Te) was determined
by DSC (Differential Scanning Calorimeter) with a heating
ratc of 40°C/min and was 368 + 5°C. The multilayer
structure  of the as-deposited and heat-treated  Co/Pd
multilayers  were measured by a  XRD (X-Ray
Diffractometer), using small angle (26 = 3° - 10°) and
medium one (20 = 35° - 50°) X-ray diffraction with 6 - 20
scanning Cu KouA = 1.5406A) radiation was used in the

thickness  was
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XRD. In order to measure the X-ray intensities precisely,
scans of rocking curve and ccalibration of 26-off method
were adapted. The wavelengths of the Co/Pd multilayers
were deduced from the positions of satellitc peaks in the
small angle region. The norminal sublayer thickness of
cach clement was calculated by combining the atomic
weight ratio of the composition in the multilayer,
assumingthat the bulk densities of purc metals could be
applied.

The multilayers to be heat-treated were inserted in quartz
ampoules. The ampoules were sealed after being pumped
up to 10" Torr and filled again with purc argon to about
200 Torr to insure good thermal contact between the
sample and surroundings during heat trecatment. The
temperature of heat treatment for the structural changes
was divided into two groups under the consideration of
application in MO rccording. One was below Te, 250°C
and 350°C and the other was above T, 390°C and 400°C.

3. Results and Discussion

According to the composition analyses by EDS, average
compositions of the multilayers deposited at ().7 Pa and 2.0
Pa arc 299 + 0.2 at. % Co and 29.2 £ 0.4 at. % Co
respectively. Since the difference in composition between
the multilayers is less than 3 % of each other, it will not
seriously affect the main experiment which will compare
the multilayers deposited with the same composition but
different sputtering pressure. In the structural change of the
Co/Pd  multilayer during the stress release and  the
interdiffusion, the modulation amplitude in harmonic
wavelength and the particle size in multilayer matrix will
be evaluated as chemical order and  structural order,
respectively.

3. 1. Change of the modulation amplitude in Co/Pd
multilayers during stress release and interdiffusion
Fig. T (2) and (b) display onc of the X-ray diffraction
satellite peaks in the small angle region (26 = 3° - 10°) for
Co/Pd multilayers  deposited at 0.7 Pa and 2.0 Pa,
respectively. The first and the second satellite peaks are
detected in these multilayer structures. The average
position of the first satellite peaks arc 20 = 4.81° + 0.14°
and 4.73° £ 0.09°, and which are corresponding (o the
modulation wavclength of A = 18.36A (Co = 4.44/&, Pd =
13.92A) and 18.69A (Co = 4.39A, Pd = 14.30A) for the
multilayers deposited at 0.7 Pa and 2.0 Pa, respectively.
The dilference in the average wavelength of  the
multilayers may have been caused by the difference in the
average  composition  of  the and the
contribution of micro voids creat~d in the higher sputtering
pressure| T 141 18]
Since the X-ray intensity of the multiiuy or deposited at
(0.7 Pa is larger than that at 2.0 Pa and the intensity is

multilayers
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Fig.1. (a) and (b): X-ray diffractiion satellite peaks in the small
angle region (26 = 3° - 10°) for Co/Pd multilayers deposited at
0.7 and 2.0 Pa, respectively

proportional to square of modulation amplitude[19], the
interfaces of the multilayer deposited at 0.7 Pa appear
sharper than that at 2.0 Pa. The interfacial roughness in
multilayer structure as the parameter of an interfacial

sharpness can  be estimated from the following
equation[20]{21]{22]
1 21osing),
DT 2 (e Yy 1
“ Gin'e) expf{ -2 ( b )} (D)

I : First satellite peak intensity of multilayer

¢ : Roughness at the interface of multilayer

0: Bragg angle corresponding to composition modulation
Ax: X-ray wavelength

A plot of In (Isin*8) versus sin’@ should thus approximate a
straight line whose gradient becomes steeper as G grows
larger. The estimated average roughness at the interface
deposited at 0.7 Pa is 3.85 + 0.04A and that at2.0 Pa is
427 £ 0. 151&, which is coincident with the result of the X-
ray diffraction curves in the Co/Pd multilayers of Fig. | (a)
and (b).

Fig. 2 shows onc of the X-ray diffraction curves of as-
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Fig.2. X-ray diffraction curve in the medium angle range (20 =
20° - 80°) for as-deposited Co/Pd multilayer

deposited Co/Pd multilayers measured in the medium
angle range (26 = 20° - 80°). Fig. 3 is the magnification of
Fig. 2 in X-ray intensity. On the figures, the main Bragg
diffraction peak corresponding to Co/Pd multilayer
structure is 20 = 41.00°, and the lower and higher satellite
peaks due to the composition modulated structure are 20
=36.46° and 46.17°, respectively. The rest of the peaks are
causcd by the R-plane sapphire substrate (268 = 25.60° and
52.50°) and the XRD sample holder. The Bragg peak for
bulk Co in [111] of the cubic structure is 20 = 44.22°[23]
or that in [0001] of hexagonal structure[24] is 20 = 44.76°,
and the one for Pd in [111] of cubic structure is 206 =
40.11°{25]. Instead of the peak positions for pure Co and
Pd clements, single large diffraction peak which
corresponds to the Co/Pd multilayer structure is measured
between those of the pure Co and Pd elements in the
diffraction curve. However, the single diffracted peak is
not positioned at an approximate average between those of
the pure Co and Pd elements. The diffracted peak position
of the Co/Pd multilayer structure shown in Fig. 2 is rather
close to that of pure [111] Pd element than those of pure
fee [111} or hep [0001] Co. This means that lattice
parameter of the Co/Pd multilayer is extended compared
with that of the Co/Pd multilayer in perfectly coherent
state. The coherent strain at the interface of the Co/Pd
multilayer which is deposited by sputtering method is
released by misfit dislocations and partial coherent state is
maintained at the interface of the Co/Pd multilayer. In
previous research{26], it was stated that Co/Pd multilayers
deposited by a sputtering process displayed a preferential
<111> textured matrix growing perpendicular to the
multilayer plane. The growth of a textured matrix in
sputtered Co/Pd multilayers can be regarded as follows; at
the initial stage, epitaxial growth takes place, and coherent
interfaces are maintained in the perpendicular direction to
the substrate. However, this condition cannot last until the
end of growth. Some impurities, for ecxample energetic
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bombardment of ncutralized Ar gas, are involved at the
interface and break the coherent state in the multilayer[27].
Therefore, the Co/Pd multilayers deposited in the UHV dc
magnetron sputtering system are regarded as a textured
polycrystalline structure normal to the substratc.

In previous research[28][29], the cxistence of a large
coherent strain for epitaxial growth in <100> textured
Co/Pd multilayers was detected at the interface, but no
appreciable coherent strain arising from the <111> textured
multilayer was found. Since the Co/Pd multilayers
examined in this experiment are <Il1l> textured
polycrystalline multilayers, only the modulation amplitude
for Co/Pd multilayers in incohcrent state is calculated. The
equation for the modulation amplitude (A) is presented as
follows[30],

Li_A -t IR )
Wooa Lp tREGgT )

and

LA of 1

L= [p trCg=0 (3)

L., L. Intensity of the first lower and higher satellite
peak, respectively
Is: Intensity of the Bragg peak

where
F = Ceife, + (1 - Ce)fPd
fa = ch - fm
€ = (dc, - dpy)/d

Coo: Molar fraction of Co

feos trer Atomic scattering factors of Co and Pd at the
scattering vector s (= 2 sin6/Ax)

¢ : Lattice strain in incoherent interface

dc., dPd: Lattice spacing of Co and Pd, respectively

d: Average lattice spacing of Co/Pd multilaycr

A: Modulation wavelength
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Fig.3 Magnitication of Fig. 2 in X-ray intensity

Changes in the Modulation Amplitude and the Particle Sizes of Co/Pd Multilayers - - - Jai-Young Kim and Jan E. Evetts

Table 1: Incoherent strains and modulation amplitude of the
Co/Pd multilayers deposited at 0.7 Pa and 2.0 Pa

Multilayer Strain (%) LIp Lig Amplitude Amplitude
(Ly/lg) (%) |(Ly/Tp) (%

0.7 Pa (for 9.09 0.1539 0.0015 66.04 51.84
250°C)

0.7 Pa (for 9.07 0.0446 0.0023 35.66 66.92
350°C)

0.7 Pa (for 9.10 0.2519 0.0020 85.57 66.86
390°C)

0.7 Pa (for 9.07 0.1259 . | 0.0046 58.56 78.89
400°C)

2.0 Pa (for 9.08 0.0597 0.0034 41.22 78.16
250°C)

2.0 Pa (for 9.09 0.0789 0.0018 35.39 53.73
350°C)

2.0 Pa (for 9.06 0.0528 0.0054 3793 85.01
390°C)

2.0 Pa (for 9.06 0.0503 0.0022 37.18 55.24
400°C)
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Fig.4: Relative modulation amplitude of Co/Pd multilayers
deposited at 0.7 Pa and 2.0 Pa, and heattreated at 250°C as a
function of heat treatment time

Table 1 displays the incoherent strains[31] and their
modulation  amplitude of the as-deposited Co/Pd
multilayers, where 1, and L, represent the intensitics of
lower and higher satellite peak around diffracted multilayer
structure peak, respectively. I, stands for the intensity of
the diffracted multilayer structure peak. The modulation
amplitudes caused by the lower (1./Iz) and higher (L./Iy)
satellite peak are not equal to each other. This means that
the interface is not in a perfect but a partial coherent state,
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Fig.5: Relative modulation amplitude of Co/Pd multilayers
deposited at 0.7 Pa and 2.0 Pa and 2.0 Pa, and heat treated at
350°C as a function of heat treatment time
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Fig. 6: Relative modulation amplitude of Co/Pd multilayers
deposited at 0.7 Pa and 2.0 Pa, and heat treated at 390°C as a
function of heat treatment time

which is coincident with the result of the X-ray diffraction
curve in the Co/Pd multilayer in Fig. 2 and Fig. 3.

Fig. 4, Fig. 5, Fig. 6 and Fig. 7 represent the changes in
relative modulation amplitude of lower and higher satellite
peaks around Co/Pd multilayer structure deposited at 0.7
Pa and 2.0 Pa, and heat treated 250°C, 350°C, 390°C and
400°C, respectively. The relative modulation amplitude
plots with respect to heat treatment time on Fig. 4 and Fig.
S are heat treated below T, and those on Fig. 6 and Fig. 7
are done above Tc. In the figures, the units on the Y axis
are an arbitrary ratio, The arbitrary ratio of | represents the
modulation amplitude in as-deposited and the unit of O
stands for the absence of the composition modulated
multilayer structure. This means that the first satellite peak
in the small angle, which is caused by composition
modulation cannot be detected beyond the heat treatment
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Fig. 7: Relative modulation amplitude of Co/Pd multilayers
deposited at 0.7 Pa and 2.0 Pa, and heat treated at 400°C as a
functioin of heat treatment time

time corresponding to 0.

The multilayers deposited at 0.7 Pa and heat-treated at
250°C and 350°C, or deposited at 2.0 Pa and heat-treated
at 350°C demonstrate a modulation amplitude of more
than 1, which heat-treated below the T¢ as shown on Fig. 4
and Fig. 5. The first possibility in increase of the
modulation amplitude is due to spinodal decomposition.
But because Co-Pd alloy system(32) does not show
spinodal decomposition, this possibility is not considered.
The second possibility is as follows; As mentioned
previously in Fig. 1, the Co/Pd multilayers by sputtering
deposition display roughness at the interface, for there is
not enough surface mobility at the interface during the
deposition. However, the initial stage of heat treatment
provides the Co/Pd interface thermal energy in order to
conduct surface mobility, so that this leads to an increase
in regularity at the interface in the multilayers and an
enhancement of the modulation amplitude in the harmonic
wave. This is referred to the stress release at the interface
ol the Co/Pd multilayers. On the other hand, the Co/Pd
multilayers heat-treated above the T¢ cannot detect the
relative modulation amplitude above 1. The interdiffusion
process when heat-treated above Tt is so fast that the stress
releasc cannot be measurable. In this heat treatment
temperature region, the modulation amplitudes are simply
reduced by thc alloying at the interface due to the
interdiffusion process in the multilayer and finally arrive at
0 of the modulation amplitude.

Generally, the modulation amplitude of the multilayers
deposited at 0.7 Pa and heat-treated below T collapse
more slowly than those deposited at 2.0 Pa and heat-trcated
above T Little difference in the collapse of the
modulation amplitude between the multilayers deposited at
0.7 Pa and 2.0 Pa are shown in the heat treatment
temperatures both below and above Tc with respect to the
heat treatment time. However, when both of the
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Fig. 8: Particle sizes of Co/Pd multilayers deposited at 0.7 Pa
in stress relative region as a function of heat (rcatment
temperature and time
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Fig. 9: Particle sizes of Co/Pd multilayers deposited at 2.0 Pa
in stress rclease regioin as a function of heat treatment
temperaturc and time

multilayers deposited at 0.7 Pa and 2.0 Pa are heat-treated
above T¢, their modulation amplitudes collapse very
rapidly compared with those heat-treated below Te, in spite
of the small temperature gap. For example, the multilaycrs
heat-treated below T¢ (35()°C) and above T¢ (390°C) have
their modulation amplitude collapsed around 120 and 3
hours, respectively. This drastic collapse in the chemical
order (modulation amplitude) is presumably related to the
fast interdiffusion process in the Co/Pd multilayer structure
when heat treated above Tc. This will be discussed in
Section 3.3 in terms of the effect of magnetic exchange
cnergy on interdiffusion process in the Co/Pd multilayers.

3.2. Change of the particle size in Co/Pd multilayers
during stress release and interdiffusion
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Fig. 8 and Fig. 9 show the changes of particle sizes in
the Co/Pd multilayers deposited at 0.7 Pa and 2.0 Pa,
respectively with respect to initial heat treatment time
range. The particle sizes were calculated with the Scherrer
formula|33] for the Co/Pd multilayers. The time range on
these figures corresponds to the stress release, defined by
the modulation amplitude in Fig. 4 and Fig. 5 which are
heat treated below Te. The as-deposited particle sizes
of the multilayers at 0.7 Pa and 2.0 Pa were 250 + 20 A
and 270 + 40 A, respectively. These are typical particle
sizes in thin films and multilayers fabricated by sputtering
methods|34][35]. However, because the particle size
mecasurcment in the as-deposited state by means of X-
ray includes a non-uniform strain effect, the above values
can be regarded as only the apparent particle sizes in the
non-uniform strain state. The real particle sizes in the
Co/Pd multilayers can be obtained only after releasing
residual stress by heat treatment. In both figures, it can
be seen that the particle sizes approach a fixed particle
value which at 0.7 Pa is 283 3A and at 2.0 Pa is 307 2A
These values are real particle sizes in the Co/Pd
multilayers after releasing the residual stress. The particle
sizes of the Co/Pd multilayers heat treated above T
show rapid divergence from the real particle size in this
time range.

600

h O 4457 (250°C)
@ 4457 (350°C)
0J 4457 (390°C)
500 W 4457 (400°C)

Particle size (A)

400

400-

Heat treatment time (hrs)

Fig. 10: Particle sizes of Co/Pd multilayers deposited at 0.7 Pa
as a function of heat treatment temperature and time

Fig. 10 and Fig. 1 show the changes of the particle sizes
in the Co/Pd multilayers deposited at 0.7 Pa and 2.0 Pa,
respectively with full heat treatment time range. These
figures arc divided into 3 parts, the stress release stage
mentioned in Fig. 8 and Fig. 9, the interdiffusion stage
described in Fig. 4, Fig. S, Fig. 6 and Fig. 7, and the
particle growth developed after the interdiffusion. After the
stress release in the Co/Pd multilayers, little change in the
particle size is observed in the interdiffusion process on
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Fig. 11: Particle sizes of Co/Pd multilayers deposited at 2.0 Pa
as a function of heat treatment temperature and time

both of the figures, the thermal encrgy provided by the heat
treatment contributes to the interdiffusion process only.
As long as the multilayer structure is maintained in Co/Pd
multilayers, the particle sizes contained in the multilayers
are constant at around 300 A, even though changes in the
modulation amplitudes in the Co/Pd multilayers could be
observed in Fig. 4, Fig. 5, Fig. 6 and Fig. 7. So the
homogeneous matrix of the multilayers can be maintained
until the termination of the interditfusion.

Comparing these above figures to the figures for the
modulation amplitude, it is recognized that the divergence
of the particle sizes from around 300A appears after the
perfect collapse of the modulation amplitude. It means that
the thermal cnergy provided by heat treatment is firstly
used for the stress release and the interdiffusion process,
then it is used for the growth of particles in the multilayers.
The particle sizes of the multilayers deposited at 0.7 Pa
and 2.0 Pa grew up to 570 A and 2000 A, respectively. The
crystal quality of the multilayers resulted from  Ar
sputtering pressurce can affect the growth of particle size.
However, on both of the figures, the divergence of the
particle size {rom around 300A is not dependent on the
sputtering pressure, but mainly on the heat-treated
temperature. Both of the multilayers heat-treated above
Te (39()°C) diverse within 3 hours, on the other hand
those heat-treated below T (350°C) diverse around 120
hours, similar to those of the modulation amplitude.

3.3 Effect of magnetic exchange energy on the
modulation amplitude and the particle size of
Co/Pd multilayers during interdiffusion process

In bulk materials, deviations of diffusion coefficients
from Arrhenius bchavior in the magnetic phase transition
between ferromagnetic and paramagnetic were observed in
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the self-diffusion of o-Fe{36][37][38] and the inter-
diffusion of Co in o-Fe[39]. In these researches, the
diffusion coefficients in ferromagnetic region were lower
than those in the paramagnetic one. In bulk materials,
where all threc dimensions are significant, the magnetic
bonding force is generally negligible, compared with
chemical bonding forces. However, in the multilayer
structure, in which only two dimensions need to be
considered, the chemical bonding force is weakened due to
the loss of symmetry in the crystalline structure, but the
magnetic bonding force is significantly enhanced due to
the increment of the interfaces per unit volume. Even
though the cffect of the magnetic exchange energy (Ex) on
the diffusion process occurs in both of the multilayer
structure and bulk materials, the effect in the former is
more predominant than in the latter, due to the increased
interfaces per unit volume. When the magnetic multilayer
is heat treated below T, this enhanced magnetic exchange
energy at the interfaces can predominantly contribute to
the total bonding force in the multilayer, and a low
interdiffusion coefficient is obtained. In the absence of Ex
above T, only the weakened chemical bonding force
exists at the interface and the interdiffusion coefficient is
large in the multilayer.

In the case of the Co/Pd multilayers, the unique
interdiffusion processes for those heat treated below and
above T are related to the particular magnetism of Co/Pd
multilayers. It is well recognized that the Co/Pd multilayer
has a larger saturation magnetization(1)(2) than pure cobalt
(1422 emu/cm3)(3)(4)(5), due to induced magnetization in
the polarized Pd sublayer. Considering this magnetic
phenomenon, the slow interdiffusion process below Tc can
he established as follows; when the interdiffusion process
is carried out in the Co/Pd multilayer below T¢, the
cnhanced ferro-magnetic exchange energy exists at the
interface between the magnetic Co sublayer and induced
magnetic Pd sublayer. This encrgy can prevent from the
interdiffusion at the interface by increasing the total
bonding energy, so the interdiffusion process is slow. On
the other hand, in the casc of the interdiffusion above T,
there is no Ex at the interface as a barrier against the
interdiffusion process. This can promote the interdiffusion
process at the interface between non magnctic Co sublayer
and non magnetic Pd sublayer, so the interdiffusion
process is fast.

Estimated Ex between the magnetic Co sublayer and the
polarized magnetic Pd sublayer at the interface is
calculated under the following assumptions. One is that
magnetic cxchange forces decrease rapidly with distance,
so that Ex is effective only between the Ist ncarest
neighbor pairs. The other is that the polarization of Pd
occurs in all Pd sublayers, not in those near to thc
interfaces of the multilayer. Then, Eyx is described as
below[40],
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Z.: Co-ordination number in Co/Pd multilayer (=12)

J..: Exchange integral (Joule/mole)

Jeo, Jra: Total angular momentum of Co and Pd,
respectively

0: Angle between two spin moments

3kT.

2ZJ(J+1) (5)

Jou=
k: Boltzman constant (1.38 x 107" Joule/K)
Te: Curie temperature (641 K in the Co/Pd multilayer)

E. of the Co/Pd multilayers are as follows,
1) T =Jeo = Jog = 1/2( all pure spin angular momentum)
Jo = 0.167kTe = 1.475 X 107" Joule/atom
Ex =-8.851 X 10-21 Joule/atom
2) Jeo = 172, Jig = 1(additional orbital momentum duc to
induced magnetization)
a) Jo = 0.125kTe = 1.106 X 107" Joule/atom
Ex =-13.274 X 10™' Joule/atom
b) Jo. = 0.083kTe = 0.737 X 107" Joule/atom
Ex =-8.846 X 10™ Joule/atom

The negative sign in Ex means that when the angle
between the magnetic moments is reduced, the exchange
energy is minimized.

To compare the calculated Ex in the above modeling with
the difference in activation cnergy betwecen below and
above T¢ in cxperimental interdiffusion results(15), the
logarithm of the cffective interdiffusion coetficients {In
(Deff)} of the Co/Pd multilayers deposited at 0.7 Pa and
2.0 Pa, respectively, is shown on Fig. 12 (a) and (b) with
respect to the reciprocal heat treatment temperature (1/T).
On both of the figures, 3 points heat treated above Te lic on
linear slope, but the other 3 points heat treated below Te lic
on another lincar linc. Activation cnergy (Q) for the
interdiffusion process of the Co/Pd multilayers s
calculated by slope of Arrhenius cquation as follows and
listed on Table 2,

52
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Fig. 12 (a) and (b): Logarithm of effective interdiffusion
coefficients (D) of the Co/Pd muitilayers deposited at 0.7 Pa
and 2.0 Pa, respectively as a function of reciprocal heat

treatment temperature

Do = Dy exp(-Q/RT) (6)

D..: Effective interdiffusion coefficient (m*/sec)
Dy : Pre exponential factor

Q: Activation cnergy (Joule/Atom)

R: Ideal gas constant(= 8.3170 Joule/Mole)

Comparing with previous researches in Detf which found
activation cnergics of 115 kJ/mole in Mo/Gel[41], 105
kJ/mole in Mo/Si[41], 103 klJ/mole in Pb/Mgl42], 141
kl/mole in Cw/Aul(43] and 106 kJ/mole in Cu/Ni|44]
multilayers, the activation energy of the Co/Pd multilayers
hcat treated above T are comparable to these values
as shown on Table 2. However, the activation energy heat
treated below Te are almost as twice as that heat treated
above Te. Comparing the difference in Q between below
and above T, the measured former shows good
coincidence with the calculated latter by one order.

Table 2: Activation cnergy of the Co/Pd multilayers deposited
at 0.7 Pa and 2.0 Pa, and heat treated below and above Curie

temperature

(kf/mole = 0.01 eV/atom)

Difference

Co/Pd  multilayers | Activation energy | Activation energy
Between  Below
(below T¢) (above Tc)

and Above Tc

125ki/mole
9 . 9 2 sl
Deposition at 0.7 Pa 253 kJ/mole 128 ki/mole (208 x
10-21 J/utom)
92 kJ/mole
Deposition at 2.0 Pa 200 kd/mole 108 kl/mole
(153 x

10-21 J/atom)
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The difference in energy between the modeling and the
experiment can be accounted for increased Ex due to
the clfects of beyond the 1st nearest neighbor pairs and of
the expanded polarization of Pd atoms near to the
interfaces of the multilayer, which were excluded in the
assumptions.

4. Conclusions

The changes in structural stability, i. e. the modulation
amplitude and the particle size, of the Co/Pd multilayers
as a function of Ar sputtering pressure and heat treatment
temperature were investigated with respect to heat
treatment time. The sputtering pressure and the heat-
treated temperature for the multilayers was divided into
0.7 Pa and 2.0 Pa, and below and above Te, respectively.
The Co/Pd multilayer structure was sequentially changed
into 3 parts, which were stress release, interdiffusion and
particle growth with respect to the heat treatment time.
Little difference in the structural stability of the multilayers
deposited at between 0.7 Pa and 2.0 Pa was shown during
the above 3 parts. However, the difference heat treated
between below and above Tc was shown dramatically.
The structural changes below T¢ were quite stable,
compared with those above Te in the Co/Pd multilayer. We
attribute the stable structural changes to the effect of
magnetic exchange energy between magnetic Co sublayers
and induced magnetic Pd sublayers when heat-treated
below Te, and recommend the operating temperature
range of the Co/Pd multilayer for MO recording just
below T. as the basic research and application,
respectively.
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