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ARSTRACT Static tecording tests were carticd ot on a series of amorphous “Thle and TUFeCd thin
fitme of various composition under n constant laser irradiation condition . Examination of retorded
domain confipurations by using polarizing microscope led to the catcgorization of domain characleristics
into 3 distinetly different types; f.c., type A @ circular domains with smooth boundarics, the size not
sensilive to variation of bias field, type B : domains of irregular shﬁpe at low bias, the size increasing
and the boundaries petting smoother and more circular with increasing bias field and type C : not
recordable. Critical Tactor which distinguishics nmong cach types was found to be the relative magnitude

of He and My of the film near T, regardless of constituent atomic species. Micromagnetical process

of thermomapnctic reconding cycle was analyzed  scheniatically for cach type .

1. Introduction

Magncto-OpticaliMO) memory is now generally accepted
¢ the most promising information storage technology toward
nincties). One of the muost crucial requitement to bhe
Improved In present MO media s the signal  quality.
Improvement  of  {he magneto  oplical  effect  of  the
fesrimapnetie rare earth- transition mietal amorphous  alloy
thin fitm which is now regarded as the first and the only
commercially practical recording media ut present has been
n major target of research to this end since the signal
quality of the MO medin is directly proportional to the
Kerr rotation angle, 0,. Morc specifically, however, the
signal quality is dircetly determined not only by the MO
contrast of the cylindrically recorded magnetic domain(bit)
but  also by the size, shape  and  micromagnctical
configuration of the bit2Y). Dimensional and micromagnetical
characteristics of the recorded ns well as erased bit is
poverned by thermomagnetic  response of the  medium
materinl to the combincd, cficct of the laser irradiation
condition and applicd bias ficld.

We introduce here some peculiar aspeet of bit recording

characteristics observed In 2 series of TOFe and TbFeCo
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thin fitms and suggested possible accounts of the underlying

mechanisms for the observed experimental results.
2.Experimental

‘ToFe thin filns of approximately 100nm-thickness were
deposited  on slide glass  substrates by DC-magnetron
spultering from a G-inch diameter Fe composite target
arrayed with 1b chips. The composition of the film was
adjusted by varying the area ratio of Tb thips to the Fe
target. On the other hand, TbFeCo filmd were deposited
on glass substrates by 3-target cosputtering. "in both cases.
sputicring pressure of argon gas was ke'p( at 1.2mTorr
following the evacuation of sputtering chamber down to 8z
107 Torr. Temperature dependence of the saturation
mngnetization of the [ilms was determined by the vibrating
samiple magnetometry and the temperature dependence of
cocrcivity with the polar Kerr hysteresls loop tiacer of
maximum ficld strength 11.5 KOe. Squareness of the shape
of the Kerr hysteresis loop was tegarded as a measure of
perpendicular - magnetization normal to the fitm plane.
Composition of the films was analyzed by l(_'_'l’ spectroscopy.
Thermomagnetic recording on the films was carried out
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using a diode laser of the wavelength 830 nm. The focused
laser beam radius was 0.5 pm. Maximum power of the
laser diode installed in a TAOHS (Olympus Optical Co.)
was 10 mW when measured on the film. Domain was
imaged on the TV monitor through polarizing microscope
and SIT TV camera. The variation range of applied bias
ficld strength was 300 Oe. In this work the laser recording
condition was fixed at 9 mW power on the film surface

for 13 usec pulse duration time for all films recorded.

3. Results

3-1. Témperature Profile

In the course of laser irradiation and subsequent cooling
the thin film medium undcrgoes continual change in both
spatial and temporal temperature  distribution.  Assuming a
Gaussian intensity profile of laser bcam the temperature
profile of thin film can be calcwlated numerically using the
finite clement method”. Fig.1 shows radial temperature
distribution of the film when the peak temperature reaches
maximum value, 225°C, under the laser irradiation condition
of 9ImW-13usec. The thermal constants employed in the
calculation are listed in Table 1. in which it is clearly scen
that the thermal responsc of TbFe and TvFeCo is essentially

identical and independent of the composition.

Temperature (°C)

1 1 n N >

2 4 € 8 10

Distance from the beam center (pm)

Fig.1 Radial temperature profile in thin film of 100nm
thickness after laser irradiation of 9 mW - 13 psec pulse

duration.

3-2. Thermomagnetic Remrdi’ng Characteristics of 'TbFe
Fitms

Thermomagnetic  recording experiments on a series  of
ThFe films with systematic variation of composition within
the range exhibiting perpendicular magnetization  revealed

that the recording characteristics conld be classified into 3
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Table 1. Materials constants used for calculation

Matenial  Reflectivity  densityx thermal
specific heat conductivity
TbygFeg 0.45 2.87 0.915
ThyyFey;  0.45 2.78 0.925
TbFeCo 0.45 2.80 0.93
glass 1.81 0.0109
(J/cc K) (Wicm K)

different types according to the composition;

(1) compensation temperature(T omp) <ambient temperature

(T) : Type A, (2) Toomp>T, @ Type B and (3) T

<T{Curie temperature) : Type C. However, since Type

C films are essentially unrecordable duc to stecp rise of
coercivity upon cooling down just below T, concern may
be focussed on Type A and B only. Fig.2 shows typical

domain characteristics of Type A (a-1) and B (a-2) recorded

at a vaiicty of external bias fields. Composition of the film
shown here in Fig. 2 (a-1) and (a-2) is 20 and 23 at.%
Tb, respectively. Since the compensation composition of
TbFe alloy is about 22 at.% Tb, Teom, of (a-1) lies below
T, while T, of (a-2) above T,. Some distinct differences
in the configuration of the recorded bits can be clearly
noticed ; i.e.,

1) As the bi:;s ficld strength(H,) becomes smaller down
from Hy=+300 Oe, bit domain size appears to remain
unchanged in Fig.2 (a-1) even under negative bias field

while in (a-2) it decreascs gradually. Within the range of

Hy, applied in this work, (a-1) exhibit larger bit size than

(a-2).

2) In film (a-1), the bit domains recorded at Hy>0 show

uniform contrast, indicating that each bit is effectively single

domain. The bit recorded at Hy=0, however, shows uneven .
domain contrast inside the bit, supgesting the presence of

small subdomains with magnetic polarization antiparallel to

that of the parent bit domain. As H, increases negatively,

area fraction of subdomains increases leaving only the rim

of the bit at Hy=-100 Oe. At H,<-100 Oe this film was

not recordable. It can also be noted that domain contrast

is decreasing as Hy, increases negatively. Such features are

never observed in  (a-2) maintaining uniform and

homogeneous contrast throughout the recordable range of

H,,.

3) Film (a-1) produces uniform circular bits with smooth

domain boundaries at all recordable Hy ranges while the

domain  shape of film (a-2) is irregular. The domain

boundary of (a-2) is smooth at high Hy above 200 Qe but

become increasingly rougher as H, decreases.
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Clear distinction of recording characteristics between both
types across the compensation composition is dramnatically
demonstrated in Fig.3 where the boundary between dark
and light area in this film with compositional gradient

delineates the line of compensatiou composition.

Hy(0?)

Fig.3 Vnriation of bit shape under various bias fields in

TbFe film baving compensation composition (Ta=Teomp)
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For a given laser beam recording condition employed
in this work the bit size decreases with increase of Tb
content up to the compensation composition. Above the
compensation  composition bit size tends to increase with
b content for a given 11,. Fig.4 summarizes the bit domain
characteristics observed on TbFe film of a wide range of
composition. It is interesting to note that the bit size
become more sensitive to My, as Tg,y,, approaches T as
thi: reflects the fact that the cocrcivity drop near T, s
increasingly steeper as Topg approaches T, The H, effect

on the domain size is illustrated more clearly in Fig.5.
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Fig.4 Variation of bit diameter recorded under various bias

ficlds for diffcrent compositions of TbFe films.
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Fig.5 Domain shape varation of thermomagnetically written
bits under various bias fields for different compositions of
TbFe films.

3-3. Thermomagnetic Recording Characteristics of TbFeCo
Films

A number of MO disks announced so far employs
TbFeCo base media as the addition of Co in TbFe improves
8,%). But since it accompanies enhancement of T, as well
as saturation magnetization(M,) , the content of Co is
usually limited in order to sccure reasonable recording
sensitivity and perpendicular magnetization of the active
layer. Thermomagnetic recording test in our laboratory on
TbFeCo films bas shown a variety of domain configurations
depending on the composition and the categorization of the
recording characteristics as in the case of binary TbFe is

not possible at present. Only the results for the films
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Fig.6 Domain shape variation of thermomagnetically written
bits under various bias fields (a), and temperature
dependence of H, and 4wM, (b) for different composition
of TbFeCo films.

containing approximatcly 10 at.% Co and therefore having
approximately the same T(=s 200°C) are presented here
since they exhibit recording characteristics corresponding to
those of TbFe. Fig.6(a) show domain characteristics of 3
different TbFeCo films, namely (a-1),(s-2) and (a-3) with
compositions TbygFeygCo4, Thyy Fegs sCoyy and Tbyg sFeyy
Coy 4, respectively. The composition of each film may be
categorized according to the case of TbFe as in Fig.4 ;
ie, (a1) 1 T, << Teomp < Te {a-2) : Teomp > Tar
(3-3) : Tomp < T,. It can, hdwever, be easily noticed
that TbFeCo films do not appear to produce domains of
the type corresponding to that for TbFe belonging to the
same composition category.  Rather, each domain
chitacteristics of a-1, a-2 and a-3 is similar to those of

type B, type A and type A, respectively. This implies that

the recording characteristics of RE-TM films can not be:
predicted simply by the atomic species and composition
unlcss the micromagnetical mechanisms of domain sreversal
in the course of laser heating and cooting is understood

quantitatively.
4. Disucssion

4-1, Equilibium Domain Size

Since the size, shape and micromngnetical’ domain
structures of the recorded bit are determined by
thermomagnetical response of the film to the spatial and
temporal temperature change, it is essential to know the
temperature dependence of magnetical parameters of the
film which is relevant to the recording process. The stability
criterion of a cylindrical bubble domain with radius r in
a film of thickness h at any given temperature is given

by 6)
Oy o,
CE T M MR SR @

where o, is the wall energy, Hy is the demagnetizing
encrgy and M is the magnetization at domain wall position.

Thus‘cquilibrium domain size can be calculated if the
values of o, ,M, Hy and H, as functions of temperature
are available, However, determination of wall energy and
spatial distribution of My is practically difficult ecither
expcrimentally or theoretically. If it can be assumed that
‘the wall energy terms constitute H_ implicitly, Equation
‘(1) can be simplified as

Hy + H, g H, 2
For comparative evaluation of bit size between films with
different magnetic properties, further approximation of H,
as 4nM, may be justified reasonably, unless the size
difference of the bits is excessively great, namely;
4nM(T,) + H, 5 HJ(T,) 3)

The radius r, from the beam center as illustrated in Fig.1
where T, satisfies Equation (3) at any instance during the
recording cxcle may be regarded as the - jhstantaneous
domain radius. Final domain size at room teﬁ‘n&ntum after
a recording cycle will be equal to the largest r, attained
during the recording cycle since o effect is ignorcd here.
However, Shich et al”? examined domain formation process
using high speed camera and observed that the domain sizé
shrinks by 5-10% of the maximum upon oooiing to room
temperature. This implies that the position of domain wall
formed at maximum T, moves inward during cooling below
T, which must be driven by wall energy. Full account of
the domain formation process may not be possible until
wall energy and domain formation kinetics are clarified
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fully. But for the purpose of comparative examination of
the present observations this also means that the arguments
mentioned as above is reasonable encugh since the evaluation
of domain size can be accomplished according to Eq.
(3) within 5-10% error range.

4-2. Temperature dependence of H, and M,
Fig.7 and 8 show temperature dependence of 4wM, and
H

respectively. Curves were constructed mostly with data taken

. of various compositions, for TbFe and TbFeCo,

from literatures?”) except those decorated with filled circles,

the values measured in this work. It should be noted that

the ivnéreasc of Tb results in slight increase of T, but steep
4

increase of Teomp:

T, the slope of H, drop becomes increasingly greater as

As the temperature approaches toward

Tb content increases, within a few at.% range around
compensation composition, while maximum value of M,
between Te, and T, decreases. Since TbFe has much
lower T.(=130°C) than TbFeCo (2200°C within 10 at.%
Co), the latter exhibits higher maximum M, between ’I‘wmp
and T, than the former for a given Tb content, the
difference being greater if T, is raised further by adding
more Co.

Origin of the differcnces in recording characteristics
between the types described in 3-2 as well as between the
alloy systems described in 3-3 may be revealed by comparing
the [H, and 4wM,] vs. T curves of each corresponding film,
as presented in Fig.2(b) and 6(b), respectively. Since ka

(=225°C) achicved at maximum heating during a recording

cycle exceeds T’s of both alloy systems, it may be
reasonable to state that the recorded domain characteristics
is mairly determined by the interaction between H, and
4wM, near T, on cooling because H, increases much more
steeply than 4nM, on further cooling below T,. Comparison
of the [H; and 4wM,] vs. T curves near T, of each film
clearly reveals that those films producing type A domains
commonly exhibit fairly high 4nM, level and cross over
with H-T curve on cooling below™ T (Fig.2 b-1. and Fig.6
b-2,3) whereas those belonging to type B have exceedingly
small 4wM, level in contrast to their steeply rsing H, so
that H, maintains higher level than 4nM, below T, (Fig.2
b-2. and Fig.6 b-1.). Films with Teomp=T, as in the case
of Fig.2 b-3. will be unrccordable because H, rises almost
instantly when T drops just below T., whereas M, maintains
negligibly small values. It shoufl be noted that the recording
characteristics  is  dependent  only on thermomagnetic «
properties of the film regardless of whatever atomic species

constitute the film.

4-3. Domain Formation Mcchanism
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Fig.7 Temperature dependence of H, and M, for TbFe films
of various compositions solid lines are taken from literature
values 27) and dots are measured valies in this work.
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Fig.8 (a) Temperature dependence of H, and 4nM, of
TbysFesq 1 Cop. (b)) Temperature dependence of H, and
4w M, of Tb,Fegy ,Coro.

" By combining the calculation of temporal temperature
distribution in the film during the recording cycle with
[H, and 4nM,] vs. T curves it is possible to trace the
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micromagnetical domain formation process in a film. Fig.9
and 10 show schematic illustrations of spatial distribution
of H, and 4nM, for typical type A and type B films,
respectively, at several stages of cooling cycle. For type A
as in Fig.9, 4nM, exceeds H, at the temperature between
T, and T, and exhibits a peak just near 1(T,). This causes
magnetization reversal due to the demagnetizing ficld l-Id'
in a narrow ring-shaped region of radius r,(Fig.9-b). The
radius of 'this ring-shaped region is largest at maximum
heating. And this boundary remains as a domain wall which
is frozen as soon as cooling. As Tp, approaches T, on
cooling, both r(T,) and r(T,) moves toward the beam center
and broadening of the ring-shaped region occurs. The
demagnetizing field H,? (Fig.9-c) induced by magnetization
of ring-shaped region produces another concentric ring-
shaped domain of reverse polarization with respect to that
of outer ring. This process will be repeated until Tp¢
<T, thus resulting in a bit filed with subdomains of
concentric ring shape. Presence of positive {or negative) bias
during the recording cycle has the effect to increase (or
decrease) Hd'. This H, not only makes the domain

saturated (or unsaturated) but also extends (or shrinks) r

(Ty.
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Temperature (°C)
H, T =T
' fo = «(Tg)
r“t) M,
IH‘r 1 4 ] (b) T,mk>'rc
LV { domain wall
I 4aM, ] (o) T, =T,
' I l t
] !
' ' |
[} to
i:i:;ﬁattq:i:ﬁ: @ Tpux = T,
Fig.9 Schematic representation of domain reversal

mechanism during thcrmomagnetic writing of TbFe films

with composition of T,>T 0,
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Fig.10 Schematic representation of domain reversal

e

(d) Toy = T,

meghanism  during thermomagnetic  writing of TbFe films

with composition of Ty<Tomo

Hence, the bit size should be larger (or smaller) with
increasing H,, but this contradicts the experimental
observation in type A films. Possible explanation for this
discrepancy may be that the direction of magnetization of
the film in the region between r(T,) and r(T) deviates
from the normal to the film plane by the external field,
so that the normal component of M, will be effectively
reduced. Independence of bit size on the bias field observed
in type A films may thus be due to fortuitous compromise
between these two mutually opposite effects, at least in the
range of H, studied in this work. For higher Hy, however,
domain size may change because the shape of [normal
component of M,] - T curve itself will be changed. Further
work is certainly needed for clarification of detailed
tnechanism. Subdomain structure in a bit must also be
influenced by the polarity and magnitude of H, ; as H,
increases, H, parallel to H,! will extend the area of reverse
polarization and finally forming a single domain , while

H, antiparallel to H,! reduces it and finally leaving only

-240-
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the rim before complete disappearance. On the other hand,
domain formation process of type B films is quite different
in that 4wM, ncver exceeds H, substantially at any area
of the film at H,=0 and that change of magnetic
polarization occurs across Ty, during cooling. Therefore
H,' just outside the circle of 1(T,) is too weak to produce

magnetization reversal at maximum  heating.  As Ty

approaches T, on cooling 1(T,) approaches zcro(Fig.10-c)

_which results in concentration of H,' on a tiny localized
spot at the beam center. Domain reversal may occur
depending on the configuration of [H, and 4nMJJ vs. T
curve of the film as observed in Fig.2 (a-2). Domains in
tlvrs/ case arc likcly to assume irregular shape since t(T,)
will fluctuate sensitively cven by a slight variation of the
rclative magnitude of H,' and H, ncar T, because Hylw
H, between A and A, as shown in Fig.10-c. With
increasing bias ficld Hy'+H, curve will cross H; at B and
B’ and thus the bit will grow in size and the domain
boundary gefting smoather.

4-4. Bit Size vs. Composition

Variation of bit size with composition as shown in Fig.
4 may be understood by following the argument of 4-1
since major paramcter detcrmining the bit size is found to
be 1(T,). Fig.11 compares values of T, and r(T,) predicted
by combining Fig.1 and 7 with. measured size, for various
TbFe films. For Hy,=0 predictions match.s reasonably well
with the mecasurements, but for Hy=300 Oe considcrable
discrepancies exist particularly in type B films. ‘This implics.
that the present model of domain formation process can
be applied to the case of type A semi-quantitatively but

not to the case of type B when H, is involved.

H, (Oe)
—0— —@—  critical temperature for domain
wall formation
15 —~0—~ —®— . oedicted bit size from Eq.()) 1
—A~— —A~ : mensured bit size
o~ 1308 {8 ~
8) g
< 32
£ o s
5 g
8 I}
€. 4
& -
m
| 2
© L

Th atomic percent

Fig.11 Relationship between bit size and critical temperature
for domain wall formation after Eq.(3).

-241-

5. Conclusion

1) Thermomagentic recording characteristics of an
amorphous TbFe and TbFeCo thin films is dependent
critically on the relative magnitude of coercive force vs.
demagnetizing field in the narrow range of temperature just
below Curie temperature. Those having substantially higher
4wM, than H, necar T, produce circular bits and bit size
is almost independent of bias field in the range of 300
Oc. These exhibiting only marginal difference between H,
and 4wM, near T, produces irregular bit shape at fow bias
ficld and bit size grows rapidly with increasing bias field.
Thosc having Ty, located near T, are unrecordable due
to the excessively large H. near T,

2) Micromagnetical mechanisms of the domain formation
process nced to be analyzed more precisely by incorporating
the effect of domain wall energy and magnetization reversal
kinetics so that they could be applied for other alloy systems

not discussed yet in this work.
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