AD/A-002 276

ELECTRO-OPTICS vs. MAGNETO-OPTICS:
POWER CONSIDERATIONS

A. R. Reisinger, et al

IBM Thomas ]J. Watson Rescarch Center

Prepared for:
Office of Naval Research

Advanced Research Projects Agency

November 1974

DISTRIBUTED BY:

National Technical Information Service
U. S. DEPARTMENT OF COMMERCE




ELECTRO-OPTICS VS. MAGNETO-OPTICS: POWER CONS | DERAT | ONS

FINAL TECHNICAL REPORT
(January 15, 1973 = June 30, 1974)

November, 1974

by

A. R. Reisinger
C. 5. Powell

5. C. Tseng (principal investigator)

1

Prepared under Contract N00014-73;0256

Sponsored by
Advanced Research Projects Agency

ARPA Order No. 2327

Program Code No. 6514

Amount - $49,578.00
99,000.00

$148,578.00

by

I1BM Corporation

Thomas J. Watson Research Center
P. 0. Box 218

Yorktown Heights, New York 10598

)



Unclassified 2 éz 2
Secunty Classification 4 = 0 476

DOCUMENT CONTROL DATA-R& D

(Security classilication ol ttle, body of abatract and indesing anniotalion pust be sntered when the ovarall repoet is classtlied)
! ORIGINATING ACTivITy (Corporate author) l2e. wEFORT SECURITY CLASSIFICATION
IBM Thomas J. Watson Research Center Unclassified
Pz 0, Box 218 2b. GHOuP

Yorktown Heights, N. Y. 10598

I REPORY TiT( E

ELECTRO-OPTICS VS. MAGNETO-OPTICS: POWER CONSIDERATIONS

4 DESCHIPYIIVE NOTES Type ol report and inclusive Jates)

e -
S AUTRARSI (First name, middls tnitial, last name)

A. R. Reisinger
C. G. Powell
5. C. Tseng (principal investigator)

¢ REPORT Ds TE 78, TOTAL NO OF PAGES 5. NO OF REFS
November, 1974 23
68 CONTRACT OR GRANT NO P2, ORIGINATOR'S REFPORY NUMBERIS)

NO0014-73C-0256

b. PROJECT NO

9b. OTHEN REPORT NOIS) (Any othar numbars that may ba sssignad
thta raport)

10 DISTRIBUTION STATEMENT

Approved for public release, ¢.stribution unlimited

19 SUPPLEMENTARY NOTFS 12. SPONSORING MILITARY ACTIVIT Y

Advanced Research Projects Agency
ARPA Order No. 2327

13 ABSTRACTY

Conventional calculations of the power per unit bandwidth, based on the
evaluation of the energy stored In the active crystal, indicate that
magneto-optic modulators might be more attractive than their electro-
optic counterparts. However, these calculations do not take into account
the dynamical response of an assembly of spins placed in a magnetic
field. Whether magnetization reversal takes place by coherent rotation
or domain wall motion, the switching time decreases with increasing
modulating field amplitude. This behavior is expected on a theoretlcal
basis and i. well confirmed by experiments. As a corollary, the
bandwidth of a m-o device can be pushed upwards only at the cost of
increasing power consumptlon. With presently available films, the
power requirements are such that magneto-optics does not appear to be
competitive with electro-optics for the construction of wideband, low
power, integrated optical modulators.

Reproduced by

NATIONAL TECHNICAL
INFORMATION SERVICE

US Department of Commerce
Springlield, VA, 22131

DD "2™.1473 /

—Unclassi€iay

e Classtlicatson




Unclassified

Secunty Classilication

Magneto-optics

Optical VWaveguides
Hodulation
Magnetization Switching
Bandwidth

Power requirements

= _uqslqﬁs&fieq




TABLE OF CONTENTS

INTRODUCT 10w

ELECRO-OPTICS VS, HAGNETO-0PTICS ;

1.1 Electro-optics
1.2 MHagneto-optics
1.3 Discussion

DYNAMICS OF MAGNET|ZATON REVERSAL

2.1 Coherent Rotation in a Single-Domain Sphere
2.2 Coherent Rotation in a Thin Film with In-Plane

Hagnetization
2.3 Dynamics of Wall Motion

EXPERIMENTS IN Gd _Y Ga'Feqo

5 2.5

3.1 Summary of Earlier Results
3.1.1 Garnet Waveguides
3.1.2 Mode Conversion Experiments
3.1.3 Domain Structure
3.1.4 Resonant Oscillations of the Magnetization
3.1.5 Optical Switching Speed
3.2 Recent Results
3.2.1 Current Driven Permal loy
3.2.2 Meander Line
3.2.3 Switching Mechanism

CONCLUSIONS
APPENDIX A
APPENDIX B
APPENDIX C
REFERENCES

FINANC IAL STATEMENT

12

/7

POWER CONSIDERATIONS

3

27




|
| INTRODUCT i ON

The Faraday effect has been recognized for some time as a potentially
suitable scheme of light modulation at infrared wavelengths'. Early
experiments involved modulation at the resonance frequency of crystals
.iased in a strong DC magnetic field2'3. These types of devices have
a very narrow bandwidth Inherent to a resonance phenomenon and also
produce low modulation depth.

More recentiy, attempts have been made to use magneto-optlc thin
films as base-band integrated optical modulatorsh’s. The purpose of
this report is to evaluate the performance of such thin film devices,
particularly wlth regard to the power per unit bandwidth, and determine
to what extent they could compete with electro-optic modulators.

In Section |, the power per unit bandwldth for typical e-o and m-o
modulators is compared. The derlvation is based on the evaluation of the
time-averaged energy stored in the active crystal. Under the conventional
assumption that the physical mechanism responsible for modulatlon is fast
enough for the bandwidth to be determined by the driving clrcuit only, we

find that magneto-optics would compare favorably with electro-optics in j

terms of power per unit bandwldth (2.5 uW/MHz as against 175 LW/MHz,

for crystals of length | cm and crocs section area 100 uz).
In Section |1, the dyr-mical characteristlcs of spin rotatlon and

domain wall displacement are reviewed. The result of fundamenta)

importance to us is that the switchlng time in a magneto-optlc medium

decreas s with incrreasing drlving “ield. Consequently, at a given level
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of field amplitude, the dynamicai response of the device may weli be
imposed by the material itself, rather than by the driving circuit, there-
by raising the power per unit bandwidth.

In Section {11, our previous experiments are briefly summarized and
our recent results presented. Our data confirm the fact that the band-
width of our devices depends very strongly on the amplitude of the
switching field. The dependence of switching time on driving field in
our garnet samples is found to be very similar to that observed by other
workers in ferromagnetic thin films,

Our conclusions are summarized in Section IV. Thc dynamics of the
switching process plays a vital role in the evaiuation of the performance
of a base-band m-o modulator. While it is always possible to approach
the bandwidth of the driving circuit itself, this can be accomp!lished
only at the cost of an increasing power consumption. From this standpoint,
a fast rise-time circuit is not necessarily advantageous if it requires
a large current to generate the required magnetic field. Using a meander
line producing about 10 Amp/Oe and of induction 0.16 uH, the power per
unit bandwidth of our devices is estimated to be 500 mW/MHz, From the data
put lished by Tien et alh we infer a somewhat better figure of 85 mW/MHz.

On the basis of these figures, magneto-optics does not appear to be
competitive with electro-optics for wideband, iow-power, integrated opticai
moduiators, The applications of magneto-optics seems to be iimited to static
hinh efficiency mode converters and related devices such as non-reciprocal

isolators, gyrators, and optical digitai to analog converters,




ELECTRO-OPTICS VS. MAGNETO-OPTICS: POWER CONSIDERATIONS

Speed and driving power are two parameters of utmost importance in
the evaluation of the performance of an integrated optical modulator.
In this section, electro-optics and magneto-optics are compared on the
basis of power per unit bandwidth, for which general expressions are
derived.

1.1 Electro-optics

This scheme of modulation relies on the induced birefringence
caused by the application of an electric field In the appropriate
direction by means of electrodes as schematically illustrated In Fig. l-a.
We start by noting that the crystal is polarized by ths applied electric
field, causing energy to be stored in it. This energy has the

well known form:
] % ] 2
N--Z—IB.E dt = 5 €_ € [E]€ = (1)

where €, is the relative dlelectric permittivity, € the dielectric
constant of vacuum (co = 1/367 x 109 fa.ad/m), E the magnitude of the
electric field and t the volume of the crystal. For simplicity, eq. (1)
ignores the fact that the dielectric properties of the crystal are
tensorial rather than scalar.

Upon app!ication of an electric field (here in a transverse direc-
tion) the crystal develops two orthogonal directions ox' and oy' (see

fig. 1-a) as optical principal axes. Two waves of wavevector k° that




are linearly polarized parallel to these directions will emerge, after

traversing the crystal with a relative phase lag ¢:

where £ Is the length of the crystal. The eleciro-optic effect is
usually written explicitly in the form:

3
|en] = %— ¥ E (3)

where r is the so-called electro-optic coefficient relating the magnitude
of the birefringence to the applied electric field and n is the refractive
index of the crystil, From Eq. (2) and (3) one obrains an expression

for the electric field:

e = () 2 1 (4)
o n'r

which can be substituted in Eq. (1) to yield the time average RF energy

W= W2

(5)

where w and d are the width and the thickness respectively, of the device.

The modulating electric field is applied by means of an electrical




clrcuit schematically shown in Fig. 1-b where Rg represents the generator's
output impedance, C is the capacitance of the modulating electrodes and

R a matching ioad in paratlel. This electrical circuit can be characterized
by a bandwidth Af., It is shown in Appendix A that at the cutoff frequency
Af, the average energy stored in the electro-optic material is related

to the power supplied by the RF generator through the relation:
P =21 AF W (6)

Combining Eqs. (5) and (6) and taking ¢ = = for 100% modulation, we

obtain for the power per unit bandwidth:

P 7 “rfoqy .2 wd

77 [.TF?] A () (7)
In £q. (7), Ao is the vacuum wavelength of the light to be modulated.
[ereo/n6r2] is homogeneous to an energy density and can be construed as
a figure of merit of the electro-optical material, vhile the factor
(wd/2) depends on the geometry of the device. Notice that the apparent
wavelength dependence in Eq. (7) is Ai. However, the geometrical factor
has been shown to be proportional to Ao.6 Crudely, it means that one of
the lateral dimensions of the crystal must be at least as large as one
wavelength. Therefore, the power per unit bandwidth goes as Xg. As a
numerical example, let us use an average electro-optical material

=12 -10

characterized by €. ~ 50 and n3 ~ 100x10 10 m/volt, cut into a

r




rectangle of dimensions d = 5 y, w=20pand L = 1 cm. At a wavelength

A, = 0.5 u, Eq. (7) gives:
(P/af) ~ 0.i175 mW/MHz (8)

1.2 Magneto-optics

An expression for the power per unit bandwidth can be obtained using
a very similar procedure. The energy stored in the magneto-optical

material is:
T (9)

where M is the relative magnetic permittivity, e * hnx10-7 Henry/m
is the permittivity of vacuum, IHI is the magnetic field intensity and
T the volume of the crystal.

The magneto-optical interaction of interest to us is the Faraday
effect, which arises when the magnetic field is applied along the
direction of propagation of light as illustrated in Fig. 2-a, We con-
sider a crystal cut in the shape of an elongated rod of radius a and
length 2. A circular birefringence is established in the crystal. The
normal modes are two opposit . circularly polarized waves which propagate
with different phase velocities, resulting in an effective rotation of

the plane of polarization of a linearly polarized incident light. The

circular birefringence (n+ - n_) Implies a relative phase lag ¢ of the




two normal modes after traversing a length £ of the crystal;

¢ = ko (n+-n_) L (10)

This circular birefringence is to be paralleled with the linear birefringence
caused by the electro-optic effect.
For DIAMAGNETIC AND PARAMAGNETIC materials, there exists a linear

relation between applied magnetic field and circular birefringence:

V H (1)

where V Is the so-called Verdet constant. The optical rotary power Is
defined by o« = VHL. From Eqs. (10) and (11) we get an expression for the

magnetic field:

"3 .

2V (12)

o) —

which can be substituted back into Eq. (9) to obtain an average RF energy

stored W = W/2.

M U 2
Wiz et 6% () (13)

As in the electro-optic case, we take ¢ = m for maximum modulation and

obtain a power per unit bandwidth;
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) 1 (14)
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Comparing Eqs. (14) anu (7), we notice first that the expllclt wevelength
dependence is not the same. However, the Verdet constant decreases with
Increasing AOZ roughly as I/Ao, which restores approximately the original
dependence for the power. In order to perhaps enhance the similarlty
between magneto-optics and electro-optics, one might want to rewrl :e

Eq. (14) in the form:

3 wu 2
e 2] () (15)
o

where the quantity In brackets [uruo/Az V2] is now homogeneous to our
energy density.

For an order of magnitude calculation, let us take a typical value
of the Verdet constant of 0.02 min/Gauss-cm or 8x|0-6 rad/Amp.7 For a
para or diamagnetlc material, one can take e v 1. For the sake of
comparlson, let the cross section naz be equal to that of our previous
electro-optic crystal (wxh = 100 uz).

Under these conditlions, Eq. (15) gives a rather staggering (P/8f) ~
0.8 kW/MHz.

For FERRO or FERRIMAGNETIC materials such as our fllms, however,
the numbers are quite different. Because of saturation and hysteresis
effects, a slmple linear relation such as Eq. (11), strictly speaking,

does not exist. In spite of these compllcations, the problem can be
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linearized as a first approximation by noting that our magneto-optic

films can be saturated with an applied DC magnetic field of about HC =
1 Oe. When saturated, our films have an optical rotary power of the

order of (n/2) rad/cm? This enables us to define an effective Verdet

' cons tant Veff:

a H 2

= Veff G

Using the numbers quoted above, Eq. (16) gives:

T p———

r V,ee = 5x103 min/0e/cm (17)

compared to ZxIO-2 min/Oe/cm In a typical paramagnetic material, a

gain of Z.SxIOS. Our films have a 4mM of 2CO Gauss, giving an initial

permeability of b, = 200. With these numbers, Eq, (14) gives:

(P/Af) ~ 2.5 uW/MHz (18)

which compares favorably with the 175 uW/MHz which we estimated for the

electro-optic case (factor of ~ 70).

1.3 Discussion

It should be emphasized that the above derivations rely on a

number of simpli€ying assumptions.

(i) It is assumed that there is no loss mechatism other than the
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dissipation of power in the matching load.

(ii) At no point was any presumption made concerning the dynam'cs
of the modulating process. Specificaily, the bandwidth is determined by
the driving circuitry and not by any possible frequency limitation of
the actual physicai mechanism taking place inside the crystals.,

(iii) The driving circuit is assumed to be designed so as to act

with maximum efficiency on the material. In the electro-optics case,

for example, it means that the electrodes are denosited directly against

the top and bottom surfaces of the crystal., Should they be separated

by a iarger distance, the voitage necessary to achieve the required

eiectric fieid would have to go up, increasing the power consumption.
(iv) The figures quoted above could be somewhat misiead!ng in the

sense that the power per unit bandwidth is really a figure of merit

which does not reveal a complete picture of the performance of a given

device. This point is perhaps best ciarified by approaching the problem

from a slightly different angle,
Consider the electro-optics case first, illustrated in Fig. 1.

The power dissipated in the load is given by:

J'.'ll<

(19)

The voltage is such that the required electric field Is established in

the electro-optic crystal. With the help of Eq. (4) we obtain:




V=Eds —

=]a.

(20)

-1
With the numbers Lsed previously (Ao =0.5y, PR 50, n3r = |0 ' m/v,

we=20yu,d=5uand 2 =1cm EG. (20) yields V = 2.5 volts, which
gives a power dissipation PR =62.5m. in a 50-0 terminating load. The
bandwidth of the circuit is

&f = (ne)”! (21)
with the capacitance given by

C = €o€, wi/d (22)

Thus, Af = 357 MHz. Dividing PR by Af gives the power per unit band-
width which can be construed as a figure of merit of the device encompas~
sing material properties of the crystal as well as circuit design para-
meters. In the present example, the result is 175 uW/MHz, the same
figure we arrived at directly in a previous section. In fact Eqs. (19) -
(22) lead directly to the expression for the power per bandwidth as

written in Eq. (7).

Similarly for magneto-optics, and with reference to Fig. 2, the

power dissipation is:
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R (23)

Assume that the magnetic field is applied by means of a solenoid made

of N turns and length & tightly wound around a magneto-optic rod of radius
a. The solenoid produces a magnetic field of intensity H = Ni/% while

its inductance is L = uouer(uaz)/Q. We use the foilowing parameters:

ma? = 100 w%, & = 1 cm, u_= 200, y_ = hn 1077 Henry/m and N = 10. With
these numbers, the current requirement is 80 mA, giving a power consumption
PR = 160 mW in a 50-0 matching load. The inductance is calculated to

be 0.25 nH giving a bandwidth Af = 64 GHz. Again, dividing P, by Af

R
yields our previous resuit of 2.5 uw,/MHz for the power per unit bandwidth.
The expression for PR/Af is easily obtained in explicit form. From

Eq. (12), the magnetic field required for 100% modulation is H = n/2V&.

The current necessary to create this magnetic field is | = n/2NV, giving a

power consumption:
P = (n2R) /8N V2 (24)

The bandwidth is:

af = Re/ln w u N2 (na?)] (25)

Indeed, dividing Eq. (24) by Eq. (25) gives exactly the result obtained

in Eq. (14).




Table | summarizes our comparison of electro-oftics and magneto-
optics using our somewhat idealized parameters. On the basis of Table |
magneto-optics appears to be a promising scheme for light modulation,
particularly in the infrared where the power requirement for an electro-
optic modulator increases.

A few observations should be made at this point. Notice first
that in our analysis of magneto-optical modulation, although the actual
power requirement exceeds that of the electro-optical device, it is
the very large bandwidth of the driving circuit (due in this particular
example to the very small cross section of the solenoid) which gives
such an appealing figure for the power per unit bandwidth. It should
also be stressed that the production of magnetic field offers more
latitude with regard to circuit design than for an electric field. In
the case of a solenoid, for example, the number of turns N is an additional
parameter which has no counterpart in a capacitance. Note that if N is
increased by a factor of 10, the power dissipation is reduced by 100, but so
is the bandwidth, leaving the power per unit bandwidth unchanged.,

In a practical thin film magneto-optical modulator, the necessity

to periodicaily reverse the magnetic field makes it questionable whether

a coil can be used. Pappert and Taylop have recently ana'yzed the

conventional meander line as first introduced by Tienﬁ For a periodicity
of 2.4 mm, they calculate the inductance of the meander line to be 0.03 uH
which corresponds to a bandwidth Af = 500 MHz for the lumped circuit of

Fig. 2-b. They also calculate that a field of ~ 2 Oe is generated at the
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site of the film per Ampere in the meander line. Henc~, If | Qe is
required for switching, a current of 500 mA is needed, giving a power
dissipation P = 6.25 watts in a 50-ohm matching load. The power per
unit bandwidth is then 12.5 mW/MHz. This figure is in good agreement
with the estimate of 5 mW/MHz arrived at by Pappert and Taylor with

8

a more refined calculation.

I'l. DYNAMICS OF MAGNETIZATION REVERSAL

Several mechanisms can be responsible for the reversal of the
magnetization in a magneto-optical material. Among the best understood
processes are coherent spin rotation, which results from the torque
experienced by a magnetic moment under the influence of an applied mag-
netic field, and domain wall motion, where a region magnetized along the
direction of the applied field grows at the expense of other regions
magnetized in less favorable orientations.

2.1 (Coherent Rotation in a Single-Domain Sphere

. . . > . +
Upon application of a magnetic field H, a magnetization M experiences
- . .
a torque f=Hx8. The equation of motion expresses the property that
the torque must be equal to the rate of change of the angular momentum.
The angular momentum a and the magnetic moment M are related via the

gyromagnetic ratioy = - 1.76 x 10’ sec-I Oe-I:

=y g (26)

% el

e




The solution of Eq. (27) is the well-known precession of the

magnetization around the applied field at an angular frequency w given

by:

w = |Y| H (20)

which corresponds to a precession frequency of:

f(MHz) = 2.8 H (0Oe)

It is remarkable that Eq. (28) does not allow for the magnetization to

ever align itself with the applied field contrary to experimental observation.
The reason is the absence of a damping term. Such a term was first intro-

duced by Landau and Lifshitz in the following form:9

g_':.-Y(ﬁxm-%'ﬁx(ﬁxﬁ) (29)
M

where M represents the magnitude |ﬁ| of the magnetization., The damping

term is proportional to a torque acting to tilt M toward ﬁ, while the 1
- - . - - .

other torque F=MxHstill causes M to precess around H. Notice that

the magnetic field entering Eq. (29) is, strictly speaking, the total

field which is made up of the sum of the applied field ﬁaand the demag-
netizing field ﬁd’ which is ﬁd = - (4n/3) M for a sphere. Since the
demagnetizing field is collinear with ﬁ, it exerts no torque on the

magnetization and can, therefore, be ignored in the equation of motion. |

T T o v S T A T T O T R e T T e L T T e R e P R
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it has been argued that the Landau-Lifshitz equation (29) suffers
from shortcomings related to the unrealistic choice of two coefficients
y and ) that arc independent: physically one would expect the viscosity
of the medium to affect the prececs.on as well as the rate of approach
to K. The fact that ¢M/dt in.reases with the damping cocfficient A
is another unsatisfactory feature of equation (29).

io0
Gilbert proposed another ;henomenological equation of motion:

[« %
v

(30)

=
~
[]
]
<
=i
x
i
+
}
o~
=y
x
S

; : . =1 ; .
where a is dimensionless (A was expressed in sec ). As derived in

Appendix B, Eq. (30) can be transformed into:

- ! t

dM -y A ay M M« B
S (M xH) - =X [fx (HxHI] (31)
L (1+a%) M

The modified Gilbert equation (31) is identical in structure to the

Landau-Lifshitz equation (29) with the following equivalence:

a =Xy M (32)

For large damping coefficients A, Eq. (31) gives the physically meaning-
ful result that both the precession frequency and the rate of approach

to H slow down. [t is obvious from Eqs. (29), (30) or (31) that the

scalar procuct n. (dﬁ/dt) is identically zero, indicating that the




magnitude M of the magnetization Is a constant of the motion. It is
'n that sense that the phenomenon under consiceration Is a coherent
rotation of all the individual spins.

As derived in Appendix C, the solution of the Gilbert equation
cerresponds to the magnetization''zeroing in'" on the direction of the
appiied fieid while precessing around the applied fieid with a frequency
depending on the damping coefficient. The time constant describing the

rate of approach toward H is shown to be:

1= (] + az)/a vy H (33)

I't is noteworthy that this time constant decreases with increasing
amplitude of the applied field. Observe in Eq. (33) that the time
constant t also depends on the danping coefficient a. When a = 8, T &,
meaning that the magnetization precesses indefinitely around the magnetic
field with no tendency to align itself with it. For large a, it takes

a very long time for the magnetization to overcome the viscosity of the
magnetic medium and approach the field. Ciearly, there is an optimum
situation between these two extremes corresponding to a minimum time
constant. This optimum, known as critical damping, is obtained by
differentiating t with respect to a in Eq. (33) and settingdth a = 0.
Critical damping occurs when a = |, while underdamped and overdamped

motion corresponds to a <1 and a > |, respectively. At critical damping:

L 2/y H (34)
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Using vy = 1,76 x 107 sec-] Qe ], and assuming that a field of | Qe can
switch the magneto-optic crystal, £q. (34) gives a minimum rise time of
v 100 nsec,

Recall that in the derivation of the power per unit bandwidth of
a magneto-optical modulator, as outlined in Sect.on 1.2, it was assumed
that the bandwidth was determined by the driving circuit, and not by
the medium itself. In view of the calcuiation just completed above, it is
ea:, to see that such an assumption may be quite unrealistic in actual
cases,

2.2 Coherent Rotation in a Thin Film with In-Plane Magnetization

The treatment of a sphere was particularly simple because it was
assumed that the medium was magnetically isotropic, non-magnetostrictive,
and we showed that the demagnetizing field played no role. In the
case of a pianar thin film with an in-plane magretic easy axis, these
assumptions are not justified,

The dynamical equations are obtained very simply by noting that
in the isotropic case the torque T is related to the energy W by the

expression:

where O is the angle between field and magnetization. By extension,
when the energy depends on more than one spherical coordinate, the torque

is given by:

oW +» | W

-
I' =




>
where the unit vectors T¢ and lR are illustrated in Fig. 3, In the

coordinate system (T¢, TO’ Tr)’ the components of the magnetization are

(0, 0, M), those of di/dt are (M sino de/dt, M do/dt, 0), and those of

M x di/dt are (- Mzdo/dt, w2 sin0 d¢/dt, 0).

These expressions can be substituted in the Gilbert equation written

in the following form:

di dM
a -5
'd‘t— Y ? + ﬁ (M X d—t-)

With the help of Eq. (35), a system of two coupled simultaneous differential

equations is obtained:

[ sinp 92 ..y M _  do .
sino o - 3% o I (36-a)
<
do _ y I oW o de A
F i M _Tsin 3-(; + a sind dt (36 b)
3

which can be solved for d¢/dt and do/dt:

f 2, do i oW W
) F=0 lome 55 - 5] (37-2)
[
2 do _ _ MW . a oW :
* (14a”) slno T %‘ [3-0_+ SThO —¢ ] (37-b)

As an example, take the case of the single domain sphere considered above,

with an applied field along the z axis. The energy is given by:

W = - MH cosO + isotropic demagnetizing energy.




Equations (37) reduce to:

..d_g. = - QYH sin0 anc g_lﬂ = —.Y_li—
dt 2 dt 2
1+a 1 +a

which agree with the results derived directly in Appendix C.
Consider now a thin film in the x-y plane. The film is assumed
to have a magnetic easy axis along the x-direction. With the switchirg

field applied along this direction, the energy is given by:
s x 2 2
W(0,y) =K sin“¢ - HM sinO cos¢p + 2mM cos” 0 (38)

In the right hand side of Eq. (38), the first term represents the uniaxial
anisotropy due to the existence of the easy axis along the x~direction,
the second is the magnetic energy associated with the switching field H
applied longitudinally (i.e., along the easy axis), and the last term
corresponds to the demagnetizing energy which arises when the magnetization
is 1ifted out of the plane of the film.

The system of Eqs. (37) cannot be solved analytically except at the
cost of approximations. The crucial argument is that the demacnetizing
field is so strong - due to a large LknM - that it forbids large excursions
of the magnetization vector out of the plane of the film. It is, there-
fore, convenient to introduce an angle y = (1/2) - 0 which remains small.
Eqs. (37) can be rewritten in terms of the angles ¢ and ¥ and in the

approximation of small damping (az << 1):




with W (¢, ¥) giv.n by:

W=K sin2¢ - HMcosy cos¢ + Zan sinzw (40)

a is assumed small enough so that in Eq. (39-b) the second term in the
bracket can be neglected. This is not too stringent a condition since
dW/3y contains the demagnetizing field which is much stronger than either
the applied or the anisotropy field. Thus Eq. (39-b) can be approximated

by its undamped form:

8 L N

dt M oy (41)
which can be differentiated with respect to time:

2 2

dt W ot

Substitution of Eqs. (39-a) and (41) into (42) leads to a second-
order differential equation in ¢. Using the relation SZW/awz g_han
obtained from Eq. (40), the result is:

2 2

+ byl G2 ox any BoL (43)

d
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Recalling that a was defined as a = A/yM, Eq. (43) is identical to

that derived by Smith.‘I The partial derivative aW/3¢ has the form:

W =M (H, cos¢ + H) sing (44)
= K
a9

where HK = 2K/M is the effective anisotropy field. In the approximation

of small angle ¢, sind ~ ¢ and Eq. (43) can be linearized:

4

2
s ® bayM (HK+H) ¢ =0

+ LnyaM

The solution corresponds to oscillations of frequency w such that;

2 2

L (HK+H) - (ayM)

(w/Zn)2 =y

These oscillations decay with a time constant t:

T = (21ryon)—I (47)

The motion can be understood as follows. The field applied along
the easy a:is exerts at first a torque that tends to lift the magnetization
out of the film's plane. This process creates a demagnetizing field
normal to the film which, in turn, causes an in-plane rotation of the
magnetization. The switching time cen be estimated by neglecting the

oscillato, term in the dynamical equation, which then reduces to:




H
+ YH [ﬁﬁ- cos$ + 1] sing = 0 (48)

- &

T

This corresponds to the so-called viscous flow approximation as discussed

by Smith]' Eq. (48) enables us to define a time constant T

a A
1o S e A (49)
s vH YZHH

As a numerical example, using 4nM = 200 Gauss, A = 20 MHz (thls
order of magnitude will be justified later) and H = | Oe, we get L 4 nsec.
Notlce again in Eq. (24) that the switching time decreases with increasing
fleld as well as increasing huM,

2.3 Dynamics of Wall Motion

Consider a Bloch wall between two regions of antiparallel magneti-
zation, as illustrated in Fig. 4-a. It is assumed that the wall energy
W, is some function of the position s such as the one shown In Fig. 4-b.
That ww should depend on s is attributed to the fact that domain walls
are influenced by impurities, dislocations, and other irregularities
which have a certain spatial distribution throughout a crystal. Upon
appllcatlon of a magnetic field H in the +z dlrection, the reglon of
parallel magnetization grows at the expense of the other one, pushing the
wall by a distance s, since this leads to a lowering of the magnetostatic
energy WH by an amount:

WH = -2MH s (50)
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per unit area of the wall. The factor of 2 comes ahout because the
magnetization is reversed by 2xM. The wall moves to a new equilibrium
position which minimizes the total energy ww +\ .. This occurs where

H

LY (51)
With increasing field, the wall moves further out until it reaches the
position s, corresponding to the inflection point of ww(s). With a small
additional field, the equilibrium condition (51) can no longer be satis-
field in the vicinity of s, and the wall suddenly moves to the position
Sy where Eq. (51) can again be verified. This discontinuity is usually
referred to as a Barkhausen jump. It is irreversible in the sense that
upon removal of the field, the wall does not come back to its original
position.

The entire sample will become uniformly magnetized. The field is
strong enough to overcome the largest gradient éﬁu Thus. one defines

as

a coercive field Hc:

| ow
He = =5 (55T hax (52)

By contrast, if magnetization reversal takes place by coherent rotation,

the coercive field would be eaqual to the anisotropy field HK'

In view of the above, a domain wall executing small reversible

displacements can be assimilated to a harmonic oscillator in a potential
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12
wall described by Fig., 4-b. The equation of motion is;
dzs ds
m —> + B—= + ks=2MH (53)
W dt2 dt

wheremw is the effective mass per unit area of the wall, g, a damping

coefficient, and k describes the restoring force. For a wall other than

Bloch~type, the numerical coefficient appearing on the right hand side
of Eq. (53) might be different, but the basic dynamical behavior remains
the same.

For large irreversible displacements under the influence of a field
H > Hc, One can write an approximate equation of motion by neglecting the

effective mass "L:

B-—=2M(H~Hc) (54)

Eq. (54) amounts to considering the crystal simply as a viscous medium.

The motion of a wall is characterized by a time constant t:

T T (55)

while the actual switching time depends on the distance over which the
wall has to move.

Domain wall motion can be thought of as rotation of the magnetization
within the wall, creating a disturbance which propagates down the

crystal. Because of the 'sequential'! nature of the process, magnetization

A i e e e S S S
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reversal by domain wall motion is expected to be slower than by coherent
rotation over the entire sample.

Therefore, the performance of a thin film magneio-optic modulator
will be determined largely by the type of physical mechanism that is
responsible for the switching.

EXPERIMENTS IN Gd.SYZ.SGaIFehOIZ WAVEGUIDES

Our experimental work was divided along the following lines, listed
in chronological order:

- Waveguiding properties on garnet thin films.

- TE -~ TM mode conversion experiments.

- Domain structure of the films.

- Electromagnetic sensing of resonant oscillations of the magneti-

zation,

- Optical switching speed.

3.1 Summary of Earlier Results

3.1. 1 Garnet Waveguides:

Thin films of (Gd.SYZ.SGaIFeh)OIZ grown by liquid phase epitaxy on
[111] gadolinium gallium garnet disks at our laboratory were found to be
suitable for waveguiding at a wavelength of 1.15 um. Thicknesses ranged
from 5 to 10 um and the refractive index was typically 2.14. The attenu-
ation coefficient, due primarily to absorption by impurities, was measured
to be about 7 dB/cm. Some magnetic properties were also measured. The
films had a brM of 200 to 250 Gauss, a coercive field from 0.5 to 1 Oe
and an in-plane anisotropy field in the range of 3 to 6 Oe.]3

3.1.2 Mode Conversion Experiments:

Efficient TE > TM mode conversion was observed in these films by
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spatially periodic reversal of the in-plane magnetizatlon in order to
compensate for the phase mismatch between TE and TM modes. This was
accomplished by means of either (i) a conventional electrical meander
line or (ii) a novel scheme involving a magnetized periodic Permalloy
structure in close vicinity of the film. Ouring the course of these
experiments, we determined that the optical rotary power of our films
ranged from 100 tc 150 deg/cm, making complete conversion possible over
an interaction length of ~ | cm.lq
3.1.3 Domain Structure;
When examined between crossed analyzer and polarizer, our films
display a stripe pattern of low, but nonetheless, observable contrast.
This indicates that the magnetization Is not completely in-plane, and
that at low field, the films tend to break up into domains. The field
intensity required to annihilate these domains is a function of
orientation and reveals the three-fold symmetry of the [111] plane
of the film, Furthermore, we showed how the domain pattern ls influenced
by the periodic Permalloy structure and how it directly correlates with
the observed converslon efficiency.IS
3.1.4 Resonant Oscillations of the Magnetization:
By electromagnetic sensing via a balanced half-turn pick-up loop,
free oscillations of the magnetizatlon, of the type discussed in Section
2.2, were observed, ranging in frequency from 200 to 900 MHz depending

on bias magnitude and direction.l6
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These oscillations were also present when the samples were driven at RF
frequencies. They typically decayed over a period of about 1Q nsec,
giving a damping coefficient A = 18 MHz. This agrees well with figures
of between 5 and 20 MHz quoted by Tien in hir films.‘7
3.1.5 Optical Switching Speed:
Samples were placed inside strip lines in which current pulses
were launched. |t was found that the speed of the optical response
depended very strongly on the amplitude of the switching field. For a
sample Influenced by a periodic Permalloy structure, the optical rise
time decreased from 10 usec to 6Q nsec as the magnetic field pulse went
from 0.5 Oe to 5 Oc. We offered evidence that this behavior was not due

to the Permalloy, but rather, was intrinsic to the garnet films.

3.2 Recent Results

3.2.1 Current Driven Permailcy:

In our 5th Quarterly Report, we proposed a structure designed to
reduce the current reguired for modulation. The scheme, illustrated in
Fig. 5, consists of a garnet waveguide protected by a layer of Si02
(~ 3000 R thickness), on top of which Permalloy is deposited. The
structure is then electroplated with copper and a periodic structure of
appropriate periodicity is then etched photolithographically into the
conducting materials (copper ard Pernalloy). A small current launched in
the copper lines should magnetize the Permalloy which, in turn, should

influence the magneto-optic waveguide.
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We did fabricate such a device and we have measured its performance.
The structure had 10 periods with a periodicity of 40 mils,
of the device was measured to be 0.016 uH. The current requirement was
indeed considerably reduced, since we observed optical modulation with
only 200 to 500 mA, as compared with the 10 Amps or more that were
necessary in the strip lines used in earlier experiments. Increasing
the current to about 750 mA was detrimental to the conversion efficiency,
because the magnetic field created by the current would start overriding
that created by the Permalloy, thereby destroying the periodic reversal
of magnetization. We proceeded to feed a constant current of 200 mA
peak an! increase the frequency. The amplitude of the optical signal
dropped steadily bctween 100 KHz and 1 MHz as shown in Fig. 6. Further-
more, it was observed that in the same range of frequencies, the phase of
the optical signal gradually fell behind the driving field from 0 to
“m as shown in Fig, 7. More Quantitative data on the phase lag are shown
in Fig. 8. it is remarkable that the data presented in Figs. 6 and 8
can be fitted to the equation of motion of a harmonic oscillator as

discussed in Section 2.3 in connection with reversible domain wall

displacement :

2 .
d”s & % ﬂi % u2 - F eawt (56)
dt2 dt o

where k = B/mw, B and m, defined in Eq. (53).

The solution to Eq. (1) is x = |a] e? ed¥t with:

The inductance
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Al « (W2 - D)2 e 2 Wh)V2 (57)
and
b = tan-l 13 w/w2 - wi]

The best fit betwecn experimental data and Eq. (57) is obtained for

+6 -1 7 =1
w, = 2.5 x 10°° sec ' and x = 1,25 x 10’ sec ', as shown by the curves of
Figs. 6 and 8. This ohservation strongly suggests that the optical modu-
lation observed here is due to reversible domain wall motion. Another
r indication pointing toward domain wall motion is the fact that if the
current is increased to about 500 mA, the optical signal becomes quite
unstable, displaying considerable jitter characteristic of Barkhausen

jumps. Driving the device with a fast current pulse of 300 mA produced

an optical signal with a rise time of 5 usec.

3.2.2 Meander Line:

Motivated by the desire to lay to rest any lingering suspicion that
the Permalloy might be to blame, we carried out switching experiments
using a meander line of the type used by Tien.h With 10 periods and a
periodicity of 40 mils, we obtained an inductance of 0.16 uH, giving

an electrical rise time L/R of about 3 nsec.

By applying fast current pulses, we found here again that the rise

time of the optical signal depends on the pulse amplitude. The results

are shown in Fig. 9 for two different samples. The apparent saturation

at around 4 nsec is due to the bandwidth limitation of the photomultiplier.

Fig. 10 shows the shape of the optical signal.




Sample #851 is the one on which we previously carried out pulsed
experiments with a Permalioy structure placed in a strip 'ine. With
this set-up, the magnetic field to current calibration was 0.5 Oe/ Amp.
In the present configuration, by superposing a known external ficld to
cancel the effect of the uweander line, we determined that a field of
about 10 Oe/Amp is produced at the site of the sample. Hence we can plot
on a single diagram the rise time vs. field pulse amplitude obtained
from both experiments. The result is shown in Fig. 11. We conclude
that the film behaves in an essentially similar manner whether it is
switched via a meander line or a Permalloy structure. The difference in
rise time is merely due to the different range in field pulse amplitude.
For purposes which will become clear in the next section, Fig. 12 also
shows 1/1 vs. switching field.

3.2.3 Switching Mechanism:

The fact that the rise time decreases with increasing field amplitude
is not only in qualitative agreement with theory, but has, in fact,
been observed in ferromagnetic materials by several other workers. We

refer, for example, to the experiments of Conger and Essigl9, Gyorgyzo,

I, Hagedorn 2? and Dietrich et al 2? among others. The

Olson and Pohm2
results of Dietrich et al iy thin Permalloy films are reproduced in
Fig. 13, where the branches of small and large slopes are assigned to
domain wall motion and coherent rotation, respectively, occurring

simultaneously. On the basis of Fig. 12, we surmise that a gradual tran-

sition from one regime to the other takes place with increasing driving

field. The data of Olson and Pohmzzsee their figures 5, 6, and 7) and
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22
those of Hagedorn (his Fig. 1) in particulcr look remarkably similar to

ours,

it s generally agreed that magnetization switching by coherent
rotation prevails at fields lurger than the anisotropy field HK = 2K/M.
Below thls value, and down to the coercive field, the most likely process
is irreversible domain wall motion, with a possible transition in between
by way of incoherent rotatlon. The fact that in our films the anisotropy
field is substantially larger than the coercive field suggest that there
exists a range (roughly from | to 5 Oe) where domain wall motion should
be predominant., In our experiment with current driven Permalloy, a
current of 200 mA generated a field of 1.2 Oe, barely above the coerclve
field and much less than the anisotropy field. Hence it is no surprise
that modulation was found to be due to domain wall motion. Similarly,
the strip line we used in our earlier experiments could generate,
with a current of 10 Amps, a field of 5 Oe, not qulte enough to penetrate
in the region where coherent rotation might become important. The advan-
tage of the meander line is a more favorable current to magnetic field
conversion ratio,

1V. CONCLUSIONS

Ccnventional calculations of the power per unit bandwidth are based
on the assumption that the physical mechanism responsible for modulation
is fast enough for the bandwidth to be determined by the drlving clrcuit

alone. It is also generally assumed that the frequency response of the

modulating process is independent of the amplitude of the driving force.
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While these assumptions may well be justified for an electro-optical

modulator, they usually are not in a magneto-optical device. The dynamical
behavior of an assembly of spins placed in a magnetic field depends

very much on the amplitude of this field. This often overlooked property
plays, in fact, a very important role in determining the performance

of a m-o modulator. Whether magnetization reversal takes place by

coherent rotation or domain wall motion, theoretical models show that

the time constant of the process decreases with increasing amplitude of

the switching field. Without speculation as to which particular mechanism
is predominant in a given situation, experiments show the switching time

to obey a relation of the type:

T = F (H) (58)

where F (H) is a monotonically increasing function of the amplitude H

of the modulating field. It is thus quite possible that for a particular
switching field the bandwidth of a device might be determined by the materiai
itself, rather than by the driving circuit.

Hence, in order to realistically assess the performance of a m-o
modulator, the first information necessary is the knowledge of the actual
functional dependence of the switching time on field amplitude, i.e., a
relation of the type of Eq. (58).

If the desired bandwidth is Af, it corresponds to a rise time

T ~ 0.3/4f, which implies that the switching field has to be larger




than or equal to a minimum value given by inverting Eq. (58):

LN (59)

The magnetic field is proportional to the current flowing in the driving

circuit (coil, meander line, etc.):

Eq. (60) gives a minimum current requirement of:

| ., = [F" (a f))/K

min
which, in turn, gives a power consumption:

R (-l 2
P=og RIC 3 [F7' (s f)] (62)

where the function in brackets characterizes the frequency response of the
magneto-optic sample, while the coefficient K is a measure of the
vefficiency' of the driving circuit.

From an engineering point of view, the best choice of driving
circuit will be one with maximum coefficient K and with bandwidth just
equal to the desired A f.

As an example, let us consider our sample #851 in conjunction with

the meander line, the inductance of which was measured to be 0.16 uH,
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corresponding to a rise time t = R/L = 3 nsec or a bandwidth & f = 0.3/7 =
100 MHz.

Let us first use the conventlonal analysis as outlined by Pappert
and Taylor, where the basic assumption is that the rise time intrinsic
to the materlal is much smaller than the 3 nsec characteristic of the
driving circult. The current requirement is such that the magnetic fleld
be equal to the coercive field Hc' For Sample #851, Hc ~ 1 Oe. The
meander |lne was determined experlmentally to be capable of generating
"~ 10 Oe per Ampere, i.e., K = 10 Oe x Amp-l. Thus 1t should take a
current of 0.1 Amp for switching. The power consumption In a 50-Q matching

load would be:
P==RI". =250 nW
giving a power per unit bandwldth of:
T = 2.5 md/MHz.

In actuality, we now know that the switching speed of the materlal
depends on the amplitude of the switching fleld. By extrapolation of
Fig. 9, a switching speed of 3 nsec would require a magnetic field of

~ 14 Oe, which translates into a current of 1.4 Amp In the meander 1lne.

The power consumption becomes P = %-R iz = 50 watts, glving a power

per unlt bandwidth of 500 mW/MHz, rather than 2.5 mW/MHz.

in view of the numbers quoted above, it is clear that our films,
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as they are available to us at the present time, can hardly compare with
a thin film modulator using the electro-optic effect. We have seen

that a RF power of 50 Watts is required to drive them at 100 MHz. This
unappeal ing figure is due primarily to material limitations, It reflects
the fact that fields in excess of {0 Oe are required for a switching
speed faster than 5 nsec.

It is interesting to compare our results with those of Tien et al.
Although the power per unit bandwidth was not discussed as such, some
numbers can be inferred from their data. The best experimental result
quoted in Ref. |7 is a modulation ratio slightly above 50% at 300 MHz for
a switching field of 6 Oe. With a meander line rated at 6 Oe/Amp,

the power consumption is approximately 25 Watts, giving a power per unit

bandwidth of 85 mW/MHz. This somewhat better result can be attributed
to the following facts. Tien's films are quoted as having a coercivity

Hc 0.1 to 0.3 Oe and an in-plane anisotropy field H ~ 1.2 Oe. By

K

contrast, our samples have Hc =0.5to] Oe and H, = 3 to 5 0e. On the

K

premise that coherent rotation prevails at drlving fields larger than H

K)

our films require more current to be operated in this regime.

In summary, although there s room for improvement from the point
of view of material properties, magneto-optics does not appear competitive
with electro-optics as a scheme for constructing wideband, low-power, thin

films integrated optical modulators. |
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APPENDIX A
Referring to Fig. 1-b, the impedance of the device (capacitor in

parallel with matching load) is Z = R/(1+] RCw). The voltage V across

the crystal is therefore given by:

- R/(1+j RCw) . ] (A-1)
Rg + R/(1+j RCw)  2+] RCw

%
v
g

where we have made R = Rg for impedance matching. The bandwidth Aw is

defined as the frequency at which the voltage V drops by a factor 1A/Z

compared to its DC value:
bw = 2/RC (A-2)

The average energy stored in the capacitor is W = (1/4) cv, giving a

reactive power PK at the angular frequency Aw:

.
W bw = bw a2
Px(Aw) = period R A3 (A-3) !

while the power dissipated in the matching load is:

<

(A-4)

p> o]
Nj—
|

From Eqs. (A-3) and (A-4) we obtain:

PR/PX(Aw) = 27 (A-5)




-38-

Similarly for the magneto-optics case, we refer to Fig. 2-b. The

current is given by:

v

|=__.—-i.—-——
R+ ] Lo

A-6)
where again we have made R = Rg. The bandwidth is defined as the frequency

at which the current drops by 1/V2 compared to its DC value:

Lw = 2R/L (A-7)

LY

2

The average energy stored in ‘he inductance is W= (1/4) L i° which

corresponds to a reactive power Px at the angular frequency Aw:
Aw 2
P (8w) = =L | (A-8)

while the power dissipated is P, = % R Iz, which again leads to the

R

relation:
PR/PX(Aw) = 27 (A-9)

While the power dissipated is independent of frequency, the reactive
power stored in the active material increases with it. At the cutoff
frequency Af, the power consumption is equal to 2n times the RF power

stored.
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APPEND|X B

The Gilbert equation reads:

dM Foon o s di
o=y (MxH) + p (M x ) (B-1)
> dM :
Taking the vector product M x Jo» one obtains;
- -+
> dM > -> - a ;> > dM
M x Ir Yy [Mx (MxH)) + H-[M x (M x ETJ] (8-2)
The quantity in the second bracket can be transformed using the
triple vector product identity:
- - -+ >
dM > dM, > 2 dM 2 dM
Mx(an-t-)-(m.a-)m W & M (8-3)
-
since, obviously, M. %% = Q,
Eq. (B-2) becomes:
- ->
- dM -»> -»> > dM
M x Fi Yy Mx (MxH] -aM 3

which can be substituted back into Eq. (B-1) to give after rearrangement :

(1 + az) %? =-y (M xH - E%— [f x (f x ")) (B-4)

which has the same structure as the Landau-Lifshitz equation with the
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following correspondence:

Y -+ Y/(l+02)

A= ayM

APPENDIX C
Assume that a magnetic field Bis applied along the +2z direction.

The motion of the magnetization is described by the Gilbert equation:

L NP8 (c-1)

where M represents the magnitude of M at saturation. In a cartesian

coordinate system, Eq. (C-1 decomposes into:

Q.
P 4

dh_ Lo
F Ak T L

x|e
=4
~N
"L
(ad

dM G de &
i TS 1 e I

dt M 'z dt M x (c-2)

al a
~l X
N

dM
N

d de
dt

Mok By X
X 3t M My t

x|e

The last three relations constitute a system of three inhomogenous |inear

equations which can be solved for de/dt, dMy/dt and sz/dt.
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dM

([ (1+a2) T2 = - M)+ H /] (c3-a)

§ (l+az) ffz,. YH M. - a M H_/H] (c3-b)
dt X y 2

2, ‘M, 2 2
\ ("+a”) g = + yH(a/M) [Nx #* My] (C3-¢)

M, M and M_ subject to the condition:
X’y z

M2+ M2 e M2 = (c-4)
X y 2
The magnetization components can be expressed in terms of spherical

coordinates (see Fig. 3):

Mx =M sin0O cos¢

My =M sinO sing (c-5)

M_ =M cosO
z

where O (t) and ¢(t) are two independent variables that are functions
of :. Substituting Eq. (C-5) into (C3-A), for example, and dividing

by sin0 cos¢, we obtain:

2 - d¢ 1 d¢
(1 + %) [-tane dt * tano dt]

= - yH tan¢ - ayH cosO (c-6)

Since ¢ and 0 are independent variables, the terms containing ¢ and 0
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respectively, on each side of Eq. (C-6) must be equalized. Doing so leads

to the two differential equations:

(1+a%) ¢ . YH

Tt (C7-a)

B0 s - L 4 (¢7-b)
stno l+a2

Eq. (C7-a) indicates that the angular velocity d¢/dt is a constant of

the motion:

%%-= constant = = Tfsz- (c-8)

The precession frequency is slowed down by the damping a.

The integration of Eq. (C7-b)

o
do ayH
e W = S ¢
stno 2
1+a
0
o

which can be obtained directly from Eq. (C3-c) leads to the solution:

0 t Go
tan 7 = (exp - ?) tan 5= (c-9)

with the time constant t given by:

T = m-r- (C"'IO)
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- Figure Captions -

Electro-optic modulator. Experimental conflguratlon (a)
and equivalent driving circult (b).

Magneto-optic modulator. Experimental configuratlon (a)
and equivalent driving circuit (b).

Magnetization in spherical coordinates.
Domain wall dlsplacement in applied magnetic field.

tonflguratlon of integrated magneto-optlcal modulator.
Current in the copper lines magnetlzes the Permalloy
which in turn interacts with the Garnet film.

Frequency response of the device shown In Flg. 5 drlven
with 400 mA peak to peak.

Il1lustrating the phase lag betwcen optlcal signal and
driving current for the device shown in Fig. 5. Frequencies
are 10 kHz (a), 500 kHz (b) and 1 MHz (c).

Phase lag of optlcal signal relatlve to driving current
vs frequency for device shown in Fig. 5.

Rlse time of optlcal signal in two typical samples drlven
by a current pulse in a meander line.

Optical response In sample #526. Horizontal scale Is § nsec/cm.
Current pulse amplitude was 4 Amps.

Optlcal slgnal rise time vs amplltude of magnetlc fleld
pulses for sample #851 driven either by Permalloy in 50-Q
strip llne or by a meander line.

Inverse switching time in usec-I vs amplltude of magnetlc
field pulse.

Results of Dietrich et al, from ref. 23. Notice the trend
similar to our Fig. 12,
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Fig. 1. Electro-optic modulator. Experimental configuration (a)
and equivalent driving circuit (b).
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Fig. 2. Magneto-optic modulator.
and equivalent driving circuit (b).
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Fig. 3. Maanetization in Spherical coor.inates,
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Domain wall displacement in applied magnetic field.

Fig. 4.
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Fig. 5. Configuration of integrated magneto-optical modulator.
Current in the copper lines magnetizes the Permalloy
which in turn interacts with the Garnet film.
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Fig. 7. Il1lustrating the phase lag
driving current for the dey
are 10 kHz (a), 500 kHz (b)

between optical signal and
fce shown in Fig. 5.

Frequencies
and | MHz (¢).
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Fig. 8. Phase lag of optical signal relative to driving current
vs frequency for device shown in Fig. §
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Optical response in sample #526. Horizontal scale
Current pulse amplitude was 4 Amps.

is 5 nsec/cm.
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MAGNETIC FIELD PULSE (Oe)

Fig. 11. Optical signal rise time vs amplitude of magnetic field
pulses for sample #8351 driven either by Permalloy in 50-0
strip line or by a meander 1ine. ‘




2. Inverse switching time in usec
field pulse.

vs amplitude of magnetic
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1.8 oes tl, 30 oe.
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Results of Dietrich et al, from ref. 23,
trend similar to our Fig. 12.
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