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Thermal aspects of magneto-optical recording

M. Mansuripur and G. A. N. Connell

Xerox Palo Alto Research Center, Palo Alto, California 94304

(Received 3 December 1982; accepted for publication 11 May 1983)

We discuss the influence of thermal response on the magneto-optic readout performance of
optically similar but thermally different quadrilayer media, using newly developed computational
techniques for examining laser-induced heat flow in moving multilayer media. We first emphasize
the importance of time scale for differentiating the write and read processes. We then show that
the optimum design is a function of the medium velocity and available laser power for writing and
is not normally one that provides maximum signal-to-noise ratio in the limit that laser heating
during readout can be ignored. Finally, we describe a systematic approach to the selection of the
best quadrilayer design for a given set of system conditions.

PACS numbers: 42.30.Nt, 42.60.He, 78.20.Ls, 78.20.Nv

I. INTRODUCTION

In earlier work, we considered how a differential detec-
tion system and magneto-optical medium could best be con-
figured for readout by the polar Kerr effect.”? It was found
that the generic optimum structure of the medium itself was
closely related to the trilayer metal-dielectric structures that
have been long used in optics when absorption in a thin metal
layer is required.>* In particular, Bell and Spong® have
pointed out that this structure is most useful for ablative
optical recording because the maximum light absorption oc-
curring in the thin metal film results in a maximum writing
sensitivity. In our case, we made use of the structure some-
what differently. Its characteristics were no longer designed
for maximum light absorption, but rather were optimized
along with the detection system parameters to give a maxi-
mum signal-to-noise ratio for magneto-optical readout by
the polar Kerr effect. Typically the structure of the medium
is then quite different from that for maximum light absorp-
tion. Indeed the signal-to-noise ratio for the latter is usually
very small with a differential detection system.

While heating of the medium during readout was recog-
nized in our earlier work® as an important parameter in the
selection of an optimized system, it was included only inas-
much as media requiring different write powers can obvious-
ly withstand different read powers. This feature of the prob-
lem is closely related to earlier work done on the thermal
aspects of ablative recording,®’ but now it is no longer im-
portant to maximize the writing sensitivity by preventing
heat flow from the light absorbing layers, but rather to en-
courage it, subject to thermomagnetic writing remaining
possible. This then allows a maximum of power to be used in
readout. The approach we took earlier therefore represents a
reasonable beginning to the solution of the complete readout
problem, but it omits an important quantitative difference
between the write and read processes, namely time scale. The
consequences of this are demonstrated in Fig. 1 by calcula-
tions that simulate the thermal write process for a stationary
quadrilayer medium. (The details of the layer structure are
given in the figure caption.) In this example, the medium is
irradiated for 50 ns by a 5-mW laser pulse focussed in a
Gaussian beam to an e~ ! radius of 500 nm. The point to note
is that, independent of the temperature rise needed for writ-
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ing the magnetic film, the writing process itself is completed
prior to the establishment of thermal equilibrium. In con-
trast, readout is done in steady state, and our example there-
fore implies that readout must be carried out with even less
power than might straightfowardly be deduced from the
write power of the medium alone. The remainder of this
paper will be concerned therefore with the problem of the
selection of magneto-optical interference structures that
provide best overall system operation when these differences
between reading and writing are properly included. More-
over, the effects of relative motion of the laser beam and
magneto-optic medium on the selection process are fully ex-
plored.

The paper is organized as follows. The computational
procedures are outlined in Sec. I and then used in Sec. I1I to
discuss the influence of thermal response on the read-write
performance of optically similar quadrilayer media. Finally,
the conclusions of the work are presented in Sec. IV.
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FIG. 1. Increase of temperature vs time at radii of (a) 0, (b) 250, (c) 500, (d)
750, and (e) 1000 nm that occurs in the magnetic film of a quadrilayer medi-
um. The quadrilayer consists of a 50-nm-thick aluminum layer, and 80-nm-
thick quartz intermediate layer, a 15-nm-thick magnetic metal, and a 120-
nm-thick quartz overlayer. The thermal and optical parameters are given in
Table II.
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iI. BRIEF QUTLINE OF THE COMPUTATIONAL
PROCEDURES

We describe the technique fully elsewhere,® but the ba-
sis of the method is readily understood. We assume that the
medium is moving with constant linear speed ¥ and then
approximate this motion by a step-like progression in which
the medium jumps a distance VAt at the end of each time
interval Az. During each 4¢, however, the medium is station-
ary and the static technique, used earlier® for the calculation
of temperature distributions generated in multilayer media
by the incidence of a Gaussian laser beam, is applicable to
the problem. Moreover, for the specific case of temperature
independent optical and thermal parameters, the absorption
and diffusion equations become linear, and the moving me-
dium problem may be solved by the superposition of these
static solutions at progressive time intervals.

In the present case, we are mostly interested in the laser
power required to heat the magnetic medium to a certain
temperature for different values of ¥ in two situations: when
the laser pulse length is 7,/ ¥, with r, being the e ™' radius of
the Gaussian laser spot, and when the pulse is long enough
for thermal equilibrium to be established. The two cases,
therefore, relate to that of writing at fixed resolution (for a
given magnetic field) and reading under fixed illumination,
respectively. The results obtained will provide the required
information for the complete optimization of the medium in
a magneto-optical recording system. We also show the iso-
therms obtained during the read process for various media at
the typical medium velocity of ¥ =20 m/S. These results
then provide the basis for an intuitive understanding of the
different responses of the various media structures consid-
ered, and indicate why the achievable bit density for a given
magnetic material may be greater in one design than an-
other.

HI. RESULTS AND DISCUSSION

When the read power available is sufficiently low for
thermal effects to be unimportant, we showed in earlier
work' that an optimum quadrilayer structure provided max-
imum signal-to-noise ratio at a fixed read-beam power dur-
ing readout in a magneto-optical system. The design of the
device is shown in Fig. 2. The magnetic thin film lies between
two transparent dielectric films that together rest on an opa-
que reflector, and the whole is supported by a glass substrate.
In later work,” we took the first steps toward determining
how the structure could be adjusted to make best use of the
laser power available for the read and write processes and
showed that considerable gains in signal-to-noise could be
expected by detuning the optimum device in such a way that
all the laser power available would be used for recording.
The effects of detuning on the signal-to-noise were then more
than made up for by the extra power that could be used
during readout. In the following we will put this result on a
quantitative basis.

The details of the media designs considered and the op-
tical and thermal parameters used in the calculations for a
wavelength of 840 nm are shown in Tables I and II, respec-
tively. The quadrilayer designs themselves fall into two cate-
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gories: the first representing optimum designs, in the sense of
providing maximum signal-to-noise ratios at fixed laser
power when heating during readout can be ignored, and the
second representing sub-optimum situations but providing
what we shall see are attractive thermal characteristics. The
signal-to-noise ratio at the same fixed, small laser power,
however, is only slightly different in the two cases (4
SNR < 0.5 dB) and therefore any major differences in perfor-
mance in a magneto-optical recording system will derive di-
rectly from different thermal characteristics. It therefore fol-
lows that the power required for a fixed temperature rise
under continuous illumination will be a direct relative mea-
sure of the readout signal-to-noise for a given quadrilayer
structure. Similarly, the power required for a fixed tempera-
ture rise under pulsed illumination will be a direct relative
measure of the writing sensitivity at fixed applied magnetic
field.

Figures 3 and 4 then show respectively the power re-
quired to raise the temperature of the magnetic medium by
100 °C during readout and writing versus the velocity of the
medium for each of the structures. At the simplest level, the
behavior for each structure is as expected—more power is
needed for readout at fixed maximum temperature and for
writing at fixed resolution as the medium velocity is in-
creased. However, at the next level, an interesting effect can
be seen, namely the rate of power increase is larger for writ-
ing than for reading, a result of considerable value when
selecting a medium for a particular system. Moreover, differ-
ent structures are seen to require very different power levels.
In the remainder of this section, we will trace the origin of
these effects and establish the conditions under which a par-
ticular structure would provide the best performance in a
magneto-optical system.

The structure with greatest writing sensitivity (struc-
ture a) is an optimum quadrilayer with dielectric reflector.
However, it also tolerates least power in readout, and there-
fore its selection as the medium of choice in 2 magneto-opti-
cal recording system would be appropriate in the case of an
insensitive magnetic material or of severely limited laser
power. For magnetic materials of current interest!° and in
view of the present availability of power from solid-state la-
sers, it is likely that neither of these conditions will pertain. It
is important to note, however, that the thermal characteris-
tics of the equivalent bilayer structure, i.e., a 20-nm-thick
magnetic film on a glass substrate overcoated with a 100-nm-
thick dielectric film, are obtained directly from these parti-
cular quadrilayer results by correcting for the smaller ab-
sorptance at the bilayer. In this case, there is an increased in
the writing power by a factor of about 2. While there is a
corresponding renormalization of the readout curve, the sig-
nal-to-noise actually achieved at the increased read beam
power allowed remains unchanged because of the lower in-
trinsic signal-to-noise ratio of the bilayer devices. Neverthe-
less, these results do demonstrate that this simplest of reali-
zable magneto-optic structures might be a sufficient
magneto-optical medium, particularly in lower performance
memories.

When the dielectric reflector is replaced by an alumi-
num one, the power levels for the readout and writing curves
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TABLE . Design of quadrilayers.*

Quadrilayer Layer thickness {nm}
label Over ‘Magnetic Tntermediate Reflecting
Optimum:
a 100 20 60 Thick
(Dielectric)
b 100 20 60 50
(Aluminum)
c 310 20 60 50
(Aluminum)
d 100 20 60 Thick
(Aluminum)
Detuned:
e 100 20 30 50
{Aluminum)
f 100 20 30 Thick
{Aluminum)

* All the optimum quadrilayers have the same signal-to-noise ratio for fixed
system parameters. Under equivalent circumstances the detuned structures
have a signal-to-noise that is at most 0.5 dB lower.

FIG. 2. A schematic repre-
sentation of the quadrilayer
configuration. The thick-
nesses of the reflector
(hatched}, intermediate lay-
er, magnetic film (shaded),
and overlayer may be ad-
justed to match the write
sensitivity to a given mag-
neto-optical system and
thus obtain best readout
signal-to-noise.

TABLE II. Optical and thermal parameters of materials.
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FIG. 3. Power (cw) required during readout to heat the magnetic film by
100 °C (peak of temperature distribution) vs medium velocity for the quadri-
layer structures of Table 1.
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FIG. 4. Power (pulsed with duration r,/ V) required during writing to heat
the magnetic film by 100 °C (peak of temperature distribution) vs medium
velocity for the quadrilayer structures of Table 1.

Refractive index Specific heat Heat conductivity

Material 840 nm (J/cm®/deg) (¥/cm/deg/sec)
Glass substrate 1.5 2.0 0.015
Magnetic layers 3.67 + 3.85i 3.2 0.4
Over/intermediate

layers 20 2.0 0.015
Reflector: Aluminum 2471 2.7 2.4

Dielectric 247148 2.0 0.015

*It is sufficient to use an effective refractive index for the dielectric reflector in this work since we are mainly concerned with the effects of heat flow toward the

substrate.
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FIG. 5. Steady-state isotherms in the magnetic film of quadrilayer (a) of
Table I when the medium moves at 20 m/S from the left to right relative to
the beam. The central maximum is at 57.6 °C/mW, and each successive
contour represents a temperature that is lowered by 10% of the maximum.

increase progressively with aluminum thickness to provide
one satisfactory way of adjusting the quadrilayer structure
to the pertaining system writing constraints. For example, at
a medium speed of 20 m/S, a decrease of writing sensitivity
by a factor of about 1.5 leads to an increase in readout signal-
to-noise at the read beam power now allowed of about 3 dB
when the dielectric mirror is replaced by thick aluminum.
These effects of course are caused by increased heat flow to
the aluminum sink, and the isotherms for the magnetic layer
shown in Figs 5, 6, and 7 make this very apparent. Namely,
when heat flow to the substrate is minimized by using the
dielectric reflector, a significant part of the heat generated in
the magnetic film must be lost by lateral flow. Thus is Fig. 5,
the maximum temperature in the magnetic film is displaced
downstream from the center of the laser spot, and a long tail
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FIG. 6. Steady-state isotherms in the magnetic film of quadrilayer (b) of
Table I when the medium moves a 20 m/S from left to right relative to the
beam. The central maximum is at 41.5 °C/mW, and each successive contour
represents a temperature that is lowered by 10% of the maximum.

4797 J. Appl. Phys., Vol. 54, No. 9, September 1983

1000 |

DISTANCE (nm}
o

-1000}

-1000 0 1000
DISTANCE (nm)

FIG. 7. Steady-state isotherms in the magnetic film of quadrilayer (d) of
Table I when the medium moves at 20 m/S from left to right relative to the
beam. The central maximum is at 31.4 °C/mW, and each successive contour
represents a temperature that is lowered by 10% of the maximum.

is apparent in the temperature distribution. However, as
heat flow toward the substrate is increased in Figs. 6 and 7 by
replacing the dielectric mirror with an aluminum layer and
by increasing the aluminum layer thickness, the temperature
distributions tend to move toward the original Gaussian in-
tensity distribution of the laser spot. Note in particular the
disappearance of the downstream tail and the movement of
the temperature maximum toward the center of the laser
beam. This is an important result because it demonstrates
that heat coupling toward the substrate can be made large
enough to overcome the enlarging effects of lateral heat flow
on bit size that may occur during writing. For high perfor-
mance memories, this factor may be of considerable value.

Further control of the thermal characteristics of the
quadrilayer structure may be obtained by adjusting the over-
layer thickness. If this is increased discretely in half-wave
steps, the quadrilayer maintains its optimum response but
now requires more power for writing. Figures 3 and 4 show
the effects of a half-wave increase in the overlayer thickness
when a 50-nm-thick aluminum layer is used as reflector
(structure c). Fortuitously, the writing and reading results
are now very similar to those for the structure with a 100-
nm-thick overlayer and relatively thick aluminum refiector.
A combination of overcoat and reflector thickness adjust-
ments can therefore yield optimum results under certain cir-
cumstances.

Finally, structures requiring the highest write powers
and therefore providing the largest signal-to-noise in read-
out are obtained by decreasing the intermediate layer thick-
ness to create a detuned design. Two examples using an in-
termediate layer thicknesses of 30 nm and different
aluminum reflecting layer thickness are shown in Figs. 3 and
4 as curves e and f. As before, increases in write power and
readout signal are evident when the aluminum layer thick-
ness is increased, but now the media and system can be
matched over a much larger range. For example, if sufficient
laser power is available for writing when the medium travels
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at 20 m/S, the signal-to-noise attainable with the increased
read-beam power now allowed for the detuned quadrilayer
structure that employs a thick aluminum reflector, is about 2
dB greater than that possible for the equivalent optimum
structure. In this case, the write power required at fixed ap-
plied magnetic field is about 1.7 times greater.

There is a common link in all of these trends. As the
thermal coupling to the aluminum heat sink is improved, the
time constant for attaining the pseudosteady state decreases.
The temporal difference between the writing and reading
processes therefore gets smaller and indeed has almost dis-
appeared in the most detuned structure (cf. curves fin Figs. 3
and 4). If thermomagnetic writing can still be achieved satis-
factorily, in this condition then both the signal-to-noise in
readout and the domain resolution are simultaneously maxi-
mized.

IV. CONCLUSIONS

We have described how the basic optimum quadrilayer
structure can be adjusted to match its recording needs to
those of a particular system in such a way as to maximize the
readout signal-to-noise and obtain maximum recording den-
sity. In all of this, we assumed that recording was carried out
in a fixed applied magnetic ficld. While this is reasonable for
the discussion presented, it is an unlikely constraint in prac-
tice. That is, the writing characteristics of a given material
depend both on laser power and applied magnetic field such
that two media structures with different thermal character-
istics could, for example, be written as well with the same
laser power and different applied magnetic fields, as with
different laser powers and the same applied magnetic field. A
system designer, therefore, should first consider the least
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thermally sensitive quadrilayer design prior to any other be-
cause of its highest signal-to-noise in readout and then com-
pensate for lack of writing sensitivity by using a higher ap-
plied magnetic field. If this approach proved technologically
unfeasible or economically unsound with the available mag-
netic material, then he can follow the systematic approach
outlined here to obtain the media structure that provides the
best compromise between the writing and reading con-
straints of the magneto-optical system. While this is a long
procedure which must be done at each spin speed, for in-
stance, it nevertheless represents a completely tractable
problem.
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