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ABSTRACT

AMORPHOUS GD-CO RF SPUTTERED FILMS WITH PERPENDICULAR
MAGNETIC ANISOTROPY: EFFECTS OF ELECTRICAL
DC BIAS ON COMPOSITION
RONALD BARRY GOLDFARB
Amorphous gadolinium-cobalt films with uniaxial magnetic
anisotropy perpendicular to the film plane have been made by
rf bias sputtering.

Film composition has been controlled by

selection of source target composition and by adjusting a
negative dc bias voltage applied to the films during deposi¬
tion.

For bias voltages in the range studied, cobalt content

increased by .25 percent per volt.

Perpendicular anisotropy

was observed for atomic fraction of cobalt in the range .75
to .85, and for bias voltage in the range -50 to -100 volts
dc.

Uniformity in composition, thickness, and magnetic pro¬

perties were observed across the surface of the films.

ACKNOWLEDGEMENTS

The author acknowledges the valuable assistance of
thesis director W. L. Wilson, Jr. in the development of the
sputtering system and rf power supply, and for discussions
of experimental methods and results.

The author also ac¬

knowledges the assistance of R. Zwingman who performed the
hysteresis measurements and calculations.

TABLE OF CONTENTS

Page
Introduction

1

Magnetic Bubbles

3

Antiferromagnetic Amorphous Material

11

Sputtering

16

Electrical Dc Bias

22

Substrates and Targets

25

Sputtering Parameters

28

Perpendicular Anisotropy

29

Some Experimental Observations

32

Film Characterization

34

Magnetic Properties

36

Uniformity

43

Conclusion

46

Appendix
References

47
51

1
INTRODUCTION

This report discusses the fabrication of GdCo thin
films with perpendicular magnetic anisotropy by rf bias sput¬
tering.

The section "Magnetic Bubbles" gives a brief back¬

ground of films suitable for bubble memory applications.
Magnetic terms which are used later in the report are intro¬
duced.

"Antiferromagnetic Amorphous Material" tells about

the discovery of perpendicular anisotropy in sputtered amor¬
phous films.

The need for composition control is emphasized.

The section on "Sputtering" gives a brief description of the
process.

The effects of "Electrical Dc Bias" on composition

are noted in the next section.

The bias and composition

range in which perpendicular anisotropy occurs is presented.
The "Substrates and Targets" used in this study were
somewhat different from those used by other workers.
are described.

These

"Sputtering Parameters" which were held con♦

stant and which were varied from run to run are discussed in
the next section.

The origin of "Perpendicular Anisotropy"

has been the subject of some speculation.

This section

quotes some of the ideas presented to date.
"Some Experimental Observations*.' have been made of fac¬
tors which affect the films.
problems are noted.

Crystallization and oxidation

"Film Characterization" and "Magnetic

Properties" discuss characterizing the films with respect
to composition, thickness, structure, and magnetic values.
Finally, there is a discussion of film "Uniformity".

It was

found that each film was uniform in itself, but there were
differences among films.
Many of the results reported herein also appear in H. C.
Bourne, Jr., R. B. Goldfarb, W. L. Wilson, Jr. & R. Zwingman
"Effects of Dc Bias on the Fabrication of Amorphous Gdco Rf
Sputtered Films", INTERMAG - 1975, London, and IEEE Mag-11
(September, 1975), to be published.
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MAGNETIC BUBBLES

The motivation for studying magnetic bubble domain ma¬
terial has principally been because of potential computer
memory applications.

Various laboratories have made thin

films of magnetic material with uniaxial magnetic anisotropy
perpendicular to the film plane.

Films suitable for computer

memories have usually been epitaxially grown, single-crystal,
rare-earth garnets, though recent investigations have demon¬
strated that certain amorphous materials may have useful mag¬
netic characteristics.

An advantage of amorphous bubble ma¬

terial is the possibility of using silicon as the substrate,
thus providing integration of memory and semiconductor com¬
ponents .
In its demagnetized state, such magnetic material will
have half its volume magnetized perpendicular to the film
plane in one direction, and its other half magnetized in the
opposite direction (Fig. 1).

Such magnetic domains lower

the film's magnetostatic energy and form random serpentine
stripes.

Between adjacent domains is a thin "domain wall"

(Fig. 2) in which the magnetization rotates the required
180°.

Each domain wall has an energy associated with it.

The number of stripe domains which form will minimize the
net magnetostatic plus wall energy

(Fig. 3).

On applica-
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NUMBER OF SUBDIVISIONS
Magnetostatic and wall energy as a function of the
number of domains in a .thin film [27] .
one domain.
FIGURE 3

"0" represents

7
tion of an external magnetic field, the magnetostatic energy
of antiparallel domains increases.

The magnetization near

the boundaries will rotate into the direction of the field,
moving the domain wall, and enlarge
expense of others.

some domains at the

For a suitable external field, cylindri¬

cal domains form, usually referred to as bubble domains, or
"bubbles".

Their radius will be that for which energy is

minimized (Fig. 4).

Their presence at a given location and

time could indicate a "1" in binary code, and their absence
a "0".

Permalloy circuits placed on the film's surface and

a rotating magnetic drive field may be used to propagate
strings of bubbles through storage loops or read and write
sensors.
In characterizing magnetic material, reference is often
made to three parameters which may be determined experimen¬
tally from hysteresis loops (Figs. 5, 6).

They are satura¬

tion magnetization (M ), coercive force (H ), and anisotropy
s
c
field (H^.) .

For high efficiency, good bubble material would

require low drive fields for bubble propagation.
and M

should be small.

bubble size and shape.
times larger than 4TT M
500 gauss,

Low H

Thus,

would also ensure constant

For stability, H^, should be a few
[1] . Typical values might be 4rr M =
s
s

= 1000 oersteds, Hc = 1 oersted.

The magnetic

material should also be uniform to stay within operating mar¬
gins .

ENERGY

RADIUS

FIGURE 4
Bubble radius as determined by the minimum
in total energy [27].

9

H
H

. FIGURE 5
M-H loop illustrating M

and H .

S

O

H field is applied in

the easy direction of magnetization, perpendicular to the
film.
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H APPLIED IN HARD DIRECTION

FIGURE 6

M-H loop illustrating H^.

H field is applied in the

hard direction of magnetization, in the plane of the film.
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ANTIFERROMAGNETIC AMORPHOUS MATERIAL

Material which is atomically disordered but magnetically
ordered may be used as bubble material.

It has been reported

[2] that amorphous films prepared by sputtering gadoliniumcobalt and gadolinium-iron from arc-melted source targets
may have perpendicular anisotropy and exhibit stripe domains.
Film properties were found to be independent of the crystal¬
line or amorphous nature of the substrates.

It was discov¬

ered that in such films, the rare-earth magnetic moments and
the transition-metal moments are coupled antiferromagnetically.

This had been known to be the case for polycrystalline

bulk gadolinium-cobalt [3].

The net saturation magnetization

is the difference of the magnetization due to rare-earth atoms
and the magnetization due to transition-metal atoms.

Thus,

there exists an atomic composition at which the film's mag¬
netization will be zero at room temperature.
ferred to as "compensation composition".

This is re¬

It is possible for

a film to have low Mg by selecting a composition near the
compensation composition (Fig. 7).
The magnetic moment of gadolinium is due to its inner
4f shell.

Its moment is localized and exchange coupling to

cobalt occurs by polarization of the gadolinium conduction
electrons, according to the Ruderman-Kittel-Kasyua-Yosida

12

FIGURE 7
Dependence of saturation magnetization on film
composition.

M

S.

^ 0 is desirable [29].
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theory.

The exchange is a damped oscillating function of

interatomic distance.

This is thought to be the origin of

the antiferromagnetic coupling of the electronic spins of
cobalt and gadolinium.

Together with 3d band filling by

gadolinium*s 5d and 6s electrons, this could also explain
the change in cobalt magnetic moment as a function of gado¬
linium content.

This was suggested in the case of bulk

GdCo [4].
It was noted [2] that "upon applying a negative bias
voltage to the [film] substrates during sputtering, the com¬
position of the film was varied by as much as 10 atomic per¬
cent over the nominal composition expected from a given
[source] target."

Thus, selection of target and bias voltage

can determine the ultimate composition of the film.

It has

also been found [5] that coercive force, H , is dependent on
c
film composition, as illustrated (Fig. 8).

This is not un¬

expected for material which has many possible wall-pinning
sites.

In such material there is a variation in wall energy

as a function of position of the domain wall [6].

The force

exerted on the wall by the external field is proportional to
M , and the critical field (H ) for wall motion is inversely
s
c
proportional to M . For low H , it is desirable to select a
s
c
film composition that is not too close to the compensation
composition.

FIGURE 8

Dependence of coercive force on film composition,
is preferred [30] .
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The ability to control composition is therefore signi¬
ficant in the study of amorphous rare earth-transition metal
bubble films.

This report discusses the effect of dc bias

voltage on the composition of amorphous GdCo films prepared
by rf sputtering from a number of targets.

16
SPUTTERING

Sputtering involves the transport of material from a
source target to a substrate.

A large voltage causes gas

ions to accèlerate and strike the target which, due to a
transfer of momentum, ejects source material.

This material

is deposited on the substrate as a thin film.
An alternative method of depositing thin films is by
thermal evaporation.

However, it has been pointed out [7]

that, while perpendicular anisotropy may be achieved by ther¬
mal evaporation in the case of some rare earth-transition
metal amorphous films, bias sputtering is required in the
case of gadolinium-cobalt.

This difference will be dis¬

cussed.
The sputtering system used in this study is shown sche¬
matically in Fig. 9.
in Fig. 10.

An electrical circuit diagram is shown

The apparatus was enclosed in a vacuum system.

The rf supply ionized the argon gas to cause a glow discharge
between the target and the substrate.

The glow discharge

had the electrical characteristics of a diode.

Due to the

higher mobility of electrons compared to argon ions, a dc
electron current would normally be present.

However, a block¬

ing capacitor in series with the rf supply precluded this
and allowed electrons to leave the discharge region and build

17

FIGURE 9
Sputtering system schematic. A. Dc Bias supply;
B. Water-cooled copper fixture; C. Aluminum substrate
holder; D. Glass substrates flush with substrate holder;
E. Water-cooled magnetic field coil; F. Cobalt sheet;
G. Gadolinium pills on cobalt sheet; H. Copper backing
plate; I. Aluminum ground shield; J. Vacuum system
baseplate; K. Water-cooled brass post; L. Rf power supply.
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Electrical circuit of: sputtering system
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up on the target, offsetting the rf voltage by an amount pro¬
portional to the negative charge.

The rf voltage oscillated

about this negative voltage, called the dc "self-bias" vol¬
tage.

Current in the positive half of the rf cycle was ex¬

actly opposite the current in the negative half cycle, so
that the net current across the diode-discharge was zero
(Fig. 11).

The dc potential between the discharge and the

negative target accelerated the argon ions toward the target
and caused the sputtering.
It has been suggested [8] that monitoring the self-bias
is an effective method of determining the power delivered to
the target and is therefore effective in controlling deposi¬
tion rate, provided other sputtering parameters are held con¬
stant.

All the films in this study were sputtered at a self¬

bias of -600 volts dc.
The dc bias supply was rf by-passed with a capacitor.
It applied a negative dc potential directly to the substrates
which controlled the back-sputtering of the films.

Increas¬

ing the bias voltage reduced the net deposition rate onto
the substrates.
Raising the negative bias voltage also decreased the
potential difference between the plasma and the target.
Less negative charge accumulation on the target was then
required to maintain zero net current, and the self-bias

20

I

I

The glow discharge has the
I-V characteristic of a
diode.

The rf voltage initially
oscillates about V = 0

The blocking
ensures that
current will
one complete

capacitor
the net
be zero for
cycle.

Thus, within a few cycles,
the if voltage oscillates
about the self-bias
voltage, Vg_B

FIGURE 11
Origin of self-bias voltage [31].
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voltage dropped in magnitude.

Furthermore, the smaller po¬

tential difference caused less energetic bombardment of the
target by argon ions, and consequently less sputtering.
To counteract these effects, it was necessary to increase
the rf power.

This raised the self-bias to its former level

and preserved a constant sputtering rate of the target.

22
ELECTRICAL DC BIAS

It was found that the bias caused preferential backsputtering of gadolinium as compared to cobalt.

In part,

this might be due to gadolinium's larger atomic size and,
therefore, higher probability of being struck by an argon
ion.

Figure 12 shows that, for bias voltages in the range

studied, cobalt content increased by .25% per volt on the
average.

Biases higher than -120 volts tended to cause ex¬

cessive back-sputtering, yielding zero net deposition.
composition range in which high

The

occurred is indicated.

It is a band of five atomic percent centered near the com¬
pensation composition.
The region in which perpendicular anisotropy occurs is
shown and corresponds to a cobalt fraction between .75 and
.85.

This compares favorably with the range .71 to .86 ob¬

tained by rf, rather than dc, biasing [9].

Outside this re¬

gion M becomes too large, and the stability condition,
s
H^.

£ 4TT

Mg, is violated.

Increases in cobalt content of approximately .08 percent
per bias volt have been indicated for films sputtered at con¬
stant pressure and plasma potential [10].

Plasma potential

refers to the positive voltage of the glow-discharge with re¬
spect to ground and is inversely proportional to sputtering
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Film composition vs bias voltage for different target compositions.
Regions of perpendicular anisotropy and high coercivity are indicated.
All films were made at the same self-bias level. Each data bar represents
the composition range of four films sputtered at the same time.'
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pressure.

The self-bias at which the films were made was

not mentioned.

The effects of substrate bias on the elec¬

trical resistivity, accumulation rate, and impurity content
of the films have been investigated previously [11].

25
SUBSTRATES AND TARGETS

The films were deposited on "Corning 0211" glass sub¬
strates, 1.59 x 1.59 x .07 cm, which were coated with a con¬
ducting layer prior to insertion in the sputtering system.
This coating consisted of evaporated copper, or evaporated
chromium and gold, and was used to achieve direct electrical
contact to the films as they were deposited.

There was no

apparent effect due to the different coatings, as long as
they were smooth.

Substrates which were only metallized at

the corners were also satisfactory.
accommodated four substrates.

The substrate holder

Thus, four films were made

simultaneously during each sputtering run.

The holder was

easily unscrewed from its water-cooled fixture for loading
and unloading substrates.

The substrates were affixed to

the holder with thermally-conducting vacuum grease.

Small

drops of copper print solution at the corners of the sub¬
strates assured ohmic contact to the holder.

Electrical re¬

sistance of the dried drops was less than one ohm.
It was found that non-uniformities of the negative bias
field caused by the shape of the substrate holder would cause
non-uniformities in the films.
but which utilized a one

Holders which were not flat,

cm circular mask, .5 mm thick,

shielded the film from back-sputtering in the vicinity of

26

the mask edge.

These films had radial variations in thick¬

ness, composition, and magnetic characteristics.

From the

appearance of stripe domains and M-H loops, radial variation
in composition was estimated to be three atomic percent.
This will be made clear when magnetic properties and unifor¬
mity are discussed.

Holders which, with substrates inserted,

presented a flat profile, yielded films which were uniform
within 1% over the area of the substrate.

The only exception

to the flat surface was the small drops of copper print so¬
lution.

The non-uniformity effects of these were localized

to their immediate vicinity.

Other workers have emphasized

the need for an aspect ratio (target diameter/target-to-sub¬
strate distance) of at least four to achieve this degree of
uniformity [12].

The aspect ratio of the system used here

was 1.5.
The target consisted of a sheet of cobalt, 7.3 cm in
diameter, soldered with tin to a copper base plate.

The base

plate screwed onto a water-cooled post which conducted the
rf power to the target.

On top of the

cobalt were placed

gadolinium pellets or "pills", the number of which depended
on the desired target composition.

In this study, the atomic

fraction of cobalt on the target's surface ranged from .73
to .86, which corresponds to .57 to .75 of the target area,
since the volume atomic concentration of cobalt is approxi-
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mately three times that of gadolinium.

The discrete nature

of the pills had no apparent effect on the films.
A magnetic field coil was used to contain the free elec
trons in the plasma and thus enhance the rf glow discharge.
It consisted of twenty turns of water-cooled copper tubing.
The field intensity at the center of the discharge was 100
oersteds.

Prior to deposition, a mechanical shutter protec¬

ted the substrates while the target was sputter-cleaned.

28
SPUTTERING PARAMETERS

There were a number of sputtering parameters which af¬
fected the deposited film.
for all the films.
7 x 10

-7

torr.

Many of these were kept the same

The vacuum system was evacuated to

A throttling baffle was positioned above the

diffusion pump and pre-purified argon was bled through the
system so that steady-state pressure was 10 p,m.

Current was

applied to the magnetic field coil, and the rf power turned
on.
utes

The target was sputter-cleaned for approximately 15 min¬
or until

it

appeared clean.

The shutter was removed

and the substrates were back-sputter-cleaned at -200 volts dc
for one minute.
setting.

Then the dc bias was lowered to the desired

For maximum efficiency, the rf oscillator was

tuned to maximize the self-bias.

Then the rf power was ad¬

justed to give -600 volts dc self-bias.
to approximately 40 watts.
rate of 50 Â per minute.

This corresponded

This self-bias gave a sputtering
Sputtering proceeded for one hour.

The substrates and target were allowed to cool for two hours
before the system was vented.
The parameters which were varied from run to run were
the number of gadolinium pills on the cobalt sheet and the
negative dc potential applied to the substrates.
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PERPENDICULAR ANISOTROPY

The origin of perpendicular anisotropy in bias-sputtered
GdCo films is uncertain.

Since the films are amorphous,

magneto-crystalline anisotropy is ruled out.

Stress-induced

anisotropy was found to be insignificant, and it was sug¬
gested that pair ordering (short-range atomic ordering) and
shape caused the anisotropy [2].

The latter possibility was

rejected due to an absence of shaped voids or surface topo¬
graphy [13] .
Evidence for short-range atomic ordering has been pre¬
sented [14].

A simple model for GdCo films suggests that

the anisotropy arises from Co-Co pairs.

Such a pair would

have its easy magnetic direction perpendicular to the pair
axis, based on studies of hep cobalt.

It would only be ne-

cessary for a small excess of approximately 10
per cm

3
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Co-Co pairs

to lie in the film plane to give the observed anis-

tropy.
The necessity of bias back-sputtering to achieve per¬
pendicular anisotropy could indicate that perpendicular Co-Co
pairs are preferentially back-sputtered compared to pairs
lying in the plane of the film.

The pair-ordering model is

thought to be as follows: An atom arriving at the surface
of a growing film would have lower energy if it bonded with

30

an unlike atom.

It is thought that high-energy pairs such

as Gd-Gd and Co-Co would be preferentially back-sputtered.
"The excess Co-Co pairs in the plane results from the de¬
creased concentration perpendicular to the plane" [14].
More recent work supports the idea of some form of structure
caused by the substrate bias. [15].
Experiments with a canted substrate indicate that "the
bias electric field direction is the dominant influence on
the anisotropy of GdCo sputtered films..." [7], as compared
to direction of deposition in the case of thermally evapo¬
rated films.
It is notable that perpendicular anisotropy has been
achieved in the cases of evaporated GdFe, TbFe, TbCo, HoFe,
Hoco, HoNi, but not evaporated GdCo [7].

It is expected

that rare earths Tb, Dy and Ho might work due to the shape
of their 4f shells [16].

The absence of perpendicular ani¬

sotropy in evaporated amorphous GdCo is interesting.

It is

probably in part because of the absence of anisotropic spin
orientation due to gadolinium's spherically shaped, halffilled 4f shell and zero orbital angular momentum.

The fact

that perpendicular anisotropy was obtained in evaporated
GdFe indicates that the nature of the 3d transition metal is
also important.

It is known, for example, that cobalt has a

large anisotropy in crystalline form, while iron does not.
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It has been suggested [17] that "charge transfer to the
empty d orbitals of a Co or Fe atom will affect both the mag¬
nitude of the moment and the conditions for its stability,
i.e.,

[Curie temperature].

Since the majority spin states

on a Co atom are full, transfer of a charge [from Gd] should
decrease M„ [cobalt moment] and T ... Since Fe has unfilled
Co
c
majority as well as minority spin states, MFe and
either increase or decrease."
that T

could

In fact, these authors noted

increased and M„ decreased for decreasing atomic
c
Fe

fraction of Fe.

"Several mechanisms may be competitive in

the RE [rare earth] - Fe compounds."

The differences in Co

and Fe must be great enough to explain the absence of per¬
pendicular anisotropy in evaporated GdCo.
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SOME EXPERIMENTAL OBSERVATIONS

It was found that sputtering at a high rate of 400 A
rather than 50 A per minute yielded a film which was not
amorphous but crystalline.

It is felt that this is mostly

due to the thermal energy generated by sputtering at high
power.

X-ray diffraction peaks were identified as being due

to diffraction from the (220) planes of cubic GdCo^.

The

composition of the film was 67% Co, which indicates that
there were probably no other crystalline forms.

Since only

one set of diffraction peaks were observed, it appears that
there was a preferred crystallographic direction normal to
the plane of the film.
In making GdCo films, it was found that the source ma¬
terial was very reactive with air and water that might leak
into the vacuum system.
of films.

Such leaks precluded the deposition

The integrity of the vacuum system was thus of

great importance.

Cleanliness of the argon sputtering at¬

mosphere is also considered important.

It is felt that

cleaner films could be obtained with the aid of a titanium
getter.
With time, many films of composition less than 80% co¬
balt tended to oxidize.

Why this occurred in some films and

not others is not clear, but appears to depend on film com-

33
position and aging time.

This same effect was noted, but

not explained, elsewhere [18].

Oxidation could possibly be

avoided by passivating the films with a thin layer of sput¬
tered Si02*

A few films wrinkled in time.

This may be due

to poor adhesion to the substrates, possible crystallization
of the films, or oxidation.

34
FILM CHARACTERIZATION
Films were checked for perpendicular anisotropy im¬
mediately after removal from the vacuum system.

They

were suspended by a thread in a magnetic field.

Films with

perpendicular anisotropy experienced a torque which oriented
their surface perpendicular to the field.

Some films within

the perpendicular anisotropy region shown in Fig. 12 were
oriented up to 45° from the perpendicular.

It is thought

that this was due to the additional presence of "closure
domains" on the top and/or bottom layers of the films.
These closure domains would be magnetized in the film plane
and would lower the total energy in the case of films with
low

[19].

Such closure domains might be induced by

oxidation of gadolinium on the film’s surface, leaving a
layer rich in cobalt.

Some films exposed to the air for

three months lost their perpendicular anisotropy.
Film composition and thickness were determined by
X-ray fluorescence.
tion.

The appendix describes the computa¬

Measurements were made on the K

and the La line of gadolinium.

line of cobalt
a
Tungsten and molybdenum

X-ray tubes and pure standards of known thickness were
used.

Background measurements were subtracted from

observed intensities.
A number of assumptions were made concerning the
films in performing the calculations.

It was assumed that

the films were thin enough to be in the linear region
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of intensity vs thickness; that the intensity due to each
of the elements was a linear function of its atomic
fraction; that there were no atoms other than Gd and Co
and that these were uniformly distributed; and that there
was no secondary fluorescence or absorption in the films.
All these assumptions are believed to be reasonable for the
films studied.

Measurements performed on different days

showed no appreciable difference.

Thickness measurements

were checked by optical interferometry and found to agree
closely for films less than .5 )Jm thick.
Also X-ray fluorescence was used to scan a sample
film for impurities.
substrate.
detected.

Comparison was made with a blank

Gadolinium and cobalt were the only elements
Elements of atomic number less than that of

argon however, are impossible to detect with the LiF
analyzer crystal used.

In fact, it is to be expected

that the films did contain argon due to the sputtering at¬
mosphere.

Such film impurities would be expected to

increase Hc and impede bubble motion.
Most importantly, X-ray diffraction of several thick
films showed no evidence of crystallinity.

The thickness

of these films was approximately 2.5 pm, comparable to
that of the crystalline film made at high power, referred
to above.

It is felt that, had the thick films been

crystalline, diffraction peaks would have been clearly
observed.

36
MAGNETIC PROPERTIES
Stripe domains were observed at xlOOO magnification
by Kerr-contrast microscopy on a carbon-arc metallograph
equipped with a polarizer and analyzer.

The magnetization

of the stripe domains rotated the polarized light into
either extinction or enhancement, depending on the sense
of the magnetization.
domains observed.

Figure 13 is typical of the stripe

Films within the high coercivity region

near the compensation composition had irregular domains
such as shown in Fig. 14.
for bubble material.
graphs.

Such films would not be suitable

Stripe width was measured from photo¬

They ranged from barely visible .5 pm to 2 pm

thick on different films.
Hysteresis data were obtained with an optical Kerreffect M-H looper.

The external H field was controlled by

a sinusoidally-driven magnetic coil at 10 Hz.

A polarized

laser beam was reflected off the surface of the film.

The

sense of magnetization of the stripe domains determined
the rotation of the polarization of the light reflected
off each domain.

A beam-splitting prism separated the

reflected light according to its polarization.

Photo¬

diodes converted the split light beams into voltage sig¬
nals which were amplified by a difference amplifier.

This

determined the magnetization as a function of external field
bf that portion of the film intercepted by the laser beam.

co

Ü

Typical Stripe domains observed by Kerr-contrast microscopy
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ü

H

Irregular stripe domains indicative of high coercive forces
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Kerr rotation vas due almost entirely to the cobalt
atoms [20], because of cobalt resonance at light frequen¬
cies.

The direction of the M-H loop was a clear indication

of whether the film was either cobalt or gadolinium-rich
with respect to the compensation composition.

This served

as a check on the composition determination.
Ms for the films could be calculated using film
thickness (h), stripe period (PQ, equal to twice stripe
width at zero external magnetic field), and the H field
required to magnetize the films to a known fraction of
their saturation value as determined from their M-H loops
(Fig. 15) [21] .

The assumption that H^ » 4TT Mg was used.

For films with

4TT Mg,

the accuracy of the calcula¬

tions is within 10%.
H^, or equivalently, anisotropy energy Ku (equal to

% H^ Mg), was determined as follows: Characteristic
length (A) is related to the domain wall energy and can
be expressed as

i = (A Ku ) 2/TT
' Ms

2

where A is an exchange constant which has been calculated
for a number of film compositions [22].

Characteristic

length (A) is also given by the expression [23]

&
h

2
o
h2TT3
P

Odd P

K
3

U - exp(-

&&)

(1 +^ü)]

n

which relates & to PQ and h.

This expression has been con¬

veniently tabulated (Fig. 16)

[21].

H/47M
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FIGURE

15

H field necessary to achieve various magnetization
ratios M/Mg for films exhibiting zero field stripe width %P0.
It is assumed that H. »

4TT

M

[21] .
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FIGURE 16

Characteristic length determined by stripe width
%P0 and thickness h [21] .

42

could not be determined from M-H loops as was illus¬
trated in Fig. 6.

The anisotropy field of these films was

too large for in-plane saturation with the hysteresis appa¬
ratus available.
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UNIFORMITY
Each sputtered film appeared to be uniform.

Stripe

widths on a given film appeared to be identical, though
measurement accuracy was only within 5%.

The fact that

stripe width could not be measured precisely caused wide
error allowances in the magnetic values derived from
stripe width.

M-H loops across the surface of a film had

no observable differences [24], indicating film uniformity.
Compared to its three neighbor films sputtered at
the same time, each film had variations in thickness and
composition of up to 1%.

The origin of these variations

from film to film is not known at this time.

It is pos¬

sible that they might arise because of different thermal
heat-sinking of the glass substrates, or different con¬
ductivities of the drops of copper print solution.

The

differences in electrical and thermal conductivity, if
present, would be small.
While composition and thickness varied slightly from
film to film, stripe widths and magnetic properties some¬
times varied by orders of magnitude.

This suggests that

magnetic characteristics depend strongly on film composi¬
tion.

This is especially true in the vicinity of the

compensation composition.

Dilution with a non-magnetic

ternary element might make small differences in composition
less important.
Magnetic properties would be expected to depend both
on film composition and the bias level at which the films
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were made [7].

However, magnetic values derived from

erratic stripe widths would not be expected to vary
uniformly.

Ku vs composition has been plotted for a

number of films (Fig. 17).

There was no clear trend in

the data.
Unexpected variations in composition occasionally
occurred for different runs with supposedly identical
sputtering parameters.

It is felt that this might be

principally due to changes in sputtering pressure, which
was difficult to control precisely.

At 10 nm, a 10% in¬

crease in sputtering pressure is estimated to cause a 4
volt decrease in plasma potential, thereby reducing the
net bias field, and decreasing the expected cobalt content
by about 1%.

This is believed to be the cause of devia¬

tions from linearity in Fig. 12 for runs at different
bias voltages.
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(ER6S/CM

0.

FIGURE 17
Anisotropy energy vs composition
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CONCLUSION
Amorphous GdCo films with uniaxial magnetic anisotro¬
py

perpendicular to the film plane have been made by

rf bias sputtering.

Source targets consisted of a sheet

of cobalt upon which were placed gadolinium pills.

Film

composition was controlled to within three percent by
selection of target composition and dc bias voltage applied
to the films during deposition.

Uniformity of the electric

bias field at the substrates was important in obtaining
films which were uniform in composition, thickness, and
magnetic properties.

Variations sometimes occurred among

four films sputtered at the same time.

For bias voltages

between -30 and -110 volts dc, cobalt content increased
by .25 percent per volt.

Perpendicular anistropy was

observed for atomic fraction of cobalt in the range .75 to
.85 and for bias voltage in the range -50 to -100 volts dc.
Significant variations of magnetic properties were observed
from film to film.
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APPENDIX

DETERMINATION OF COMPOSITION AND THICKNESS OF
GD-CO FILMS BY X-RAY FLUORESCENCE

It was assumed that intensity was a linear function of
thickness, that intensity due to each element was a linear
function of its atomic fraction, that there were no impuri¬
ties, that the composition was uniform, and that there was
no secondary fluorescence or absorption.
Tungsten and molybdenum X-ray tubes, and a LiF analyzer
crystal were used.
on the K

Intensity was measured for 100 seconds

line of cobalt (20 = 52.79) and the L line of gact.
a

dolinium (20 = 61.08).

Background intensity was subtracted

from these values.
Pure standards of known thickness

were used.

The

area of film exposed to the X-rays was the same for all films.
Symbols :
n = number of counts
3
N = atomic density (atoms/cm )
t = thickness
A = area
x = atomic fraction of cobalt
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Subscripts :
C = cobalt
G = gadolinium
S = standard
U = unknown

COMPOSITION [25]
n
n

CU

■eoV

N

t
CU U

N

N

cstcs

cstcsA

CS

N

ÜQJ
cs

!CS
fc
u

n

fc

cu_n
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=

N

GU

GU

GU=n

GS

x

-

N

cu/(Ncu

N

+

CUtCSNCS

t

7

nCStU

cancels

t _ = 1300 A
GS
CS

[Eq. 2]

GS

)

t „ = 1450 A
CS

N

N

[Eq. 1]

CS

GU

7

“cu^cs
n

N

= 8.97 x 10

22

cm

N _ = 3.02 x 1022 cm
GS

+

n

"CSSJ

GUtGSNGS

7

I1GStU
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13006.5 ncu / ngs
x =

13006.5 nCD / ncg + 3926 nQ0 /

n

CU

7

"cU
ncs +

7

ncs

-302

n

GU

nGS

7

THICKNESS

N

N

CU

+ N
= N
GU
U

t
+N t
=Nt
CU U
GU U
U U

“CUSJ

=

“cu^cs

7

ncs

[from Eq. 1]

= 13006.5 x 1022 ncu/ncg

N

GUtU

n

GUtGUNGS ^

[from Eq. 2]

n

GS

= 3926 x 1022 n/n
GU
GS

=
=

(N

CDSJ

+

Vu17 Nu

(13006.5 ncu / ncs + 3926

/ n^) x 10

N.
U

N

u =

at. wt. Cox
N.

at.
+

22

[Eq. 3]

wt. Gd
—
(1-x)*

N

where p is film density (gm/cm )

and N0 is Avogadro's

number.
It has been reported [26]

that the density of GdCo films
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is closely approximated by
p = 7.95 + .95 x
at. wt. Co = 58.933 gm/mole
at. wt. Gd = 157.25 gm/mole
N0 = 60.2486 x 10

N

U

22

atoms/mole

(7.95 + .95 x) (60.2486 x IQ22)
58.933 x + 157.25 (1-x)
(7.95 + .95 x) (60.2486 x IQ22)
157.25 - 98.317 x

t

is then determined from Eq. 3.

Thus, the procedure is to calculate n

Cu

/n

and n

CS

calculate x, calculate N^, and finally calculate t^.

G t/nGS '
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