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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 in the wavelength of a blue laser beam, due to large Kerr rotation
angle. However, since the Co/Pd multilayer 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, the assessment of the thermal stability in the Co/Pd multilayer is crucially important
both for basic research and applications. As the parameter of the thermal stability in this research,
effective interdiffusion coefficients (D.) perpendicular to the interface of the Co/Pd multilayers 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
Deff of the Co/Pd multilayers. This discovery will provide the understanding of the magnetic exchange
energy in the effective interdiffusion process 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.

I. Introduction

It is well recognized that an artificially modulated
magnetic Co/Pd multilayer is one of the promising
materials for high density magneto-optic (MO) recording
in the short wavelength of a laser beam (- 400 am){1-4],
duc to farge Kerr rotation angle. Since multilayer structure,
as well as amorphous structure, is a non-cquilibrium state
in terms of trec energy[5-6] and MO recording is a kind of
thermal recording which is conducted around Curic
temperature (T¢)[7] of the recording materials, when the
multilayer is used for the MO rccording media, it is
deduced that changes in the multifayer structure are
produced by stress release and interdiffusion during
repeated radiation of a laser beam in the MO recording
process. Hence, these incvitably affect magnetic and
magneto-optic properties[8-9] as do structure relaxation
and crystallization in the amorphous structure. Since the
outstanding magnetic properties of the Co/Pd multilayer
for the MO recording are induced by the artificially
modulated multilayer structure|1-4], the changes of the
multilayer structure during the MO recording process

affect structural and magnetic propertics of the Co/Pd
multilayer. However, despite  the superiority of  the
magnetic and magneto-optic properties of the Co/Pd
multilayer for the short wavelength of the laser beam,
rescarch into the thermal stability, 1. ¢. interdiffusion
process both for basic research and application has hardly
been conducted on it .

In this research, the interdiffusion process of the Co/Pd
multitayer will be discussed in terms of Ar sputtering
pressurc  and  heat temperature  which
dramatically affect the structural and magnetic propertics
ol the multilayer, for example coercive force[10], and is
the characteristic parameter of MO recording, for example
Curic temperature, respectively. As the parameter of the

treatment

thermal stability in the multilayer structure, interdiffusion
coclficients in the Co/Pd multilayers deposited at low and
high pressures are measured below and above Te. From the
practical point of view, only the Co/Pd multilayers with a
modulation wavelength of less than a few A in Co
sublayer are appreciable for MO recording materials [1-4],
so that effective interdiffusion coefficient (Dy) in the
small modulation wavelength limit is considered in this
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experiment. In studying the Deff in the Co/Pd multilayers,
extremely low of the order of 107'm’/sec can be measured
using a X-ray diffractometer{ 1].

I1. Experimental Procedure

The Co/Pd multilayers were deposited on  R-plane
sapphire substrates (20 = 25.60° and 52.507) in a two-
target UHV (Ultra High Vacuum) dc magnetron sputtering
system which was gettered with liquid nitrogen. The
configuration of the sputtering  system is  described
elsewhere|12-13]. The substrates were 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 beneath the
magnetrons. The target-substrate distances were 30 mm
and 40 mm for 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
(99.9999), processed with an Ar purifier. The sputtering
pressures were at .7 Pa and 2.0 Pa in fow and high
pressure runs, respectively. The Co sublayer thickness was
designed to obtain both perpendicular magnetic anisotropy
(less than 8 A)[ 14] and maximum magnetostriction (30 at.
e ol Co) 3.

Compositions of the Co/Pd mululayers were determined
using an EDS (Encrgy Disperse Spectrometer). Te of the
multilayers  was  determined by a DSC (Differential
Scanning Calorimeter) with a heating rate of 40°C/min and
was 368 £ 5°C. The X-ray intensitics of the satellite peaks
in the as-deposited and heat-treated Co/Pd  multilayers
were measured by a XRD (X-ray Ditfractometer) with Cu
Koh = 1.5406A) radiation in small(20=3"-10") angle
regions with 8-20 scanning. In order to measure the X-ray
intensitics precisely, scans of rocking curve and calibration
ol 20-off method were adapted.

The as-deposited multilayers with a getter material (Zr-
V-Fe) were inserted in a quartz ampoule for heat treatment.
The ampoules were scaled after being pumped down to
10" Torr and back filled with Ar to 200 Torr to ensure
good thermal contact between the multilayers and the
surrounding during the heat treatment. Experiment to
investigate the interdiffusion process was conducted via
two methods to verify the precision of the experimental
result. One was by a step method, 1.e. the heat trcatment of
the Co/Pd multilayers was repeatedly carned out at fixed
temperature and for a fixed time, and they were removed
from the furnace to measure the changes in the X-ray
intensities of the first satellite peaks in the small angle
region. The other method used was a sequence method,
which means that after taking a long enough pre-heat
treatment for stress release of the Co/Pd multilayers, only
one heat trecatment for a fixed time was conducted on them
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for the interdiffusion measurement. The {ormer were heat-
treated at 250°C, 350°C, 390°C and 400°C, and the latter at
300°C and 380°C.

L. Result and Discussions

The Co/Pd multilayers deposited at 0.7 Pa and 2.0 Pa by
the magnetron sputtering apparatus formed well defined
structures  which
displayed the first and the second satellite peaks in the
small angle region of X-ray diffraction as shown in Fig. |
(a) and (b), respectively. The compositions of the Co/Pd
multilayers deposited at 0.7 Pa and 2.0 Pa were 29.910.2
al. % of Co and 29.2+0.4 at. % of Co, respectively. The
estimated nominal thicknesses of Co and Pd sublayers with

artificially  modulated  multilayer

cach of bulk densitics were 4.4 A and 14.1 A, respectively.
The multilayers had 200 periods and total approximate
effective layer thicknesses were about 3700 A for both the
multilaycrs. The difference in the compositions between
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Fig. 1 (a) and (b): X-ray diffraction satellite peaks of the Co/Pd
multilayers deposited at 0.7 Pa and 2.0 Pa, respectively in small
angle region
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the Co/Pd multilayers showed less than 3% deviation from
cach other. Furthermore, they did not represent any
intermetallic Co-Pd compound, which could have an effect
on the interditfusion process, on the phase diagram of Co-
Pd alloy[15]. According to the calculation[16] of the
modulation amplitudes of the Co/Pd mulhtilayers, the
modulation waves of the multilayers were sinusoidal with
about 60% of modulation amptlitude. Conclusively. the
Co/Pd multilayers were suitable for investigating the
interdiffusion process in terms ol the Ar sputtering
pressure and the heat treatment temperature.

1. Effective interdiffusion coefficients and activation
energy of Co/Pd multilayers

Fig. 2 (a) and (b) show the logarithm of relative X-ray
intensities (In <) versus heat treatment time for the Co/Pd
multilayers deposited at 0.7 Pa and 2.0 Pa, and heat treated
below (250°C) and above (390°C) T, respectively. The
continuum and discrete models. which are suitable Tor
multilayers  involving incoherent and  coherent  strain
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Fig. 2 (a) and (b): Changes of the relative X-ray intensitics of

the first satellite peaks in the Co/Pd muitilayers deposited at 0.7
Pa and 2.0 Pa, and heat-treated a: 250°C and 390°C,
respectively with respect to heat treatment time
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interdiffusion coefticients (Dyo). When the relative X-ray
intensitics are linear on Fig. 2(a) and (b), the slope of the
Inf(It.1o) is as tollows for the continuum model,
It
7(1[ In o | 81

dt T (h

)

I.: X-ray intensity of satellite peak before heat treatment
I: X-ray intensity of satellite peak after heat treatment
for (1) scconds
Do Elfective interditfusion coefticient (m*/sce)
Ax: Wavelength of the X-ray (m)
t: Interdiffusion time (sec)
In the discrete approach, this becomces
dlindyy
lo

. 4Dfﬂ [1 - cos(2mmd/Ax)]

dt d A42)

d: Spacing between the atomic planes perpendicular to
the diffusion direction,

Since the compositional gradient in the continuum model
and both the compositional gradient and strain effects in
the discrete model are included in both of the above
cquations, the Dy is determined from the slope of the best
straight line it through the linear portion ol the (In+—)
versus heat-treated time (1) plot of the first satellite peak.
The values of D for both of the models arc listed on
Table 1.

Table 1:
multilayers deposited at 0.7 Pa and 2.0 Pa by continuum and

Eftective interdiffusion coefficients of the Co/Pd

discrete models

Co/Pd muitilaver Continuum model im/sec) Discrefe moded tindrsec)

250°C ¢ Lower pressure) 3 X - 3.3 X107
. Higher pressure) 15 X0 154 X 1047

300°C (Lower pressure) 130 X 10-27 125 X 107
(Higher pressure) 210 X 1027 210X 10-%7

350°C (Lower pressure) 549 X 10-27 570 X 1027
(Higher pressurc) 797 X 1027 830 X 10-7

3R0°C {Lower pressure) 3350 X 10-%7 5810 X 1027

1 Higher pressure) 3675 X 10-27 $250 X 1027
390°C (Lower pressure) 6465 X 10-27 6430 X 10-27

(Higher pressure) 8415 X 1077 12930 X _10-7
400°C (Lower pressure) 13200 X 10-27 13800 X 10-7

(Higher pressure) 16600 X 10-27 17300 X 10-27
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In theory, because of CI (Commensurate-Incom-
mensurate) transition in the multilayer structure, no
difference in Deff should show between the two models
below the critical value of d_1 {17-18] from which
the coherent strain cnergy is rg\leascd to the incoherent one
at the interface of the multilayer (d and A represent lattice
parameter and modulation wavelength of the multilayer,
respectively). In this experiment, since the average value
of the Co/Pd multilayer for T 15 0.12 (2.15/18.52) which
is less than the condition for the divergence in Dy by the
two models[17], no difference in the D,y between the two
models is shown under the assumption that any coherent
strain cnergy is not involved at the interface due to the CI
transition. Therefore, the difference in Deft between the
two models is experimentally small as listed on Table |
and the Co/Pd multilayers involves only incoherent strain
energy at the interface[11].

On the figures, the relative intensities decrease in two
steps; fast and non linear in the initial stage, and slow and
linear in the later stage during the heat treatment. Previous
research pointed out that the non lincarity in the relative
intensity was mainly caused by micro structural change as
the  texture increases[19-20] or by densification  of
artificially  modulated  structure[21]  during  the  stress
release process, and the linear slope region was originated
by interdiffusion process[19-21} in the multilayer structure.
Therefore, the stress relcase and the interdiffusion in the
Co/Pd multilayers sequently occur in non lincar and lincar
regions, respectively.

As shown in Fig. 2 (a) and (b), the Co/Pd multilayers
deposited at 0.7 Pa shows the longer heat treatment time
than those deposited at 2.0 Pa for the transition from the
stress release process to the interditfusion process. Because
the Co/Pd multilayers deposited at 0.7 Pa arec more
compressive and dense by high cnergetic bombardment of
Ar atoms during sputtering deposition than those deposited
at 2.0 Pa, the former needs longer heat treatment time for
the stress release than the latter. After the stress release
process, the gradients in the linear stage deposited at 2.0 Pa
are steeper than those deposited at 0.7 Pa.

The In in the linear slopes heat treated above Te
(390°C) are quite rapidly reduced compared with those
heat treated below Te (250°C) with respect to the heat
treatment time, even though the tendencics of the relative
intensity curves below and above Te are quite similar in
shape each other. The satellite peaks for the Co/Pd
multilayers below and above T¢ disappear within 2500 x
10" and 10 x 10" scconds, respectively. This means that the
thermal stability of the Co/Pd multilayers is strongly
dependent on the heat treatment temperature, which is
directly rclated to operating temperature of MO recording.

Fig. 3 (a) and (b) display the effective interdiffusion
coeflicients (D) of the Co/Pd multilayers calculated by
continuum and discrete models|11], respectively in terms
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Fig. 3 (a) and (b): Effective interdiffusion cocefficients (Deff) of
the Co/Pd multilayers deposited at 0.7 Pa and 2.0 Pa calculated
by continuum and discrete models. respectively

ot heat treatment temperature. The differences in Deft
between the multifayers at 0.7 Pa and 2.0 Pa are small, less
than a factor of 2. However. the differences in D, between
the multilayers below and above Te are dramatically large;
at 250°C and 400°C the valucs arc 2640 and 1110 times in
the multilayers deposited at 0.7 Pa and 2.0 Pa, respectively.
Even though the difference in the heat treatment
temperature is small, the difference in Dy, is more than one
order between 350°C and 390°C for below and above T,
respectively. Because the ditference in Do by the Ar
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cocfticients (Deft) of the Co/Pd multilayers deposited at 0.7 Pa
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(recatment lIcmperature

sputtering  pressurc is negligible comparing with the
difference in Deff by the heat treatment temperature, an
important governing factor for the interdiffusion process.
i.c. thermal stability, in the Co/Pd multilayers is not the
former which represents stress state and crystalline quality
of the multilayer structure, but the latter which represents
operating temperature range of MO recording.

Fig. 4 (a) and (b) show the logarithm of the cflective
interdiffusion coelficients {In  (Du)} of the Co/Pd
multifayers deposited at 0.7 Pa and 2.0 Pa, respectively,
with respect to the reciprocal heat treatment lemperatare
{(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 T lie on another linear line. Activation energy (Q)
for the interdiffusion process of the Co/Pd multitayers is
calculated by slope of Arrhenius equation as foliows and
listed on Table 2,

D = Dy exp(-Q/RT) (3)

D.: Effective interdiffusion coetficient (m’/sce)
D,: Pre ecxponential factor

Q: Activation energy (Joule/atom)

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

Comparing with the previous researches in Dy, which
found activation encrgies of 115 kJ/mole in Mo/Gef19],
105 kJ/mole in Mo/Si[19]. 103 kJ/mole in Pb/Mg[22], 141
kJ/mole in Cuw/Aul23] and 106 klJ/mole in Cu/Ni|24]
multilayers, the activation energy of the Co/Pd multilayers
above T are comparable to these values. However, the
activation energy below Te arc almost as twice as hat
above Te This means that anomalous interdiffusion
process of the Co/Pd multilayers below Te affects not only
D., but also Q. Hindrance against the interdiffusion
process below TC presumably exists in the Co/Pd
multilayers. The hindrance cnergy can be calculated by the
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difference in Q between below and above T as follows,

a) Deposition at 0.7 Pa

Quone—Qanne=(253-128) kJoule/mole=208 x 10”' Joule/atom
b) Deposition at 2.0 Pa

Quene=Q anee =(200-108)kJoule/mole=153x10-21
Joule/atom.

In scction 3.2, the above experimental difference in Q will
be theoretically compared to magnetic exchange energy of
Co/Pd multilayers

2. Modeling of anomalous effective interdiffusion process

In bulk materials. deviations of diffusion coetlicients
from Arrhemius behavior in the magnetic phasc trarsition
between ferromagnetic and paramagnetic were observed in
the sell=ditTusion of a-Fe|25-27] and the interdiftusion of
Co in a-Fe|28]. The diffusion cocfficients in ferromagnetic
region were fower than those in the paramegretic onc.
Morecover, the difference in the diffusion cocfticients|25-
28] between the ferromagnetic and the paramagnetic in the
bulk materials were smaller by one order than those in the
Co/Pd multitayers ¢l this research. An anomaly in the
clastic strain cnergy was also found in a-IFe around its
magnetic transition. but not in the phase transttion|29].
Since magnetic spins at lattice points  display  large
magnetostatic energy in saluration  magnetization  state
and  (ry to expand their distance  to reduce  the
magnetoelastic energy, as far as clastic strain cnergy is
atlowed in the ferromagnetic phase[30-31]. it can be
deduced that the lack of the magnctostatic cnergy in the
paramagnetic phasc causes the change in the elastic strain
energy above T

The basic concept for the modeling of the anomalous
interdiftusion between below and above Te in this rescarch
is the contribution of the magnetic bonding  force
ay) 10 the chemical bonding force
(clastic strain cnergy) at the interface in the Co/Pd
multitayers, In bulk materials, where all three dimensions
arc signilicant. the magnetic bonding force is generally

(magnetic exchange ener,
)

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 1o the loss of symmetry ,in the
crystalline structure, but the magnetic bonding force is
significantly cnhanced due to the increment of the
interfaces per unit volume. When the magnetic multilayer
is heat-treated below T, this cnhanced magnetic exchange
cnergy at the interfaces can predominantly contribute (o
the total bonding force in the multilayer, and a large Q and
a low D, arc obtained. Even though the effect of the
magnetic exchange cnergy (E.) on the diffusion process
occurs in both of the multilayer structure and bulk
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materials, the effect in the former is more predominant
than in the latter, due to the increased interfaces per unit
volume. Therefore, the differences in Do of the Co/Pd
multilayers were larger than those in the bulk materials by
one order. In the abscnce of E. above T, only the
weakened chemical bonding force exists at the interface
and D, 1s large in the multilayer.

In the case of the Co/Pd multilayers, the different
interditfusion processes for those heat treated below and
above T are related to the particular magnetism of Co/Pd
multilayers. 1t is well recognized that the Co/Pd multilayer
has a larger saturation magnetization| 1-4] than purc cobalt
(1422 emu/em)™, due 1o induced magnetization in the
polarized Pd  sublayer.
phenomenon, the anomalous interditfusion process can be

Considering  this  magnetic
established as follows; when the interdiffusion process is
carried out in the Co/Pd multilayer below Te. the enhanced
ferro-magnetic exchange energy exists at the interface
between the Co and Pd sublayers. This energy can prevent
from the interdiftusion at the interface by increasing the
total bonding energy. so Defl and Q are reduced and

increased, respectively. On the other hand. in the casc of

the interdiffusion above Te. there is no Eex at the interface
as a barrier against the interdiffusion process. This can
promote the diffusion process at the interface of the Co/Pd
multilayers, so Dy and Q arc increased and decreased.
respectively. Eo between the Co sublayer and polarized Pd
sublayer at the interface is described in detail as follows:
E., between the two sublayers can be calculated under the
assumptions. One is that magnetic  exchange  forces
decrease rapidly with distance, so that E. are effective
only between the Ist nearvest neighbor pairs. The other is
that the polarization of Pd occurs in all Pd sublayers, not in
those near to the interfaces of the multilayer. Then. E., is
described as below|32],

Eo =2(-2 1., Jodps cos0) 4
7: Co-ordination number in Co/Pd multilayer (=12)

J.: Exchange integral (Joule/mole)
Jeo, Jpa: Total angular momentum of Co and Pd,

respectively
0: Angle between two spin moments
3kTe
Jo= =Kl 5
271()+1) )

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

E.. of the Co/Pd multilayers arc as follows.
1) J = Je, = Jwy = 1/2( all pure spin angular momentum)
Jo = 0.167kTe = 1.475 X 107" Joule/atom
E. =-8.851 X 10™ Joule/atom
2) Jeo = 172, Iy = 1(additional orbital momentum duc to
induced magnetization)

—9] -

a) L. = 0.125kT. = 1.106 X 107 Joule/atom
E.=-13.274 X 107 Joule/atom

b) Joo = 0.083k T = 0.737 X 10" Joule/atom
E.. = -8.846 X 107" Joule/atom

The ncgative sign in E.. means that when the angle
between the magnetic moments is reduced, the exchange
cnergy is minimized. Comparing the difference in Q
between below and above Te as calculated in Fig. 4 and
listed on Table 2 with E.. the mecasured tformer is larger
than the calculated latter by once order. The difference
between the observed cnergy and the calculated energy can
be accounted for mcreased E. due to the effects of beyond
the st nearest neighbor pairs and of the expanded
polarization of Pd atoms ncar to the interfaces of the
multilayer, which were excluded in the assumptions.

Table 20 Activation energy ol the Co/Pd multilayers deposited
at 0.7 Pa and 2.0 Pa, and heat-treated below and above Curie

(cmperature

KJ/mole = 0.01 eVintom)

Co/Pd multilayers Activation energy Activation energy Ditference in

thetow Ty tabove Ted Activation energy

I 125kJ/mole

I 128 1t/mole (208x10-2F Jiutom)
¢ 92 Ki/mole

£153x10-2! Jarom)

Deposition at 0.7 P 253 K/ mwie

Deponition at 2.0 Pa 200 kl/mole

108 kd/mole

I'V. Conclusion

Effective interdiffusion cocfficients were measured in
terms  of  Ar sputlering pressure  and  heat treatment
temperature with respect to heat trecaiment time as the
assessment ot the thermal stability for the Co/Pd
multilayers. Dependence of the Ar sputtering pressure on
the thermal stability was not scriously at cach heat
treatment  temperature.  The  anomalous  interdiffusion
process was observed in the multilayers heat treated below
Te. The anomaly was attributed to the magnetic exchange
cnergy which played a hindering role for the interdiffusion
process below Ti. The comparison between the magnetic
exchange cnergy in the Co/Pd multilayer and the
difference in the activation cnergy between below and
above T¢ presents a good coincidence under the
assumptions. When the Co/Pd multilayer is used for MO
recording material, temperature range near below T¢ | for
example 350°C is recommendable for thermal MO
recording. This discovery of the anomalous interdiffusion
process in the Co/Pd multilayers will provide the clue to
understand the cffect of magnetic exchange energy on
interdiffusion  in  artificially  modulated  magnetic
multilayers and suggest the temperature range to operate
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magneto-optic recording in Co/Pd multilayers for basic
research and application, respectively.
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