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ANISOTROPY DISPERSION MEASUREMENTS 

IN PERMALLOY THIN FIIMS 

ABSTRACT 

Harold W. Levie 

Studies of the relationship between structure and properties 

of annealed permalloy thin films carried out by Horowitz and Rudee 

and sppported by the work of Landler indicate substantial disagreement 

with the predictions of Hoffmann's linear theory of ripple. Small- 

area dispersion measurements by Fujii et. al. indicate agreement with 

Hoffmann's theory. 

The present work deals with small-area Faraday effect measurement 

of dispersion using the hard-axis fallback technique, applied to 

films preannealed to obtain a stable structure and then isothermally 

annealed at lower temperatures to enable the determination of the 

relationship of anisotropy field to dispersion. In ggreement with the 

observations of Dove and Long, the effects of interactions between 

film regions are found to be vitally important in the Interpretation 

of the measurements. 

The results substantiate Horowitz' conclusion that the dispersion 

and anisotropy field parameters are related by an expression of the 
, ,-b 

form or QSC/H^/ where the exponent b is 2.0-fc±0.5. 



ACKNOWLEDGEMENTS 

The author would like to express his appreciation to his parents 

and to Rice University, for moral and financial support, respectively, 

during the completion 6f this work. The advice and supervision of 

Professor M. L. Rudee is gratefully acknowledged, as is the assistance 

rendered by many of the faculty, staff and students of the Departments 

of Mechanical and Electrical Engineering and of Space Science. 

Moral support and encouragement tendered by certain members of 

the residential Colleges at Rice University is most gratefully 

acknowledged. 



TABLE OF CONTENTS 

SECTION PAGE 

Introduction 1 

Mechanism of the Hard-Axis Fallback Measurement 5 

Experimental Methods 8 

Results and Discussion 

Anisotropy versus Dispersion 11 

Dispersion versus Measurement Area 12 

Conclusions 14 

Suggestions for Further Research 16 

Appendices 

I Film Deposition Procedure 18 

II Instrumentation Electronics 19 

References 22 

LIST OF FIGURES 

1) The Stoner-Wohlfarth Model 

2) Block Diagram of Experimental Apparatus*. 

3) Dispersion versus Anisotropy Field 

4) Typical Fallback Traces 

5) MIdeal"rFàllbackJCurvë 

6) Simplified Diagram of Drive Electronics 

7) Signal Electronics 

8) Timing Diagram 



INTRODUCTION 

The structure and properties of thin films of certain nickel- 

iron alloys, generally referred to as the permalloys, have been the 

object of considerable research interest in the past few years, due 

largely to the possibility of their application as bistable memory 

elements. This interest is motivated by theoretical and experimental 

evidence for well-defined stable states capable of being switched 
.9 

in times of the order of 10 second. This speed, along with desirable 

size and cost characteristics, would constitute considerable improvement 

over the presently used magnetic (ferrite) memory elements. 

For use as a memory element, the permalloy film of nominally 

zero magnetostriction composition (80% Ni, 20% Fe) is deposited on a 

suitable substrate in the presence of a static magnetic field sufficient 

to saturate the alloy (usually 10-100 Oe). The most common deposition^ 

technique is vapor deposition in high vacuum, although chemical, 

electrochemical and pyrolytic techniques have been used. 

The magnetization of films deposited under these conditions 

exhibits an induced uniaxial anisotropy, with a preferred axis parallel 

to that of the fiéld during deposition. Under zero applied field, 

the stable states of the magnetization are parallel or antiparallel 

to the easy axis, and by the application of suitable drive fields 

the magnetization can be switched from one stable state to the other 

by an extremely fast process of coherent spin rotation, without the 

interference of the much slower processes of Wiess domain .wall motion. 

Unfortunately, the film described above represents something of an 

idealization; the film in fact exhibits not a unique easy axis but a 

dispersion of easy axes distributed over a small angular range. The 
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most undesirable effect of this dispersion is to prevent magnetization 

switching by the fastest mode except under extremely large and rapidly 

applied fields. Under most conditions, the film switches by a mixture 

of coherent rotation and wall propagation processes, the the exact 

process determined by both the applied field and the internal structure 

of the film. 

If a sufficiently large field is applied in a direction normal to 

the average easÿ axis, the film can be brought to saturation in the 

"hard" direction; if this field is removed, the magnetization in the 

film will "fall back" into one of the easy directions. The ideal case 

is a film made up of uncoupled regions of uniform anisotropy having 

a distribution of easy axes. In this model, it is assumed that the 

net magnetization of the relaxed film is simply the difference between 

the number of regions switched into each of the two equivalent but 

oppositely directed easy directions. Since the'regions are assumed 

to be uncoupled, the actual mode of reversal is not important. 

The class of measurements of dispersion referred to as "hard- 

axis fallback"nmeasurements characterize the distribution by the 

parameter a,» where a is the angle away from the average hard axis 

at which the field must be applied to result in r percent remanencç. 

The tilting of the field away from the average hard axis may be either 

direct, as in the work described below, or effective rotation produced 

by the application of an easy axis field component. 

In fact, the measurement described above is complicated by the 

involved processes that occur during the switching of the real film. 

Generally, partial rotation occurs, followed by the appearance of a 

"locked" state which is stable until nearly zero field is reached, 

whereupon the film completes relaxation by the propagation of domain 

walls. This behavior tends to confirm the presence of both disperse 

anisotropy and strong coupling between regions, and must be taken into 

account to properly interpret the results of a measurement. 
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A number of theoretical considerations of the anisotropy dispersion 

have appeared, most of which deal with the microscale magnetization 

observable In Lorentz electron microscopy. The grain size of the film 

is a signifigant parameter In most theories, but the work of Horowitz'*' 
2 

and Horowitz and Rudee demonstrated that the magnitude of the anisotropy 
t 

field and and the dispersion are reversible functions of the temperature 

of isothermal annealing, independent of grain size, once a stable 

structure has been attained by a high-temperature preanneal. The rate 

of change of these parameters and their limiting values could be 

accurately described by an Arrhenius relation, and activation energies 

could be accurately measured. 

The relationship of the anisotropy field H^ and the dispersion 

o?50 was found to be accurately described by the relation 

where the constant C was found to be a weak function of the composition. 

which predicts a first-order dependence of the dispersion on anisotropy 

field through the structure constant j3(a quantity related to the grain 

size, thickness, exchange constant and local anisotropy constant). 

A feature associated with this model predicts that the dispersion 

measured will be a function of the area examined, and will decrease 

to a limiting value at some small area. 

4 
The Horowitz determination is supported by the work of Landler, 

but the dispersion measurements of Fujii et, al.^*^ are cited in support 

of the Hoffmann theory. There are two crucial differences in the two 

sets of data: the work of Horowitz and that of Landler was based 

on flux-change dispersion measurements over the entire film under 

conditions that allowed alteration of H^ and C^Q without affecting 

the structure, and the Fujii group dealt with small-area hard-axis 

fallback measurements on a limited number of as-deposited films. 

The work of Dove and Long^ demonstrates that the hard-axis fallback 

One prominent theory of magnetization ripple is that of Hoffmann 
3 



method is by no means a straightforward measurement technique, a 

conclusion also reached by this author. The measurements described 

below were carried out with three goals in mind: first, to obtain 

a check on the Horowitz annealing data by a different experimental 

technique; second, to test the stable-structure film results with 

small-area measurements; and third, to determine the limitations 

and confidence to he associated with the fallback technique. 
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MECHANISM OF THE HARD-AX IS FALLBACK MEASUREMENT 

The demagnetization process enabling the hard-axis splitting 

to be observed is quite involved, and the exact course of the process 

in a given film defies a prtori description. Numerous experiments 

have been conducted to observe the nucléation and growth of domains 

in thin films, but the precise configuration of the domains is deter¬ 

mined by the structure of the film and is not at all reproducible 

from film to film. The demagnetization process has been described 

8 9 
at length in a number of references,’ but the aspects pertinent to 

the hard axis splitting deserve discussion here. 

The basis for mbst descriptions of the demagnetization process, 

is the classic Stoner-Wohlfarth model, the mathematics of which are 

developed in most standard references to th"in films.^ The "switching 

astroid" it yields is shown in Figure 1, along with the parameters 

relating it to the film properties. 

This model works quite well for single-domain systems, such as 

the fine particle structures for which ittwas originally derived. It 

is generalized to apply to thin films by assuming the existence of 

regions of variable anisotropy magnitude and direction, and making 

the (questionable) assumption of negligible coupling between regions. 

In this case, the direction of stable magnetization of each region 

after magnetization fallback is determined by the "local" anisotropy 

magnitude, easy axis direction, and field direction when the astroid 

is crossed. 

The further generalization of the model to account for the existence 

of domain walls complicates it severely. In addition to the problems 

of the structure of the domain walls as a function of thickness of 

the film, there is the addition of the considerations of domain wall 



H,/Hk 

Ht= hard axis field component 

H^= easy axis field component 

H^= anisotropy field (=2Ku/Ms) 

H = critical field for domain wall motion (scoercive force) 
C 11 
 after Pohm and Mitchell 

The Stoner-Wohlfarth Model 

Figure I 
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nucléation at the transition from coherent rotation to irreversible 

"rotation". 

In fact, there may appear states in which the demagnetizing 

fields internal to the film, resulting from regions which have already 

switched, are sufficient to block further rotation predicted by the 

model. This ^magnetization blocking" phenomenon can be predicted 

on theoretical grounds as well as be observed, as described by Hoffmann 

The net result of these complications is that the film demagnetizes 

by initially coherent rotation through a small angle, followed by the 

appearance of domain walls which may or may not be locked into place 

at some values of the field, The nucléation sites of the domain walls 

are apparently singularities located at the edges of the film. Work 

with domain nucléation and growth in iron whiskers suggests that a 

true single-domain state may not be achieved under fields less than 
4 

some 10 0e, while the hard-axis fields used in these experiments reach 

a maximum of around 10 Oe. Thus, the nucléation sites may be remanent 
14 

closure domains which persist at the film edges nominal saturation. 

The end result of the damagnetization is finally a structure of 

narrow "stripe" domains parallel to the easy axes, the width of which 

is a function of both the film structure and direction of the saturated 

state. 

The hard axis fallback process actually measures the dispersion 

in the quantity H^sinor, as shown by Crowther^j since the condition 

for the magnetization to relax into the direction of the easy-axis 

field component Hi can be shown to be 

For extremely small angles of local dispersion, the maximum in sin or 

may be a small fraction of a degree, while H^ may be of the order 

of 10 Oe. Under these conditions, very small longitudinal fields 

. -t. 12> 13 

and others. 

iration 
ie near- VI JLJ. V- V. C 4.WU. oyvi . 

est easy axis) 
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may influence the demagnetization process. 

A crucial deficiency in the hard-axis fallback process is its 

failure to distinguish between the dispersion in local values of 

and the dispersion in values of or. 

The usual assumption is that of uniform and a distribution 

in or, but it is obvious that a distribution of a uniform in magnitude 

but random in sign, along with a dispersion in H^, will yield different 

results even for the same average value of H^. The most realistic 

assumption is that of a distribution of of having magnitude inversely 

proportional to the local value of H^. 

The question of the effects of regional interactions after incoherent 

rotation or domain wall propagation has begun is closely related to 

the topic of film coercivity, and the only tractable approach is 

apparently through numerical simulation. Brukiewa and Coren^ have 

reported one attempt, based on the size of the "uniform" region as 

a fitting parameter, but the effects of coercivity and variable 

should be included, along with the sign and magnitude of a. Theoretical 

considerations of the effective coupling between regions have been 

3 17 
given by, for example, Hoffmann and Harte. 
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EXPERIMENTAL METHODS 

FILM PREPARATION 

The films used for these measurements were prepared according 

to the procedures outlined in Appendix I, using apparatus developed 

by Carson^ The composition was nominally 78% Ni-22% Fe, and the 

thickness approximately 750 %. The macroscopic dispersion was 

15 
determined by the Method II of Crowther, using a B-H looper operating 

at 200 Hz. The anisotropy field was measured by the method of 
19 

Kobelev, t>sinee hard-axis extrapolation is highly inaccurate for 

20 
films with high dispersion. 

Recrystallization to obtain a stable structure was carried out 

at 500 C for one hour, under a vacuum of 2 x 10 ^ or better, in an 

easy-axis field of 75 Oe. Subsequent isothermal annealing at 

approximately 400 C under the same pressure was utilized to alter 

the anisotropy field. Considerable care was taken to avoid oxidation 

of the films, since films of this thickness can be expected to exhibit 

a strong alteration of properties after only slight oxidation or 

corrosion. 

HARD-AXIS FALLBACK APPARATUS 

The Faraday-effect fallback measuring apparatus was developed 

from a design initiated by Horowitz?- It consists of a small helium- 

neon laser light source, the output of which is passed through a 

polarizing film and condenser system made up of microscope objectives. 

o 
The specimen film was placed in the light beam at approximately 45 

to the beam axis, and a mechanism was constructed to allow the rotation 

of a 21 cm Helmholtz-pair drive coil about the normal to the center of 

the film. Coating of the films with SiO would be used to enhance 
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light transmission, but films to be annealed were left uncoated to 

prevent possible reaction of the coating with the film during annealing. 

The light transmitted by the film was passed through a second 

polarizer, set at approximately 10° to the extinction position, and 

condensed ontoothe photocathode of a multiplier phototube. Control 

over the radius of the spot, as well as its placement, was effected 

by positioning of the first condenser lens. No accurate pèasurement 

of the spot size was feasible, but tests with accurately sized (electron 

microscope) apertures indicate a spot size (minimum) of the order of 

100 microns diameter. 

A set of cube coils was uséd to provide cancellation of static 

stray fields. No provision was made to cancel alternating current 

stray, fields. The signifigance and effect of these fields will be 

discussed below. 

The drive field was supplied by a specially constructed waveform 

generator feeding a 50-watt power amplifier. The alternating haversine 

pulse waveform was provided for use with a lock-in amplifier, although 

most measurements were made with a sampling apparatus. The electronics 

used to obtain the zero-field remanence are more fully described in 

Appendix II. 

The rotation of the drive field with respect to the film could 

be done either manually, by means of a calibrated optical-bench rotator, 

or automatically, using a synchronous drive motor. 

Some care was taken to keep all ferromagnetic meterial as far 

away from the specimen as possible, both to reduce stray fields ând 

to reduce the effects of eddy-current fields. Little control over 

stray-field inhomogeneity could be exercised, since the magnetometer 

available (Heliflux type RAM-5C) has an active volume comparable to 

that of the specimen film. The field inhomogeneity resulting from 

ferromagnetic objects is known to be highly detrimental to the deter¬ 

mination of small dispersions. 
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The drive motor was used in conjunction with a chart recorder to 

plot the remanence versus angle for most of the films measured. Manual 

control allowed estimation of the long-range variations in the anisotropy 

generally referred to as skew. 
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RESULTS AND DISCUSSION 

ANISOTROPY VERSUS DISPERSION 

A series of annealing experiments was carried out to test the 

results obtained by Horowitz, that the dispersion is related to the 

magnitude of the anisotropy field by an expréssion of the form 

«50= C/H/h, b=2.Odb 0.5 

Since Horowitz' data were obtained with a B-H looper, and 

therefore reflected the macroscopic properties of the film, it was 

not known whether whe same correspondence would be obtained using 

a small-area technique. 

The dependence obtained, shown in Figure 3, is compatible with 

Horowitz' results; although the scatter in the data is large, it 

is unlikely that the inverse first-power behavior predicted by Hoffmann 

is present. The slope of the line corresponding to Horowitz' data 

for the same composition is shown for comparison. The plotted curves 

present the least-squares fit to the data under a 90% confidence level 

criterion. 

The large scatter in the data is due to an inherent disadvantage 

of the experimental technique: the magnetooptical system utilizes 

the Faraday rotation in the film, which is linearly proportional 

to the film thickness, by means of the light transmitted,which decreases 

exponentially with the film thickness. To achieve an acceptable signal- 

to-noise ratio (roughly proportional to the product of the rotation 

magnitude and transmitted intensity) very thin films were required. 

On the other hand, the only method available for measurement of H^ was 

the B-H looper, the signal from which is again linear with thickness. 

The net result is that films ideal for one measurement were almost 

totally unuseable in the other. The thickness selected was the result 



Dispersion v.s. Anisotropy Field 

Figure 3 
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of compromise, and unfortunately lies in region of large variability 

of domain wall structure with thickness. The effects of thickness on 

the two types of measurement was not asessed^,as the production of 

films varying only in thickness is extremely difficult and not at 

present possible on a routine basis. 

A second difficulty may lie in the fact that the measurement of 

and (M-0) in two different systems may introduce a systematic 

error. The given confidence limits should be taken as approximate 

only, as the statistical technique used (the same procedure used by 

Horowitz, and adopted strictly for comparison purposes) is properly 

applicable only to a univariate system, corresponding in this case 

to the assumption that the H^ measurements were exact and any statistical 

error occurred only in the a^g measurements. Since Horowitz' raw 

data was not available for re-analysis, it was not considered worthwhile 

to compute a true bivariate analysis of the present data. Some 

confidence in the comparison may be drawn from the fact that the B-H 

looper data obtained exhibits almost exactly the same uncertainty as 

the figures published by Horowitz and Rudee. 

DISPERSION VERSUS MEASUREMENT AREA 

It has been asserted that the dispersion measured oVer a small 

area of a larger film reaches a limiting value as the size of the 

measurement area is decreased, with a small limiting value considered 

as intrinsic to the microstructure of the film.^ The experiments 

described above did not exhibit this effect, and a number of experiments 

were conducted to allow a closer examination of the possible correlation. 

For this purpose, an apparatus was constructed to allow a continuous 

record of the remanence signal as a function of angle. From these 

records, the value of the dispersion may be determined graphically, and 

the effects of local-region interactions more easily assessed. Typical 

fallback curves are shown in Figure 4, and the various parameters 



(Note "inflection" point and 
discontinuities in trace) 

Typical Fallback Traces 

Figure 4 
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associated with the curve are indicated in Figure 5. 

Three films were annealed for a total of 108 hours at approxi¬ 

mately 360 C, and at intervals hard axis fallback traces were recorded. 

The temperature was too low (through an equipment fault) to produce 

large changes in the anisotropy field, but the prolonged anneal could 

be be expected to fairly well normalize any gross irregularities. 

The expected changes in the shape of the curves due to surface oxidation 

did not appear. 

All of the curves exhibited some asymmetry, indicating that there 

was either asymmetry in the drive fields, or structural nonuniformity 

in the films, or both. Reversal of the film with respect to the field 

(a rotation <6f 180°) in the holder did cause a reversal of at least 

part of the asymmetry, the remainder being due presumably to an artifact 

introduced by the drive coils. 

The most notable result of the experiment is that most of the 

curves exhibit an inflection of sorts at approximately 50% remanence, 

with an almost linear transition through the null position. When 

the curves (normalized with respedt to amplitude) are placed in register 

at the null angle, the slope of the line in the vicinity of the null 

is seen to be essentially constant, the virtually all of the variations 

occurring prior to the inflection. 

i This effect is almost certainly due to the nature of the reversal 

process in the films, a complicated process discussed at length elsewhere. 

Its signifigance is twofold: first, it clearly confirms the great 

influence of the interactions between regions of differing anisotropy 

dispersion; and second, it prohibits the comparison of dispersion 

at various values of remanence, as for example of and or _, as some 

18 ^ 
workers have done. To functionally relate dispersion at different 

values of remanence is tantamount to specifying a functional form for 

the fallback curve, a procedure which is highly questionable. 



For a local easy-axis distribution f(0), the "ideal" fallback 
curve in the absence of interactions between regions is given by: 

TT/2 

M/M - î-J^fce) de +J* f(9) de = i-2jaf<e> de 
8
 -TT/2 or -TT/2 

Generally, is assumed to be uniform over the film and the 
distribution function f(6) is assumed to be the normal probability 
(Gaussian) distribution. 

"ideal” Fallback Curve 

Figure 5 
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CONCLUSIONS 

The results obtained indicate that there is no fundamental 

difference in the dispersion measured over large areas, as with the 

B-H looper technique, and that detected in small-area measurements, 

at least to the size of the light spot used in these measurements. 

It is not clear that differences would not appear is the spot size 

were reduced to much less than the hard-axis splitting domain size, 

but the complications of the reversal process make prediction difficult. 

The fact that the anomalies in the fallback curves are reproducible 

and only slightly modified by extended annealing suggests that some 

structural irregularities--as caused by substrate imperfections— 

may be more important than the microstructural properties of the 

films. 

The smâll-area dispersion techniques used by Dove and Long^ 

are directed toward reduction or elimination of the domain-nucléation 

effects. Their technique is basically to sample the remanent magneti¬ 

zation at a decreasing drive field level corresponding to partial 

rotation and the development of an unstable (with respect to zero 

field) domain configuration. The energy minima determining the 

equilibrium domain wall locations at zero field are extremely shallow, 

and this procedure eliminates the minor rearrangements that occur 

as zero field is approached. Unfortunately, this technique eliminates 

low level interactions at the expense of emphasis on the initial 

demagnetization processes, and it is not clear that the information 

obtained is of any more value. 

Since the work of Fujii et al.~**^Was carried out with drive fields 

similar to those used in this work, it could be argued that the major 

differences in the results of the two programs derive from the structure 

and characteristics of the two films used. The fact that the same 

level of "intrinsic" dispersion was observed in the as-deposited 

films suggests that the two sets of experiments are in fact equivalent. 
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The large changes in skew angle as a function of position observed 

on their films must not be interpreted as indicating comparable changes 

in dispersion as a function of observation area. The overriding 

effects of regional Interactions may reduce the dispersion observed 

at one point to a small value more or less independent of the angle 

of skew of the null direction. 

In conclusion, it seems clear that the application of hard- 

axis fallback to the measurement of small-area dispersion is by no 

means a straightforward technique. Nevertheless, the results obtained 

on stable-structure permalloy films, when the anisotropy field is 

varied by easy-axis annealing, tend to confirm the inverse-square 

law relationship between the anisotropy field and magnetization s 

dispersion. 
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SUGGESTIONS FOR FURTHER RESEARCH 

It Is the considered opinion of this investigator that the 

amount of information capable of being extracted from the hard-axis 

fallback process does not warrant extensive additional effort to 

obtain it. 

However, the interaction and domain nucléation processes which 

compromise the utility of the fallback experiment are in themselves 

of fundamental importance, and may be accessible through a variation 

of the fallback technique. 

The theoretical basis for the coupling distance of variations 

3 21 
in the magnetization already exists in the work of Hoffmann, Brown, 

Harte^ and others. Dove and Long have made measurements of the skew 

in the easytraxis magnetization by what amounts to an optically sensed 

bias susceptibility method. Given sufficiently refined electronics, 

it should be possible to perform similar measurements of hard-axis 

skew. That the two may not be identical is suggested by the consi¬ 

derations of ripple attenuation due to magnetostatic coupling. The 

relationship of easy- to hard-axis dispersion may yield a test of 

the magnetostatic interaction theory, and thus an indirect assessment 

of the ripple theory. 

The problems of domain wall nucléation might be circumvented 

by one or both of two methods: the thinned-edge structure utilized 
12 

by Hoffmann in his work with blocking phenomena, or the application 

of a saturating field of sufficient magnitude to overcome the strong 

demggnetizing fields thought to be ^responsible for edge nucléation. 

Further simplification of the experiment should be obtained by 
23 

the use of single-crystal films; the work of Boyd and that of Baltz 

with epitaxial films demonstrates the feasibility, and the absence 
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of grain structure would simplify the analysis of the relationship 

of anisotropy to dispersion. 

The use of a susceptibility measurement in place of the remanence 

measurement would have one addition attraction; by the use of a variable 

bias field, the progress of rotation down to the point of incipient 

incoherent demagnetization should be observable. Given sufficiently 

detailed information about the high-field dispersion effects, it should 

be possible to construct a reasonable numerical simulation and by a 

parameter fitting process obtain some quantitative knowledge of the 

various interac tion parame ters. 
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APPENDIX I 

FIÏM DEPOSITION PROCEDURE 

1) Boat preparation: attach 10 cm of permalloy, wire (0.01 inch 

diameter, 80% Ni-20% Fe) in a flat spiral in center of boat 

by spot welding. Scrub assembly with Alconox solution to 

remove oils, followed by distilled water to remove excess 

detergent. Etch in the following solution at room temperature 

for 5-10 minutes: 25 ml HN03> 25 ml HF, 25 ml HC1, 500 ml 1^0. 

Rinse with distilled water, then methanol, and insert into 

evaporator. 

2) Substrates : remove dust from Corning 7059 glass substrates, 

with either dry nitrogen or a fresh Kimwipe, and place in holder 

(1 cm apertures) without touching lower surface. Mark line 

parallel to easy axis with diamond scribe, and number substrates 

in lower right corner. Serial number deposition run in upper 

right corner. 

3) Substrate heater: adjust for indicated 270 C upper jaw temperature 

(current of approximately 1,25 amperes) allow six hour vacuum 

bakeout, or minimum of eight hours from beginning of pumpdown. 

4) Evaporation: in vacuum of at least 10 evaporate at 70 volts 

(Powerstat scale). Miessner trap should be prechilled for at 

least 30 minutes, and field coils driven at maximum power. 

5) Storage : films should be stored over dessicant at all times. 

Uncoated films may be damaged by atmospheric corrosion in a matter 

of hours under some conditions (particularly films less than 

500 £ thickness). 
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APPENDIX II 

INSTRUMENTATION ELECTRONICS 

DRIVE ELECTRONICS 

The hard-axis fallback experiment depends on the application 

of a field several times in magnitude to saturate the film, followed 

by its removal and the measurement of the remanent magnetization under 

conditions of zero field. The use of a sine wave drive field as was 

done in B-H looper work is both inefficient and difficult to apply 

with confidence. The inefficiency is due to the fact that the film 

is near remanence (drive field well below H^) for only a small fraction 

of the cycle near the zero crossings, due to the large peak fields 

required. 

This results in a "delta function" output signal, with the 

additional complication that the only feasible means of coping with 

the small signal-to-noise rationusually obtained is a signal averaging 

device. The problems of phase shift and harmonic generation (the film 

constitutes a very effective fluxgate magnetometer in the presence of 

stray fields, generating primarily second harmonic output) were further 

complicated by the fact that the only signal averaging instrument 

available for this work was a lock-in amplifier, an instrument which 

measures the RMS value of the in-phase component of the input. The 

problems of measuring the RMS amplitude of a millivolt peak amplitude, 

high impedance level, low duty cycle pulse train in the vicinity of 

an AC magnetic field several oersteds in magnitude (phase shifted 90°) 

must be experienced to be appreciated. 

The approach first taken in circumventing this problem involved 

the constructiôn of a drive system generating alternating-haversine 

pulses. The haversine-pulse waveform was-chosen because of its 

similarity to the ideal Gaussian pulse; the Gaussian waveform is 

desirable to maximize the "off" time of the signal without imposing 
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excessive high-frequency demands on the power amplifier (which must 

work into an almost purely inductive load). 

The circuit outlined in Figure 6 was used to generate the drive 

signal. The quadrature oscillator provides a signal which can be 

zero-crossing gated and used to drive logic circuitry, eventually 

generating two pulse trains. The transitions of the pulse trains 

are essentially simultaneous with the zero crossings of the cosine 

o o 
wave, which means that they occur at the 90 and 270 points of the 

sine wave.generated in phase with the cosine wave. One of the pulse 

trains is used to invert every eighth cycle of the sine wave, which 

at this point is also offset by its own amplitude. The other pulse 
\ 

train is used to simply gate the composite wave (positive and negative 

offset waves) so that the output consists of one positive haversine 

pulse, followed by four cycles of zero signal, a negative-going 

haversine ptllse, and so on. 

The output signal from the detector when the film is driven 

by this waveform is very nearly a square wave (the signal goes to 

zero during the field "on" time) yielding an improvement of around 
-3 

10 in the signal-to-noise ratio over that obtained with sine-wave 

drive. The gradual rise and fall time of the signal teduces the 

demands on the power amplifier stability and also reduces the overshoot 

into reverse field. 

SIGNAL ELECTRONICS 

While the pulsed drive field allows an acceptable signal-to-noise 

ratio to be obtained, it was found to be desirable to "strobe" the 

output signal at the points of zero drive field, when the inevitable 

overshoot of the drive field had decreased. Theis overshoot could 

reduced to levels small enough to prevent permanentedisturbance of the 

remanent magnetization, but the effects on the magnetization orientation 

were hard to assess. 
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This strobing was accomplished with the use of two-sample-and- 

hold circuits, driven by gate pulses derived from the drive signal 

logic (and therefore inherently fixed in phase with respect to the 

drive). 

The outputs of the sampling circuits were fed into a differential 

amplifier followed by a long time constant integrator, the entire 

circuit constituting a quite respectable boxcar integrator without 

the options of variable sample width and timing. This "caboose 

integrator" was constructed with sufficient flexibility to allow 

sampling at the positive and negative peaks, either peak and the 

intervening zero.(peak drive field), or at intermediate points 

by the use of an external variable delay. The small error in the 

timing of the sample due to the phase shift of the power amplifier 

was found to be entirely negligible. 

Figures 2 and 6 through 8 outline the instrumentation electronics 

and system timing. 
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