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FIGURE CAPTIONS |

Fig, Ii-1. Magnetization vs temperature for the quenched and normal
phases of MnBi. E

Fig. 11-2, Magnetic hysteresis as measured by Faraday rotation $
for a typical MnBi Film: (a) before quenching and
(b) after quenching, '

Fig., TI-3,. Optical properties of quenched and normal phase MnBi.

Fig. II-4.  Resistivity as a function of teﬁperature for quenched

and normal phase MnBi.

Fig. II-5. = Hall effect in quenched and normal phase MnBi £ilm.

Fig. XI-6, Schematic representation of the'beam path in the electron
microscope; 8§ is the specimen:! D is the selector diaphragm.
(2) The direct beam is selected and a bright field image
is obtained. (b) A diffracted%beam is selected and
a dark field image is obtained.!

Fig. Ii-7. Manganese film on carbon substrate (75,350%).
Fig. IT-8. . Bismuth film on glass substrate (75,350%) .

Fig. II-9. Mn+Bi on glass substrate before |MnBi formation anneal (56,650X).

. Fig. II-10., MnoBi film on carﬁén/giass substrate (100,656X).
' : |

i
H

Fig. II-11. Replica of etched MnBi film deposited on glass substrate (86,650%).

-~ -

Fig. II-12. Electron diffraction of areas in Fig, JL-1o
Fig, II-13. MnBi film with mixed quenched and norm 1 phase. Note character-

istic boundaries and extinction :contou s (56,650X).
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II-21.

ir-22,

Laser damaged spots in a MnBi film (18,150X).

Bright field image of a laser damaged spot in center (approx.
4-1/2 inch dia.) (50,800X).

Electron diffraction pattern taken in region shown in Fig. 0. T -5
Spots labeled 1,2,3,6, and 7 are due to Mn diffraction.

Dark field image from diffracted beam at spot 2. Manganese
appears as bright areas, This is a complementary iﬁage of

fri iy
Fig. 4%. Note manganese at rim of damaged area (50,800X).

X-ray diffractometer tracing of 81-G-16-371 in three

!
conditions: (a) 100% quenched high temperature phase
{b) mwixed quenched and normal phase and (c) 100% normal

low temperature phase, '

Selected frames from a mo&ie sequence lepicting Mn+Bi+
MnBi through magnetic domain observat: m by Kerr effect.
(a) frame #540 (b) frame #937 : (¢) fi.me #980-and

(d) frame #2660. Pictures takep at 24 frames per second.

{Approx. 60X). i
i

Selected frames from a movie seﬁuence depicting l.t.p.>
h.t.p. MnBi upon heating from 300°¢. (al) frame #46
(b) frame #373 (c) frame #431, and (d) frame #1073.
Pictures taken at 24 frames per second. {Approx. 60X).
Annealing time constant T as a funption of temperature,

Data obtained by X-ray technique.
. :
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Annealing time constant T as a function of temperature,

Data obtained using magneto-optic Faraday effect.
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Annealing time ‘comstant T as a function of inverse temperature
for quenched MnBi doped with vavious—clements. Auw, N, Ge o T2,

i
Annealing time constant T for additional dopants{ Pd, Cr, oy Ni'J)

Annealing time constant t for various ratios of Mn to Bi.
Effect of substrate thermal exbansion on the Curie temperature
of MnBi. i

Writing threshold power during!transformation from quenched

phase to normal phase.

Repeated cycling experiments at a nominal temperature of
250°C

Repeated cycling experiments at a nc. .nal temperature of
; : -

340%¢, ‘ {

Oscilloscope display of the envelope of the "0" and "1"
signal during 106 operations of a bit.

!
Readout signal as a function of temperature for MnBi film

in the normal phase,

Normalized readout signal as a function of field applied

for erasing.

Film reflectance vs coating thickness.
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Magnetic domains across a defect on the glass substrate (225X).

(a) Magnetic domains across defects left during substrate
excapl
cleaning (225X). (b)' Same as (a),AuEpolarized transmitted

"light. ©Notice stains and dust particles (225X).
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I1I-10,

III-11,

IiI-12,

General appearance pf pinholes {A)and dust particles (B)
H
around polarized light (25X).

Bystogram of missed counts.
Apparatus for double beam experiment.

Dual beam oscilloscope display of the laser Curie point

writing process on an MnBi film.

Rotating disc storage capacit%.

|
Diagram of rotating disc memory apparatus.

Resolution and depth of field as a function of numerical

s

aperture for a microscope objective.

Magnetic field distribution of a circular coil.
Block diagram of an experimental 109 bit optical memory.
b
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Grating hologram formed on MnBi.

Over exposed hologram on MnBif
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SUMMARY i
|

This final report on "Investigation of Op%ical Memory Techniques",
NASA Contract Number NAS 12-2194, covers resea¥ch progress made during the
.one—year éontract period from July 1, 1969 thréugh Jﬁne 30, 1970. This
contract work was originally performed for NASA Electr&nics Research Center
under the monitoring of Mr. N, Patt before June 1970: It was then transférred

to NASA Marshall Space Center and monitored by Mr. G. A. Bailey. Significant

research results obtained during this period of study are summarized in the

following:

A. Materials and Physics of MnBi Films

g

l. Physical properties of both the n%rmal 1ow-teﬁperature phase
and the quenched high-temperature,phase MnBi films relavent to
the opéical memory applications and filn improvement study were
obtained. This includes tﬁe‘temperature aependence of magne-

i

)
tization, resistivity and Hall effect, the wavelength dependence
’ i OF"F I ﬁh? ’
of the magneto-optic Faraday effect andpabsoxrption.
2. Metallurgical structure of Mn, Bij Mn+Bi and annealed MnBi were

examined under electrommicroscope. Detailed features relating

to grain size, shape and compound {formation were obtained.

31 The crystallographic transformation from the quenched high-
temperature phase to normal ~low-témperature phase was identified
to be of the nucleation and growth type. Two techniques were
advanced to evaluate the activatién energy associated with
this transformation. The activation energy was found to be

approximately 1.0 aV,



4. Experimental study for stabilizing the quenched high-temperature
Lo &mﬁe’d

phase MnBi films was performed using doping or alloying techniques .

Lgrr -
Doping by N, u from atomic size consideration and by Te or Ge

from enhancing the covalent bonding was found to have no effect
om . ) )
4o the quenched phase lifetime., Howeve , doping with Mn or Ni

to enhance the metallic bonding was four 1 to have a profound
ot

effect in improving the quenched film activation energy and

lifetime. )

ad

5. Uniform MnBi films of 6" diameterg were prepared.

Optical-Memory Experiments: !

1

1. Laser writing, efasing and read-out characteristics of both the
1

quenched and the normal MnBi film}ware obtained.
2. A differential balanced read-out detection technique was
developed which provides the signal-to-noise ratio of greater

than 20 at 1 MHz bandwidth.

3. An improved memory exerciser has been completed to accommodate
of :
fast exercisingn6" diameter films., Experimental result on film
' {

uniformity was obtained using this apparatus.

4. Repeated cyecling of write-read-erase-read of film over 106

cycles was performed and no deterioration in read-out signal
|
_was detected throughout this experiment.
The
5. AErasure magnetic field requirement was measured for both

quenched and normal films.
~p e oh seannt
6. An experimentaé?sﬁndy—eﬁ the Curie-point writing mechanism

using one laser beam for writing and another for reading has
! d-\wMﬁme

been peiformed. The dynamic realétime study of spots on MnBi
o d

after{laser heat pulse indicates & slow recovery of the

magnetization with a time constan? approaching 10 wsec.



7. MnBi memory characteristics werg found to suffer no adverse

i
effect under various abnormal enyironmental conditions

including radiation. i

Systems Study
1. An analytical study of the choice of detector under varilous

operating conditions to the read-out signal-to-noise ratio
| .
has been completed.
2. An analysis of the effect of misregistration to the read-out
l

signal has been performed. '

3. A comparison of various approaches to a 109,—1011 bit optical

memory using MnBi has been undertaken. For a near future

-

application, a rotating disc bitrto—bit approach was considered

*

to be most promising. .

4. TInitial design and calll;culation including details of required
A0
components of a logﬂbit prototype MnBi optical memory was

completed. This system was considered feasible requiring

no breakthroughs but only engineering . :velopment efforts.,

gmd pazpranafion
5. Experimental investigation eéhmagnetic olograms using Curie
- ¥

point writing technique on MnBi ﬁas.beeu performed and

holograms resulting  from two beam]interference‘obtained.



i
I, IntroductiO%

_u |

The objective of this contract research is to iInvestigate the feasi-
bility of utilizing thin films of MnBi for spaceborne optical mass Memory
applicatlons. There are three major areas of study performed during this
one-year research effort.‘ The MnBi materials ;esearch has been concerned
with acquiring the basic'materiﬁ;s P;operties relevant to the optical memory
applications and the improvement of the material. The optical memory experi-
mental -part of this investigation serves as a ?ridge between the materials

. i

research and the systems research, This effor? was mainly concerned with the
. i i
memory characteristics of MnBi.in regard to the write, read and erase

H
operations., The systems study defines ak?-Iglbit optical memory system using MnBi
and evaluates the feasibility of such a systemibased on the results obtained
in the MnBi materials and optical memory experimental research.
Sec?ion II of this report discusses the réSults on the MnBi materials
researchi In Section III, the results of the éptical memory experiments
are present, The sygtém studf is presénted in.Section Iv. .A brief conclusion

of this research effoft‘is given in Section V. | Appendix A and B summarize

the publications and new technology respectively.
R =t : - 7o



II. MnBi Materials Research

The objectives of this part of the contract research on optical memory
techniques are to investigate materials capable of being repetitively
'wrltten, erased and non-destructively read by opt1ca1 means for a spaceborne

12

10 ~107" bit memoxy and to detezmine the basile requlirements on MaBi as ie

relates to the propbsed optical memory system, ‘with emphasis on the material
H
parameters most affecting the storage or retention of data.
Progress made and results obtained on the!materials investigation of

MnBi film during the one-year investigation towards this objective are

reported in this section.,

A. Physical Properties of MnBi. Films

The goals for investigation of-phe physical properties are:

-

'(l) -To obtain the physical properties directly related to the optical memory

applications for detailed evaluation of the suitability of the storage medium;
|
(2) To provide necessary material parameters as functions of operating

wavelength, temperature and other varlables fOﬁ systems tradehoff study and
(3) To obtain basic understanding of the physiecs of the .material to guide the

‘material improvement effort in achieving a moré suitable storage medium for

the intended spaceborne optical memory application.

MnBi -has 'two crystallographic phases, Both the normal low temperature

phase and the quenched high temperature phase a%e found to be useful for our

intended application. Therefore, physical prop%rties were obtained for both

phases.



1. -Magnetic Properties

(L) Magnetization: The temperature dependence of the magnetization
provideé not only the knowledge of the required condition for Curie point
writing, but alsg the basic knowledge of ferromagnetism in the medium. The
saturation magnetization was measured érom 30°K to 680°K. The measurement
technique is discussed in the third quarterly reportﬁu T@e results are shown
in Fig. II-1, There are four main copélusions that we may draw from these
results: ‘

(1) The Curie temperature of the normal low temperature phase (l.t.p.)
and quenched high’temperature phase (h.t.p.) are 360°C and 180°C respectively,

o
{2) The transition near Curie tempeqature isngradual rather than
Qua abrupt changqgf

Xx - 2fan c'(-‘-'f:-x‘-*' /ﬁ Ae o
(3) The magnetization for. both phasegare'about equal at 0 K, and

corresponds to approximately 4quer Mn ion in the lattice site.

'

1
' kZ) Magnetic Hysteresis: The magnetic coercive force H,and

saturation magnetic field HSCharacterizes the magnetic hysteresis of the MnBi

film. In the optical memory exberiment, an erasure magnetic field must be
applied in coincidence with the laser beam heéting to above the Curie tempera-
ture to effect an erasure. The unhéated regién shou i not Ee affected by the
applied field. It is therefore necessary to ;equire 3 coercive force higher
than the erasure field. 1In MnBi the erasure ﬁield is about 500 Oe from
demagnetization field calculation as well as from the.experimental result.
i(This will be discussed in Section III}. Typ%cal magnetic hysteresis cuxves
of &z 1.t.p. and h.t.p. MnBi'films are .shown in Fig. (II—Z)c.Z) The magnetic

easy direction in both cases remains perpendicular to the film plane, an

ldeal orientation for optical memory applications.



1.2

1.0~

QUENCHED

NORMAL

i

! ]

100

200 300 400
TEMPERATURE IN DEGREE K

500

600

700



¢

IN DEGREES
4 ..
] ¢
+ IN DEGREES
2. ) ol ) T
e f "]" ) f
-3 -2 —g o 53 /2 - 0 1 [ 3 4
§ - - It § H’'in KOe
-g =D = /
ot
T (a) ()

) }‘» Figurelil-2, Magnetlc hysteresis as measured by Faraday rotation P
for a typical MnBi film; (a} before quenchmg and (b} -
after quenching ,



2. Optical Properties
The optical absorption and magneto-optic Faraday effect were
measured over the visible wavelength region, %or both the normal 1.t.p.
and quenched h.t.p. MnBi films. The 9ptica1 absorption is characterized
by the absorption coefficient o cm-'1 as definéd by the Beer-Lambert Law,

I

"The specific Faraday rotation F was measured at magnetic saturation and

£3) '
is given in degrees per cm. The useful figure of merit 2F/a is then given

(€2
in degrees. These are plotted in Fig., (II1f-3). It is seen that the Figure
of Merit for normal films is about a factor of two larger than the quenched

) - - ‘ ~ . 1 o i y N i-_
film at 63288 HeNe wavelength. The fiynre of merih of 2 dyson & lhe vinth ,
i.b"fm-{.{::.‘a(;k fr MaBe pcpacsn e Zhe -»ﬂ;aw valer Iy dny  AoEm fe-:-y.'zm:?.'u._u . mapuele-cple i lerinkf,

3. The electric conductivity and Hall effegt: .
The knowledge of the electronic transport mechanism in MnBi is
not complete‘at present. Howevgr, from the temperature depéndence of the
resistiyity and Hall effects some quanﬁitative understanding can be obtained.
These IASults are useful in providing the needed’information to guide our

study of the phase transitionms in MnBi.

(1) Resistivity:

The temperature dependence of the re51st1v1ty was measured on
an ¥MnBi film sample before and after quenching. Typical resistivity results
W shown in Fig. (11-4) The sample was 1n1t%ally.prepared in its quenched
phase. Upon heating to beyond 280°C the resuft is essentially the same as
‘that for a normal phase., Transformation from Fhe quenched phase to normal
phase takes place gradually in the temperaturé regio be;ween 1200—2200, as

can be seen from the figure. Some of the interesting features of this result

are:
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(&) e gﬁsistivity increases linearly with temperature for both the

Fd

h.t.p. and 1.,t.p. below their respective transition temperatures, a character—
istic of metallic resistivity. The slopes of the resistivity vs temperature

curves are approximately the same for both cases.
2
(B) An increase in resistivity accompanies the phase transition from

l.t.p. to h.t.p. by absut a factor of two at room temperature. WS euiﬁé (lccou?%i .
3 ‘i:o\r ‘{:]nc_ A?S{)raPoiL‘mLij‘Q\f .Dau_.)c.v W y :‘l’l«Aﬂch-QQ ‘Pooﬂ-b\., }fnh%uiv\tlwq ("'\0’-’-“3'

wWe Odcwml.
(¢) TThe resistivity of the h.t.p. before transforming back to the L.toP. 39, Wiedern

' vaw\l Ko

around 300°C is approximately constant with temperature, a possible semi~ - 4o ogplytod

conducting behavior,

’

-
a
1

. a
These results suggest that the interstit|ial Mn atoms play an important

i .
role in the resistivity of the MnBi film in tée phase transition. We will
discuss further on this in a later subsections.

k}) Hall effect
The Hall effect of both the-l.t.p. and quenched h.t.p. samples of
MnBi-have been measured. The Hall resistiyity is given by Py = RbH + Rlﬁ
where R0 and Rl are the ordinary an& extraordinafy Hall coefficients and
H and M are the applied field gnd magnetization respectively. At room
temperature the measured value of R1 and_Rb aée 0.3 cm3/coul and 0.7 x 10_3

cm3/coul respectively. This R0 value gives rﬁse to a hole ‘density of lOzzcmf3
. : ]
similar to the reported value obtained in MnS% and HnAs.(s) The temperature

]

dependence of Rl is shown in Fig., II-5. Beca@se of the extremely low values

. . - i
of Ro’ its temperature dependence cannot be aécurately obtained without

extensive refinement in the measurement technique. Reeemt—theoretical

-,

' ~
- . : r
analyto=pives_ N
i

. i
The significant result can be summarized as foﬂlows:
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() -
‘@) The positive value of Hall resistivity indicates that conduction

t
/is by positive holes.

(2)

2 .
487 R, increases with temperature. How%ver, Rllp is nearly a constant

i
u . ' 1 £8)
as predicted by Karplds and Luttinger's theorg.

I

E;g The hole density corresponds'to appéoximately one carrier per unit

cell of MnBi.

B. Metallurgical Studies of MnBi Films

The basic materials study is an essential part of this contract research.

The goals of this study are: )
.{1) To obtain the metallurgical.structuré of MnBi films in order to
Pprovide information for improved understanding of the physical
propérties of the compound. '

(2) To investigate the process of the compound for#ation during the
heat .treatment. The results so obtafned is essential in guiding -
the future material improveﬁént study.

(é) To obtain the basic mechanism of the ?hase transformation between
the high temperature phase and low temperature phase, and to
suggest methods for stabilizing the desired phase based on the
results of this study.

We have performe& experimental investigation toward these goals during

the one-year research effort. Import progres? has.been made in this time
period. However| not all the results are congidered conclusive at the

present time. Since this part of the study is directly related to the

future material improvement effort, it should| be continued in the future.
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g. Structural Study of MnBi Films
Q) Experimental Procedures tle gh,¢fp¢,a{
A detailed str&eﬁﬂ@e-observatlon was made on MnBi £ilms using high resolutlon
electron mlcroscopy,teehﬂaque~ We have deVeloped a speciasl technique to

Produce MnBi film specimens which are trangparent to electron beams enablibg.

us to examine their structure by transmission electron microscopy. This
-technique 1nvolves the omisgsion of the over coating 810 layer and the addition
of a’'carbon under coating on the substrate :before the evaporation of Mn and

Bi components. The use of the carbon ;nte?medlatealayer facilitates the

stripping of unfupported MnBi films for observation using an edieciron beam
4EE;fat1ng at lOO KV. To assure that the iﬁtroduction of carbon doeq not

xave;fere—w&th thzngig;erﬂ&es of MnBi, we have prepared films onhsubstrate
which was partlally covered w1t§Rémorphous ‘carbon layer. The MnBi films
thus prepared Were examined under polarlzed light using the Faraday effect.
We found ket the magnetic domains to be c?ntlnuous and homogeneous crossing
from the region with underlying carbon f£ilm to the uncoated region. Based
on this observation, we believe that the structure of the MnBi film specimens
is not afTected by the carbon undercoatingf We have used the same techiique

to prepare samples of Mn films on glass for structure observation with good

results. (
&
2 Jr_Ehe MnBl/carbon/glass samples were used exten51veLy for structurd ebser=
ﬂ.hﬂ-v gl

vation of normal bhase MnBi. To obtain MnBl Tilms with mixed quenched and
normal phases, a’sirgle ‘erystal NaCl substrate was used, ©Specinens after
quenching can be strlpped without a great deal of difficulty. The’MnBl/
carbon/glass samples are not suitable for thls purpose because é??;zzaatlon
of—garbon during the heat treatment to ach%eve the quenched phase. Selected
area electron diffraction patterns were taken on regions under investigation.
Information can thus be obtained on the identification and crystalographicl
orientation of the phases present. The use of electron diffraction spots

in conjunetion with dark field imaging was lespecially useful in identifying
specific phases. In th%s imaging techniun a diffracted beam was selected

for imaging instead of the direct bean. Ordlnarlly, this can be effigzighgﬁﬂ¢r4
tilting the electron gun slightly to av01dnfefbrmed image. The RCA instrument
used in our experiments does_not have this capability. Dark field imaging
was effected by using a selector diaphram, as shown in Fig.JEﬂ5 In dark field)
_the contrast producing beam is known unambiguously. This provides positive
identification of the phases. On the otherlhand, in oright field imaging

where several beams may contribute, positivg identification would be more

difficult.
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b-) Experimental Results )
MnBi films were prepared by annealing’layers of Mn and Bi films to effect
a solid state reaction. Structure of the resultant MnBi £ilm cén be pro-
foundly influenced by the structural and erystallographic orientation of
the original Mn and Bi films. It is therefore necessary to examine films of
Mn, Bi, HHgBY¥ and unannealed Mn+Bi in addition to annealed MnBi thin £ilms.
Fig.UP depicts Mn film deposited on a carbon substrate. The average grain
dismeter is found 4o be 260?. For bismuth deposited on glass under similar
conditions as used for Mn geposition, the %veragﬁwézgln size was fegnd to be
c,a-mjn ap[p ﬁ}faailwé??ﬁ R _aﬁtshown gm Fig. 3 ;ﬂ&f‘berﬂvipor deposition =4 before
MnBl film oniglass substrate aalahiiEM}%;Elg }f Here the Large Bi grains

overshadow the nearly amorphous Mn film. Electron diffrdction of this film
showed no evidence of any MnBi at this stage.

- The as- annealed MnBi £ilm is shown ii Flg igfoﬂuﬁs should be compared
with Fig. ‘%r which depicts a replica on etched MnBi fllmgprepared under
identical conditions. GrainSare more:appaxrent in Fig. 64 This is due_to
%he fact that the etchant used selectively'attacks the MnBi grain boundaries.
Grain size .ranges from below 10008 to 3000A. This is evident also in Fig. SAZ-§0,
Flg.{%ﬂghows a typicsl electron diffraction pattern for this MnBi film. From
this, it is observed that while the film is primarily MoBi, the presence of
both manga?ese and bismuth are still ev1dent The extensive Moire pattern
in Fig. ¥ is noteworthy. This indicates either a small diffevence in crystal-
lographic plane spacing or a difference in orientation between layers. Due
to the similarity of crystal structure between bismuth (rhombohedral, which
can be considered hexagonal) and MaBi (nickel arsenide type, also hexagonal)
the Moire pattern could be due to the epita&y of these crystals on glass.
On-the other hand, slight misorientation id MnBi crystals over one another
could.also produce this type of Moire pattérn.

Quenching MnBi films deposited on 51n£le crystal.NaCl substrated
resulted in mixed quenched and normal MnBi phases Fig. 53dep1cts a specimen
thus obtained. In general, a‘characterlstlt boun%ry well defined on one side
and diffused on the other side is noticed. | Since this boundary is not found
in normal MnBi phase specimens, we believe it separates the quenched from the
normal phase MnBi. Due to the small difference in ecrystal structure between
these two phases, it is not possible at present to ggiiﬁixg£y distinguish
between the two. phases using electron dlffractlongpeaigggzrtt

Laser damage in MnBi films was studledﬂby purposely heating & 1 to 2u

diameter spot of MnBl to above its decomDosmtlon temperature with a focuseqd

oy
laser beam. Fig. 9 displays an array of fohr of these spots at 18,150X.
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R =3 Em

For a close examination in the vicinity of a damaged spot, dark field imaging

is especially useful. In Fig. II-15, a high magnification bright field image
pigzyre was taken in an area of interest. At this magnification, the outline
o;[\damaged' spot is barely recognizablen.?\ﬁlectron diffraction pattern was

then taken in this region, Fig. II-16. Here the most intense 6-fold diffrac-
iion spots are due to manganese crystallographic planes with an interplanes
spacing of 2.09% (these are the planes in a-Mn producingR:Lrongest diffraction
intensity), five of these spots were marked on the pattern as 1, 2, 3, 6 and 7
and examined individually :;g dark field imaging. A typical dark field image
is shown in Fig. II-17 with areas responsible for diffraction spot "2" appear-
ing bright. Close comparison between Figs. II-15 and II-17 reveals elemental

manganese scattered along the rim of the damaged spot,, probably resulting

from MnBi decomposition.

2. Formation of and Transformatiop in MnBi Films

MnBi films were prepared wiﬁh a compound formation anneal at elevated
tempefature. The process of compound formation is an important subject of
study since the material improvement hinges on a clear understanding of
this process. High resolution optical metallography teehnique was used in
this study utilizing the magneto—-optic effect in the medium.

fhe existence of two crystallographic phases in MnBi, both appearing

above the room temperature, makes it necessary for us to study the nature of 4he
phase transition. In the Curie point writing experiment, we have found that
using a normal MnBi film, bits repeatedly written will transform intgk;;enched
ﬁigh temperature phase. This is due to the rapid cooling following the
termination of the laser writing pulse. On the other hand, films prepared
in the quenched high temperature phase will transform back toAnormal phase

through a process believed to be nucleation and growth. We will now discuss

the compound formation and the phase transformation in more detail.
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&) Experimental Procedures
Optical metallography using polarized|light in conjunction with cinemg-

tography were used to study the formation of MpBi and the low temperature
phase (1. t. p.) to high temperature phase|(H.t.p.’) transformation in MnBi
flat films. The films under investigation were heated from behind the sub-
strate, thus leav1ng a clear optlcal path for observing the film surface with
reflected llght 1\Magneto optic Kerr effect was utilized in both instances
to observe the resultgg%magnetlc domains.

-t

=i Due to the preferred orientation in MnBi films, the normally weak X-ray
diffractions from the basal planes exhlbltivery high intensity.. This property
can be utilized for investigating the phase transformation in MnBi films
quantltatlvely. This is based on the fact {that the total 1ntegrated intensity
of a given diffraction line is linearly proportlonal to the amount of the
particular phase present. This diffraction line must be produced solely

by the particular phase beiﬁé investigated.




When MnBi is quenched from above 36008, éhe retained high-temperature
; .
3
phase changes its lattice parameters with a 3% decrease in <, and 1.5%

(7-10)

increase in age Due to the highly textured nature of vapor depositedﬁ,

MaBlL films, the basal planes of the MnBi are within 5% of the f11m plane.
The angular p051t10ns of the intense basal plane reflections can thus be
used to ldentify the quenched high temperatur% and the annealed low tempera-
ture phases. Based on CuKa radiation, a 3% decrease of cs-Causes a shift

~ 1

of 0.425° in the Bragg angle ® for the basal plane reflections. When a

diffractometer is used, this corresponds to a |20 shift of 0.85°., One can

therefore readily identify the mixed quenched land annealed phases in,éZJ
¥

partially transformed MnBi films.

A special furnace which fits into a diffractometer specimen holder was

constructed to maintain the MnBi f£ilm specimenlat pre~determined temperatures
f

while the basal plane diffraction tracings areibeing taken. The isothermal
transformation from quenched high temperdture bhase to low temperature phase
MnBi can be monitored in this manner. Figure II-18 shows the basal plane

dlffractometer tracings from the same MnBi film in the folloW1ng three

conditions:

n

-~

(2) Fully quenched high-temperature phas?.
(b) Partially transformed, mixed high and low~temperature phases.

(c) Fully annealed low-temperature phasel

Quantitative anlaysis by X-ray diffractid é is based on the fact that

l

the intensity cf the diffraction patterm of a partlcular phase in a mixture
i
'of phase$depends on the concentration of that phase in the mixture. The

relation between intensity and concentration i not linear, since the
diffracted intensity depends markedly on the absorption coefficient of the

(2)

mixture and this itself varies with the concenﬁration.~ We have shown
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that the product of peak intensity and half 1%ne width a is proportional to
the integrated intensity which in turn is 1in%arly proportional to the amount
of the particular phase of MnBi present. i

Another mthod of measuring the rglative‘amount of the queﬁched and
normal phase in a mixed multiphase compound is by monitoring the magneto-
optic Faraday rotation of the specimen. The difference in the total Faraday
rotation at magnetic saturation in the quenched and normal phasé MnBi provides

|

a convenient measure of the relative concentration. This method is discussed

in detail in a previous quarterly report.(z)



kﬂ Reéults and Discussion

The formation of MnBi films from layérs of elementzl manganese
and bismuth was studied by optical metallography utilizinzzgégneto—optic
Kerr gffect.' The formation of MnBi égvrevealed by magnetic ‘domain formation
suggests 2 nucleation aﬁq growth process. The coalescence of domains during
formation anneal results in the type of domain configuraéion observed.
Fig, II-19 shows selected frames from a movie,séquencg taken during MnBi
formation anneal, It.is difficult to perform;quantitative measurements.

Cinematographic study does, however, provide a qualitative description of

the magnetic domain formatioun. :

In a similar fashion, Whén a magnetically saturated normal phase MnBi
fiim is heated to its Curie point, the film becomes demagnetized. This
coincides with its transformation to the.high temperature phase. This enables
;ne to observe the l.t.p. h.é.p. transformation in MnBi. Fig. II-20 shows
selected frames from a movie sequence depicting this transformation. The
scratch was introduced purposely to help focusing the £ilm surface, siﬁce it
is absolutely featureless in a magnetically saturated MaBi film. The
l.t.p. + h.t.p. transformation as observed b;ﬂgzrr efféct suggests a

nucleation and growth phenomenon.

e .
The transformation frompquenched high teﬁperature phase tojnormal low
" i
temperature phase in MnBi films can be studieq by measuring the integrated

x-ray diffraction intensity from the basal plqnes of the two phases, or by
1
the magneto-optic method. By measuring the equilibrium quantities of the two phases
. Qe N ' H% ’ -
duringfisothermal transformation andnperformingr@sothermal transformation at

various temperatures, the transformation path |at different temperatures can

be obtained. These results are then fed into {a Hone well HCN.time sharing

.

computer. A multifunction least square curve [fittin, program was used to

evaluate the measured data. In most instances an exponential function fits
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1
the data with an index of determination close,to unity. If we assume the

i
concentration of quenched phase - Ng, that of mnormal phase = Nn, then at any

time t the volume fraction of the quenched phase can be expressed as follows:
. !

= (Nq + ¥n) exp (-t/%(T))

where %L is a characteristic time constant which depends on the temperature

of transformation T.° By least square curve fitting, one can obtain the

characteristic time constant at different temperatures. The temperature

dependence of ¢ can be expressed by:

’

T(T) =7 exp(E/KT)

i . .
where E is the activation energy, I the temperature in °K and k the Boltzmann

\

constant. Thevactlvatlon energy can be calculated from the slope of the log T wvs
. TVt Cland asest I
curve. Theflresults from X-ray dlffractlon methoﬂ are plotted in Fig. II--21.

Using the magneto-optic technlque, the measured anneallng time constant T
1 ’ !
VS'% is given in Fig. II-22. There is a diffe;ence in the absolute value of-

B W
T in these two measurements, but the resultantsactivation energy are 1.06 and

- 1.08 eV respectively, well within the range of;experimental accuracy.

Initial attempts using X-ray diffraction ?&%hﬁﬂ to characterize the
. - : i
> : ;
I.t.p. + h.t.p. transformation in MnBi films c?nfirmed the presence of a

hysteresis of the critical temperatures. If one designates the temperature
|- -

at which l.t.p. first appears on cooling as T ’, and that at which the h.t.p.
first appears on heating as Th’ our results 1nd1cate that Th ranges from

!below 330°¢ to 353°% whlle T , ranges from 324 ¢ down to 300°C depending

on the rate of heating and coolmng and perhaps'the previous thermal hlstory
of the film specimen. To optimize our films, a series of thermal cycling

experiments were made with films prepared with varying Mn:Bi ratio. These

films were thermally cycled from just below T " to Jjust abowve Th. The pﬁrpose

of this experiment is to enhance diffusion during these 5011d state phase

transformations thereby promoting additional MnBi formation. Based on X-ray

-
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diffractioﬂ results, we could not detect additional MnBi formation even after
thermal cycling some 30 times. However, upon close examination, we found
that for Mn rich specimens the angulaxr position (")) of the diffracted X-rays
from the basal planes has increa:~ about 0.3° fo *rhe normal l.t.p. while
the angul?r position fo£ h.t.p. ¥ .iined unchanged. Thig angular shift

i ’

;eprésents a decrease of cobby 1%. This result raises the possibility that
MnBi is not a line compound, i.e. it ﬁay exhibit slight solubility of manganese.
According to Hume~Rothery and RaymOn(ll), if the binding of a compound with the
NiAs structure becomes more metallic, the interaction of the more metallic
elemegt A (Mn in our case) extends the homogeneity range in the direction of
excess A (Mn) atoms. These atoms may occuéy some of the trigonai interstices.
The interaction of the metal atoms leads to decreases in the axial ratio and
the exothermic heat of formation. E

The results from the formation and phaseitraﬂsformation study can be

. i
summarized in the following:

(1} The quenched h.t.p. - normal l.t.p.;transformation is identified
The .
as off\nucleation and growth type. An activation energy of approximately 1 eV

characterizes this transformation.

(2) The l.t.p. - h.t.p. phase transformation near Tc is probably

Q0.
also ofjnucleation and growth type.

(3) MnBi is probably not a line compound as was suggested by other

workers previously. It may exhibit slight solubility of Mn.



C. Material Modification
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The phgsical properties as well as the memory experimental results
indicate that the MnBi prepared in its quencheé high temperature phase possesses
superior optical memory properties. The main:drawback of the quenched phase
MnBi lies in the fact that it w111 slowly anneal back to normal low temperature .

Wes Qevoted Yo the S'%o;aol 'l"‘;
phase under normal operating conditions, Extensive research effortkﬁg

e L .
ghabddstze the quenched phase was—devoted during this study. Basedrpn thre oons -
understanding of the nature of h.t.p. to l.t.p. transformation discussed in
the last subsection, we adapted aﬁ approach of dopir . or alloying in an
attempt' to retard or practically eliminaEe th; annea ing process. Alternatively,
if the normal low temperature phase films canlbe prevented. from transforming

e : !
1ntoAquenched Phase, at the bit location from.repeated laser writing, they
will be more suitable for memory applibation since the read-out signal will
be stable and independent of the number of repeated write or erase cyclifly.. To
this end two approaches were advanced. The first is to operate the medium at
temperatgre higher than the phase transition %emperature of the quenched -

phase. Therefore, the medium will always be kept at the normal phase, This
l .

‘method was found to be gsatisfactory and will ﬁe discussed in the next section.
s



The second approach is to modify the material. If the medium can be made

“such that the normal phase undergoas a second order phase transition instead
o thes
off\flrst order tramsition atfCuric temperature, the high temperature phase

(3)

will be' eliminated. Recent researc:: in MnAs indicares that this could

(o
be achieﬁed byhsuitable choice of substrate material. We have adapted

r

the same approach. In this subsection, we will discuss both the doping

o+ \\.{..
and alloying experimental results and the effect of substrate onf.phase

transition.

1. Doping and Alloying of MnBi

Experimental study of doping or alloying of MnBi falls into

the following three approaches. i

(1) _Doping of elements of suitable atomic dimension to retard
|

‘the movement of Mn ions in the quenched MhBl. Elements ‘identified for

thlS purpose are Au and Nd.
(2) Doping or alleying with elementﬁ to promote covalent bonding,
Te and Ge Are selected for this case.
&) Doping or alloying with elements to promote the metallic bonding.
Elements 1dent1f1ed for this study are g%; 'VlFéﬁd and Mn. Alloylng with Mn
is of course equivalent to varying the Mn to Bi ratio in the compound .,

Ouc €xperimental procedure consists of introducing the &opant in the Mn and

Bi elemental layers, performing the compound formation heat treatment,

quenching the resultant film from dbove 360°¢ to prepare it in h.t.p.,

and measuring the activation energy assoc1ated with the transformatlon from #L $biu5LJ

h.t.p. to 1.t.p. The technique for measuring the activation energy is by the
i
magneto-optic Farqday effect as described earlier in this section.



(1) Doping with elements of suitable atomic dimension to retard movement
of Mn ions in the quenched phase: It has been postulated that the crystallo—
graphic phase transformationm in MnBi involves migration of Mn ions into the
iﬁterstitial sites., On the assumption that these ions come from the ions
érigiﬁally at the iattice gite, it is possible to prevenﬁ them from returning
to normal phaée by introducing foreign ions of‘proper valency and atomic
dimensions to f£ill the lattice site left behind by the Mn ioms. Au and Nd
were used as dopants for this study. The annealing time constant or the

. s o
activation energy associated with the transformation froéééﬁenched toiﬂﬁrmal
phase was measured on the doped film and compaféd with the undoped film and
the results shown in Fig. (II-23). It is seen! that there is essentially‘no
improvement in the activation energy.

Recent study gg the low temperature measurements and the investigation of
the electronic transport mechanism as discussed in subsection A suggest that

Moara  ° ‘ ol
the Mn occupylng the interstitial sites in the’ quenched phase ds from the
free Mn atoms in the grain boundary or dispersed throughout'tﬁg_%ilm, rather
than from those ions at the lattice site. The negative result from this doping
experiment supports this viewpoint. This approach is therefore abandoned.

Eﬁ) Doping with elements to enhance covalent bonding. MnBi has a NiAs
structure. The lattlce bonding in thlS type of structure exhibits varying
degrees of covalent and metallic bondings. Without precise knowledge of how
the interstitial Mn ions in the quenched h.t. p affects the bonding, we have
to explore the methods of doplng to affect elther the covalent bonding or

‘the metallic bonding. We ‘have selected Te and 'Ge as dopants to examine the

approach of enhancing the covalent bonding. f



The results of tho annealing time constant as a function of temperature

alse ' Tha Ge elopeet armple
0as showm in Fig. (:[I--2 The act.ivation energy cilculated from this, is found

to be lower than the undoped films. Based on the limited number of experiments
performed this approach does not 3ppear to produc the required result.

63% Doping with elements t0 Promote metallic honding. To affect the
l ]

- o AR : o s
metallic bonding in MnBi, we have selected the! use of Nﬁ?u,Cr and transition

metals such as Fe and Ni for this experiment. ; ’

Doping with Fe even at a level of less th%n 2% by volume resulted in
films of.extremelj low magneto—optic effect and poor uniformity., Because of
this effect the resultant film cannot be accurately evaluated.

Doping with Ni was performed by two diffeFent te :hniques, One method was -
1 ’ .z "i"'*-’--
to-evaporate a Ni layer with Mn and Bi 1ayers,§simila' tojdoping method used

i
Y

with other dopants. The doping level #s less ?han 5%. -Alternatively, we have
ﬁelted Mn and Ni into-an ingot as a sta%ting meteriai to be evaporated as one
. - i
vapor source and Bl as the other, This allowsgus to increase the alloying
level up to 20%. The results obteined from these two methods appear to vary
slightly probably due to the Ni concentration ?iffereﬁce. This is shown in
Fig. (1I-24). Doping with Cr requi;e232xcessi€e amount of heating for vapori-
zaoion in vacoom (in-egcess of 1200009; It is|possible thaékcertain amount of
re-evaporation from the substrate and oxidation could have taken place. The
|

effectiveness of this Cr doping was not certain. However, the annealing time
1

was measured on one of the samples and resultsialso are shown in Fig. (II-2%)

together with the result of doplng w1th Pd : and‘Ni.
' Ao e :
Variation offiMn to.Bi ratio of the evaporated elemental layer before

compound formation anneal is effectively the same as doping w1th Mn. We have

-
N

studied’ the effect of Mn to Bi ratio to the quenched phase annealing time
more extensively than any other doping approa?h. The results are summarized

in Fig. (II-2%5),.
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Based on the doping experiments completed.to date, we can draw the
i

following cenclusion:

(a) Of the three methods for quenched film.stabilization attempted,
doping to enhance the metallic bonding seems ‘to be most effective.

(b) The ectivation_eneréy associated with the ﬁuenched h.t.p. to 1.t.p.
can be inc%eased from 1 eV to 1.5 eV by doping with Mn, resulting in improved
room temperature lifetime, but the annealing time neafﬁéﬁrle temperature of 180°C
does not show significant changes.

{¢) Doping with Ni shows improvement in the annedliﬁg time constant

‘o

nearfiCurie temperature but no significant change in the activation energy.

(d) Most other doping causes no significant changes in activation energy
but with slight reduction in annealing time coestant.

Evaluation of the aﬁnealinghtime constant and aetivation energy are based
on isothermal phase transformation experiments., This static measurement is
relevapt to the storage lifetime of the quenched film, but does not necessarily
dictate the stability of the medium during writing, which is a~dynamic condition;
In-fact, phase transformation due to Curie point wriri-g for both the normal
and quenched phases requires a dynamic real tlme study during writing. We have

deV1sed an experlment using two laser beams fortthls d asmic study, This will

be dlscussed in the next section,



2. Substrate Effect

The purpose of this study is to explore the possibility of eliminating

Y2

the high temperature phase in MnBi. If the phase transition aéﬁCurie—
temperature can be changed by the use ogkéuitable substrate, to a second
;rder phase tramsition, the medium will stay iﬁ the low Lemperature phase.
Repeated writing or erasing will be tolerated without a phase change. The
result is a stable medium with constant read—ogt signal operating at room
temperature. The effect of substrate material on the Curie temnperature and
phase transipion in ﬁnAs films has been reported previ&usly. We have
prepared samples on a number of substrates of various thermal expansion
coefficients. The difference in.thermal expansion between the substrate
and film can induce a large stress in the film; this in turn will cause a change
in the Curie temperature. Bean and Rodbell(tl) and DeBlois and Rodbell(ia)

have predicted from'a theoretical model that the Curie temperature cam vary

as ) ;
T, =.T |1+8 (V—VO)/VO)]

H

where To is the Curie temperature for the case when ti » specific volume V
of the medium were to be restrained to equal & Vo, tt : specific volume at 0°K
in fhe.absence of strains, and B is a proportiopality éonstaﬁtﬁ ezxa#a

The linear change introduced by the substrate due to the difference in

thermal expansion coefficient of the substrate Oy

and MnBi ¢ is
ju!
(as-am) (Ta_Top)

-
-

- where Ia is 'the annealing temperature during compound formation and Top is the

operating temperature which is generally the ro?m temperature,



Assumlng the thickness of the film is independent of the substrate, we

have the change of Curie temperature }

t

ATC = Tc (with substrate) - T, (no substrates)

i

T B %—o [(a ~a %y (T -1 )]

a “op

-

This indicates that the Curie temperature W:s.ll[lncrease if a >a. and decrease
if a >a.. - E

We have prepared MaBi films on teflon, rock salt, sapphire, quartz,
besides mica and glass substrates. The Curie temperature was found to vary
over a range from 340°C to 37500, depending onsubstrate material. Furthermore,
the difference in temperature span between thegstart and end of the transition
can vary from 8% for films on,teflon subst&ate-to 20°C for films on rock
salt substvate. The results are plotted in Flg. (II—Z[) The estimated
thermal expan51on coeff1c1ent of 90 x 10 ~6 together with the Curie temperature
measured on single crystal &f MhBl is also plotted on the cuxve. The results
-are in general agreement with the analysis. |

The temperature span AT increases with th% substrate thermal expansion
coeffitient{ a result also observed in MnAs.qsp This indicates the possi-
bility of changing the first order transition énto a sec;nd order or second
order like phase transition. However, it is not clear at present that this

apﬁroach can coﬁpletely eliminate the high temperature phase, without resulting

in a medium with a Curie temperature exceeding the damage temperature of 445°C,
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E, TFilm Coating
Unprotected £ilm exposed in air will graduelly decompose into a nonmagnetic

layer, even at room temperature. The &ain sou;ce of contamination was traced
to the moisture contained in ait. In oxder to‘ptotect the £ilm from deterioration,
"a protective over coating is necessary. The coating must satisfy the following
requirements:r

(1). Effective as a moisture barrier.

(2) Optically tramsparent and possess suitable refractive index.

. o
(3) Can be applied uniformly withAttickness variation no more

" than a fraction of one micron over the entire film surface.
(4) The coating thickness should be controllable to achieve o.
maximum index match to MnBi £ilm.

(5) Can resist heating during laser.Curie point writing.

(6) "Must be inert to MnBi under normal operating conditions.

A number of coating materials have been used in this experiment. Among

the coating materials attempted we have found that 510 3i0

! G,
worked well and satlsfled the above requirements. Usingjjvacuum deposition

2 and MgF2 all

technique it is not difficult to control the uniformity and coating thickness,
Qi

Silicon monox1de coatlngswms most extensively used in our films because it is

easy to dep051t in a vacuum system and prov1des the proper optical quality.

The refractive index of MnBi at the visible wavelength measured earlier (1966)

resulted 1n'£E5;;;;§§EE§§ from 2 4 to 2.2. To .achieve index matching, the

refractive index of the coating should be in the range of 1.5 - 1.6, We have
H
found ‘however that Si0 deposited at a vacuum of 10_‘5 mmHg which should result
. i, 1 -
in an index of refraction of 1.9, serves as a good index matching medium. In

order to adjust the thickness of the coating for best optical transmission



at the operating wavelength of 63283, a 1aser‘monitoring system was incorporated -

in our film deposition.system. "The laser beam intensity reflected from the film

was recorded on a recorder as a function of time during Si0 deposition. When:

a2 minimum in.reflection is achieved, the coating is of proper thickness for

" index matching and the SiO evaporation stops. Normally, we cut off the evap—

oration at the second minimum to establish a better reference point for a more

Precise cutoff, Furthermore, a thicker coating is more desirable because it

is more durable. Film coating thickness control allows a better utilization
AN

forﬂlaser beam in ‘the write, erase and read-out operation. The laser write

power %as found to be reduced by a factor of two for films with coating

adjusted for minimum reflectivity as compared to those with maximum reflectivity.

A detailed account of these results will be discussed in Section III.
- ¥



ITI. OPTICAL MEMORY EXPERIMENTS

The objective of the optical memory experimental part of this

-

investigation is to determine the usefulness. of MnBi films for the
10 12 . . . N
107 - 107" bit memory in terms of its write, read, erase capabilitjtés.
This includes the measurements of £ilm memory characteristics, the eval-
Tt .
vation offjuniformity in large films, the examination of the basic
writing erasing mechanism, and the effects of environmental conditions
on. )
€ the film memory properties. The results of this study sHEL serve two
purposes. On the one hand, they wi3* provide guidance to the materials
. g th
research as to the special aspects of the material property needg further
improvementgf - On the other hand the results serve s the boundary conditions
for trade-off§in the systéms study of the optical m mory. This study is

& :
therefore the bridge between the materials and systems investigatiom of

this optical memory reséarch effort.

A. Meﬁo?y Characterstics of MnBi Films
Optical memory characteristics oﬁ MnBi films involvef the laser Curie
point writing properties, the repeated cycling effeét, £he r;ad;ouf
signal characteristics, the erasure field requirements, the information
retention characteristics, and the effect ofifilm overcoating. These
investigations were all perﬁormedygg‘the mem{ry exerciser degecribed in the
third quarterly report.l The ofjective of tﬁ%s stud& is to determine the
characteristics of MuBi films é&;géé optical memory applicationS$. The

results obtained in this study will provide the basis for the systems

study of the intended spaceborne optical HemOTY .
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Thé properties of the material discussed in the foregoing sections have
an effect on the memory characteristics.of the fiim, particularly the two
crystallographﬁc phases. A comparison of optical memory characteristics with
measurement? of Curie temﬁerature, Faraday rotation and magnetization of the
normal and éuenched phases is given in Table II<1 of our first quarterly report(.Z
In the quenched phase the write power required is about one~fourth, the readout
signal about one-half and the erasure field about one-half of that for the normal
phase, Since the decomposition temperature is 450° C, the lower Curie temperature

“ e P‘pw«_.z\ﬂ%w-hmd‘

of 180°¢c greatly increases the margln betweenhwrlte or erasenanqéﬂfmage,&umfo
. These are the major advantages of the quenched phase, but they are opposed
by the disadvantage that the quenched phase gradually transforms back to the
normal phase. A time constant for this transformation has been measured and
plotted as a function of T-_1 to obtain an activation energy for the process
in ‘the érevious Section. We have investigated the optical memory characteristics

. (1)
during this transformation also. Flg%{e ITT-1 1n quarterly report no. 2 shows

cﬁf‘pﬂm & ,[,'muc SRR oa.a-{su«&.uo&tw.ut.w e
a plot ¥SF “of the point at which the writing threshold power begins to increase.
&s—a-fmem.on-of——t«emperat-uase. Figure ITI-1 of this report is a typical example
of the threshold power required to effect a Write as a funcﬁlon of time whlle
the film operatlng at 92 is transformlng back to the normal phase. This rela-

tlonshlpA}s characterlzed by a plateau, & sharp ¥ise and a plateau at the normal

phase level. The normal phase concentration at the beginning of the upper phase

plateau is about 20 percent, well below the 63 percent point at which the
transformation time constent‘is defined.

When the time constant for the transformation is used to extrapolate back
to zero concentration, it temnds to coincide with ithe time at which the threshold

power begins to increase. Therefore, we would conclude that the first plateau

2 &
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is a nucleation period during which growth of t@e normal phase is very slow.
Apparently, the nucleation process has little or no effgct upon the writing
power requirements. Only when the mormal phase jconcentration comes into the
few percent range, does the writing threshold power requirement begin to

increase. |-

- !
2 Repeated Cycling Experiments _»fav© :
; |
On ?puadexl fiﬂhnj . Bepeated cycling experiménts which require hours of

time can be done without interference from the natural transformation.- When
) !
spots are repeatedly heat cycled the average temperature is above room tempera-—
- l .
t
ture., If we assume that the transformation time;constqnt is a smoothly

increasing function of temperature that can be e%trapolated from the time

constant measurements, we find that at 180°C the.time constant is about 40
milliseconds. Assuming that the center of a spot is above 180°C for 0.5

; -

H
microseconds during laser writing, we would expect to see an effect upon the

optical memory characteristics after about 104f1?5 pulses. Pfeliminary experi-

i
ments of this kind performed on quenched films indicate a gradual decrease in
1

! s
the readout signal after about this length of ti?e. Spots have been cycled about 106

times before the S/N becomes less than one. Wheﬁ these spots are examined under

L]

i .

the microscope at high magnification, there is no evidence of physical damage.
i

It should be noted that this kind of experiment %s done with the writing power

X l
well below that requited to effect a write im the normal phase. So Wedgzuld
L o
expect the-signal to disappear as the writing threshold power Increases, @s the

quenched film gradually transforms %ntonnormal phase.



Similar experiments have been conducted with the £ilm in the normal phase.
'When the film is at room temperature the wriltten spot rapidly quenches into
the high temperaturephase after repeated cycles'of writing to above 360°C with
microsecond pulses of laser heating.‘ It then exhibits a smaller readout signal
due .to fhe'smaller Ke¥r and Faraday rotation. If the write power is then reduced

olrant
repeat cycling can be continued. This has been tested for azeund a million
operations with no further changes in memory properties. However, if the write
power is not reduced, the center of the spot will soon burn out leaving only a
ring of materlal th§t continues to sw1tch. ThlS ring is thought to occupy a
position along the temperature profile where the "conditioned” spot on the film will
not exceed the dissociation temperature. The center of the spot ;%§i$;s as if it
ha& exceeded the dissociation temperature. )

Spots have also been exercised greater than lOS times With the film at a
nominal temperature of 250%. HEEh magnification photos using an 0il immersion
objective are shown in Figure IIIﬁla, b. Figure II££a shows the spots under
erossed p;larizers. The small patches of switched material around the test

TN AT e o it e g
pattern are left due to mlsreglstry during the experiment, TFigure IIIf}b is a

A
photograph of the same area with unpolarized light. WNotice that the spots
written only once cannot be seen under unpolarized light, but spots that have
been switched many.times show up. This can be construed as damage due to
repeated cycling. The precise nature of the damage is not known.

Spots tested greater than 105 times atzﬁominal temperature of 340%¢ are

shown in Figures III—ig, b. The test pattern can be identified by three

written spots te the left of the matrix of written spots. HNote that there are

no unswitched residuals evident. During this experiment the dimensional
stability of the equipment was no better than it was during the foregoing

- 1

éxperiment at 250°¢. Therefore, we would concluﬁe that a spot of slightly larger

size than the written spot but no larger than a minimum domain width can be erased.
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The location of the test pattern can be identified by the black spot with
two protrusions to the left. Note that in this case there is no evidence of
damage in photograph Figure III-2b taken under unpolarized light. The readout
signal on the oscilloscope did show some evidence of degradation during the
test. We would conclude from this experiment that the—> was no visible physical

damage to the film due to repeated cycling during this axperiment.

More recently, an improved test system with better rigidity and therefore
much reduced misregisgry problem was used to repeat the cycling experiment.
Operating at 25000, a normal phase film (film no. M-330-7) was tested through
write-read-erase-read cycles at a rate of 400 cycles per second. The writing
power level was 5.5 mwatt, about 10% ovef threshold and erasing field was 500 Oe
with a spot size of approximately 2 um diameter. A Fig. III—Q?:;Zur photographs
of the oscilloscope display of the readout -ef signals;;h;ritten and erased
conditionSon the same spotiﬁggggﬁﬁin. The differential readout signal is also fed to
a thresholding device which provides TTL compatible output. This output is shown
in the two lower traces in each picture. The time scale was 2 x 10-3 cycles/cm.
The photographs were taken in a sample-and-hold mode, giving 10% sampling

read-out. Therefore, each photograph covers a quarter million cycles. The signal

: 6 :
displayed at Fig. III-4 (C) shows no deterioration after 10 cycles of exercising
6 t‘""‘?“".&""—'- execuvsiont Yo above the Cuvice TC‘f\‘:{_f&"’\)M. .

or 2 x 10" Eurie-point-writing.
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3. Temperature Dependence of Readout Signal
LA T e

A e =S

Among the physical properties that affect the menory read-out characteristic

is the temperature dependence of the magnetization and the resultant Kerr effect.

The readout signal from a differential detector system can be analyzed as follows

using the thes calculus.lﬁ |
{ - .
' Z . . 2 .
Ex cos’ o cosasing cos¢ ~singl fecos“e cosOsind 0
I . 2 . 2
Ey - \ cos@sina sin"o sing cos¢) lcos@sing sin"0 Ey

i
where © = analyzer angle with respect to beam po%arization, ¢ = Kerr rotation
the -,
. 1
and ¢ = angle between the axis of extinction offipolarizing beam splitter with

respect to beam polarization. Thus,

E 1 Eysin@cosacos(a—@—¢)

B Eysin@sinacos(a—9—¢)



The intensity at the two detectors becomes

_ . 2 2, 1.
Il = Io sin Ocos” (u-0-¢)

and !

- 2260062 (0 L o, =f 2
12 = Io sin"Ocos” (a- 5 0-¢) for Io Ey .

4

where ¢ is the Kerr rotation for a saturated film. ¢ is a function of tempera-

‘ . o
ture as is magnetization, When the system is in balance, 0-0 = 45 so that

2 T
(Zifb)

- 2. 4.
. Il I2 = Io sin™® 1-2cos

where "+" sign applies to a "0" bit and " " for a "" bit. The signal is
actually contained in the last term, but the total intemnsity must be used for

noise calculations.

So far, this analysis assumes that the filmiswitches uniformly over the

‘whole area illuminated by the read beam. When the same beam is used for
- i

-

reading and writing, the actual written spot diameter is less than the Gaussian
{

1”5

depends upon the area switched., We define a fac%or K (%/Wo) with which to

beam diameter. Hence, the area contributing to the signal difference I

multiply the readout signal difference to make the adjustment. The factor K

is obtained by integrating the beam intensity distribution over the written

spot giving,

’ 2 2
K a/w ) = -é—-re -2r /w 2 dr = 1 - e r2a /w 2
o W 2 - o 0
o .

where a = radius of the written spot and W, = 1/g2 beam radius.
The power distribution is proportional to exp(—2a2/w02) and we assume
that the spot radius a is governed by the point in the distribution reachiﬁg

the Curie temperature. For the normal prhase, we lhave



where Tf 1s jthe operating temperature.

Then we can write for the readout signal, |
|

l

.. 9 9 .m i 360 - Tf
AL = 2T sin"® [cos ((Z)+ 6(T)) - cos ((z)-,- MT)), 1--we -7 T,

The temperature dependent portion of this equation is plotted in

-1

L) i -
Figure IIIjg_assuming a maximum Kerr rotation of,2°1 It shows a peak in the
readout signal level at about 250°C. This has been cbserved experimentally

on a film with a somewhat smoother decrease in the Kerr rotation with tempera-
H

ture, which tends to shift the peak toward lower |temperatures. An increase

of about a factor of two in the readout signal can be obtained by operating

the film in the temperature range about 250,
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Erasure Field and Bemagnetizing Field Effect

We have measured the switching characteristics of a Curie point written
gpot of approximateiy 2 ym diameter on MnBi films. The measurements were made
by periodically heating a spot within a laser pulse'and applying a magnetic
field pulse on alternate eycles. The peak magneto-optic signal from the Kerr
effect read-out was observed as a function of Tagnetic field applied during
both erasure and writing. Measurements were made on the same film with the
sample in the normal and quenched phases and in saturared and unsaturated
conditions. The results are shown in Fig. IIT-( . In this figure the
normalized signal which is the signal differenqe between a perfect‘writeland
erase normalized to the signal for a perfect Wﬁite, is plotted as a function of

; t+he

I
the erasure field. The field required for a perfect erasure forf\normal

prhase and quenched phase film is seen to be 600} and 300 Oe respectively.
i
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However, the gradual change of the signal as a function of the applied field
?ndicates possible trade-off between read-out éignal and the required erasure
field. 4 me &u?n.m&*-h',\'-

A time—dependent calculation of thqnﬁemagnetlzlng field profile produced
by a fllm of MnBi inside: a-5pot on the film which was heated above the Curie
temperature was performed by Mr. E. Bernal G. of this laboratory. The
calcuiation was performed using two layers of poles to répresent the film.,

The temperature profile of the heated sPot at F = 0 was assumed to be gaussian,
. which is a good approximation to the profiles produced by laser heatingB% for
t>0 the temperature distribution was obtained as a solution of the heat-flow
equation for an unbacked film. The measured t%mperature dependence of the
ﬁagnetization for both crystallographic phésesiof this material were used in
the calculation. The spatial dependence of th% field within the non-magnetic
area was obtained as a function of time. )

The calculated values of demagnetizing field maxima are in éood agreement
with the measured values of external magnetic field that must be applied in
c01nc1dence with a laser pulse in order to erase a written spot. The agreement
is gooq for spot erasure in films of either crystallographic phase.

Thé‘calculated values of demagnetizing fiéld and the measured values of
external mag&etic field that must be applied i? coincidence with a laser pulse
in orde¥ to completely erase a written spot are in good agreement. This agree-

ment is ecritically dependent on the temperature dependence of the magnetization

of the films.

‘Other features of the time-dependent results obtained also appear to
explain features of the partial erasure of spots heated in the presence of
external magnetic fields. The success of the %alculation in predicting

erasure fields and other features of Curie—point switching lead us to believe

that the demagnetizing field is the dominant féctor determining the magnetization

direction in laser beam writing in manganese bismuth.



f?’gfg%ntlon of Informatxggufjb
There has been no evidence of the spontaneous loss of stored information
from MnBi films in either phase of the material from room temperature to 300°C.
Althoughﬁquenched film trapmsforms back to the normal phase, the magnetization
ﬂ\ublfn\l ;UJ—\I. As hoe Z.,m f{ m.{n,w..\ Th men Dbt Jpe b ag T&... e divi .
direction remains unchanged by the proces‘A Cooling of films 1n liquid nitrogen
will cause them to become demagnetized, however. Also, films become demagnetized
when heated through the Curie temperature, The operation temperature of this

medium is therefore limited to between 770K and 633°K. Observations on the

¥
retention of information were made visually withia polé izing microscope of high

_ resolution. ?kQWm’ wilth et Av&ww&t‘\ 4mtm Aklen Zin Fe ape ez
‘l[ﬂ'-n&{ zo /u.’pl:?dv‘r ﬂv& ﬁ‘\o{ -*:h]é‘\ﬂ\i'v.ikryk - { l‘-‘"""t- f‘fc‘"ﬂ e /’ib'\.‘-d A & 1,1_. JVF



6. Effect of Film Overcoating

The impértance of the 8i0 coating on the MnBi films was discussed in
the previous section. The primary function of:the coating ie protection of
the MnBi. A.very useful modification on this coating procedure is an opti-
mization of the surface Feflectivity {(at 63288). The memory exerciser is
sufficienﬁiy sensitive to this change in reflectivity thaF it notes a change
in threshold power. One test involved measuring write threshold power of
a sample at minimum reflectivity; then recoating it for maximum reflectivity
and evaluating it; and then recoating it back to the original minimum. Results
were fairly concluéive concerning power delive;able to the film, as well as
evidence indicating the maximum reflection géngrated excessive noise in the
signal detection system. Preliﬁinary results indicate this effect to be
larger than the Mn to Bi ratio effect on threshold power. In Fig. III-7,
a sample trace of recorder chart monitoring th% reflectivity as a function
of overcoating S$i0 £ilm thickness is plotped. The cﬁt—off point was set when +the
éiO coating was three quarters. of a wavelengthjthick. The threshold laser

writing power level'Pth in mwatts is tabulatediin Table III-1 for two films

i
tested as a function of the Si0 overcoating thickness.
. i

Table III-1
|
2 Pth in mwatts
$i0 6" Disc 5/8" diameter
Thickness G-7-292 M-512-5

i =
1/4A 1.9 T 2,2
1/2x 3.% 4.1
3/ax 7 1.9 2.2



FILM REFLECTIVITY IN ARBITRARY UNITS
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1

/ i .
We may conclude that a laser writing thrgshold power can be reduced
by a factor of .two for films of coating for minimum reflectivity as compared
. i .

to those for maximum reflectivity. The detectFr output signal to noise ratio

is gl;&*improved for films of minimum reflecti%ity.‘
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J. Preparation and Optical Examination of 6" Diameter MnBi films.
Films of MnBi are prepared by vapor deposition on glass substrates.

The evaporated layers of mgnganese and bis@uth are subjected to z prolongéd
heat treatment during which the magnetic MﬁBi is formed. To insure uniform
vapor distribution, a planetary motion was;maintained on the substrate
during vépor deposiﬁ%gn. A p;otectiv? layer of eithgr‘Mg?Q or Si0 is
evaporated on top ofAMnBi. MnBi films thus prepared are polycrystalline

but oriented with the crystallographic F—axis perpendicular to the substrate
surfacé. l

After deposition and vacuum anneal, tﬁe 6" MnBi discs are in a demagnetized'

" state. Using the Faraday effect the magne@ic domains in these films can be
examined. . This is an invalugple means of ésseséing the £ilm% quality and
of providing information for %ilm improvemént. For example, by examining
maénetic domains at various “defect spots, it is possible to distinguish
whether the defect was inherent in the glass ssubstrate or introduced during
the cleaning operation. In general, the mégnetic domain size and geometry
* @0 not change across Qefects of the first fype (see Fig?ﬂéga. On the othe}
hand,. stain marks left during sepstrate clég&ﬁng result in large magnetic
domains in that area (See F_ig.IE S. Fig.%18ébﬁa a picture of the same area
as in Figfl—(ﬁ)taken under ordinary %ransmitted light. Dust particles can
be clearly seen here. Pinholes are relatively small in’ size_and low in '
number. Fig.z§é9dgp§cts the general appear;nce of the pin holes at 25X. A
pinholé (at A) and‘g aust particle (at B) a%e visible in this area of the film.






ey T
b s e
¥ ’
g

hoa tna ')

T
S MM G s e v




€0 £ S0 ©J &9 KD D B B9 e ) £ OO D0 e o o o oo



2 Sxtreiser 'La,;:r.:.,.:-) 0%...

CFilm Uniformity

Manganese bismuth f£ilms have been prepared bn 6 inch diameter substrates

in a band 1 inch wide around the outside circumference, These films are

-

overcoated with $i0 and visually they appear to be perfectly uniform.

A fixture was constructed to hold these discs in the memory exerciser
f Meosh ;o . :

- ; 4 .
and heat them toIthe—gicinity_just-bélow‘the Curie temperature. The fixture

v
N 4

. ¥ ’ .
can be rotated and positioned such that nearly any area on the film can be in

-

the field of the focusing lens.

Memory exerclse experiments are performed over randomly selected areagof the
. | .

6" disc. A test consists of raising the write power and the erase field to a

level giving a good readout signal, and then exeircising a 16 x 16 bit pattern
i - 2
[Pes
by writing and erasing 8 times. The total numbe% of switchaar}or a test pattern
o

is then 1448. A bi-directional counter is used to count the "0" and "1" counts for
. ! .

‘the test pattern. If the pattern is perfect éhe;counf ends at zero. If it is

i

.not perfect, a residual count remains in the counter at the end of the test.



Eight samples have been tested in this mann.

7

in Table®-2, The column X is the mean number

Film ff ;/

a6 271
G7 261 (a)
a7 261 (b)
67 292
67 296
67 301

G7 302

_—_ .l

4.2
7.6

14.2

"28.2

90.5

19.8

6.9 -

TABLE -2

12:3
13
12.2
102
110
30

3.3

er, The test result is summarized ’

min ) fHérasa
40
i
50 . <1000
f
SF' 750
40 750
30 750

of counts missed per pattern, ¢ is the standard ?eviation from the mean,

P . 1s a measure of the relative power required

min

field required to completely erase in Oe.

to write and H is the
. erase

The first two discs yielded many patterns with no missed bits. A large

standard deviation results because missed counts

came in large -batches rather

than being distributied throughout the sample patterns. Subsequent samples

were tested with a poor signal-to-noise ratio in
is a duplicate run under poor signal conditions.

shifted but the standard deviation has remained :

better-test conditions.

the electronics. Disc G7 261 (b)

We note that the mean is

sbout the same as 1t was for the



Discs G7292 to G7301 appear to be similar to th% first two disecs in quality.

The last disc givesgﬁifferent result. We believf that it is of better quality

because the standard deviation is smaller than the mean. The large mean

missed counts are due to poor signal-to-noise ratio rather than defects in the
HE.

film. The S/N pr&blem nust be resolved, but th%_data 1s presented to illustrate

how we can differentiate between film defects and poor S/N.

Our general conclucions about the quality of the films are as follows.

' . \ oo | .
Faults are restricted to localized defects like pin holes or dust particles.
These flaws constitute much less than 1% of the Film area. Microscope observa-

tions show many of the defects to be associated %ith the cleanliness of the

substrate on which the MnBi film was deposited. | Finally, thgfnemory characteristics

(write power, erase field and S/N) appear to be pniform-over the surface of

~

the "6" diameter film to within a_ few percent, .
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C. Laser Curie Point Writing Mechaniém expey 3""““*:5_-

.The time interval during ldser Curie point writing and erasing ppesasien
is typicallyAthe.order of micfoseconds. It is_évi&ent'théﬁ the writing
mechanism is dynamic in natur;. The static phase tranéformation study dis-
cussed in'the previous sectioﬁ cannot be adequagely éxtended for the under-
standiné of the dynami writing and the consequent phase transformation
mechanism, However, i is essential to obtain a thorough understanding of
the writing mechanism because: |

(1) A matheméticalg? model of the writing and erasing mechanism
is a necessary tool|{for the trade~off study in the systems
design effort.

[V
(2) The limitation of repeated writfag cycling withoutpphase change

‘could be extended by suitable adjustment of the writing conditions,
if the dynamic proéess of the phase change is known.

'(35' The knowledge of the writing mechanism can guide our materials
résearch effort in bBoth the doping and other material improvement

studies to achieve long term stability.

. With these reasons in mind, we have devised a two-bean experiment for
this study. An argon laser operatlﬁg at zgggg.wavelength and at a power
output of about 200 mwatts wa% used to write 7um spots on MnBi fllm. A HelNe
laser ;;hpwatt power level focused to 2um spot size was used to prdbe in¥e

the spot being written by the Frgon laser. The magneto—optic Faraday effect
of the film modifles the polarization direction of the probing beam, which
" was analyzed and detected. IJ this manner, the magnetization within the spot

being written can be monitorquon a real time basis, Fig. '(TII-I2) shows the
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schematic of the experimental arrangement, Iﬁe modulator used for switching',

the argon laser was a liquid Kerr cell with a Fapid rise and~exponential

decay pulsing network. The decay tiﬁe consta%t is approximately 10ysec.

This long decay time is used so thag théhdéfai;s of the time gepgndence of
nmagﬁetization switching can be more clearly monitored.

Experimental measurements are still being:refined. 'Fowever, a pre-

liminaxy result displayed on a dual beam oscil}oscope is shown in Fig. (IIIwﬂ).

The upper trace shows the éime dependence of tﬁe writipg argon laser pulse.

The lower trace gives the detector cutput moniLoring the read beam polarization
direction. The time scale for both traces areilousec/cm. There are three.

arrows marking the levels of the read beam. Tée top -rrow indicates the level

for the read peah with the spot unswitched._ The cent r arrow is for the level

when éhe spot loses its magnetization. The lower arr + indicates the level

for a completely switched (or written) spot.

From this result, we can conclude that the spot rapidly loses its

magnetization during the Curie point writing pfocess. Magnet;p switching

was accomplished at that Instant. However, beéause of the slower physical process in
the recovery-of magnetization, the full value of the reversed magnetization was

not rea%ized before a time lapse long beyond the end of the heating pulse. One
obvious impliéationlof this result is that a time lapse of éhe order of 10ﬁsec

should be allowed between writing and reading on the same spot to allow proper

e

recovery offmagneto-~optic effect. |

| .
Detailed information in regard to the phase change during writing is now

being carefully examined. . This requixes considerable refinement of the

experimental technique,
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l>- TE=D Environhental Effects
f
Radiation
" A normal phase MnBi £ilm on a mica substrate with 20008 of Si0 was
used in a radiation test, - Magneto—optlc informatlon in the form of Curle—p01nt
written bite was stoxed on the film, The £ilm was then placed in a cobalt bomb
at 115 mr/hr for 410 hours giving a total of 47.15 rads. ' Subsequent.mlcroscopic

evaluation showed no change in the film or its stored information.

Humidity

Normal phaseée films with Sib;dvercoating stoFed at room temperature where

the relatiw 1umidity'is >50% show no degradation%over a period of several

weeks. Samples stored at ele%ated temperatures g>100°c) can survive boiling water
placed on them with no obvious effect, The useleness_of the Si0 coating, as
mentioned above under "aging", is of prime interest here also. Preliminary
results indicate thet good quality coatings are a requirement. This good quality

overlayer must also extend beyond the edge of the MnBi to guarrantee a good seal.

Temgerature

Film temperature environment test was perfo%med in a series of tests at
340°C on films in air and partial vacoum and Wit% varying thicknesees of Si0
coating. Obviously tests at this temperature exilude quenched films. 'Tests
were held below the Curie temperature to avoid loss of information. This allowed
 running some of the retentlon tests and the aglng tests simultaneously. Films
with thin Si0 (WZOOOEJ protective layers deteriorated in air at 340°C in less

than one day. WNearly identical films were. used in tests where ‘control samples

were needed. A pair of these films were run one fdn air and one in partial

vacuum (vl micron Hg) to test the possdbility of deterioration from within MnBi



i
under the 8i0. Results indicate that contact of film to air through imperfections
in 5i0 coating'to be the problem. Other control samples were recoated to

i

thicker Si0 (mlloooX) and subjeéted to the same 340°C test in air. Exposure

>1 week produced deterioration only where there were holes in the coating.

Some intentional scratches thru the coating substantiated the type of film

breakup ‘caused by $i0 coating imperfections, giving another verification to the
source of deterioration. From this experiment, we conclude that using a 5i0

protective coating free from imperfections, film&will not deteriorate even at

an operating temperature of 340°C.
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Systems Study

The objective of this 'part of the optical

efine an optilecal memory syste ‘= sufficient

conditions o be placed on parametors of the st

consideration, t must define the requirementks

memory besides the memory medium.
Our initial goal was to develop a system

Based on the state of the art of" Uik beam defl
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gl . . 7
each dimension) and optica techaslogy (10 -
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=

is now apparent that the 4in
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2 & T . 410
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A, Ceneral Considerations

A computer memory of high paclhing density and bIllion to trillion bit

T

capacity has been a challenge for many vears. 4n ide=l embodiment. of such
o

a device would comsist ol no moving mechanica_ naris. 2azly concepts of a hish

capacity random-access mass memory employed an electron beam and a megnetic

. . L, 27. 4 .
thin film storage medlum.l@ Presumably the electron beam could hHe deflected
to a large number of discrete locarions with ezse. Some of the mos< . xgent
work with electyon beams in integrated circuit mask preparation has achieved
. o - .
half micron xresolution over a 2 x 2mm square area. +ais 1s only sbout half-way
in orders of magnitudé to the capacity of incerest today. Furthermore, an
electron beam provides a rather »oor mode for reading out information from a2
enin foq 1B . ; .
magnetic thip film, It rherefore is reasonabie to assume that the electron
beam or cowbination of electron beam and optical readout from MnBi will not be
practical in the foreseeable future. -

Optical techniques as applied to cthe mass memory problem appear extremely
promising. Considering system possibilities vsing MnBi as the storage medium
with optical ‘addressing, there are also formideble obstacles. The Iight beanm
now must be deflected. Deflection of 2 light beam to a large number of address
locations electronically, i.e. without moving mechanical parts is extremely

. J‘_o . .
difficult. Even if the iight beam could be deflected;a large number of address
1 . i ot ‘ro - 8.0
locations, the lenses required would limit the capacity co 10°-10" bits per
focusing lens, This is because of a technological iZmir in lens Zssign. As

lenses become larger, the resolution decrezses about “= proporiisn vo the

rt
Y
B

increesed field for lemnses with field larger than sgbou



Another possibility of current interest: the holographic storage technique
. . . 28,564
is popular because no lenses are required for making a hologram| The large
polar Kerr and Faraday effect of ¥nBi” £ilm allow z Curie point written megnetic

hologram to be reconscructed with a . ~azatezie ol .o ... .. . .ZY. This

possibility /is also attractive as a means of wiiroceucing redundan. . co reduce

* H

the effecus of dust, dirt and other defects inm the film. ™ l.umabliy, the
information would be stored in pages and read out a page &I & time. A jape size
e and 1A5 - . . .

of the order ¢7 107-10" would be necessary to vrovide a page « macity about the
same as che track capacity of a rotating disc configuration: -This means o

: ES = = » 6 7 1 s > = > 1
course that a daflection system of 10 -10 spots is recguired for realing., A
deflection system for the writing beam nust carry all of the spacial Irequencies
in the rew page in 2 bundle reaching the storage medium occcupying an £rea the same
or greater than the minimum bit size times the number of bics in the page.

Assuming that che packing density for holographic infe1 jarvion bits on MaBi <s

the same as irdividual bits, the energy required will b about eaqual to the

number of bits per page times the energy required for an individual bit. In

the case of MaBi at room temperature, about 5 nanojoules are reguired in a 100

A

-

23 4

nanosacond pulse for an information bit.8 That is about 5 x 10 ' joules or a
: T3 : ' . : '
peak power of about 5 x 10” watts per page. Pulses of abour 10 nanosecond
duration are required to produce holograodhic storage on MnBi {(to be discussed
in a later section). Allowing losses In the optical system a realisric peak
o . ST S .

power is in thez-neighborhood of 10~ -5 10~ watrs. Only pulsed, Q-switched lasers

are cz.zple of rhese requiremenmts. One of che limitations of this type of davice

%

is the flash lamp life. Anything over a million shots is good.g This means that when

the memory is full, it is time to change the lamp in the main laser. Even a moTor-

-~

driven: Q-switch will outlast the flash lamps. Fhese—aredust—some—ofthe—known

dHEfdcaieies-aszociated iith fhe %ﬂl3gza§hé@—ﬁ%orage—teehniqté"ﬁsing‘ﬁhﬁJ.




A wmore important difficulty for the holographic storage is the need for
& page composer in order to transfer the information to be stored into the
storage medium. The page composer is in essence an alterable mask. It must
. . ink a5 .
have a bit capacity of a page (10 °'-10”) and must be zble to accept and display
the input within an accepisble time frame {clous -5="00 meec). Furthermore,

it must have suitable optical properties (eithexr vary reflective o1 very

fransparent) together witk hi.. contrast. The development- of a su’table

bage composer requires considerable effort and time. This together with

the requirement of 2 more sensitive storage medium capable of higher diffrac—

tion efficiency are the main topics of research which must be completed

before the advantages of holographic storége Bechady, : can be fully realizad.

-
The shortcomings of the foregoing concepts can, fc ¢ the most part, be

avoided by accepting or tolerating a moving medium as a part of the REMOLY
10

-

ight

b

system. To meet the objective of a 10 ~1012 bit memory sufficiently
and reliable to carry aboard a spacecraft and to be constructed in the next
few years, Wwe recommend a moving medium device. The high packing density and
large Kerr effect of MnBi make it basically the best storage medium available
today.

' The moving medium approach allows the use of a single focusding lens and a

small erasure coil since the write and erase head does not have to cover a

1=

arge number of bit locations. However, che main advantages of tuis approach

=)
=

& in its ability to meet the specified bit capacity requiring no breakthroughs

for a high performance inertialess beam deflector.



@n-B. Choice of the Memory Medium awd Germeloicdl (ﬁﬁgjém*ﬂv“

Manganese bismuth has two crystallographic phases in the temperature

1
Ty

range useful for optical memory applicailons. At the normal phase Curie

- T, - O ' . - . -~ - +
temperature of 3860 C, the material valersgoes = tiase crinsiormetion. This
second vhase cen be retained by quenching the sz_zricl. When 1nBi Is used.

L:!
P

at rvoom temperature, this duenching occurs as a result of Curie poliot writin

4]

The whole film can also be quenched and exhibits the same memoxy properties
as the laser quenched spots. Quenched films have a2 lower Curie temperature
0 - . - . . - .
of 180°C and therefore require less laser power for Curie point writing with:
- C hm . p .
the film at room temperature, but the material graduzally transforms back to
the normal phase. This process is characterized by an activation enexgy of
1 eV and 2 conversion time comstant of two yeaxrs at room temperature. Optical
mewory experiments have shown that the memory characteristic is affected very
oznecu:}%.
early in the transformation process. TFor tixe time frame requirement the quenched

phase of MnBi films would not be suitable in its unmodified form. This indicates



that quenched films need further research effort to improve their usefulness,
but large normal phase films can be prepared and have been tested for mass
memory application at elevated témperature. We would recommend as a first
choice the normal ﬁnBi film at elevated temperature and second.ihe cuenched
film(gg\gyerating low temperature to extend the shelf Zifetime for the optical

memory medium.

CALALE, .
To -cazzy the moving medium approach in more detail, we consider a simple

rotating medium system. We choose this approach over the tape transport or card

file system for the simplicity in mechanical motion and conseguent re}iabilitx
and maintenance fx‘:ee operation .@f-\'(}*i Camw?a‘fl\‘:-i*:'ﬁﬂ\ u.)‘di--a s m‘_.,{;},({' PUTLIS WS ot .‘:C_.‘(}.u_-.u_«.u.h.—"{
o%ihA»ﬁinQ;.gsiwu@ .
The shape of the memory medium substrate should either be 2 disc or
.

drum. A drum configuration has the advantages that the surface is always the
same_distance from the center and the packing density can be uniform over the
surface,.

A disc provides the advantages that it is easiér to fabricate for smaller
areas and access to tracks is easier, A disc configuration is recommended at
this stage of development. Figure IV-1 shows the disc capacity as a function
of mirimum bit sbacing with disc diameter as a parameter.

For reasons of conservation of momentum, and elimination of gyroscopic forces,
the mamory equipment.should have two discs roteting in opposite directiont. A
diagram of the ;omponents in the memory are shown in Fizare IV-2. It consists
basically of two discs, heated and insulateé, end roistes on precision hydro-

static or gas bearings with an arm to swing over -he disecs carrying the read-

write optics.
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A sliding prism is shown for guiding the light beam down the appropriate

]
.

arm, This element rather thanm an electro-optic switch is shown because it will
not interfere with the polarization of the read-beam. An electro-optic switch
contains a polarizing element, so that when the read beam returns through it
the signal would be analyzed before r:iachizn~ ¥~ dilizrential detector.

]
D, Memory Specifications
i. Speed and Capacity
“Optical memory experiments on MaBi £ilms have provided che necessary

information from which many of the actual optical memory requirements can be
calculated. Equations for these calculations were derived in quarterly report
numbers 2 and 3. Results of these calculations and others are shovm in
Table IV-1.

Since the source of the figures under capacity and speed have Losn dis-
cussed in earlier reports, we will continue with the power requirements.

The requirement for 50mv of HeNe laser power was discusse@gégﬁquartefly
report no., 2. Aﬁ input power of 450 watts to the power supply dis typical for

. . s . . . . P
this size laser. Ac this time a HeNe laser iz recommended hecause of the

T

superior lifeiime and'stability of these devices, )For example, a commercial
5mw HeNe 1aser.hgs recently beeﬁ space ‘qualified,™™

2. Powzr

An zmount of power from 100 to 500 watts is estimated for a

mederately well-insulated enclosure around the Eilm and substrate for main-
taining the film at the required temperature. This can be concrasted with the
input power to a larger laser necessary to Curig ﬁoint write from room tempera-
ture at an attractive speed. A laser of 500 to 1000 mw output power would nzed
abour § times to 10 times mor%input power than the IZzXNz laser. Therefore,

the bias heater and lower power laser is ar .<snomical trade—-off



CAPACITY
Disc
"Bit and Track Spacing
Disc Diametex
Bits Per Track
Tracks Per Disc
Operating Temperature
SPEED ’
Rotation Rate
Access Time

Max, Lin, Vel.

TABLE .1V-1

Modulator Pulse Duration

Detection Bandwidth
Sérvo

POWER
Laser Qutpul
Laser Inqu
Film Bias Heager
Modulator Driver

Drive Motor

Bearing Air Pressure 30-60 1bs

-

Total System Power

.

10* Bits
2 ea,

2 zlarons

30 dnches

5.6 3 10°

300°C
2MBits/sec
4R28

125ms
10u/psec

40ns

50mmr
450 watts

500 watts

‘50 watts

50 warts

107 Bits
2 ea,
2 (M itrens

6 inches

10xHz

1XH=

50mmy
450watts
100watts
300watts
S0watts
50watts

Nl KW



QPTICAL SYSTEM
Focusing Lens

Pivot Lens

Deflector Galvsnometer

Detectors—differenvial

MECHANICAL 5./3TEM
Air Bearing
Vibracion

Motor

Translation Stage

ik

16mmEL

105mmEL 100mmEL

2wl m pYas e

8L nin diode Si pin diode

+10 in Radial Axdial
<Zcps
vim

5 OP

+10uin. Verc. Horiz.



A substantial amount of power is required for the modulztor as za result
of the high bandwidth of most high speed electro-optic modulators., Tor example,
a 150 pf modulator with 200 volt half-wave retardation wvoltage zat a bandwidth
of 10 MHz would require a load resis:cance oi zbhout 500Q. That is about 80
Watté in the lcad resistor “loaz.
The drive motor and bearing hydro§tatic supply should have anfﬂpper limit
power requiremeﬁt of 100 watts for both components. It may be economical in
a final design to drive the discs hydrostaticaily also.
The total power requirement for a 1011 bit system should be arcund 1.5 Xwatt.

-

3. -QEtical System

The lenses, detectors and deflectors in a2 rotating disc system would
follow about the same general design as that used in the memory exerciser as

was described in the previous quarterly

2l

eport.

An additicnal design consideration for a rotating dise configuration is
the depth of field associated wifh a parcicular focusing lens. A graph of the
resolution and depth of field as a function of numerical aperture is shown in
Figure IV-3. OQur table shows an -Fi4, which is not quite as good as en F:2 from
the trade—off of depth of field amnd resolutﬁon. The éeason for choosing an F:4
is mainly tolprovide the working distance nszeded for a magnetic field coil.

4, Mechanical System

Machanical considerations were discussed briefly in the section on
geometrical considerations. ¥o further discussion will be made here other than
to call attention to the bearing specification in Table IV-1l in the light of the

F:4 focusing optics.



Cra
O
Sl

13
'
. f
& —
P
H
i

!
by
t oy
1
PR |

g l‘

! B

- =1
- .
1
. -
2
.

3 R

\C,
‘ \,/ RISOLUTION # 1.
} C} v .
T ' \\
(R S

“
s -
o e 4 l i f
= »
= <

\"h""w:q._ =y
I i : T e Nt ]
- . - - -
R .2 ") R . - N4 R



5. Electronics
The electronics needed can be divided into the following 5
categories:
i. Readoutr amplifiexs
2, Modvlaror
3. Tield Coil
. Deflector Servo Control and Arm Motion Control

5. Timing and function control

Readout or sense aﬁplifier requiréments have been discussed in éuarteyly
poxt 3 with regard to the signal-to-noise ratio analysis. These amplifiers
are in use with our present memory exerciser and the output is compatible
with TzL logic elements. The modulator drive power requirement was alscussed
earlier so we will proceed with the field coil.

6. Field Coil

From measurements of the erase field required for MaBi films as

. I
reported in the first quarterly report, we know that about 600 Oe is required.

We apply geometrical considerations to the coil so as to keep the field
uniform over the flat field of the focusing lens. The normal component of

the field from a circular coil of radiuvs a and Cartesi: o coordinates with x

perpendicular to the blane of the coil isggly
5 ol 1 L 36" (P b
2,2 A
x 2 %o (ot )3/2 rla +x2)7/2

I

where a is the coil radius, which lies im the y-z plane. I is the current in

-7 newtons

. 2
- amp

L x 10

amperes and X the number of turns. In this expression My



. pw = 4 . . . . .
Therefore, if we muitipiy Bx by 10" the result is in Gauss with apatial .dimensions

in meters. The corresponding field Hx

n oerstads is equal to Bx'

Figure IV-4a,b shows Hx s a function of fractional units of a for distance

awvay from the -coll at the center

These calculations show thor for

dB/dx is small and beyond .3a

-

——

znd for distance away from the ceater at X = .3a.

di :znc.3 away From the plane of the coil

is rearly linear. Tigure IV-4b showsithat a

e,

reasonably flat crez of about .3a exists along the radial direction. The coil

radius to choose is one about 3 times the radius of the flat field of tha focusing

lens. ,

We can further analyze the field coz

with regard to the power efficizncy

bt

to see what the optimum nuwber oi turns is., First, the field and power Zor a

multiple turn coil is

v

?

for the ith turn. Then,

v

Now, for a single turm having

in the multiple tum coil, we

B:

i

2
= I P =1
i = IR0 S
; £
I £(x,,a) £(x;,2)
2 - Z
KR YRI -

cae'szme dimensions as the sum of the turns

have

If(x, ,a) P =11

for the irh parallel segment of a single turmn coil, where (x,,2) is the

field spacial distribution and R is the resistance of the 3 :h turn. The field

to power ratio for a single turn of N parallel sagments & then,
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L=A

f(Xisa) f(xi;a)

o |
|
1

W,
et

5 [t
et
£d

LA b

The ratio of che multipl%turn case to the single turn case 3= the
’

same current i3 then

it [r )b

where N is the number of series or paraliel térps, This shows that increasing

the current through a few turns is the most economical trade—oif in pover.

This is also significant for reducing heat damage to the Tield coil.
-For a single turn coil of Imm radius, rhe maximum Z7z21¢ <8 ehotx 2wL,

implying a pulse current reduirement of zbour 100 amps peaai value for erasure.

7. Deflector Servo Control

-

A servo amplifier is used in the proposéé\model. This is shown in
Figure IV-5 with inputs from the decector amplifier and control electronics
through ajservo logic block. The storage procedure is assumed to be one Zn which
a clock bit is periodic:ily stored on each traek. This clock bit or pattern
would be used for both track positioning and timing. A gate Woula Le opened
between the amplifier and the servo amplifier ro apply the raw signal for
Zzedback control to z phase sensitive amplifier.

A block is also shown labeled step. It refers to a mechanism for
vositioning che focusing lens and field coii over the approvric . Sennd 0F
tracks., Positioning of chis kinq could be ceuleved with an acounicr of
300-500 microinches. Tre znalog servo defizacor '« ..l be raguirz=. to do the

final positioning.
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. ) 7
¥We have begun experimental workf.P% recording magnetic holograms on MnBi.
(13
The setup was described in Fig. IV-2, p. 29, in a pr vious report to NASA,
quarterly technical report no. 2. We shall first br =fly describe the quality

of the ruby laser used for wriie-in, then somc ~liminary resulis on coated

.MnBi films.

Experiment” Conditions

The ruby laser cavity has 2z near-concentric configuration§ an intracavity
e
cell filled with Vanadium PhthalocyPnine in nitroben%ene servesfithe passive
Q-switch., We have used cryﬁtocyanine in alcochol which gives bésically the
same‘result. The output pulse.duration car be varied from 25as to 50ns and
it contains about 7 millijoules. Ve can control the alignment to obtain a TEMOO
transverse mode, which is quite revroducible from shot to shot. The divergent
beam is made parallel to a diameter of sbout lmm by a lens of 20cm Zocal langth.
The output from the laser was attenuated by 0;804 solution ox oy micr:~
scope glass slides. In forming simple grating holograms, we have used anglces

- o o 0 . .
‘between the two beams of 207, 10 and 5 . The energy in the two beams have a ratio
of about 1:1, which gives a moduletion index of 100 vercent, but cherwmalization
decreases the modulation index considerably at ‘he end of the laser pulse. We

have not accurately determined the dependence of thermalization om zrating

angle pulse length and medium coating as yet.



2. Resulits on Coated Film

The protective coating on rhe glass-backed MnBi is a thin Jayer of 810,
The coating thickness is controlled to minimize reflection loss at 69433,
- - o -
The grating hologram work renorted . :I-w twas dame at 5 between the *wo

beams and vith a pulse dure ;o ol ¥0s i rirooize thermelizaticn of the

f
8l

grating. Dzpending on the beam power level =t the MnBi £ilc we
a four-zone hologram or a two-zone hologram or a good hologram. By good holq—
gram we mean the whole hologram consists of magnetically written grating lines.

A good hologram is shown in fig.fﬁﬁ“@The plcture was tzken by means of a
polarizing, transmission microscope, with X750 magnification. Recomstruction

by Ne-He laser always gives.only the Oth and the 11 order, suggesting a grating
with gray écale instead of a two level grating. As expeéted, the polarization

of the +1 orders are perpendicular to that of the 0th order. Diffraction
effici;ncy measurements will be carried out shortly:

+ In 2 two-zone hologram, the periphéry of the hologram is bounded by
magnetic;lly written érating lines while the center portion is totzlly
switcHed;ﬂshown in FigfI@Ti;To avoid che formation of the tetally switched
zone, it is imperative to caréfully control the laser power incident on the
film. Assuming that the spatial profile of the ruby beam dm the TEMBO mode
is éaussian, it can be easily shown that the bias temperature produced by the d.ec.
term of the two-beam interference is also Gauss%an. Where the Bias'temperature
exceeds the Curie point, total filux reversal will occur although the modulation
gnvelope—may extend below tﬁe Curie temperature. The reasoning is as follows.

X 20l
The time constant of thermalization for the grating is, according to Mezrichebx‘

2
T = d /4ﬁ2K



-

where d is grating spacing and K medii trzrmoconductivity., While che

rating is thermalizing, che whole hologram iz also decreasing in tempera—
(=] 23 [+ &

ture butat 2 much lower rare. Based on {1) one.expects that the thermal

decaj time constant for the overzll “ologram as com wenzd to that of the
gratirs Is on the order of D“ /d wacre D ds hologr . £i... fTrirefor.,
if the bias temperature is above the Curie point, the therral é ating di.o-

.

appaars long before the bias temperacure drops below rhe Curle polot, resu_ting
in total flux reversal.

We have also made holograms with four diétiﬁct : mes. The outermost reéion
consists of magnetically written grating lines, the next vegion totally switched,
the third regigq_has burnt-in grating lines and the fourth region totally hurnt.
Burnt—in cccurs when the 1oca1’LemperaLu re reaches beyond the dLSSOClat
temperature, 448°%¢ of MnBi. A hologram containing significant vortions of
burnt-in grating lines will produce higher oxders thanm +l oxders and the ~

diffraceion efficiency is also much higher as chzhzma discussed in the

previous quarterly revorc,
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V. Conclusion

A critigal evaluation of the feasibiliry of using MnBi thin films for
. ae . . . Caat0 L 12
2 spaceborne optical memory medium with capacity in the 107"-1p bit
© region has been performed curing ~his Che~year regses+ch effort. e have

identified mnany Important proper.y .z of _.,-- WlGeud @s if applies to such a2

memory. From ¢hig study we can concly
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intended applicarions, From the matexials study éffect we have measurag

énd Obtained all of the needed physical Properties ¢ the medium raelevant

to- the intended application. The Process of the tra sformation from the
quenched high temperature phase to low temperatyure phase was ident’fied and
.ethods for Stabilizing the quenched phase deduced and experimentaily evaluated,

Although positive Tesults have bean achieved, further .research effore is

<

needed in order to fully realize the advantage of MpBi in this quzi-ta 2hEs
On the other hand, MaBi ip its low.temperature phase was forag to be stabic
éven under adverse environmental conditions. This ig the materiai te considerad
in the'systems study. From the optical HMEemOTy experimental study we have
obtained and evaluated the optical memory characteristics of ¥nBi uging =

specially constructed optical memory exerciser, The writing, reading and

erasing boundary condirions were obtained and optimized through close coordina—

tion with the materials preparation effort., FEmphag

2

S was placed on the MnB1
stability and £ging characteristics, ﬁe have performed a repeated cycling
experinent of write—iead—erase—read for over ome wiilion cycles and Found no
chan_» :n the @aterial memory Properties. Further ~esearch effort ¢s the
religeq understanding of thé Physics of the Curie point writing st=..0 be
undercaken to yield a mathematical mode] of the Writing and eragins drocesz,

This will be an Indizpensibie tool for the System trade-offs study.

39



The results of the materials and optical memory study were fully applied

to the systems study. We have identified that, for 1e near future, MnBi

prepared in the normal phase, operating at a tempera ire above 180°C is most
suited for the intended application. For a completely inertialess system
the addressing systom requires Loam éeficctoxs and lenses unavailzible at
present. We thercfore suggest a rotating disc oooroach which uzas minimum
amount of mechenical motion. Such a systen witl o +Q9—10 bic . .meity

has been defined in derail and performance specification obtained. Based on
this study, wé are confident that an opti;al menory as defined zbove using

MnBi films can be constructed and will satisiy the requirement for 2 spaceborne

application.



APPENDIX A PUBLICATIONS

During this one-year period of contract, three papers were presented
at scientifiic meetings and one paper published on work related to this

investigation. These are listed 1n the following.

v

+4

fout

D. Chen, R. L. Aagard and 7. S. Liu, "Magneto-optic Prcarties
-

of Quenched Thin Films of MnBi and Oprical Memory Experénen‘s”;
paper presented at the Fifteenth Annual Conference on Magnetism
and Magnetic Materials, Philadelphia, Nov. 18-21, 1969,

2. R, L. Aaéard and F. M, Schmit, "Datection of Magneto-Optic
Signals from Curxie-Point Written Mangarnese Bismuth Films",
paper presented at the Spring Meeting of Optical Scciety of
America, April.1970. ‘

3. E. Bernal G., R. L. Aagaxd and D. Chen, "The Effecc éf che

%t -

Demzgnetizing Field on Curie—?dint Writing in Magneto-Opuic
Thin Films of MaBi", paper presented at the Imtermasnetic
Conference, April 2142%, 1970.

4. D. Chen and R. L. Aagard and T. S. Liu, "Mag eto-Optic Proverties

of Quenched Thin Films of MnBi and Opiical ¥ wmory Experiments"’,

J. Appl. Phys. 41 1395 (1970).



APPENDIX B, NEW TECHNOLOGY

There are two new technologies developed during this research work.
1. The use of demagnetized MnBi Film for optical MeHoTY .

In the past, MnBi films were always prepared wizh their magnetization saturated,

A laser written "1" bit and erased ' " LI' havi-c rignetization opposite to
each other, form the basis of binar; ‘nfor... .. x corten:., When 4e film <

prepared in the demagnetized state, laser ..zi. wWriting wich .a aspl-ozd fic..l
of p;sitive and negative orientation results ia 1" and "-1" bits, whereas
laser heat writing without a field erases a bit back to "Of or the demagnecized
state. This three-level writing technique increases the conteant From bin.m
to trinary. This scheme is poésible only when the bit dimension is much
larger then the minimum domain size. In MnBi film with . cron size it
dimensioq, this condition is satisfied, because the minimun domzin size is
egtimated to be less than 0.3 um, )

t 2. Partially damaged megnetic hologram
We have, in collaboration with Radiation Incorporated and t@e Universicy of
Michigan, performed a magnetic hologram experiment by two beam interference
using a MnBi film., The Curie-point written grating comsists of alternated
non-magnetic (damaged) ‘and magnetic (iaBi) stripes. This type of grating
can enhance tﬁe Kerr or Feradey rotation as observed at the first order

diffracted spoz.



1.

10.
-11,

REFERENCES

D. Chen, R. 1. Aagard, F. M. Schmit and T, g, Liu, "agn Investigation
of Optical Memory Techniques”, Quarterly Report No. 3, NASA-FRC
Coptract No. NAS 12*2194, March 23, 1970,

ibid Quarterly Report No., 1, Sep;ember 1959,

D. Cher ang R. L. Aagard, "Mamg Filmg: High-Temperaturé Phase

Pro erties ang Curie-Point Woiting Chara;teristics J. Appl, Phys. 41
P S ? %! ¥ HL,

2530 (1970).

D. Chen, R. L. Aasaxd and T. 8, Liu, "Magneto—&stic Properties of
g z I

Phys, 41, 1395 (1970).
A M. Stoffel, I+ W. Schneicer ang F. . Harrmang, "Hagnet s Firsr
Ordexr Phage Transition in MnAsg Films", IxEx MAG-6, 1970, (75 pe

published),

'Jﬁ M. Rarplus ang J. M. Luttinger, Phys. Rev._gé, 1154 (1954),

A, F, Andreson, W. Hilg, P, Fischer ang E. Stoli, Acca Chemica
Scardinavica,_gl, 1543—1554, 19467,

B. W. Roberts, Phys. Rev. 140, 607-616, 1956 a2lso G, E. Report o,
Ri;lllé, 19524,

R. R. Heikes, Phys. Rev,, 99, bb46~447 1955.

C. Guilland, J, Phys, Radium; 12 143, 223, 1951.

=1

W. Hume anc @, V. Raynon, "The Structure of Metal ang a7 oys",
4th Ed. The Institute of Metals, London, 1942,
C. P. Bean ang p, S. Rodbell, Phys. Rev. 126 104 (1962) ..

R. W. JeBlois and D. s. Rodbell, ?hys. Rev, 130 1347 (1963).

© D- Chen, R. L. sagara, 7. . Schait and T, 5, Liy, "An Investigation

of Optical Memory Technicues™, Quarterly Report ¥o. 2, NASA-ZRC

Contrant No. NAg 12-2194, Dec, 1969,



15,

16.

18,
19.
20.

21.

22.
23.
2.40
.250
26.

27.

28.

W. A, Schurecliff, Polarized Light, Harvard Univ. Press (1962).

S. P, Newberry, Problems of Microspace Information Storage, Proc. 4th

Symposium on Electron Beam Technology.

L. Mayer, Magnetic Writing with an Electron Beam, J. Appl. Phys. 29,
1454 (1958). |

Miyauchi Sakae, et.al., Automatic Ratiern Posivioning of Scanning
i

Electron Beam Exposure, IEEE Trans. ED-17, 450 (1970).

M. S5, Cohén, Feasibility of Lorentz Readout of a High-Density Fast

Magnetic Memory, IEEE MAG-4, 639 (1968).

R. 8. Mezrich, Curie-Point Writing of Magnetic Holograms on ¥MoBi,
Appl. Phys. Lett., 14, 132 (1969).

E. N. Leith and J. Upatnicks, J. Opt. Soc. Am. 52, 1123 {(1962).

B. W. Roberts and C. P. Bean, Large Magnetic Kerr Rotation in SiMn
Alloy, FPhys. Rev. 96, 1494 (1954).

v

R, L. Aagard and D. Chen, et.al., Optical Mass Memory Experizents
on Thin Films of MnBi, IEEE Trans. MAG-4 , 412 (1968).

Technical Aids in Operating EGS&G Flash Lamps.
A. F, Andresen, W. Halg, P. Fisher and E. Stoll, "The Magne:lz and

Crystallographic Properties of ManBi Studied by Neucron Diffraction",

Acta. Chemica Scandinaviea 21, 1543 (1967).

Spectra Physiecs Model 125 data sheet,

W. B. Bridges and W. P. Kolb, A Space Qualified HeNe.Laéef, “:2Z. on
Laser Eng. and Appl, #17.7, (1969).

E. R. Peck, Electricity and Magnetism, McGraw-Hill (1953).



