GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

March 10, 1965

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Huntsville, Alabama 35812

Attention: PR-EC

Subject: Monthly Progress Report No. 1
Contract NAS8-20011
Project No. A-837

Dear Sir:

The research program to be carried out under Contract NAS8-20011
"Investigation of Thin Magnetic Films for Memory Applications' has been
outlined and task assignments have been made in four distinct phases iden-
tified below. Work in the four phases will be conducted simultaneously.

Phase I. This phase includes the preparation and evaluation of a
number of 80-20 permalloy films formed in high vacuum (~ 10-6 Torr) by
evaporation of the alloy from a quartz crucible by RF -induction heating
techniques. The films will be evaluated for their magnetic properties by
the hysteresis loop tracer and the Kerr effect apparatus and for thickness
and composition by x-ray fluorescence or electron microprobe techniques.
The morphology of the films will be studied by electron microscopy.
Evidence for domain wall creep will be examined and alterations in the
evaporation technique will be made in an effort to inhibit the creep in the
films.

Phase II. Studies of domains in thin permalloy films will be made
by Lorentz microscopy. Two approaches are planned. A special high
resolution holder for the objective position of the specimen in the EMU-~3
electron microscope is being designed. In addition a Lorentz attachment
similar to that of Cohen (Proceedings of Fifth International Congress for
Electron Microscopy, Vol. I, Academic Press, New York (1962) is being
built for the intermediate lens position of the same microscope.

Phase III. This phase is devoted to evaporation studies of the
deposition of permalloy through a fine slit onto a rotating substrate.
Analysis of the material on the substrates by x-ray fluorescence or micro-
probe techniques is expected to give a time distribution of the material

deposited on the substrate in the normal process,
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Phase IV. This phase includes the literature search in direct
support of the above technical phases and will provide the material for
an appropriate state-of-the~-art survey on magnetic films for computer
memories. Various sources of information are being utilized including
RSIC.

The initial effort during the past month has been devoted to refine-
ments in the magnetic test apparatus and to the detailed design of other
equipment required for the work. All of the phases are currently pro-
ceeding as planned and no delays in the program are anticipated.

No trips or visits were made under the contract during the last
month.

Respectfully submitted,

John A. Copeland
Project Director
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA., GEORGIA 30332

April 12, 1965

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Huntsville, Alabama

Attention: PR-EC

Subject: Monthly Progress Report No. 2
Contract NAS8-20011
Project No. A-837

Dear Sir:

Phase I. During the past month project efforts have been mainly
devoted to Phase I described in the last monthly progress report. A jig
and evaporator for deposition of the permalloy films have been designed by
M. D. Carithers and are presently being built. C. K. Kuo has added the
coils and pulse drivers to our Kerr apparatus which will be used for domain-
wall motion studies.

Phase II. J. L. Brown is working on the design of the two Lorentz
attachments for the EMU-3 electron microscope, a high resolution holder
to go in the normal specimen position of the microscope and a Cohen-type
attachment which is placed in the intermediate lens position. Some parts
for the high resolution holder are already being machined.

Phase III. The rotating substrate experiment by J. O. Darnell is
scheduled during the preparation of the films for Phase I so that analysis
of the deposition rates can be made under the conditions of preparation of
the permalloy films.

Phase IV. The literature search under the supervision of R. L.
Bullock and B. L. Johnson is now operating on a 'current' basis. (The
first phase covered a review of supporting documents from 1957 to 1964.)
Documents ordered from NASA and DDC are arriving regularly and are
being entered into the system. In addition to supplying the input for the
ultimate state-of-the-art survey, the descriptor-based system is available
for interrogation by project team members and NASA's technical represen-
tatives.
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Phase V. This phase which was added to the project during the
last month will involve feasibility studies of the preparation of permalloy
films by chemical vapor deposition and subsequent study of their magnetic
properties. Dr. J. D. Fleming of the Georgia Tech School of Chemical
Engineering is directing this phase of the work. The necessary apparatus
for depositing film on our normal substrates is being set up now and the
first films are expected during the next month.

Mr. G. A. Bailey of the Astrionics Lab of MSFC visited us on
April 8 and 9 to discuss the progress on the program. No other trips or
vigits were made under the contract during the last month.

Respectfully submitted,

John A. Copeland
Project Director

JAC:brj



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

May 13, 1965

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Huntsville, Alabama

Attention: PR-EC

Subject: Monthly Progress Report No. 3
Contract NAS8-20011
Project No. A-837

Dear Sir:

Phase I. The jig and evaporator for deposition of permalloy
films designed by M. D. Carithers has been completed. Photographs
of the jig and substrate cleaning racks are enclosed. The final plans
for this jig will be made available to MSFC as soon as possible. Pro-
duction and evaluation should begin during the next monthly period.

Phase II. J. L. Brown has completed the high resolution
Lorentz holder which goes in the normal specimen position of the
EMU-3 electron microscope. Work on the Cohen-type attachment is
continuing.

Phase 1II. The rotating substrate experiment by J. O. Darnell
is scheduled during the preparation of films for Phase I so that analy-
sis of the deposition rates can be made under the conditions of prepa-
ration of the permalloy films.

Phase IV. Four specific requests from project personnel were
processed by the information system during this period. The request
on ""Lorentz Microscopy' provided documents that were quite helpful to
J. L. Brown in constructing the Lorentz holder reported in Phase II.
In addition to answering specific requests, the system will provide
source documents to be analyzed and evaluated in preparing the state-
of-the ~art survey on problems associated with '"Domain-wall Creep."
As soon as the detailed subject of the survey is determined, pertinent
documents will be retrieved from the system for survey.
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A preliminary examination of documents available or abstracted
in International Aerospace Abstracts indicates that some information
can be obtained on memory systems in computers for satellite applica-
tions but that a direct request for details through the appropriate pro-
ject officers at Goddard may be desirable.

Phase V. The furnace for deposition of iron, nickel, and
permalloy film by chemical vapor deposition has been completed. Dr.
J. D. Fleming reports that preparation of the first films by this tech-
nigue is eminent.

Dr. E. J. Scheibner and J. A. Copeland attended the Interna -
tional Conference on Magnetics in Washington, D. C. April 21 through
24. Several discussions with Mr. G. A. Bailey of MSFC took place
during the conference. On April 27 through 30, C. K. Kuo visited MSFC
to discuss magnetic measurements with Mr. G. A. Bailey and Mr. Gayle
Berryman. No other trips were made under the contract during the last
monthly period.

Respectfully submitted,

John A. Copeland
Project Director

JAC:brj
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GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

June 10, 1965

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Huntsville, Alabama 35812

Attention: PR-EC

Subject: Monthly Progress Report No. 4
Contract NAS8-20011
Project No. A-837

Dear Sir:

Phase I. Production of permalloy films by vacuum evaporation
has begun. A substrate cleaning procedure consisting of soaking in hot
chromic acid and rinsing with distilled and deionized water has been
selected. The first films produced were in the thickness range 500 i
to 1000 A with coercive forces of about 2.3 oe. Measurements of mag-
netization, anisotropy, thickness, composition, creep threshold, resis-
tivity, and temperature coefficient of resistivity are being made.

Phase II. J. L. Brown reports that the modified specimen
holder for Liorenz microscopy has been tested in the microscope. The
design is satisfactory from the standpoint of applying the desired mag-
netic field at the specimen and compensating for the resulting beam
deflection. There are some electrostatic charging effects on the sur-
face of the plastic coil forms. Proper shielding should eliminate this.

Phase III. The rotating substrate experiment by J. O. Darnell
is scheduled during the latter part of the preparation of films for
Phase I which should be near the end of the next monthly period.

Phase IV. The literature search is continuing on a current basis
in support of the other phases. Papers related to "Domain-wall Creep"
are being collected and evaluated.

Phase V. Iron, nickel, and permalloy films have been produced
by chemical vapor deposition. Presently work is being done to prevent
oxidation because of back-flow and to prevent irregular gas delivery due
to condensation in the gas lines. Harold Peacock is working on this phase
under Dr. J D. Fleming. REVIE W
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Mr. G. A. Bailey of the Astrionics Laboratory of MSFC visited
us June 7 through June 11l to discuss the program. No other trips or
visits were made under the contract during the last month.

Respectfully submitted,

John A. Copeland
Project Director

JAC:brj



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

July 13, 1965

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Huntsville, Alabama

Attention: PR-EC

Subject: Monthly Progress Report No. 5
Contract NAS8-20011
Project No. A-837

Dear Sir:

Phase I. Over one hundred permalloy films have been prepared
and initial measurements of the magnetic properties have been made by
M. D. Carithers and C. K. Kuo. Films which were deposited in successive
depositions with the film remaining in vacuum between depositions showed
a slight improvement in some characteristics; however, films prepared in
the same way except that oxygen gas was admitted to the system for a few
minutes between depositions show a drastic change in magnetic properties.
When hysteresis loops are observed with the drive field along either of two
perpendicular axis the loop is square with a H. of about 10 oe. In between
these directions the loop closes. B. R. Livesay is preparing to make torque
measurements in the plane of these films to see if any biaxial anistropy is
present.

Phase II. Excellent Lorentz pictures have been obtained by J. L.
Brown by using the high resolution holder which places the film in the nor-
mal specimen position in the EMU-3 microscope. Films have been deposited
onto electron microscope grids at the same time that films were made for
Phase I.

Phase III. The decision was made to postpone the rotating substrate
experiment in order to make more films for use in Phases I and II to obtain
more data on the effect of oxygen on the apparent biaxial behavior. Since a
number of films for Phase I are being made during evacuation cycle from the
same melt, we will obtain much of the desired information from these films.

Phase IV. The literature search is continuing on a current basis.
Papers related to domain walls in thin films are being collected and evalu-
ated. :
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Phase V. The problem of oxidation in the films prepared by chemical
vapor deposition seems to have been solved by using carbon monoxide rather
than argon as the carrier gas for the Ni(CO)4. Dr. J. D. Fleming reports
that bright films of nickel have been obtained. Plating with Fe(CO)g and mix-
tures of Ni{(CO)y and Fe(CO)g is now in progress.

Dr. E. J. Scheibner and Dr. J. A. Copeland visited MSFC to discuss
the progress of research under this project and the placement of emphasis

during the final period.

Respectfully submitted,

John A. Copeland
Project Director

JAC:brj



GEORGIA INSTITUTE OF TECHNOLOGY

ENGINEERING EXPERIMENT STATION
ATLANTA. GEORGIA 30332

August 11, 1965

George C. Marshall Space Flight Center
National Aeronautics and Space Administration
Huntsville, Alabama 35812

Attention: PR-EC

Subject: Monthly Progress Report No. 6
Contract NAS8-20011
Project No. A-837

Dear Sir:

All experimental studies have been completed. The data collected
is being evaluated and will be presented in the final report. Sections of
the final report are being written by J. L. Brown, M. D. Carithers, Dr.
J. A. Copeland, Dr. J. D. Fleming, B. R. Livesay, C. K. Kuo, and Dr.
E. J. Scheibner.

Dr. E. J. Scheibner and Dr. J. A. Copeland visited Goddard Space
Flight Center to confer with Mr. G. A. Bailey of MSFC and Dr. R. W.
Rochelle and others of GSFC on uses of thin magnetic film memory systems
in space probe vehicles. Dr. J. A. Copeland and C. K. Kuo visited MSFC
at different times during the last month to discuss experimental techniques
and results with Mr. G. A, Bailey and Mr. G. Berryman.

Respectfully submitted,

or 14

John A. Copeland
Project Director

JAC:brj
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I. INTRODUCTION

Studies of the properties of thin magnetic films have contributed a
great deal to the general understanding of magnetic materials in the last
ten years. Interest in permalloy films by electronic engineers has been
high because of their potential as memory elements in high-speed com-
puters. Although much of the basic physics governing the behavior of
thin magnetic films is understood, there are still some phenomena about
which more knowledge is needed. The two largest problems in the appli-
cation of thin permalloy films are the variation in local anisotropy prop-
erties (dispersion) and the slow movement of domain walls under influence
of relatively small stray fields (creep).

The work described in this report has been conducted under the
sponsorship of Marshall Space Flight Center, National Aeronautical and
Space Administration under Contract NAS8-20011. The purpose of this
research program is to investigate the properties of thin magnetic films
which have potential use in digital computer memories and to conduct a
state-of-the-art survey with respect to magnetic film computer memory
fabrication methods.

The main experimental study was on the properties of permalloy
films made by vacuum deposition and the effects of oxidation on them.
The details of fabrication are discussed in Chapter II, Section A, the
measuring techniques are discussed in Chapter III, and the general re-
sults are discussed in Chapter IV.

A preliminary study of the process of making permalloy films by
chemical vapor deposition using nickel carbonyl and iron carbonyl was
made and is discussed in Chapter II, Section B.

This report has been organized to give the reader a general im-
pression of the fabrication and measuring techniques currently associated
with thin magnetic films which are being investigated for potential applica-~

tion is thin film computers. Most of the measuring techniques were used



as part of the experimental study and results of the study are used as
examples of the type of information that can be gained. An extensive
literature survey was made during the course of the project and appropri-
ate references are included herein. The report therefore constitutes a
comprehensive state-of-the-art survey as well as a report on the experi-
mental measurements made. A report on State-of-the-Art on the Effects
Gas Occlusions and Strains on the Magnetic Properties of Permalloy Thin
Films provided by RSIC and published bibliographies* on thin magnetic

films should be used to supplement this report.

*See Reference Section for listing of bibliographies.




II. FABRICATION TECHNIQUES

A. VACUUM DEPOSITION PROCEDURES AND APPARATUS

Of all the possible methods for fabricating thin films the one used
primarily in the study was of deposition by evaporation in high vacuum.

In this section the design of various types of apparatus and procedures
used in the vacuum deposition method are described in detail both for
purposes of documentation and so that duplication by others can be readily
accomplished. Comparable results on similar type films are often not
obtained in separate laboratories because of subtle differences in fabrica-
tion methods which are not obvious in the published literature.

A total of one hundred ninety-four permalloy film specimens were
fabricated for the various studies. One hundred and twenty specimens
were prepared on Corning type 7059 glass substrates and fourteen speci-
mens were fabricated on electron microscope grids for related studies and
analysis. With these, sixty specimens were fabricated on glass substrates
to determine film thickness and resistivity.

The principal apparatus employed in the fabrication of these speci-
mens included substrate cleaning equipment, a high vacuum system and
substrate changer, a high frequency power generator, and thickness mea-
surement apparatus. Other small accessories necessary to establishing

process control were utilized.

Substrate Selection

During this initial phase, Corning type 7059 glass was selected as
the primary substrate material for studying the magnetic properties of
permalloy films. The surface of this glass is quite wavy; however, the
smoothness is equal to or better than one microinch, according to the
manufacturer. These were obtained in dimensions of 0.7 inch X 0.7 inch
X 0. 032 inch. To establish process control, monitor slides were cut from

non-corrosive type microscope slides to dimensions 3/8 inch by 1-1/2 inch.




The latter were employed to monitor film resistance during deposition, to
provide film resistivity data, and as film thickness monitors. Conventional
copper grids overcoated with carbon films were utilized for analytical

studies with the electron microscope.

Substrate Cleaning Apparatus

The substrate cleaning facilities consist of conventional pyrex glass
and polyethylene containers, blow bottles, hot plates, a filtered deminer-~
alized water rinse or bath, a vapor degreaser, and a rack for supporting
substrates during cleaning.

The filtered demineralized water rinse is depicted in Fig. 1. It
provided a temporary and useful water rinse facility for the initiation of
this work. The throw-away demineralizing cartridge employed was the
Universal Model manufactured by the Illinois Water Treatment Company.
The filter was fabricated by stuffing a filtering grade of glass wool into a
5/8 inch diameter X 4 inch long polyethylene tube {Calcium Chloride drying
tube). The covered polyethylene dish used for the water bath is 3 inches
wide X 9 inches long X 3 inches deep. A water flow rate of approximately
350 cc per minute was maintained during rinsing.

A vapor degreasing chamber constructed from stainless steel was
employed during the final stage of substrate cleaning. The top of the con-
tainer was closed with an aluminum plate. The container was partially
filled with the liquid trichloroethylene. Specimens were supported on a
rack above the liquid. When the liquid was heated to the boiling point by
an electric hot plate, it vaporized and condensed on the substrates. A
continuous washing action occurred as the condensed droplets were re-
turned by gravity to the liquid below. The degreaser was very useful in
obtaining smear free surfaces.

A special rack was constructed from type 304 stainless steel to
support substrates during cleaning. Fig. 2 illustrates the general con-
struction of the rack. It holds sixteen substrates for batch cleaning.

This particular rack design was developed by M. D. Carithers for the

R R
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Figure 1. Demineralized Water Rinse for Substrate Cleaning.



Figure 2. Substrate Cleaning Racks.



batch cleaning of rectangular substrates during his previous employment
with the Collins Radio Company in Dallas, Texas. The rack is milled
from a solid piece of material to eliminate deep holes and screw threads
that tend to hold solution between successive baths or rinses. It is cleaned
with the substrates, and the substrates are supported so as to provide for
adequate drainage of liquids from the substrate corners and edges. The
latter feature eliminates the gross formation of so called water marks or
smears that occur if droplets of liquid collect along the edges or corners
during final drying of a substrate. The hook type handle is constructed

from a stainless steel rod and is used to transport the rack.

Vacuum Deposition Apparatus and Techniques

The basic vacuum deposition apparatus consists of a high vacuum
system, a substrate changer and substrate masks, Helmholtz coils, and a
high frequency power generator. Accessory items for the measurement of
various parameters during deposition are discussed subsequently. The
equipment is illustrated in Figs. 3, 4, 5, and 6.

The vacuum system is a standard Veeco model of the VE-~400 series.
It consists of a forepump with a pumping speed of 5 cubic feet per minute,
an oil diffusion pump 4 inches in diameter, a water baffle, a liquid nitrogen
cold trap, appropriate valves, gauges, an 18 inch glass bell jar, and power
supplies. All pressure measurements related to this work were made with
the standard ion gauge supplied with the system. The gauge tube is located
near the cold trap and in the basic plumbing immediately between the diffu-
sion pump and baseplate. Thus, the pressures recorded are probably
lower than the actual bell jar pressures. This difference, however, is
expected to be less than one order of magnitude, especially during evapora-
tion when a Meissner cold trap inside the bell jar was operated.

A stainless steel feedthrough collar was added to the system to pro-
vide for extra feedthroughs for electrical apparatus and rotary shafting to
operate the substrate changer discussed subsequently. Also, a Meissner

cold trap was constructed and located in the bell jar. One-half inch
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diameter copper tubing was coiled to form a helix of 6 turns and approxi-
mately 6 inches in diameter and 6 inches in length. Liquid nitrogen was
passed through the tubing by '""Monel'' alloy feedthroughs mounted in the
stainless steel collar. The Meissner trap was operated immediately
before and during the deposition of films. This resulted in lower pressures
inside the bell jar during the critical period of film deposition.

The development of a substrate changer for this and other thin film
research was funded by the Engineering Experiment Station of Georgia Tech.
Because design and construction began with the initiation of this contract,
primary attention was given to designing an apparatus suitable for the deposi-
tion of magnetic films. The apparatus is illustrated in Fig. 4. Non-magnetic
materials free of low vapor pressure constituents, particularly zinc, were
selected for construction of the changer. Primarily, types 303 and 304
stainless steel were employed. A zinc free bronze alloy impregnated with
about 1-1/2 percent graphite was selected for necessary bearings and thrust
washers. A few accessory items were fabricated from aluminum, copper,
and beryllium copper. Mica, boron nitride, and alumina were utilized to
meet electrical insulation requirements. Considerable attention was de-
voted to providing adequate pump-out features such as groves or channels
on mating surfaces. Screws were center drilled for screw holes that
bottomed-out. Where possible bottomless holes were utilized for screws.
Three legs support the apparatus. Top and bottom support plates are se-
cured to the legs by nuts and are adjustable in the vertical direction. The
substrate carrier plate is fixed to a bronze bearing fitted and supported in
the center of the top support plate. A pitch chain sprocket is secured to
the top of the bearing to provide rotation of the substrate carrier plate
about a centrally located axle. The central axle extends through the bottom
plate and is supported by a precision collar that rides on top of the bottom
support plate; the substrate carrier bearing locates the axle centrally at
the top end. The shutter plate is fixed to a bronze bearing that rotates
freely about the center axle. A pitch chain sprocket secured to the bearing

permits turning of the shutter. Miniature stainless steel pitch chains,



Figure 4.

Substrate Changer for Deposition of Magnetic Films.
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universal joints, gears, and shafting are connected to rotary feedthroughs
installed in the stainless steel collar to provide for independent rotation of
the substrate carrier and shutter plates from outside the bell jar. Adjus-
table spring cams ride on the perimeters of the shutter and substrate
carrier plates. The cams engage with notches in the respective plates to
obtain independent registration of the plates with respect to each other and
the various source compartments. Independent substrate holders are
positioned in the substrate carrier plate. Four positions will accommodate
substrates with a maximum size of approximately 2-1/2 by 3-1/8 inches.
Capacity can be doubled to eight such positions. Holes in the top support
plate permit access to the substrate carrier plate.

The substrate holder served also as the mask for studies in this
report; to meet future requirements, the changer was designed with suffi-
cient freedom to allow for the addition of a mask changer plate between the
shutter and substrate carrier plate. Four ports or vapor windows are
located ninety degrees apart in the bottom plate. Ewvaporation filaments or
sources are located below the windows. The stainless steel forms secured
to the bottom side of the bottom plate are source enclosures which provide
shielding of the sources from each other. Also, the shields prevent un-
warranted vapor condensation on the bell jar and changer. Each source
compartment has a quick-release front cover plate for ready access to the
interior. An adjustable frame for holding a 1 inch X 1-1/2 inch microscope
slide is mounted on top of the bottom plate at each of the vapor windows to
serve as a front surface mirror for viewing each source from the exterior
of the bell jar during evaporation.

Radiant substrate heater assemblies and a resistance monitor are
the major accessories incorporated into the changer. The heater was
designed to rest in any of the four holes in the top plate directly above a
substrate or substrates to be coated and can be readily transferred from
one position to another or removed for access to the substrate carrier plate.
Figure 4 shows the heater installed in the changer. Major construction de-

tails are illustrated in Fig. 5. The graphite cloth element provided uniform
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heating over the entire substrate holder and was very efficient. For
example, the cloth barely reached the color temperature range in obtain-
ing substrate temperatures of 500°C. This indicated that the cloth was
approximately 65000, thus, operating at a temperature quite close to that
of the substrate (the method of establishing substrate temperature is dis-
cussed subsequently). For the deposition of the magnetic films of this
program a non-inductive element was desirable; thus, the graphite cloth
was folded to form two closely spaced layers in series, The layers were
insulated by a thin sheet of mica. The power supply leads to the heater
wetre twisted to eliminate extraneous magnetic fields. The heater also
operated quite satisfactorily with a single layer of graphite cloth; however,
a greater current was required for the single layer element to obtain a
given substrate temperature. The resistance monitor consists of a set of
stationary spring contacts mounted in the top support plate that engage with
a set of contacts fixed to the substrate carrier plate at each of the four sub-
strate positions, see Fig. 4. By connecting leads from the contacts on the
substrate carrier plate to pre-deposited terminations on a monitor slide in
the substrate holder, the resistance of conductive films can be measured
during the deposition process. This feature will permit a fair degree of
process control for the deposition of conductive films and a given set of
deposition parameters.

The overall performance of the substrate changer has been quite
satisfactory for this program. Initially, major difficulties were encoun-
tered with bevel gears employed for the transmission of mechanical force
to rotate the substrate changer plate and shutter plate. Also, set screws
that secured gears and universal joints to shafts were troublesome. Replace-
ment of the bevel gears with worm gears and the set screws with tapered pins
eliminated these troubles. The heater can be simplified by constructing the
case from lava or ceramic instead of metal. Also, a considerable improve-
ment can be realized by modifying the evaporation source enclosures to

serve as Meissner traps as well as vapor shields.
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Four substrate holders were fabricated from type 304 stainless
steel. These were machined to provide for the required masking. Each
holder provides for the masking of four 0. 7 inch X 0.7 inch x 0. 032 inch
substrates and two of the 3/8 inch X 1-1/2 inch substrates. One of the
latter was used to obtain a relative thickness measurement for the com-
plete set of substrates, and the other was employed for resistance moni-
toring during deposition. Fig. 6 shows the general outline of the substrate
holder and the position of the substrates relative to each other and the
direction of the applied magnetic field. The masking provided for the
deposition of a circular pattern of five millimeters in diameter on the
regular specimens for magnetic measurements. A 1/16 inch wide slit
defined the deposit pattern on the thickness monitor slide, and a similar
slit with "dumbell' shaped ends at the position of the pre-deposited termi-
nals on the resistance monitor slide defined a resistor pattern equal to
5/8 inch or ten squares in length. When electron microscope grids were
coated, they were positioned over the center of the thickness monitor slit
and beneath the thickness monitor slide.

Similar masks were machined to form terminals on the resistance
monitor slides by evaporation techniques.

A high frequency induction heating unit, model T-2-1/2-1, manu-
factured by Liepel High Frequency Laboratories, Incorporated was used to
evaporate permalloy from a quartz crucible to deposit the permalloy film
specimens of this report. The generator operates at a nominal frequency
of 450 Kilocycles per second and supplies a maximum power of 2-1/2 Kilo-
watts with full coupling to the load.

Helmholtz coils were fixed to the bell jar to provide a uniform
magnetic field during the deposition of the permalloy films, see Fig. 3.
The coils were formed by winding 20 gauge enameled copper wire on alu-
minum forms approximately 26 inches in diameter. The coils were spaced
approximately 20 inches apart with the substrates positioned axially and
midway between the coils during film deposition. The typical magnetic

field intensity at the substrate was 27 oersteds. For this work, the applied
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magnetic field was directed approximately 90 degrees from that of the
earth's magnetic field. A more ideal situation can be had by aligning the

Helmholtz field with the earth's field.

Film Thickness Measurement Apparatus

A constant deviation spectrometer, Hilger and Watts model D 186,
was used in conjunction with an interferometer to measure film thickness.
The interferometer is equipped with a white light source and operates on
the principle of multiple beam interferometryl to produce fringes of equal
chromatic order. The interferometer was constructed under a previous
project funded by the Engineering Experiment Station of Georgia Tech.
Design was based on that described by Scott, McLauchlan and Sennett. 2

Other Fabrication Apparatus

A stereomicroscope with a magnification range from 0. 7X to 60X,
an optical pyrometer, wheatstone resistance bridge, thermocouple poten-
tiometers, and multimeters were available for routine measurements and

examination of specimens during fabrication.

Substrate Cleaning

Five cleaning procedures were examined for possible application
in this work. The procedures are described and the techniques of examina-
tion and the procedure selected for the preparation of substrates in this
report are discussed below.

The following cleaning methods are similar in that the most signi-
ficant variation was that of the cleaning agent and whether or not scrubbing
action was used in its application. Only reagent grade chemicals were
employed and use of the cleaning apparatus was restricted to cleaning sub-

strates and substrate holders.

Cleaning Method 1: Since the glass selected for the substrates is a

CaCO3 type glass, Corning type 7059, a cleaning technique using Ca.CO3

was investigated. A one-liter beaker of demineralized water was heated

to the boiling point. To this, CaCO_ powder was added to form a saturated

3

16




solution. Upon cooling, the CaCO_ precipitated. After siphoning away

3
excess liquid, the precipitate was dried. A dried layer of CaCO3 approxi-
mately 1/2 inch in depth was formed on the bottom of the beaker. The top
1/4 inch was removed and mixed with filtered demineralized water to form

a slurry of CaCO The substrates were cleaned in a stepwise fashion as

3"
follows:
1. Submerge substrate cleaning rack of Fig. 2 in a beaker of
demineralized water.
2. With finger cots on fingers, use a 400 mesh nylon cloth between

finger tips to scrub substrate surfaces with the CaCO_ slurry,

3

3. Rinse away gross CaCO3 with water from the drain tube of the
demineralized water rinse of Fig. 1,

4. Place substrates in cleaning rack under water,

5. Remove racked substrates from demineralized water and place
in flowing demineralized water rinse or bath of Fig. 1 and allow
to rinse for a minimum of 10 minutes,

6. Remove racked specimens from water rinse and rinse with
methanol from a blow bottle,

7. Successively dip racked substrates in two baths of methanol,

8. Rinse racked substrates with methanol from blow bottle,

9. Place racked substrates in trichloroethylene degreaser for a
minimum of 10 minutes or until ready to place in vacuum deposi-
tion apparatus,

10. Slowly remove substrates from degreaser,

11. Use tweezers to remove substrates from cleaning rack and posi-

tion in holders in the vacuum deposition apparatus.

Cleaning Method 2: A slurry was formed by mixing the detergent

Alconox with water and the substrates were cleaned as in Method 1 with the

Alconox slurry substituted for the CaCO_ slurry. In step 4 hot water was

3
used for Method 2.
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Cleaning Method 3: The stepwise procedure was as follows:

1. Follow steps 1 through 5 of Method 2,

2. Place racked substrates in a fresh hot chromic acid bath, 80
to lOOOC, for 5 minutes (chromic acid formed by saturating
concentrated sulfuric acid with chromium trioxide at room
temperature,

3. Remove from the chromic acid and rinse away gross acid with
flowing demineralized water from drain tube of Fig. 1,

4. Place racked specimens in flowing water rinse of Fig. 1 for a
minimum of 10 minutes,

5. Continue with steps 6 through 11 of Method 1.

Cleaning Method 4:

1. Scribe code numbers on back of substrates and arrange in
deposition order in substrate cleaning rack,

2. Place racked substrates in fresh hot chromic acid 80 to 100°C
for five minutes (keep chromic acid dish covered to minimize
oxidation at elevated temperatures),

3. Follow steps 3 through 5 of Method 3.

Cleaning Method 5: Specimens cleaned by each of the previous four

methods were selected for flaming. These were fire polished in the oxidiz-
ing region of the flame of a Meeker burner.

In the performance of the above cleaning procedures, the substrates
were not allowed to dry between successive baths. The methanol rinses are
used primarily to remove water from the substrates and rack before degreas-
ing since water and trichloroethylene do not mix very well. The trichloro-
ethylene degreaser is used primarily as a storage point immediately before
film deposition and as a technique of drying the substrates to obtain a streak
free surface rather than for any unique cleaning or degreasing property of

the trichloroethylene vapor.
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Selection of Cleaning Method

Method 4 of the preceding cleaning procedures was selected as the
most appropriate for this work and was employed for all of the permalloy
films of this study. The selection was based upon a comparative examina -
tion of substrate surfaces with a stereomicroscope, time and ease of per-
formance, ease of process control, and past experience.

Immediately after cleaning, the substrate surfaces were examined
with a stereomicroscope at magnifications ranging from 3X to 30X. To aid
in the detection of surface particles, the substrates we re placed upon a
clean piece of blue cobalt glass. A low intensity microscope lamp was held
so that the light intercepted the surface at a small angle while the surface
was viewed from the normal direction with the microscope. This technique
permits the detection of particles and surface defects that do not ordinarily
appear with normal and full illumination. From a standpoint of particle
count, Method 1 was inferior to Methods 2, 3, and 4. Relatively, the sur-
faces of substrates cleaned by Method 1 were heavily populated with 'lsilica
gel like'" particles (so named because of their inertness to strong acids and
flaming). The surfaces of substrates cleaned by Methods 2, 3, and 4
appeared about the same.

After the microscopic examination, substrates cleaned by Methods 1,
2, 3, and 4 were selected for fire polishing as discussed in Method 5 above.
No significant reduction in particle population was detected. However, this
technique can be used to some possible advantage in smoothing out surface
defects such as surface scratches on soft glass. Aside from the extra time
and handling required, the main disadvantage was technique control. The
substrates were held with tweezers during the flaming and the results de-
pended considerably on artful execution by different personnel. Thus, fire
polishing was eliminated from further consideration for the program.

At this point, the choice of cleaning techniques lay between
Methods 2 and 4. Alconox is an ionic detergent but quite satisfactory re-

sults have been obtained with its use in cleaning substrates in this laboratory,



especially, when adherence of subsequently deposited films was used as a
judgment criterion, Likewise, chromic acid has been used successfully
with similar results. In certain instances the two cleaners have been used
successively, as was done in Method 2, to obtain superior adherence prop-
erties of subsequently deposited films. However, where glass substrates
are vacuum baked as a preliminary step to film deposition, there is no
apparent need of combining the two cleaning agents as in Method 2. Alco-
nox is a proprietary product; on the otherhand, chromic acid can be pre-
pared from reagent or better grade chemicals of known composition to
provide a greater degree of experimental control. Consideration was
given to the inability to completely remove chromium ions from the glass
surface by cleaning Method 4 and their possible effects on the magnetic
properties of subsequently deposited films. Since most of the films in this
program will be deposited in thicknesses greater than 1000 i, it was felt
that the chromium ion impurities are sufficiently limited to be insignificant.

Also, in future work, it is expected that films of SiO_ will be deposited on

2
substrate surfaces immediately before magnetic film deposition to promote
surface smoothness and film adherence and to provide a more consistent
surface chemistry. Thus the effects of chromium ions left during the ini-
tial cleaning on the magnetic film will be further reduced or, essentially,

eliminated (5i0O_ layers were not employed on any of the specimens in-

2
cluded in this report).

After the above considerations, substrate cleaning Method 4 was
considered as the most desirable for the initiation of this work. During
the course of vacuum deposition, further cleaning was obtained by vacuum

baking of the substrates immediately before film deposition.

General Fabrication Procedure

Details of the precedures and preliminary precautions followed to
fabricate specimens by vacuurm techniques are discussed.

Preparation of Vacuum Deposition Apparatus: The oil diffusion

pump was disassembled and cleaned by scrubbing and rinsing with
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trichloroethylene and acetone. After drying with hot air, it was filled with
new oil, Dow Corning type 704. The interior surfaces of the vacuum cham-
ber were cleaned with acetone and paper towels.

When the substrate changer was initially received it was contami-
nated with cutting oils and required thorough cleaning. Stainless steel and
ceramic parts were cleaned with chromic acid; copper and bronze parts
were cleaned in dilute nitric acid; and, after first scrubbing with 'Brillo"
pads, aluminum parts were rinsed with Alconox solution (about 1 teaspoon-
ful of Alconox powder dissolved in 1 liter of hot water). The acids and
detergents were removed by thoroughly rinsing the parts successively in
flowing de -ionized water and methanol. After the parts had dried, the
changer was assembled and installed in the vacuum plant. The cleaned
parts were handled with finger cots and nylon gloves. Once preparation
of the apparatus was completed, the system was evacuated. The vacuum
pumps were operated continuously, and the bell jar was maintained in an
evacuated condition except for routine openings during the fabrication of
specimens and for repairs or adjustments.

During subsequent evaporations, film deposits were formed on
exposed areas of the changer. These were allowed to grow in thickness
until they could be peeled off with a portable hand vacuum cleaner. The
more persistent deposits were removed by scrubbing with paper towels
saturated with acetone.

Before the fabrication of each series of permalloy specimens,
permalloy wire was added, if required, to a quartz crucible and melted
in high vacuum by induction heating. The crucible was 7/18 inch in dia-
meter and 1/2 inch deep and was supported by a boron nitride rod at a
distance of 6-1/2 inches below the substrates. A sufficient quantity of
permalloy was melted to fill the crucible to a depth of about 1/4 inch.

The high frequency generator was adjusted to obtain an evaporant tem-
perature of approximately 1380°C after heating for a period of one minute.
Evaporant temperature was measured with an optical pyrometer as indica-

ted in Fig. 7.

21




(A4

BELL JAR WALL

/I/I/V (3/8" THICK GLASS)
FRONT SURFACE
X MIRROR
OPTICAL S
PYROMETER /
1 —
// QUARTZ
INDUCTION CRUCIBLE
coiL _\o /
o]
(o] o]
o] (o}
o o
(o] e}
EVAPORANT
SUPPORTING ROD >

(BORON NITRIDE)

Figure 7. Arrangement for Measuring Evaporant Temperature.




Preparation of Substrates: Substrates for the resistance and

thickness monitors were cut from soft glass microscope slides; whereas,
Corning type 7059 glass substrates were employed for the primary per-
malloy film specimens.

Resistance monitor slides were prepared a few days in advance
of permalloy film depositions. The substrates were cleaned by Method 4.
Subsequently, terminals were formed on the slides by evaporating a dual
layered film of gold over chromium. Separate source compartments of
the substrate changer were used to deposit the gold and chromium. The
substrates were vacuum baked to 350°C and the chromium was deposited
to a thickness of about 500 A. Immediately, the substrates were rotated
to the gold position and gold was deposited over the chromium to a thick-
ness of about 2500 . The terminated slides were stored in a desiccator
until they were used during subsequent permalloy film deposition.

Initially, the four substrate holders or masks were cleaned by
Method 4, wrapped in aluminum foil, and stored in a desiccator; there-
after, they were wrapped in aluminum foil and stored in the desiccator
between successive depositions.

Immediately before each permalloy deposition, the substrate masks
were installed in the changer apparatus. In the meantime, the thickness
monitor substrates and the Corning glass or primary substrates were
cleaned by Method 4 as two separate batches. Also while these were being
cleaned, gold wire leads were bonded to four of the pre-terminated resis-
tance monitor slides by thermal compression techniques and installed in
the substrate masks. The thickness monitor and primary substrates were
transferred directly from the vapor degreaser to the deposition masks im-
mediately before evacuation. The arrangement of the substrates in each of
the four masks is shown in Fig. 6.

General Evaporation Procedure: After the substrates were installed

in the deposition apparatus, the following general procedure was followed as

a check list to deposit the permalloy films:
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11.
12.

13.

14.

Fill LN2 trap with LN_ at beginning of an evaporation series

2
and add as may be required.

-7
Evacuate to about 2 to 5 x 10 Torr,
Turn on substrate heater and set for desired temperature,

After heating substrates for 25 minutes, start LN_ through

2
Meissner trap,

After 28 minutes of substrate heating, turn on Helmholtz

coils and adjust for maximum current and record coil current
(should be about 3.8 to 4.25 amp. ),

After 30 minutes of substrate heating, record substrate tem-
perature and high vacuum pressure,

With shutter closed, turn on high frequency generator and heat
evaporant for one minute, check evaporant temperature with
optical pyrometer, and make necessary power adjustments for
obtaining an evaporant temperature of approximately 1380°C
for a one minute heating period,

Open shutter and evaporate permalloy for the preselected
time, record pressure during last 15 seconds of evaporation,
and record monitor resistance at the end of the evaporation,
Close the LNZ valve to the Meissner trap,

Turn substrate heater off and leave Helmholtz coils on until
TC, =

h
Switch off Helmholtz coils,

1000(3, unless specified otherwise,

Rotate next group of substrates into deposition position and
proceed as above until all four sets are completed,

After permalloy is deposited on the final set of substrates,
cool until TCh indicates a temperature of 50 to 7500,

Open vacuum chamber, remove specimens and store in a

desiccator,

Substrate temperature was indicated by a 22 gauge alumel-chromel

thermocouple, TC

h’ positioned between the graphite cloth heating element
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of the substrate heater and the substrate holder. TCh was calibrated
against a second alumel-chromel thermocouple, TCS, fixed to the front
surface of a substrate in position III of the holder of Fig. 6. The latter
thermocouple was fabricated from 40 gauge wires. A loop of nichrome
wire was heated by resistance heating and employed to embed the thermo-
couple in the substrate surface. Fig. 5 illustrates the arrangement of the

thermocouples for calibration of TC The temperatures indicated by both

thermocouples were measured versxl;s time for one hour and one-half hour
heating periods and various variac settings of the heater power supply.
Data obtained for one hour heating periods are plotted in Fig. 8. The
thermocouple fixed to the substrate, TCS, indicated higher temperatures
than TCh for final temperatures below 425°C and lower values for final
temperatures above 425°C. Heater currents at the end of the heating
periods ranged from 5 amperes for a substrate temperature of 200°C to
14.1 amperes for a substrate temperature of 500°C. These data were used
to interpolate substrate temperatures from measurements with TCh during
the fabrication of the permalloy films.

The resistance of each resistance monitor was measured with an
ohmmeter during deposition. After removal from the vacuum chamber, the
resistance of each monitor was measured at room temperature with a wheat-
stone bridge. Data tables reflect the latter values. When sufficient film
resistivity data has been obtained for these films, the resistance monitor
can be employed to control the thickness of film deposits.

Pressure measurements were discussed previously in the description

of the vacuum apparatus.

Fabrication of Experimental Specimens

One hundred ninety-four permalloy film specimens were fabricated
for this study. These were grouped and deposited in thirty separate evapora-
tions. Included in each group were four Corning type 7059 glass substrates,
a thickness monitor, and a resistance monitor. In addition, an electron
microscope grid was included in fourteen of the deposition groups. Fabrica-

tion data are given in Tables 1 and 2 of the Appendix. Detailed data for all
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films are listed in Table 1. In Table 2, the specimens are grouped
according to deposition group and order of deposition to illustrate more
clearly the significant fabrication variables. Films were deposited simul-
taneously on all of the substrates in a particular group, for example,
specimens 1 through 4. Specimens numbered 1 through 120 were fabricated
on Corning type 7059 glass substrates. Those numbered E-1 through E-14
were electron microscope grids. Except for the electron microscope grids,
all of the substrates were cleaned by Method 4 before vacuum processing.
Additional cleaning was obtained by baking the substrates in high vacuum
immediately before film deposition.

Permalloy wire with a composition of 80. 55 percent nickel and
19. 45 percent iron was evaporated from a quartz crucible by induction
heating techniques to deposit the films. The general evaporation procedure
previously discussed was varied according to the experimental variables
introduced. Predominantly, the films were deposited in high vacuum at
pressures in the 10~5 Torr range at an average rate of approximately 400 &
per minute. The deposition rate varied slightly from the average value de-
pending on the total evaporation time and variations in evaporant tempera-
ture. Substrate temperatures were varied from room temperature to 400°C.
Helmholtz coils were used to apply a uniform magnetic field during deposi-
tion and subsequent cooling of most of the films. One group of films (speci-
mens E-14 and 117 thru 120) was deposited in a residual oxygen envirnoment
to form films composed of Ni-Fe oxides. Also, films were deposited in
single and multi-layered structures to thicknesses ranging from 230 to 2500 k.
Multi-layered structures were formed on a number of specimens by interrupt-
ing the evaporation at high vacuum for a 5 minute period; other layered struc-

tures were formed by admitting dry O, into the vacuum chamber during an

2
interrupted evaporation cycle. Film structures consisting of up to four per-
malloy layers separated by thin Ni-Fe oxide films were fabricated by each
technique.

The condition of the permalloy melt and evaporant is implied in the

second column of Table 2, headed Ni-Fe EVAPORANT. "New Melt" indicates
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that the quartz crucible was filled with new permalloy wire before the
evaporation; otherwise, the same melt was used to deposit films on pre-
vious groups as indicated.

The total thickness of the film on the thickness monitor coated with
each group of specimens is given in column 10 of Table 2. These values
are an accurate indication of the film thicknesses on corresponding micro-
scope grids; however, films on the Corning glass substrates were from 5
to 20 percent thicker than the value indicated for the corresponding monitor
films.

Several specimens were fabricated as layered film structures.

The number of permalloy layers in the structure is denoted in column 9 of
Table 2. The layers were formed by depositing a permalloy film and oxi-
dizing the deposit for the specified time in a high vacuum environment at
pressures of (1 -10) x 1()-6 Torr or admitting dry oxygen into the system
and oxidizing in a partial pressure of oxygen. The deposition-oxidation
cycle was repeated an appropriate number of times to form multi-layered
permalloy structures. The temperature of the substrates were maintained
at the deposition temperature during the oxidation. The word "NONE" indi-
cates that an oxidation cycle was not introduced; however, even these films
underwent the normal surface oxidation that could not be prevented under
the fabrication conditions. Those films oxidized in dry 02 were exposed to
the O2 for approximately 20 minutes. The O2 was admitted to the system
until the pressure increased to 1 Torr. After oxidizing for 10 minutes at

1 Torr, the oxygen bleeder value was closed. An additional 10 minute
period was required to evacuate the system to 5 X 10—? Torr.

The last six columns of Table 2 indicate if a magnetic field was
applied during the fabrication phases of deposition, oxidation, and/or post-
deposition cooling. The magnetic intensity of the applied field was 27 t 2
oe, and it was directed approximately 90 degrees from that of the earth's

magnetic field.

M. D. Carithers
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B. CHEMICAL VAPOR DEPOSITION

Deposition of magnetic films by chemical vapor plating appears to
offer several potential advantages. The compounds which are the sources
of the metals have high vapor pressures in contrast to the low vapor pres-
sures of most contaminants likely to be present. Distillation of the com-
pound thus affords high purity with little effort. Since the process involves
several independent variables, control of the composition and crystalline
nature of the film should be facilitated. Since the film is deposited under
conditions close to chemical equilibrium, an active mass transport mecha-
nism is operative in contrast to the situation with evaporation and sputter-
ing. As a result, near-equilibrium alloy structures may be expected and
post-deposition annealing to promote homogeneity may be simplified. The
chemical vapor plating process is amenable to continuous operation thus
lending itself to efficient production applications.

These advantages appeared sufficiently promising to warrant a
brief feasibility study of chemical vapor deposition of iron and nickel. For
this preliminary study, deposition by pyrolysis of the carbonyls was selec-
ted since the required compounds are commercially available. Pyrolysis

occurs according to the equations

Fe (CO)5~Fe+ 5CO

and

Ni (CO)4 - Ni +4CO

The feasibility study was intended to evaluate the possibility of
depositing thin films of iron and nickel on suitable glass substrates and to
outline the engineering problems associated with this process under condi-
tions suitable for large scale production. In keeping with this objective,
the plating pressures were restricted to the atmospheric range and the

necessary environmental conditions were obtained by flushing rather than
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operation under reduced pressure. No attempts were made to determine
optimum plating conditions, to evaluate the deposition kinetics, or to con-

trol the composition of the films beyond eliminating gross oxidation.

Experimental Work

A furnace was constructed of the form shown schematically in Fig. 9.
The base plate was machined from fused silica foam. The heating coil was
wound from Kanthal wire and placed in a circular hollow covered by a metal
plate upon which the substrate rested. The metal plate was drilled radially
and an insulated thermocouple was placed at the center point to permit tem-
perature monitoring. The plating gas stream was conducted over the sub-
strate through a coarse fritted glass filter which served as a diffuser. The
system was contained within a Pyrex pipe joint from which the gases escaped
through a sand seal.

In order to determine the temperature uniformity on the heater plate,
nine thermocouples were spot-welded to the heater plate in the positions in-
dicated in Fig. 10. The temperatures were found to vary within t10°C. In
order to improve the temperature uniformity, grains of fused silica were
placed on the heater coil at positions beneath the thermocouples giving the
higher temperature readings. By trial and error relocation of these grains,
the tempe rature variation was decreased to T, 5OC as shown by the readings
tabulated in Fig. 10.

Plating with Ni(CO)4: Following construction of the furnace, plating

was begun with Ni(CO)4 using argon as a carrier gas. The Ni(CO), was
introduced by gentle heating of a containment cylinder and the flow rates
were monitored with rotameters. Condensation of the carbonyl occurred in
the transfer lines but this problem was eliminated by wrapping the lines with
electrical heating tape. Adherent coatings of nickel were obtained at tem-
peratures ranging from about 160 to 230°C. With a few exceptions, however,
the films were obviously oxidized.

Attempts were made to eliminate oxidation by cold trapping and

scavenging the argon. Since these efforts were unsuccessful, the oxidation
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wasg attributed to inadequate blanketing of the substrate by the flowing gas.
This problem was not solved by surrounding the substrate with a secondary
flow baffle although some improvement was noted.

In order to augment the protection afforded by gas blanketing with
improved protection by a reducing atmosphere, carbon monoxide was sub-
stituted for argon as the carrier gas. While only a few runs with carbon
monoxide have been made, it appears that this has strongly decreased and
possibly eliminated the problem with oxidation. In two runs, bright films
were obtained. In a third run, the film showed the effects of oxidation but
the system was only briefly flushed with carrier gas prior to the deposi-
tion.

The nickel films deposited appeared uniform insofar as light trans-~
mission is concerned. The films were adherent and showed no macroscopic
flaws although the plating surface was darkened, indicating that homogeneous
gas phase nucleation of the nickel may have occurred. This would be unde-
sirable since the resulting finely divided nickel would cause catalytic dispro-
portionation of carbon monoxide and increase the carbon content of the film.
This problem should be eliminated by a lower carbonyl concentration in the
carrier gas and by the use of a water cooled injection nozzle.

Plating with Fe(CO)g : Since the vapor pressure of Fe (CO)5 is lower

than that of Ni(CO)4, condensation of the carbonyl in the transfer lines has
proved more troublesome than with the nickel plating. The first films de-
posited showed little oxidation but the deposits were spotty, indicating
carbonyl starvation. This would be likely to result from condensation in the
transfer lines. Following these results, the baffle plate in the gas distribu-
tor was removed, the heating arrangement and insulation of the lines carry-
ing the Fe (CO)5 was modified, and the carbon monoxide carrier gas was
preheated. Condensation of the Fe (CO)5 was, thereby, avoided and uniform
films were obtained. These films, though uniform, were quite brittle. It
was concluded that the brittleness was due to the presence of carbon in the
films. Returning to the use of argon, instead of carbon monoxide, as the
carrier gas alleviated this condition, and satisfactory iron films were ob-

tained.
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Proposed Future Work

The preliminary study indicates that chemical vapor deposition of
iron-nickel films by deposition from the carbonyls should present few
major problems. As a result, it appears that a more detailed, systematic
study is warranted. This study should include investigation of the following
factors:

1. Kinetics of deposition of iron and nickel from mixed carbonyl
vapors as influenced by temperature, pressure, concentration,
and the nature of the carrier gas.

2. Physical and chemical uniformity of the films.

3. Characterization of the films as to microstructure and pertinent

physical properties.

W. J. Corbett
J. D. Fleming

C. ELECTROCHEMICAL DEPOSITION

The process of making alloy films of iron, nickel, and cobalt is made
easier by the fact that the standard potentials of the three metals are within
the range -0.25 to -0. 44 volts. 3 The characteristics of the plated films are
very similar to films of the same composition made by vacuum deposition,
including a uniaxial magnetic anisotropy induced by a magnetic field applied

b3

during the formation of the film. Phosphorous may be added to the film
by using hypophosphite as an anion in the plating bath. A small amount of
phosphorous rmay be used to reduce the anisotropy constant, Hk’ to the order
of 1 oe. 6

Thin magnetic films have been plated onto flat metallic substrates,
metal coated glass substrates, and onto copper and berylium-copper wires.
Usually the substrates are smoothed by electro-etching. In the case of 5 mil
wires, as much as 1 mil may be etched off and replated before deposition of

the magnetic film.
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The magnetostriction constant is less sensitive to the nickel to iron
composition ratio in electrodeposited permalloy films than it is in vacuum
deposited films, which in turn are much less sensitive than bulk samples.
Drastic aging effects in electrodeposited films have been reported, ? but it
seems that recently these effects have been much reduced by proper over-
coating.

No experimental studies of electrodeposited films were made as
part of this project, but the process is mentioned because of the increasing

interest in electroplated thin film computer elements.

J. A, Copeland

34




III. MEASURING TECHNIQUES

A, HYSTERESIS LOOP

The hysteresis, or M-H loop tracerlo’ .12 has been one of the
effective tools for studying magnetic thin films. The properties of mag-
netic thin films, such as coercive force, anistropy field, magnetization,
susceptibility, Curie point, dispersion, remanence and anisotropy charac-
teristics, etc., can be evaluated with the hysteresis loop tracer.

The hysteresis loop tracer used for taking the data in this report
operates at 60 cps. With its high sensitivity, it allows measurements to
be made on permalioy films 5 mm in diameter and less than one hundred
angstroms in thickness. Both the specimen holder and pickup coil holder
are made so that they can be rotated 360°. The angular resolution of the

specimen holder is better than t0.2°.

General Description

A magnetic thin film is placed at the center of a pair of Helmholtz
coils which produce an alternating magnetic field strong enough to saturate
the film. A voltage is induced in the pickup coil, which is placed near the
film, by the flux change due to the magnetization change of the film. The
voltage, often being electronically integrated, produces a signal propor-
tional to the magnetization, M. This signal is amplified and displayed on
the vertical axis of a cathode-ray tube, as a function of the driving field
which is displayed on the horizontal axis to get the hysteresis loop of the

film. A schematic diagram of the loop tracer is shown in Fig. 11.

Field Coils and Pickup Coils

The Helmholtz coils used to produce alternating fields have 1000
turns and produce a field of 37. 5 oe/amp. A current sampling resistor,
0.1} and o percent in accuracy, is connected in series with the Helm-

holtz coils to measure the field intensity, H.
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The pickup coil is made up of two D-shaped coils with their straight
edges bound together. The two halves of the pickup coils are wound so that
the voltages in the two halves induced by the magnetization change of the
film are adding at the output terminals of the pickup coils. The number of
turns of the pickup coil is determined by evaluating such factors as the
necessary sensitivity of the M-H loop tracer, stability of the system, nocise,
and the practical size of the coils. The pickup coil being used in these
measurements has 50 turns in each half.

A set of 9 inch cube coils (3 orthogonal pairs of square coils) driven
by battery power are used to cancel the earth field at the location of the

film. The earth's field at the film can be nulled to t 0.02 oe.

Amplifier and Integrator

The amplifier used to amplify the voltage from the pickup coils is a
Millivac VS-67-A, which has a noise level equivalent to about 1 y v at the
input terminals with a 8 ohm pickup coil connected to the input and the band-
width of the amplifier set at 180 Kc. The gain of the amplifier is adjustable
in steps to 10, 20, 40, 60 or 80 db and the bandpass is adjustable both at the
top and bottom of the band.

A schematic diagram of the Miller integrator is shown in Fig. 12.

It is built in a separate small box with switches to select integration con-
stants and to select direct transmission or integration. The gain at 60 cps

is about 0 db.

Stray Signal Compensation

A pair of compensation coils are connected in series with the pickup
coils to compensate for part of the extraneous 60 cps signals which come
from the pickup coils or any part of the system.

The compensation coils are so built that they can be rotated 360°
and moved up and down through the axis of the Helmholtz coils to produce
the right amount of voltage to reduce the extranecus signals to the lowest

magnitude.

36




HELMHOLTZ COILS

ISOLATION
TRANS. & 5 PICK-UP COILS
VARIAC
MILLIVAC INTEGRATING
71 TRANSITOR EGRAT!
AMPLIFIER
115v. 60CPS
POWER
SUPPLY
EXTRANEOUS
PICK-UP
COMPENSATOR
010
COMPENSATING 0.1%
coiLs
- oY XO

Figure 11. Block Diagram of Hysteresis Loop Tracer.

- 4 90V

100K 15K

|
100,f

Figure 12. Schematic Diagram of Integrator Circuit.



The induced 60 cps voltage in the compensation coils is variable in
magnitude but varies little in phase. It will cancel out either those in-phase
or 180° out-of-phase components of the extraneous 60 cps signals. The
remaining 90° out-of-phase stray signal component which is only a very
small portion of the total stray signal, is nulled by a voltage produced by the
compensator circuit. The compensator circuit, which is shown in Fig. 13,

produces a voltage adjustable in both magnitude and phase.

Calibration and Measurements

The H axis is calibrated by passing a known direct current through
the Helmholtz coils and measuring the field at the center with a Hall-effect
probe. The value of the magnetization flux ®_ of a film corresponding to
a certain distance, in volts, on the vertical axis of the oscilloscope, can be
determined for all films of a certain diameter by calibrating with a fairly
thick film for which the magnetization flux ¢ can be obtained from thickness
and torque measurements of the magnetization.

Once it is calibrated, the accuracy of the H axis measurement depends
only on the accuracy of equipment and of the reading processes. Since the
calibration of the ¢ axis (magnetization flux) is effected by factors such as
the geometry of the specimen and the relative position of the specimen to the
pickup coils, a reduced absolute accuracy will be unavoidable; however, this
will not effect measurements of M/MS.

The hysteresis curve is a plot of the magnetization component parallel
to the driving field versus the magnitude of the driving field. Some of the
important parameters which are taken from the hysteresis curve are the co-
ercive force, Hc’ the saturation field, HS, the remanent magnetization, Mr’
and the saturation magnetization, Ms. These points are shown in Fig. 14.

If the drive field is reduced to a small fraction of HC, the hysteresis
loop becomes almost a straight line. The slope of this line is the initial
sus ceptibility, x , and if this line is extrapolated until it intercepts the line
M = Ms’ the value of H corresponding to the intercept is Hi = Ms/x. The

value of the anisotropy constant, K, of a uniaxial permalloy film is given
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Figure 14. Large and Small Drive Hysteresis Loops.
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by K = I—IkMS/Z where H, is the value of Hi when the drive field is parallel

k

to the hard axis. Since most thin permalloy films are anisotropic, the

quantities described above depend on the orientation of the film.

Anisotropy Dispersion

When an alternating drive field is applied along a direction that is
almost parallel to the hard axis of a uniaxial permalloy film the magneti-
zation will rotate in the plane of the film either clockwise or counterclock-
wise depending on whether the hard axisis slightly clockwise or counter-
clockwise of the drive field direction. The magnetization component
parallel to the drive field is independent of the direction of rotation; how-
ever, the magnetization component perpendicular to the drive field, M,
direction changes the sign (+ to -) when the direction of rotation of the
magnetization changes. This transverse component can be measured by
rotating the figure-eight pickup coil of the loop tracer by 900, Examples
of the type of display of Mt versus H seen on the loop~tracer oscilloscope
are shown in Fig. 15.

The local direction of the hard axis of a permalloy film varies from
one small region to another within the film. When the film is set so that
the average hard axis is parallel to the drive field, half of the film has a
local hard-axis slightly clockwise from the drive field and the local magne-
tization rotates clockwise while in the other half of the film the local magne-
tization rotates counterclockwise. In this case there is no average transverse
flux and no signal from the pickup coil. If the film is rotated the signal from
the pickup will increase and reach its peak when the film has been rotated
enough that all of the local hard axes are either clockwise or counterclockwise

of the drive field direction. If this angle is o the local hard axes are dis-

100°

persed over directions within q of the average hard axis.

100
Since the distribution of the local hard axes is usually Gaussian,

a better parameter for specifying the amount of angular dispersion within a

given film is the angle, o .. , which contains some fraction, F, of the hard

F

axes of the film. The amplitude of the signal when the film is rotated. by G
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from the average hard-axis will be just F times the maximum amplitude
since the fraction of the film rotating one way will be (0.5 + F/2) and the
fraction rotating the opposite way will be (0.5 - F/2. The parameter used
in this report's data is for F = 0. 5.

A three dimensional plot or contour plot is needed to show the dis-
tribution of the local anisotropy in magnitude as well as direction. Torok

has devised a technique for obtaining such plots.

C. K. Kuo

B. KERR EFFECT APPARATUS

When a linearly polarized light is reflected by the surface of a
magnetized sample, the plane of polarization is rotated through an angle
which depends upon the magnetization direction in the sample. 15 By
applying this effect, which is known as the Kerr effect, the adjacent do-
mains of a ferromagnetic sample will be revealed in contrasting intensity
when the sample is illuminated with a plane polarized light and observed
by reflection through a suitably oriented analyzer. Lé The arrangement of
the Kerr magneto-optic system for the direct observation of magnetic do-
mains is shown in Fig. 16. The system utilizes the longitudinal Kerr
effect in which the magnetization vector is in the plane of the film and
parallel to the plane of incidence of the light beam. A collimated light
after being polarized by a Glan~Thomson prism, illuminates the sample
at about a 60° angle of incidence. The reflected light passes through
another Glan- Thomson prism which acts as the analyzer and then through
an objective lens to a television camera. The picture of the sample is
shown on the screen of a television monitor.

The television system not only provides an easy way for observing
the domain patterns of the sample, but it also enables the contrast of the
domains to be increased electronically. The image of the sample was

directly focused on the videcon tube of the television camera. The video
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Figure 16. Diagram of Kerr Magneto-optic Apparatus.

Figure 17. Photograph of Kerr Magneto-optic Apparatus.
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signals from the television camera are amplified and some of the DC
component is clamped to increase contrast.

The entire system is mounted on an optical bench which is adjustable
in slope angle. The sample holder, which can be rotated 3600 in the plane
of sample, is a modified surplus Air Force Astro-Compass. A photograph
of the Kerr apparatus is shown in Fig. 17.

The Kerr technique has the advantages of not disturbing the sample
during the observation and of having less limitation on the thickness of the
sample. It has, however, the disadvantage of relatively low contrast and
magnification of domain structure. Some improvement in contrast can be
achieved through employing a transparent ZnS dielectric layer deposited on
the surface of the sample. L7 This technique increases the Kerr rotation by
multiple reflections within the dielectric film and reduces the intensity of
the normal component by a proper choice of the dielectric film thickness.
Another technique for improving contrast is to eliminate the ellipticity of
the reflected light by adjusting the Kerr component to be in phase with the
normal component. Monochromatic light is required for the latter technique.

The light source is a very important factor in determining the con-
trast and resolution of domain structure from a Kerr magneto-optic system.
A collimated light beam will give better results and can be approximated by
using a pinhole shutter at the source; however, the intensity is also reduced.
A high intensity collimated beam can be achieved by using a laser as a source.

A 150 W high pressure mercury arc lamp and a Spectro-Physics
Model 115 gas laser have been used at Georgia Tech for light sources. The
laser is a very effective light source because the output beam from the laser
itself is monochromatic, collimated, and polarized.

Much improvement in contrast and resolution of domain structure is
observed when using the laser beam. Diffraction patterns appear on the
screen however as a result of the coherent characteristics of the laser beam
and defects in the lenses now in use. High quality diffraction limited lenses
can be used to eliminate the diffraction patterns. It is possible that a high
intensity laser beam is a solution to the contrast and magnification deficien-

cies of the magneto-optic technique.
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A pair of 18 inch square coils with sensitivity of 2. 75 oe /amp

produces a DC field in the longitudinal direction for the observation of the
static domain structure. The direction of the field can be changed by a
switch. The magnitude of the field can be adjusted smoothly by using the
voltage adjustment in a Kepco power supply voltage regulating circuit.
The direction control switch and the magnitude adjustment potentiometer
are mounted on a small control box with a long cable. The stray field at
the location of the sample is nulled to less than 0. 002 oe by two pairs of
18 inch square coils.

A pair of Helmholtz coils 1.5 inches in diameter can be driven by
a Rutheriford pulse generator to produce a pulsing field in the longitudinal
direction. The pulse field has a rise time of 0.5 4 sec and is adjustable
both in duration and amplitude. An external triggering circuit is built to
control the occurrence of single pulses. With this setup, we are able to
study domain wall motion by applying a single pulse and observing the way
the wall advances.

The Kerr apparatus is also very useful in measuring the tendency
of domain walls to creep. The apparatus includes another pair of Helm-~
holtz coils, 2 inches in diameter, driven by audio power in the transverse
direction for the creeping experiments. The magnetization of a saturated
uniaxial ferromagnetic film will reverse its direction by the slow move-
ment (creep) of domain walls if an alternating field is applied along the
hard direction, in the presence of a DC field in the easy direction opposite
to the original magnetization direction, even though the total applied field
is within the switching curve.

The mechanism of the creep phenomenon has been proposed by
many authors and the measurements of the creep threshold have been pre-
sented in different papers, but so far there has been no generally accepted
unique method to measure creep. 18,19,20, 21, 22,23, 24

The creep threshold in this report is defined as the peak magnitude
of the AC transverse field required to switch the magnetization of the film
25 per cent in 50 sec, in the presence of an easy-~direction DC field of

0.2 Hk applied opposite to the saturation direction.
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Figure 18. Kerr Photographs Showing Intermediate Stages in Switching by Domain
Wall Motion.




Figure 18a-c shows a sequence of pictures taken of the Kerr
apparatus video monitor as a film switched direction of magnetization by
wall motion. Figure 18d shows a Kerr picture of a 5 mm film which was

made using a 3 mm laser as a light source.

C. K. Kuo

C. FLUX REVERSAL MEASUREMENTS

The spontaneous magnetization in uniaxial permalloy films tends
to lie in the plane of the film, due to the shape anisotropy, and parallel
to one axis if viewed on a scale which is large compared to the crystallite
size. If the film's thickness is less than about 10“4 times the easy axis
dimension, the film can be changed from a single domain state with mag-
netization in one direction to a single domain state with magnetization
reversed by applying a switching field, Hs’ antiparallel to the original
magnetization direction. As shown in Fig. 19, which was taken from
Olson and Pohm, 25 the switching time, 7, can be greatly shortened by
the presence of a transverse field, H . 26 The curves in Fig. 19 consist
of two regions of I—Is where the switching speed, 1/ 7, is linearly related
to the switching field but where the slope of the curve is different. In the
higher field region the magnetization of the film rotates coherently while
in the lower field region the magnetization rotates incoherently (i.e., the
local magnetization vectors do not remain parallel). 27,28,29

Figure 20 shows a third region of Hs where the inverse switching
time is linearly related to the switching field for many films. 30, 31 The
slope of the curve in this region is much smaller (note the difference in
vertical scale between Figs. 19 and 20). The film in this region of values

for Hs reverses magnetization by domain wall motion. The velocity of the

walls, V, can be described by

V = GH -H) (1)
s o
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where G is wall mobility and depends primarily on the thickness of the
film. If Eq. (1) is divided on both sides by the distance through which a

wall moves during a flux reversal, X, the result is

~r"1 = (G/X)(H -H) (2)
8 Q

The slope of curves such as those in Fig. 20 will vary from film to film
because of different wall movement patterns and therefore different
values for X. The value of X may be determined for a particular film by
observing the domain wall movement pattern on a Kerr effect apparatus
while switching the film with a series of 2Zusec.

The wall motion, Eq. (1), can be explained by two types of energy
losses as the wall moves; one type in which the energy loss per unit area
is proportional to the distance the wall moves (E1 = ¢y x) and the other
which gives a power loss per unit area in proportion to the velocity squared
(dEz/dt = cz(dx/dt)2 > The energy per unit area put into the wall by the
switching field is proportional to the distance the wall moves (actually to
the volume a unit area sweeps through) and is given by E = 2MHx or in
terms of power, dE/dt = MH dx/dt. Since the power put into the wall must

be equal to the power loss:
MH dx/dt = c dx/dt + cz(dx/dt)z (3)
If Eq. (3) is rearranged and V substituted for dx/dt
Vo= ol M(H - ¢ /M) (4)
Comparing Eq. (4) with Eq. (1) it seems that
G = <, M, Ho = Cl/M (5)

The second type of energy loss, the one that determines the value

of G, is well understood. For films thicker than 700 } this energy loss

49

S i T T O A IS o i b7 28 0t % s S e 8 B e A R i e 57



is due mainly to eddy currents while for films thinner than 500 R the loss

¥

is due mainly to intrinsic damping. Figure 21 shows the value of G
calculated from theory and experimental values for permalloy films as a
function of film thickness.

The mechanism of the energy loss which is proportional to the dis-
tance the wall moves and independent of the velocity is not well understood.
It is known that transverse fields, particularly alternating fields, reduce
the value of ¢, or Ho and let the wall move at values of Hs less than the
value of Ho for no transverse field (domain wall creep). This energy loss
is probably due to microscopic inhomogeneities in the film.

For observing flux reversals that take place in periods from 1l nsec
to 10 pysec it is necessary to put the film in a transmission line, either a
strip or coaxial type, and sense the flux changes with a single turn pick-
up. 25,26,27,28 A pulsed field with a rise time of 1 nsec is obtained by
discharging several hundred feet of coaxial cable through a coaxial
mercury-wetted relay.

For studying flux reversals which take place by wall motion in
10 uysec to 100 usec it is possible to use a lumped constant transmission
line made of a two inch diameter coil of wire, 8 turns/in with 120 picofarad
capacitor from each turn to an external ground buss. This type of line will
produce a pulsed field of about 3 oe with 0.5 ysec rise time when driven by
a 50 volt, 1 amp pulse generator such as the Rutherford B7B and when ter-
mination in 50 ohms resistance. A multiturn pickup coil such as the one
used for the hysteresis loop tracer described in Section III-A is used to
sense the flux changes in the film. Other external coils can be used to re-
set the magnetization, to supply transverse fields, and to cancel the earth's

field. 30, 32

For flux reversals which take place in more than 100 usec, which

generally would be by domain wall creep, the Kerr apparatus can be used as

described in Section III-B. Also a small-spot Kerr apparatus with a photo-

multiplier tube can be used to measure domain wall velocities.
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For a review of flux reversal experiments and theory see the

appropriate chapters of the books by S(:»ohoo33 and Prutton. 34

J. A, Copeland

D. TORQUE MEASUREMENTS

Torque measurements on thin films are used to determine several
important properties. An absolute determination of the spontaneous mag-
netization is possible by making measurements about an axis lying in the
plane of the film and normal to the field direction. Torque measurements
made on films with the rotation axis normal to the film and with the field
vector lying in the plane of the film are used to determine angular aniso-
tropies and to evaluate anistropy constants. These measurements are
greatly facilitated by the use of a self balancing torque magnetometer.
The magnetometer and some of the techniques of measurement are de-

scribed briefly in this section.

Measurement of Saturation Magnetization

The saturation magnetization is measured by suspending the film
vertically in a horizontal magnetic field and then making torque measure-
ments about the vertical axis. A torque is exerted on the film essentially
because of the shape anisotropy of the thin layer. If the orientation of the
film is such that the plane of the film makes an angle of 45° with the ap-

plied field, the energy may be written:
2 . 2
E = -MHV cos 8+ (2mM + K)V sin (/4 - 8) (1)

where 8 is the angle between the magnetization M and the applied field, H,
V is the volume of the film, and K is an anisotropy constant. The torque

acting on the film is

L = MHV sin 8 (2)




When equations (1) and (2) are combined after minimizing the energy in

(1), the following expression is obfained

MV

4(2 TTMZ + K)

Tie
i

MH-[M2H2+8(2nM2+K)2]1/2> (3)

The spontaneous magnetization may be determined from an extra-
. L . . .
polation of the experimental g Vs H curves to obtain the zero field inter-
L
cept ( T ) . It is seen from equation (3) that the spontaneous magnetiza-

tion may be computed from this intercept according to

2 L

Med2 "/ (4)
vV o

A more detailed discussion of the techniques involved appear in

the papers by Neugebaue r35 and Livesay and S(:heibner36 who have studied

the dependence of the magnetic properties of thin nickel films on thickness.

Determination of Anisotropy

Torque measurements have long been used to evaluate anisotropic

37, 38, 39

behavior in magnetic materials. A uniaxial anisotropy in the

plane of thin films is usually expressible in the form

2
Ek-Ks;m 2] (5)

where Ek is the anisotropy energy per unit volume, k the anisotropy con-
stant and 6 the angle between the magnetization vector, M, and the easy
direction. When a magnetic field, H, is applied at an angle, 8, with the

easy direction, the magnetic energy of the film is

E = -HMVCOS(B-@)+KVsin2@ (6)
. . . 2K
For fields much greater than the anisotropy field, Hk’ (I—Ik = —1\"1")
H
8 ~ & and the torque L = g-g is approximately
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L = -KVsin26 (7)

The amplitude of the L vs. 8 curves may therefore be used to evaluate
the anisotropy constant, K, provided V is determined independently.

An anisotropy energy involving a sin4 $ term results in a
L ~ sin 40 yielding a biaxial anisotropy. A unique approach for deter-

. o
mining H from measurements of the torque with H at 90" to the easy

k
axis has recently been described by Robinson.

Torque Measurements on Permalloy Films

Torque measurements are made with a system capable of provid-
ing a known counter-torque to give rotational equilibrium at some desired
orientation. Our torque measurements have been made with a system
which uses either of two methods for applying the counter torque. The
simpler method involves a fine torsion fiber while a more convenient
arrangement is obtained by using a galvanometer coil and sensing circuit
to provide a self-balancing method. Both methods have been used for
torque measurements on permalloy films. Saturation magnetization values
of approximately 700 emu have been determined and all films examined,

including the oxidized ones, show only a uniaxial anisotropy.

B. R, Livesay

E. LORENTZ MICROSCOPY

Since the pioneering work by Fuller and Ir‘Ialez;:1 in 1960 numerous
studies have been made of domains and domain walls in thin ferromagnetic
films by out-of-focus electron microscopy (Lorentz microscopy).

Recently at the 1965 Intermag Conference, Cohen42 summarized the advan-
tages of the technique and showed that it could be used for quantitative
measurements of certain magnetic properties which agreed well with micro-

scopic measurements made on other filins prepared simultaneously with the
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films for Lorentz studies. Thus, the technique offers high resolution, it
provides an unequivocal identification of the local magnetization direction
and it permits correlation studies between the magnetic structure and the
crystallographic structure of the film. Quantitative measurements that
can be made for comparison with magnetic properties of simultaneously
prepared films are: (l) the Curie temperature; (2) anisotropy field Hk by
the standard hysteresis method or by the Feldtkeller technique;43 (3) wall
motion by labyrinth propagation44 and by creep;45 and anisotropy disper-
sion by the Crowther46 and chrcak47 techniques.

Basically the technique involves imaging the pattern formed by the
magnetic deflection of electrons passing through different regions of the
thin film. In a simple picture of the process the Lorentz force on the
electron, -(e/c v xB ) will cause an angular deflection proportional to the
film thickness and magnetization and inversely proportional to the velocity
of the electrons. In Fig. 22 is shown = schematically an array of domains
separated by 180° domain walls. For a large diameter parallel beam it is
seen that two cases can be distinguished, the divergent case where the wall
is imaged as a deficiency of electrons and the convergent case where the
wall is imaged as an excess of electrons. Such walls appear then in Lorentz
micrographs as light and dark bands (Fig. 23&}. Fine structure within a
domain is also resolved as for example the magnetization ripple shown in

48,49, 50 with random local

Fig. 23b. The ripple is normally associated
variations in the direction of the easy axis as a result of the magnetocrystal-
line anisotrc»pysl or magnetostriction r:misof;r(.)py52 of individual crystallites.
Since the mean magnetization direction in the domain is always perpendicular
to the ripple it is possible to map accurately the magnetization directions in
the film, Cross-tie walls proposed by Huber, Smith and Goodenough53 and
studied by them with the Bitter technique show clearly in Lorentz micro-~
graphs of thin permalloy films (Fig. 23c). In the figure the dot on the wall
which is the same color is the Bloch line in the position where flux closure

is along the same direction as the magnetizations of the domains on either

side of the wall. The cross-ties which are the opposite color from the wall,
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Figure 23.

Typical Lorentz Micrographs.




occur at Bloch line positions where the flux closure is opposite to that of
the domain magnetizations.

Several modes of operation of the electron microscope are possible
in Lorentz microscopy. In the Foucault method the objective aperture is
positioned off the optical axis so that it will intercept electrons deflected
toward it from some domains and not those from other domains. As a re-
sult there will be intensity contrast between entire domains of differing mag-
netization directions. 55 This technique is similar therefore to the dark-~
field technique normally used in electron microscopy. 56 The more
conventional methods of Lorentz microscopy utilize the imaging of an out-
of-focus pattern either with the objective lens off and pole piece removed
or with the objective lens excited. In the first method as described by
Cohen57 the specimen is inserted in place of the intermediate lens and the
projector lens is operated to magnify the image. Somewhat higher magni-
fication and greater convenience in examining in~-focus images of the speci-
men is afforded by the second method. This is the method we have used.

In our study, observations of magnetization conditions in permalloy
films under the influence of externally applied fields at different angles
with the easy direction was desired. No suitable commercial holder was
available and the Cohen type attachment didn't provide high enough magni-
fication or the capability of imaging the specimen plane in exactly the same
region where magnetic features were observed. Therefore a specimen
holder was constructed for the RCA EMU-2 electron microscope whose
radial field due to the objective lens is negligible in the region of the speci-
men. The holder, shown in Fig. 24, accommodates a standard microscope
grid mounted on a rotatable tube so that its position is slightly above the
normal specimen position and two pairs of Helmholtz coils, one for mag-
netizing the sample (A-A) and one for beam compensation (B-B). When the
field due to coils A-A is increased the image-forming beam is deflected;
coils B-B provide a field in the opposite direction to compensate for this
effect. Fields of up to 50 oersteds can be applied with a field variation over
the sample of less than 10 percent as measured by a Bell Hall effect gauss -

meter. The power supply for the unit provides the required magnetizing
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Figure 24. Lorentz Specimen Holder for RCA-EMU-2 Electron
Microscope.
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current from dry-cell batteries with automatic compensation for beam
deflection. A panel meter was calibrated directly in oersteds with the
Bell gaussmeter.

It is planned to continue the development of the instrumentation
for Lorentz microscopy. A similar holder to that described will be made
for the RCA EMU-3. The double-condenser system of this microscope
provides a smaller apparent electron source resulting in sharper domain
patterns. The higher accelerating voltage which is available will also
enable the examination of thicker films. In the holder itself an additional
set of coils orthogonal to the magnetizing coils will permit the application
of a.c. fields for creep studies. Rotation of the specimen with respect to
the applied fields will be possible without removing the holder as now neces-

sary.

E. J. Scheibner
J. L. Brown

60

A e 1 et At Ao TR s A Bt T e PR, G et T g g 4 A L R R S SO




IVv. EVALUATION OF RESULTS

The purpose of this chapter is to discuss the results of the
experimental study of films made by vacuum deposition since the results
of the preliminary study of films made by chemical vapor deposition are
included in Section II-B,

The primary objective of the study of vacuum deposited films was
to investigate the effect of post-deposition oxidation. Eighty-four films
were made without post-deposition oxidation to determine the magnetic
characteristics of normal films made in the vacuum system used (see
Section II-A for details on deposition system). Another 110 films were
made with post-deposition oxidation at a substrate temperature of 250°C.
The total number of films includes 120 films 5 mm in diameter deposited
in thirty groups of four onto separate Corning 7059 substrates for use in
the hysteresis loop tracer (III-A) and Kerr effect apparatus (III-B). With
each group of four circular films, a 1/16 inch x 5/8 inch film for resis-
tance monitoring (R-1 through R-30) and 2 1/16 inch x 2 inch for inter-
ferometer thickness measurements were deposited. During 14 of the 30
depositions, films E-~1 through E-14 were deposited onte a carbon film
stretched over an electron microscope grid for use in the Lorentz micro-
scope (III-E).

The experimental data is tabulated in the appendix. The rest of

this section will discuss different properties of films which were observed.

Effect of Substrate Orientation

The Corning 7059 glass substrate surfaces have a slight waviness
which can barely be seen with the eye when looking at a reflection from the
surface from about a 20° angle of incidence and which appears to be parallel
to two sides of the square substrate. The waviness has an apparent wave -
length of about 10—2 cm. The amplitude has not been measured but is obvi-

ously larger in some substrates than others.
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The main effect of the anisotropic substrate surfaces seems to be
a dispersion of the average easy axis between films that were deposited
simultaneously. The angle between the edge of substrate and the magnetic
easy axis is shown in Table III in the appendix under the heading 6. In all
groups of four films that were deposited simultaneously and not oxidized
the angle 6 varies by amounts on the order of 5° while the dispersion

within the films, a .., is smaller by a factor of about five to ten. The

0
angle B appears toSbe random with respect to substrate position in the
mask which implies the variation of 6 is not an angle-of-incidence or stray
effect. Also the average value of Hk for films with the substrate waviness
parallel to the easy axis is 10 percent higher than films with the two direc-
tions perpendicular. While this condition was discovered late in the project
and was not investigated thoroughly, it may be largely responsible for the
variation in the magnetic properties within the groups of films that were de-

posited simultaneously.

Effect of Substrate Temperature

The non-oxidized films deposited at a substrate temperature of 250°C
(1-4, 13-16, 45-48) had Hc/Hk ratios which ranged from 0.5 to 0.9 and

values of easy-axis dispersion, a that ranged from 0. 5° to 2. 5°. The

50’
films deposited at lower temperatures (17-20, 33-44) generally had lower
values of Hc/Hk and the group deposited at room temperature {33-36) had

larger values of g (30 to 110). The {films deposited onto substrates at

50
350°C and 450° (5-12, 21-24, 29-32) showed a little magnetic anisotropy and
had larger values of Hc, 10 oe to 25 oe. Since a substrate temperature of

250° seems to give the best results, this value was used for films 49 through

120.

Post-Deposition Oxidation

The primary effect of the post-deposition oxidation was to increase
the dispersion of the local easy axis directions within the film. The films
which were exposed to dry oxygen at 0.1 Torr after deposition and while the
substrates were still at 250°C had values of a _ . which generally ranged from

50
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10° to 300. Most of these films (65-80, 85-120}) were inverted (Hw>Hk)
with values of Hw/Hk which ranged from 0.6 to 4. 0. The hysteresis loops
of the post-oxidized films would suddenly open up as the film was rotated

in the hysteresis loop tracer so the drive field was parallel to the hard-axis
of the film. Both the inverted characteristic and the open hard-axis hyste -
resis loop can be explained as effects of the easy-axis dispersion. 58, 59
Figure 25 shows the value of HC as a function of angle between the hysteresis
loop tracer drive field and the film's easy-axis and the remanent magnetiza-
tion as a function of the same angle for film 69. Figure 26 shows a sequence
of hysteresis loops at different angles for an oxidized film.

The deposition and oxidation conditions were varied during the prepa-
ration of films 81 through 120 and E-5 through E-14 to determine the effect
of the applied field during oxidation and substrate cooling. These conditions
are summartrized in Table II in the appendix. The effect of the oxide observed
to form on the permalloy evaporant during an oxidation on the next film was
also studied. None of these factors had appreciable influence on the magnetic
characteristics.

The films which were deposited in layers and oxidized between the
deposition of each layer (65-84) showed essentially the same magnetic
characteristics as the single layer oxidized films (85-116). Films 53 through
64 were deposited in layers with 5 minutes exposure to 1D~6 Torr vacuum
between each layer. These films have essentially the same characteristics
as single layer, unoxidized films with the same total thickness. It appears
that evaporation by layers or evaporation and oxidation by layers produced no

change in magnetic characteristics from that observed in single layer films.

Domain Wall Motion

The techniques used to study domain motion were described in
Sections III-B and III-E. The creep threshold was normally measured on the
Kerr apparatus using a 10 kc alternating transverse field. The creep thres-
hold seemed to be fairly constant over a range of transverse field frequencies

from 10 cps to 100 kc. Even though most of the oxidized films were inverted,

63



™ -
LS
1y 1
x /
Q .
w .
Ped
U -
o
i ]
o
() -
4

~ STONER-WOHLFARTH—=a_ A .

- MODEL NS c -

- \ P -

0 [V T S W AR N j‘ AT T T N N
p° 30° 60° 90° 120° 150° 180°
ANGLE OF FiLM ROTATION

z
o
—
N
L N M FMNo sy _
5 \ /
§ 0.5 - / -

_ /> \ / -
Z \ /
Z | STONER-WOHLFARTH '\ / i
3 MODEL \ /

B \ / -
~2 | \ 7 1

\N/
0 (AN N ST NN SN SR\ /20 N SRS N TR N N
0° 30° 60° 90° 120° 150° 180°
ANGLE OF FILM ROTATION
Figure 25. Plots of Coercive Force (H } and Remanent

Magnetization (M ) as a Fufiction of Angle Between
the Drive Field of the Loop Tracer and the Easy Axis.

64



9

Figure 26.

A. EASY DIRECTION B. ROTATED 45°

C. ROTATED 62° D. ROTATED 90°

Hysteresis Loops of a Post-deposition Oxidized Film at Various Angles
Between the Drive Function and the Easy Axis.




the creep thresholds for these films were in the same range as the creep
thresholds observed in the films which were not oxidized.

The Lorentz micrograph shown in Fig. 27a shows the type of dis-
persion regions that form in a film with high easy-axis dispersion. These
dispersion regions, which are on the order of ].0“3 cm wide in the easy |
direction and much longer in the hard direction, tend to lock up the mag-
netization and prevent flux reversal until drive fields several times Hk are
applied. As can be seen in Fig. 27b when a field is applied parallel to the
easy axis, dispersion regions start to rotate in different directions and set
up demagnetizing fields that oppose further rotation. Another effect of easy-
axis dispersion is shown in Fig. 27c and 27d. The single wall shown in
Fig. 27c becomes a complex structure when a 2. 7 oe field is applied parallel
to the wall and to the easy axis. A dc transverse field eliminates the locking
up effect by causing all areas to rotate the same way.

One possible cause of creep is the movement of cross-ties along a
domain wall. This is shown in Fig. 28 as a sequence of four pictures taken
as a transverse was applied and slowly increased. The walls do not move
because there is no field applied parallel to the wall. As the field increases
the segments of the two cross-tie walls with magnetization in the center of
wall parallel to the field fade out and begin to grow, at the expense of the
segments with center magnetization antiparallel to the field, by the movement
of the cross-ties or Bloch lines. The single white wall on the other side of
the microscope grid wire changes from a pure Neel wall at H = 3 oe (b) to a
cross~tie wall at 4 oe{c) and movement of the cross-ties can be seen at

5 oe (d).

Aging

The values of HW and H, increased with age for all films. Figure 29

k ‘
shows aging effects in three films which are typical of most of the films

studied. The easy-axis dispersion, , generally decreased. The aging

a
50
effects were more pronounced in the thicker films and in films made at higher

substrate temperatures. The films were not overcoated and were kept in
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Figure 27.

A. H=0 . ==
oe FILME - 12 B. H=3.30e

D. H=2.7 oe

FILME -9

Lorentz Micrographs Showing the Effects of an Applied
Field in the Easy Direction.
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A. H=0oe B. H=3.0ce

C. H=4.00e D. H=5.00e

Figure 28.

Lorentz Micrographs of Cross~tie Wall in a Permalloy
Film, showing Movement of Cross Ties when Field (H)
is Applied Perpendicularly to Wall and Easy Axis.
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cardboard pill boxes and therefore were exposed to high humidity conditions
present on some days when the laboratory was not air conditioned. No
tests were made to determine whether the changes in magnetic properties

were due to room temperature annealing or to chemical changes.

Film Resistivity

Metal films are usually deposited in a state of strain and are
thermodynamically unstable regardless of the method of deposition; hence,
the physical properties of films usually change with time and with exposure
to temperatures above that experienced during growth. In general, if films
are protected against corrosion, the degree of aging can be reduced to an
insignificant amount for temperatures below the recrystallization tempera-
ture by properly annealing during deposition or by post-deposition annealing.
The effects of annealing on film resistivity, temperature coefficient of re-~
sistance, structure and stability with respect to time and temperature have
been treated extensively in the literature. 60, 61,62, 63, 64 More recently,
annealing effects on magnetic properties of nickel films have been reported.3

The permalloy film on resistance monitor R-1 was deposited during
the deposition of specimens 1 through 4. The substrate temperature during
deposition was ZSOOC, and the room temperature resistivity of R-1 was
initially 8. 35 ohms per square. The resistor was heated to 240°C in vacuum
over a period of one hour and cooled to room temperature in a relatively
short time. The temperature coefficient of resistivity, TCR, was deter-
mined from the cooling cycle as +0. 0016/ °C and the resistivity did not
change. The resistor was heated a second time in vacuum to 425°C and
held at that temperature for approximately 30 minutes before cooling; this
caused the resistivity to decrease to a value of 5. 77 ohms per square. The
resistor was cycled again to 250°C without a change in resistivity. The
TCR increased during the heat treatment to a final value of + 0. OOZZ/OC.

Monitor resistor R-2 was deposited at a substrate temperature of
3500C, and its initial resistivity value was 5. 04 chms per square. It was

he ated to 375°C in vacuum ovetr a 30 minute period and cooled to room
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temperature. The resistivity value did not change. The TCR value of
R-2 was +0.0025/°C.

The films of R-1 and R-2 were approximately equal in thickness;
hence, the higher TCR and lower resistivity of R-2 obtained initially com-
pared to that of R-1 indicate that considerably more annealing occurred

with the higher substrate temperature during deposition.

Relation Between Dispersion and Wall Motion

For the purpose of making memory devices it is desirable to have

<
50
hold for wall motion (I-IW/Hk > 1). As shown in Fig. 30, a

1° ) and a high thres-
and Hw/Hk

a small amount of dispersion of the easy axis (a
50
generally increased together for the films used for this study. The films
thinner than 600} where the domain walls are mainly of the Neel type

followed the relation:

_ [¢] t« o
H /H = 0.25(a,,+1.67) Y025 (T<600k)

The films with thickness greater than 1300 & where the domain walls are
mainly of the Bloch type followed the relation:
H /H = 0.10 t 0.20 T > 13004
w/ P %50 ( )
It seems that the threshold for motion of a Neel wall is about 2. 5 times
more sensitive to an increase in dispersion than is the coercive force of

a Bloch wall. It appears that one must accept a compromise on the values

of a., and Hw/Hk'

71



NORMALIZED WALL COERCIVE FORCE, H,/H,

FILM THICKNESS

4]
O 350-600 A —
01 600-1300 A
[+]
A 13002500 A

| |
0 1° 2° 3° 4° 50 6°
EASY AXIS DISPERSION, agp

Figure 30. Normalized Wall Coercive Force (H /H ) vs. Easy-Axis

Dispersion (a,.) for Films in Different Thickness Ranges.

50

72



V. REFERENCES

Bibliographies:

"Magnetic Memory Devices and Surfaces Related to Solid State
Devices, " Bibliography No. 824, prepared by the Scientific and Tech-
nical Information Facility, operated for the National Aeronautics and

Space Administration by Documentation Incorporated, 12 January 1965,

""State of the Art on the Effects of Gas Occlusions and Strains
on the Magnetic Properties of Thin Permalloy Films, "' RSIC -416,
B. J. Nicholson and G. B. Gaines, Battelle Memorial Institute,

Columbus, Ohio, 28 May 1965.

"Bibliography of Thin Magnetic Films,'" Report of the Biblio-
graphy Subcommittee of the Nonlinear Magnetics Committee IEEE,
November 1964.

References:

1. S. Tolansky, Multiple Beam Interferometry of Surfaces and Films,
Clarendon Press, Oxford (1948).

2. G. D. Scott, T. A. McLaunchlan, and R. S. Sennett, J. Appl. Phys.,
21, 843 (1950).

3. 1. W. Wolf, J. Appl. Phys., 33, 1152 (1962).

4, D. B. Dove, T. R. Long, U. F. Gianola, Proc. 1965 Intermag Conf.
8, 1(1965).

5. M. Prutton, Thin Ferromagnetic Films, Butterworths, Washington
(1964), pp. 95-101.

6. C. J. Kriessman, T. J. Matcovich, W. E. Flannery, IEEE Trans-
actions on Communications Elcctronics, 519 (Sept. 1964).

7. T. R. Long, J. Appl. Phys., 31, 1235 (1960).

8. I. w. wolf, T. S. Crowther, J. Appl. Phys., 34, 1205 (1963).




9.

10.

1.

12.

13,

14,

15,

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28,

J. T. Chang, U. F. Gianola, M. W. Sagal, J. Appl. Phys., 35,
830 (1964).

E. C. Crittenden, Jr., A. A. Hudimac, and R. 1. Strough, Rewv.
Sci. Inst., 22, 872 (1951).

H. J. Oguey, Rev. Sci. Inst., _3_}_, 701 (1960).

J. A. Copeland, C. K. Kuo, and E. J. Scheibner, Rev. Sci. Inst.,
}_@_, 291 (1965).

T. S. Crowther, J. Appl. Phys., 34, 580 (1963).

E. J. Torok, R. A. White, A. J. Hunt, and H. N. Oredson,
J. Appl. Phys., 33, 3037 (1962).

J. Kerr, Rep. Brit. Assoc., 40 (1876).

C. A. Fowler and E. M. Fryer, Phys. Rev., 94, 52 (1954).
M. Prutton, Phil. Mag., 4, 1063 (1959).

S. Middelhoek, Z. Angew. Phys., 14, 191 (1962).

E. Fuchs and H. Pfisterer, Proceedings of the 5th International
Congress for Electron Microscopy (Academic Press Inc., New York,
1962) p. 114.

T. H. Beeforth and P. J. Hulyer, Nature, 199, 793 (1963).

A. Green, K. D. Leaver, and M. Prutton, J. Appl. Phys., _1_3__5_,
812 (1964).

S. Middelhoek, IBM Journal, p. 140, Jan. 1962.

A. L. Olson and E. J. Torok, J. Appl. Phys., 36, 1058 (1965).

G. P. Gagnonand T. S. Crowther, J. Appl. Phys., 36, 1112,
(1965).

C. D. Olson and A. V. Pohm, J. Appl. Phys., 29, 274 (1958).

F. B. Humphrey and E. M. Gyorgy, J. Appl. Phys., 30, 935 (1959).

D. O. Smith, J. Appl. Phys., 29, 264 {1958},

F. B. Humphrey, J. Appl. Phys, 29, 286 (1958).

74



29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45,

K. J. Harte, J. Appl. Phys., 36 (Part2), 960 (1965).

J. A. Copeland and F. B. Humphrey, J. Appl. Phys., 34 {Part 2),
1211 (1963).

N. C. Ford, J. Appl. Phys., 31, 300S (1960).

C. E. Patton and F. B. Humphrey, J. Appl. Phys., 35 (Part 2},
921 (1964).

R. F. Soohoo, Magnetic Thin Films, Harper and Row, New York
(1965), Chap. 3, 4, 9.

M. Prutton, Thin Ferromagnetic Films, Butterworths, Washington
(1964), Chap. 3, 4, 5.

C. A. Neugebauer, in Structure and Properties of Thin Films, Pro-

ceedings of an International Conference held at Bolton Landing, New
York, September 9~11, 1959, John Wiley and Sons, Inc., New York,
1959,

B. R. Livesay and E. J. Scheibner, J. Appl. Phys., Accepted for
Publication (1965},

J. 8. Kouvel and C. D. Graham, Jr., Proceedings of the Conference
on Magnetism and Magnetic Materials, Boston, Massachusetts,
October 16-18, 1956, p. 85.

I. S. Jacobs and F. E. Luborsky, Proceedings of the Conference on
Magnetism and Magnetic Materials, Boston, Massachusetts, Octo-

ber 16-18, 1956, p. 145.

W. D. Doyle, J. Appl. Phys., 33, 1769 (1962).

G. Robinson, J. Phys. Soc. Japan, 17, Suppl. B-I 558 (1962).

H. W. Fuller and M. E. Hale, J. Appl. Phys., 31, 238 (1960).

M. S. Cohen, 1965 Intermag Conference held in Washington, D. C.
April 21-23, 1965.

E. Feldtkeller, Z. Angew, Phys., 15, 206 (1963).

D. O. Smith, Magnetism, Vol. IIl edited by G. T. Rado and H. Suhl
Academic Press, New York {1963) p. 499.

A. Green, K. D. Leaver and M. Prutton, J. Appl. Phys.. 35 812
(1964); sce also Section III-E of this report.

75



46.

47,

48.

49.

50.

51.

52.

53.

54.

55,

56.

57.

58.

59.

60.

61.

T. S. Crowther, J. Appl. Phys., 34, 580 (1963).

E. J. Torok, R, A. White, A. J. Hunt, H. N. Oredson, J. AEEI.
Phys., 33, 3037 (1962),

H. Hoffmann, J. Appl. Phys., 35, 1790 (1964).

A, Baltz and W. D. Doyle, J. Appl. Phys., 35, 1814 (1964).

H. B. Callen, R. L. Coren, W. D. Doyle, J. Appl. Phys., 36,
1064 (1965).

S. Middelhoek, Z. Angew. Phys., 13, 151 (1961}.

D. O. Smith, J. Appl. Phys., 32, 70S (1961),

E. E. Huber, D. O. Smith and J. B. Goodenough, J. Appl. Phys.,
29, 294 {1958).

S. Methfessel, 5. Middelhoek, H. Thomas, IBM J. Res. and Dev.
4, 96 {1960).

H. W. Fuller and M. E. Hale, J. Appl. Phys., 31, 1699 (1960).

C. E. Hall, Introduction to Electron Microscopy, McGraw Hill,
New York (1953) p. 279.

M. S. Cohen, Proc. Fifth Int. Congress for Electron Microscopy
Vol. I, Academic Press, New York (1962) p. E-9.

D. O. Smith, Structure and Properties of Thin Films, ed. C. A.
Neugebauer, John Wiley and Sons, Inc., New York {(1959), p. 380.
Also J. Appl. Phys. 32, 705 (1961).

S. Middelhoek, Ferromagnetic Domains in Thin Nickel Iron Films,
Ph.D. Thesis, University of Amsterdam (1961), p. 117.

R. J. Raudebaugh, W. A, Edson, and R. B. Belser, '"Aging Study
of Metal Plating on Quartz Crystals, 't Final Report, Contract No.
DA-36-039-SC-147, U. S. Army Signal Corps, May 1952-ASTIA
Document No. 6964.

R. B. Belser, '""Aging Study of Metal Plating on Quartz Crystals, "

Interim Report Contract No. DA-36-039-5C-42453, U. 5. Army
Signal Corps, April 1954-ASTIA Document No. AD 48261.

76

X



62.

63.

64.

R. B. Belser and W. H. Hicklin, ""Investigation on the Aging Effects
Resulting from Plating Methods and Materials, ! Final Report, Con-
tract No. DA-36-039-SC-56753, U. 5. Army Signal Corps, March
1955-ASTIA Document No. AD 81420.

R. B. Belser and W. H. Hicklin, Electrical Conductivity Studies of
Metallic Films, Wright Air Development Center Technical Report
57-660, November 1957.

R. B. Belser, "Electrical Resistances of Thin Metal Films Before
and After Artificial Aging by Heating,' J. of Appl. Phys., 28, 109
(1957).

77



V. RECOMMENDATIONS FOR FUTURE WORK

The research conducted during the last six months has provided
further insight into the praétical problems in preparing good permalloy
thin films for memory applications. Many of the subjects which were
discussed briefly in the last chapter could be developed more extensively;
however, considering the immediate needs of the Astrionics Laboratory
of NASA's Marshall Space Flight Center it is recommended that future
effort be directed toward developing a specific technique for preparing
magnetic films with the necessary properties for use in a digital computer
memory system. In order to evaluate the thin magnetic films properly,
they should be used in a prototype memory system and judged on the per-
formance of the system. Such an approach would be a logical step from
the properties of single magnetic film elements.

A conference at Goddard Space Flight Center on July 20, 1965 with
Dr. R. W. Rochelle, head of the Data Systems Branch, brought out the
need for a small buffer memory system of about 1024 bits that could
operate at a 20 kc read or write rate with an average power consumption
of about one watt. It is suggested that these specifications be used for the
prototype memory system.

Also it is recommended that further studies of the preparation of
magnetic films by chemical vapor deposition be done to extend the prelimi-

nary study which was part of this project.
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ViI. IDENTIFICATION OF PERSONNEL

Dr. E. J. Scheibner, Research Professor of Physics, is chief of

the Physical Sciences Division of the Engineering Experiment Station and
head of the Solid State Branch. He is known for his work in fields of low
energy electron diffraction and physics of solid surfaces.

Dr. J. A. Copeland, Research Physicist, is supervisor of the

Solid State Electronics Laboratory and was Project Director for this re-
search project.

Mr. M. D. Carithers, Research Physicist, was responsible for

the fabrication of the thin films studied in this project. He is supervisor
of the Microcircuit Laboratory and carried out much of the design of the
special vacuum evaporation apparatus required.

Mr. B. R. Livesay, Research Physicist, has used torque measur-

ing techniques to study the behavior of nickel and gadolinium films near
their Curie temperatures.

Mr. J. L. Brown, Senior Research Physicist, is head of the

Analytical Instrumentation Laboratories whose electron microscopy and
x-ray facilities were used in the research. Mr. Brown designed and con-
structed the Lorentz attachment for the RCA electron microscope and car-
ried out most of the Lorentz studies.

Dr. J. D. Fleming, Associate Professor of Chemical Engineering,

has done research on chemical vapor deposition of many materials.

Dr. W. J. Corbett, Research Engineer, in the Materials Division

of the Experiment Station was associated with Dr. Fleming on the chemical
vapor deposition studies.

Mr. C. K. Kuo, Graduate Research Assistant, is working on a

Ph.D. in Electrical Engineering and was responsible for the magnetic

measurements in this report,



VIII, PUBLICATIONS

A paper on the experimental study entitled ""Effects of Post-
deposition Oxidation on Permalloy Films'' has been submitted for pre-
sentation at the Conference on Magnetism and Magnetic Materials in
November 1965. The conference papers will be published in the mag-
netics conference issue of the Journal of Applied Physics in the spring

of 1966.

IX., TRIPS AND VISITS

Mr. G. A. Bailey of the Astrionics Laboratory of MSFC visited
Georgia Tech on April 8 and 9, 1965 to discuss the research program.

Dr. E. J. Scheibner and Dr. J. A, Copeland attended the Inter-
national Conference on Magnetics in Washington, D. C, on April 21
through 24.

Mr. C. K. Kuo visited MSFC on April 27 through 30, 1965, to
discuss magnetic measurements.

Mr. G. A. Bailey of MSFC visited Georgia Tech on June 7 through
11, 1965, to discuss the research program.

Dr. T. P. Janis and Dr. N. Kinney of Materials Research Corpora-
tion visited Georgia Tech on June 8 and 9, 1965 to discuss magnetic foil.

Dr. E. J. Scheibner and Dr. J. A. COpeland visited MSFC on
June 28 and 29, 1965.

Dr. E. J. Scheibner and Dr. J. A. Copeland met Mr. G. A. Bailey
at Goddard Space Flight Center, Greenbelt, Maryland, to discuss uses of
thin-film memory systems in space vehicles with Dr. R. W. Rochelle,
head of Data Systems Branch on July 20, 1965.

Dr. J. A. Copeland visited MSFC on August 3, 1965.

Dr. John Blades of Burroughs' Research Laboratory visited Georgia

Tech on August 26, 1965 to discuss research on magnetic films.
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: E-14 |EM Grid] — T ] 7 Zero oo siort| 399 4007 | 4| R-30 liisslnr| 7 égfguigmmrmsous
i T i T T 7 5.
: 117 870859 4 i T ] u T i T Tt T Inferas T T 7 i
: 1i& | Ghgs 4 " 4 H " [ i 1 i i of T i T it
Tie T 4 T T 7 T W Ti T T i ndeter T 0] T ]
(20 T 4 i 77 7T 7 T i 7 O] T mined i ] it i
Length
‘
H

NOTES: 9. NO MAGNETIC FIELD APPLIED DURING OR SUBSEQUENT TO FILM DEPOSITION, TWO DEPOSITION
mn:ang_s WERE SEPARATED BY ABOUT 10 MINUTES OF OXIDIZING AT A CHAMBER FRESSURE OF
= 5 %1079 TOHR.
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TABLE 2

SIGNIFICANT DEPOSITION VARIABLES OF VACUUM PROCESSED PERMALLOY FILMS

srecins SUBSTRATE FiLM HELMHOLTZ FIELD
Ni—Fe TEMPERATURE NG, OF ToTaL OX|DATION DURINE DEPGSITIOR [ DURING OXIDATION DURING  COOLIN®
EVAPORAHNHT (% BURING OEPOBITION) NI —Fe Tm"“g\ on T arl
(60BE HO) 29 160 | 200 | 280 | 380 | 408 | ,avess [+ s0}) on ofF an OFF 1009 | peo e
' 4 NEW MELT X ! 770 NONE X X
58 After Evap of |4 X 1 702 " X X
9-12| Affer Evap. of 58 X ! 787 i X X
3161 Atter Evap of 9-12 X 2 334 | 15 Seconds Intervapion @ K.y |2 heis | (# hats| % X
E— 1 & 1720 NEW MELT 3 i 312 NONE X X
E—2g 2i-24| Affer Evap of E-lgp x ] 418 “ X X
E—34 25-28 After Evap of £-23p X t 395 " X X
E—44 29-32 | Affer Evap of E-3sa X ! 233 i X X
33-36 | Ni-Fo Wire added to Previous Meit| x ] 1372 3 x X
37~40 | After Evap. of 33-36 X f 350 " X X
4i—44 | After Evap_of 37-40 X i 40/ " X X
4548 | Aftar Evap of 4]-44 X ! 348 o X X
4552 NEW MELT X i |aser " X X
33—56 | After Evap of 49~52 X 2 636| 5 Min @250 and /2107 X X X
57—60 | After Evap of 53-56 X 2 149 Torr after each layer X X X
6i—64 | Affer Evap of 57-60 X 4 1830 1 M x x
6568 NEW MELT X 2 588 [250°C Fim Exposed to DryoN % X X
69—72 Exposed Ip 0; during Oxid. of 65-68) X 2 702 Mot | Torr _after each layer X X X
73~76 (Exposad fo Oz during Orid. of 5572 X 4 1060 o X X X
7780 |Expased fo 0, during Oxid. of 65-76 X 4 1s52 t X X x
£~ 54 8184 NEW MeLT X i 323 NONE X X
E~ 84 85-88 | Affer Evap of E-5 4p. X [ 246 {250c Film Exposed 1o Dry 03] X X X
E— 74 89— 92 \Exposed fo O3 during Oxid- of E-6 4 X ! 292 N\at I Torr _after deposition X X X
E— 84 9356 |fyposed to Oy during Oxid. of E-6 £ETers X / 342 " X X x
E—9¢ 971-100 NEW MELT X f 296 n Siral it X X
E~10 £ 101104 |Exposed to O during Oxid of E-3gp X 2 248 (250 Film Exposed to Dry 0, X X X
E~1 1 & 105-108 |Expared to O, during Oxid. of E-9 ¢ E-10 gps. X 2 283 \al | Torr after each layer X X X
£-12 £ 109112 |[Fxpased fo 0y during Osid. of £-9,10.¢ Ieps X freot] 350 ot e M x e
E-134 N3-116 NEW _MELT X i 412 [;f‘}'?,fl’".ffﬁ“f ot | x X x
E~i4 & T=120 (g posed fo O3 during Oxid of E-13gp. X 2 399 ﬁz},ab::,?.i!o,:'x’ ;:,: f‘ o) x X ot applied

Notes: 1. 2
790°C

2. The thickness is the thickness value obtained {or the thickness monitor coated

with each group.

When O, was admitted to oxidize [ilms, the evaporant was approximately 600 to
but conled to less than color temperature in about 2 minutes.




TABLE 3
MAGNETIC PROPERTIES OF FILMS

FiLe 5.v. |twicxness| Hw Hy wa“x May 8 LT 950 He H1-/"‘u REMARKS

1| 250" | 770 | 250| 340 736 40% | +1° 10.6 | 10°

2 2.63| 487 541 | 20% | +15° | 107 | 25°

3] " " | 298] 540| 552 | 15% | +4° | 100 0.13 |0-024
4| " "1 2.95| 4.30| 686 | 18% | +9° | 10.0] 05°| 0.4 |0.032

<

5| 350 — — — ] - — —_— —

5 - 7;::0 9.54 | 12.26| .767 |10075 | +4° | 13.0] —

7 9.87| 11.42| 862 |i007, |t52-38| 11.8| — | 245 |0.214
s " " lios7| 9.96!1.05 [100% 14’58 118 ] — | 2.0 [0.2/7
9 ‘f,{O’ 790_|28.0 — — l100% | — | i2.0| —

10 25.5 — | — {100% | — | lo4| —

i :: " las50 R — 100" | - 9.8 | —
12
13 250”

14 o 3?;0 4.28| 4.55| 941 | 50° | +10° 4.7 — | 1.5 0.336
/5 340| 4.00, 850 | 50% | +5° 4.4 | 1.6°| (.57 |0.3%0
el " "] 3.70| 4.25] 870 | 504 | -2° | 4.3 | 2.5°

171 195° 370 | 4.45| 5.26| 789 | 187, | +7° | 5.40| 1.0
i

18 " 95| 5.31| 726 | 17% | -3° | 5.20] 05°
il " T 60| 503 6 | 17% | -3° | 60| 1.5°] 1.2 Jo.24
2o | " " 3.82| 4.77] 807 | 20% |+ 3° 58| 1.0°| 1.0 |o.2/
21| 350°1 420 |53.8 1SOYRoPIC
22 it T7 5’85 "
23 £ I 36.0 ]
24 [ ¥ 41.8 7]
25| 2 30" BROKEN | SUB STRATE
26 loo | 290 0.8
27 " i 1.88 1.30
28| " 1" | 260 1,07
29 | 350" | 230 N0  OBISERVABLE (S/GNAL
30 i 1 i 7 7t
i te
31 4.93 1.70
a2 | 1" ] 348 1.50

{Continued)
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TABLE 3 (Continued)

FiLN 8.7 |rmickness] Hye Hy H'/Hx M 6 Muvy T30 H, H‘I‘/HK AEMARKS

33 |RmTp |1370 | 3.6/ | 908 | 364 | 15%| - 9°| 5.78 5.0°

34 | " m 1.39 | 879 | 197 | 18%| +28°| 244 | 1.5°

35| " i 1.37 1015 | 017 6%+ 3°[ 258 2.0°

36 | " g 1.25 (1081 | 144 19 #1103 ] 2.0°

37 | 150° | 350 | 2.67 | 576 | 498 | 207 | + 4°| 4.7 | 0.3°

38| " " 2.55 | 585 | 436 8%, - 1°] 50 02°| 07 0.12

39 [ " : 283 | 630 449 | 14%| + 3°| 55| 03° | 1.05 | 067

40| " " 225 | 600 | 3715 | 7%+ 9°| 531 0.5°

41 | 200° | 400 | 242 | 569 | 426 6€%|+ 7°| 7.6 | 0.3° | 0.165| 0.029

42| " " 1242 520 465 | 20%| + 3°| 6.9 | 03°| 055 | 0.106

43| " ! 342 | 542 | 577 | 33%|+ 6°| 7.6 | 09°

44 | " " 262 | 581 | 452 | 10%|+ 5°| 80| 1.0°

45 250° | 370 | o2 | 473 | 554 | 2%|+ 1°] 5.9 | 0.3°

46 " " 2.52 | 4.70 | 537 15%|+ 5°| 61 | 1.0° | 1.25 | 0.22

47| " " l220 | 572 | 385 | 17|+ 3°| 64 | °%°| 128 | 0.22¢4

48 | " " 231 | so5| 458 | 12%|+ 1°| 69| 1.0°

49 250° (2500 83 6.62 | .276 2%|+ 3°| 351 4.5° 4 minute deposition time
50| " 4 74 | 569 | 306 2%|+ 3°|41.5] 3.0°

510" " 49 | 630 | 238 | 2%|+ 3°|37.6 | 3.2°

s2 | " " 60 | 7.10 | 226 | 3%|+ 3°[450[3.5°

53 | 250° (1280 |4.05 | 459 | 905 | 1792+ 3°| 109 | 1.5° | 092 | 0.20 |2 1ayers one minute cach
54 | " " 5.00 | 499 |1.04 30%| - 1°] 103 | 2.0° | 1.03 | 0.206

55| " T 1412 | 460 | .893 | 20% |+ 4°|12.5 | 2.0° | 145 | 0315

56 | " ! 372 | 465 | 714 | 20%| 0°|13.9 | 1.5°| 053 | 0114

57 | 250° |is500 | 1.85 | 562 | 330 | 12%| - 1°|26.0| 2.0° 2 layers two minutes each
58 | " " 134 | 475 | 282 | 10%|+ 3°|25.5 ] ). 5°

59 | " g 1.6/ | 470 | 343 | 16|+ 1°|287 | 2.2°

6o | " ! 123 | 585 | 210 | 10% |+ 1°|27.7 | 1.5°

61 |250° (1830 | 1.98 | 561 | 353 | 12|+ 9°(33.3 | 4.0° 4 layers one minute each
62 | " " 1.30 | 549 | .237 9%| 0°|36.0] 30°

63 | " " 67 | 575 | 132 7%+ 4°| 358 | 2.0°

64 | " " 83 | 523 | 159 6% |+ 5°| 350 | 20°

(Continued)
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TABLE 3 (Continued)

FiLN S T THICKNESS H' HK H'/HK Mﬂll 9 mmw 660 HT RT/KK REMARKS
65 | 250° | s00 |is.51 | 2068 | 751" too jo?® 0° ;
R S LA Ll TR S 5.1 | 100 g me rminate ayers

. _ .98 | 19.03| .839 : t 9 54 | 7.0°|1.68 |0.088
67 - - is.i9 :7.39: /.oq: ! +7° | 6.5 |13.0°
68 I5.22 | 13.89| 1.098 " +3°| 58| 7.0°
59 250° | 700 58" . ° 5

. e i2.88 {10 53‘ 1.2!7. l0"007a + 2 %7 6.0 1.38 0.130 Two two-minute layers
70 o - 10.57 | 4.60" 2.320 - 2% | 141 5.0%0.98 [0.213 | cxidized
7! 7.88 | 9.26°| .85 " |- 1° |55 | 3.0°

i Xl . -
72 810 | 3.65|2226° " + 1% | 7.7 | 3.0°

oo
73 2[;’ fOf’O §.20 6.2;: ,999. ,0"0% - [‘ 14,2 _3.0‘ 0.98 |0.158 Fo\;r one-minute layers
7 | 7 " |e.80 | 5.a7120e 2° | Is.0 | 3.5°|7.13 |o.2zi6| ™
75 - - 8.45 | 6.80"1.242% " |+ 3° | 167 | 8.0°
76 8.45 | 6.8/ 1.242° " |+ 5° | 165 | 5.0°

o
77 2’5;0 13:{0 3.70 | 4.60 805 100% |+ 1° | 125 |22.0°0.92510.205 | rour one-minws layers.
78 ] 1 3.38 6.3z .525° OFF| CENTER — |6.70 (0111 ?"ﬁiﬁ?wm Retmholez
; - 01 N

79 | | 304 7.38 564" 40% |+ 1° | 7.0 | 2.5°|0.65 |0-121
80 277 | 6.39| 434° 60% + 1° | 4.8 | 3.0°0.53 |0.083
/! | 250° e
6 - 3,2|0 4,78 6.80 703 60’?; + 2 4.0 '-50 1.27510.187 Single layer, not oxidized
82 - o 581 [1o.29| 555 | s0*%i+ 1° | 46 | 0.3°/0.88 |0.086
83 - “ 537 | 7.8/ ] 686 | 60%|+3° | 33 | 1.0° t.08 |0.138
8¢ 584 | .19 | .636 | 40%| ©°° 28 | 0.5°0.75 |0.082

85 | 250" 2’5'0 16.8] |15.64 692°| 80%]| © 20 | 2.0°/0.58 |0.037 | oxidizes

86 _ . 0.6/ | 14.19") 749" 50| o°* | 23 | 1.0%0.28 |o.020
87 7.53 |io#)| 721°| 60%|+4° | 1.7 | 2.0°|0.38 |0.036
s | " " 688 |11.987 575" 80%|+2° | 2.3 | 1.0%°|0.25 |0.02]
89 z‘{o° 300 |11 40 15.37] 743" | 90% |+ 1° | 2.2 | 3.0°|1.10 |0.072 | Oxidized
90 _ - 10.81 ;5_04: J20% 100kl 7% | 1.8 | 3.0°|0.65 |0.044
91 - - 8.82 10.48° 842" :“ ~19 | 24 | 2.5°|0.48 |0.046
92 8.55 |13.49" 633°| " |r2° | 2.3 | 4.0°|0.53 |0.036
53 z£o° Jso | 5.0¢ 4.30‘1 r.os0%| 30°%|+ 3° | 3.3 | 1.0°|7.28 [0.267 | oxidizes
94 i ’l‘ 501 | 549 514" s0%|+4° | 28 | 1.5°0.68 |0.124
95 _ ! 4.2; | 4.60" 916" 30%% |+ 2° | 3.1 | 3.0°|1.20 lo0.262
96 “ 4.70 | 4.70|1.000°| 50%|+4° | 2.9 | 1.5°|1.15 |0.248

{Continued)
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TABLE 3

Ha /My

My

FiLe 3.7 ITHICKNESS X R’ Nyl GBO T REMARKS
97 |ps0°| 300 V1132 1551|072 50%] +2° | 3.1 3.0° L28 0320 Oxdized
s | '’ T 11104 [15.84" (070 50%| +1* | 2.0 | 2.0°| 1.05 |o.222

99 Bt i 940 (11,461 0.82°| 40%| +2° | 3.2 2.0% 105 |0 195

feo | ! " li076 [14.10%|0.76 *| 40 %] 4° | 3.1 | 1.5°] 1.35 |o0.226

tol |250°| 250 | 873 |/6.68%|0.52°|100"%| +2° | 1.5 |12.0° Oxidized
02 | ' ' 800 18.33°|0.44 *| " -5% | 19 |10.5° 2 layers
to3 | " 9,87 (12.22% o8t *] " =2° | 47 11-e®

tog | ' T "¢so (11.51°|0.57°%] " +5° | 1.9 |18.5°

105 |250° 280 | oo | — [100%| — | 1.9 | 2.0° Oxidines
‘06 | ' m 6.43 |10.57°|065°| " | -2° | 1.¥ |l10.0° Byers
ror | " 1 6.209.54 068 | " 1% | 20 l10.0°

r08 | " T 1 598 936|084 | " [ +° |20 [l6.0°

t09 |250° 350

o | " NON- MAGWWETIC] EVAPORATIED IV 4 x|107*

trr | ! ToRR O YGEN

112 L] H P

173 1250°[400 |13.63 |1645 |0.83°%| 75| +5° |28 | 2.0° Oxidized
114 | 77 T " T363 (.66 [093 | 90%| 77 | 2.2 | 3.0°

lis ” i 1269 |13.21"(0.88° | 70%| +4° | 2.6 1.0°

116 " 1161 [1231%095°| 60%| +8° |29 | 1.5°

117 |250°( 400 BROKEN |suBSTRATE] — | — | — ghagens
ris | M T 1660 | 717 | 920| 9%|+6° | 7.5 | i.0° not oxidized
119 (" T [ 782 |6.16°| 788 | 20%|+12° | 7.1 | 0.5°

120 | 1 T 1631 |6.78°| 93/°| 20%|+12° | 7.5 | 2.0°

.
The values of H, shown are the apparent values from the hard-axis hysteresis loop.
They are prcbag‘ly too high due to micro-domain effects. The actual values of Hk
are probably still around 4. 5 to 6.0 oe.
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