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ABSTRACT 

MEASUREMENT AND CONTROL OF DEPOSITION 

TEMPERATURE OP GD-CO RP SPUTTERED FILMS 

CHE-TSUNG CHEN 

A vacuum evaporated Chromel-Constantan Thin Film 

Thermocouple (TPTC) is developed and used to measure the 

deposition temperature of rf sputtered amorphous gado¬ 

linium-cobalt films. Deposition temperature can be 

varied with the type and the amount of thermal backing 

which affixes the substrates to the substrate holder. 

By controlling the temperature of cooling water running 

through the substrate holder control of the deposition 

temperature can be achieved to some degree. Results 

indicate that under normal deposition conditions the 

temperature on the substrate surface is around 100 °C. 

Results also indicate that gallium has better heat con¬ 

duction and less temperature scatter than silicone greas 

when the same deposition parameters are maintained. 

Magnetic properties such as saturation magnetization, 

stripe period, anisotropy constant, exchange stiffness, 

and wall energy are investigated near the thermocouple 

junction where the deposition temperature is definitely 

known. A few Gd-Co-Mo films are also prepared during 



this research work and their magnetic properties are 

illustrated. 
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Chapter I Introduction 

A. Historical Background of Bubble Materials Selection 

In 1967 magnetic bubble devices made their debut 

when Bobeck published his paper, entitled "Properties 

and Device Applications of Magnetic Domains in Ortho- 

ferrites". Since then, bubble materials have been 

brought to extensive research attention for their poten¬ 

tial applications in computer memory devices. During 

the past decade, great progress has been made in deve¬ 

loping suitable materials for device applications. 

Nielsen, in his review paper, gave a good overview of 

bubble domain memory materials developed thus far. 

Suitable materials which provide useful device per¬ 

formance are limited in number by the rather restrictive 

device specifications which will be discussed in the 

next section. Due to the main drawback of large bubble 

diameters (20-100 urn), orthoferrites have lost attention. 

The severe nonlinearity of the domain wall velocity 

versus field-^ and the extremely low domain wall mobility 

(10 cm/0e-sec) have also brought research on hexagonal 

ferrites to an end. At present, the selection and pre¬ 

paration of bubble domain materials have emphasized mag- 
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netic garnets and the newly developed amorphous rare- 

earth-transition-metal (RE-TM) alloys. The garnets are 

well-developed and are used predominantly in memory de¬ 

velopment work. However, garnets usually have too low 

a quality factor for small bubble materials. Moreover, 

the cost of growth of garnets may become the limiting 

factor in eventual device markets. The amorphous alloys, 

on the other hand, allow large flexibility of fabrica¬ 

tion. The possibility of using Si as a substrate also 

provides for integration of a bubble memory and the 

associated semiconductor circuitry. Larger bit density 

and shorter access times are also possible for amorphous 

alloys. Problems of reproducibility, understanding the 

origin of uniaxial anisotropy, and determination of the 

optimal composition still remain. 

B. Bubble Materials Requirements 

The fundamental bubble material requirements have 

been established by Thiele.^" In order to support cylin¬ 

drical domains perpendicular to the film, a magnetic 

material must have sufficiently high uniaxial anisotropy 

to prevent undesired self-nucleating of domains. The 

criterion is given by Thiele as 



3 

Hk > ljJTMg, or > 2rtMg eq. (1) 

where Hk is the anisotropy field, is the uniaxial 

anisotropy constant, and Mg is the magnetic moment at 

saturation. Thiele also finds from the static stability 

properties of circular domains that the preferred thick¬ 

ness of the film and the bubble diameter in a given ma¬ 

terial are 

h * k£ = 
2 * 

7IMS 
eq. (2) 

d = Ql = 
8J1^ 

2 
TTMS 

eq. (3) 

respectively, where h is the film thickness, JL is the 

characteristic length (the ratio of the domain wall 

energy to the maximum of the demagnetization energy of 

a single domain, or / = ——w- ), A is the exchange 

constant, M_ is the magnetization and d is the bubble 

diameter. At approximately this film thickness, the 

domain diameter is minimized, the ability of the domain 

to recover from fluctuation in size and shape in the 

presence of coercivity is maximized, and the dependence 
t. 

of the domain diameter on thickness is minimized. 



k 

The speed of propagation of bubble domains depends 

on the general mobility which is given by, under the 

assumption of Gilbert damping, 

Mw = = -^JIF ’ eq> (4) 

where is the wall mobility, OL is the Gilbert damping 

6 
constant, and m is the gyromagnetic ratio. The 

higher the mobility the higher is the possible bit rate. 

The tendency of the magnetization of the bubble 

material to remain perpendicular to the film is given by 

the quality factor Q defined as^ 

TT K 
Q = k =  2- eq. (5) 

2HMg 

In practical bubble devices, Q should exceed unity, as 

previously stated in eq. 1. 

The materials also require low wall-motion coerci- 

vity, H (a value of less than 0.005 x IjTtM,, is pre- 
c s 

ferred). High coercivity would require high driving 

fields, which are uneconomical. In general, low dissi¬ 

pation materials are desired and in particular, materials 

with low magnetostriction coefficients are preferred 
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since they have one less coupling mechanism between the 

domain and host lattice. It is also important for a 

material to have a nearly defect free state as magnetic 

film defects will impede or deflect bubble domain 

motion. The magnetic characteristics should be reason¬ 

ably independent of temperature. To obtain this, both 

the compensation temperature and the Curie temperature 

should be far from room temperature. Temperature sensi¬ 

tivity will restrict the useful temperature range over 

which these devices can operate. 

To obtain optimal device performance, one must find 

a material with the best combination of the parameters 

4*Ms, V A, CL, Hc, and IT | . It is notable, from equa¬ 

tions (1) through (5)» that the anisotropy constant, Ku, 

determines many of the material requirements. Thus the 

control of uniaxial anisotropy is a key consideration in 

bubble materials. The origin of perpendicular anisotropy 

of the RE-TM amorphous alloys is still not well under¬ 

stood. 

C. Origin of the Perpendicular Anisotropy of Amorphous 

Bubble Films 

Many efforts have been made in trying to determine 
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the origin of perpendicular anisotropy in bubble domain 

amorphous alloys since the initial work of Chaudhari et. 

al. in 1973."^ There are five principal mechanisms which 

can originate magnetic anisotropy. They are: 1) magne¬ 

tocrystalline effects, 2) shape anisotropy, 3) magneto¬ 

striction, Ij.) atomic pair ordering, and 5) short range 

ordering. Since the KE-TMi films are amorphous and have 

no long-range order (the extent of atomic order was 

found less than 25 Â^), magnetocrystalline anisotropy 
O 

is ruled out. In fact, Herd and Chaudhari0 found no 

evidence of microcrystallites in amorphous Gd-Co films 

by using dark field electron microscopy. Shape aniso- 

tropy was suggested by Chaudhari et. al. , but was 
O 

rejected by Herd and Chaudhari0 due to the absence of 

shape voids or surface topograpy. However, recently, 
Q 

Esho and Fujiwara7 reported that shaped void formations 

could contribute to the growth-induced anisotropy of 

their bias sputtered Gd-Co films. They observed that 

both anisotropy constant and Ar content increased with 

increasing bias voltage too. They suggested that the 

change in density might result from Ar inclusions and 

resultant void formations. Stress-induced anisotropy 

was considered not to be significant by Chaudhari et. 

7 10 al.' and Covault et. al. They found no substantial 

change in domain stripe width before and after the film 



was removed from the substrate. The work of Zwingman 

et. al.11, on the contrary, showed that compressive 

stresses from the glass substrates could be the source 

or the induced anisotropy for their bias sputtered Gd-Fe 

films. The pair-ordering mechanism was accepted by 

many workers 7»12-15# Qarnbino et. al.12 proposed that 

the induced anisotropy of Gd-Co alloys could be attri¬ 

buted to the excess Co-Co pairs in the film plane. 

Studies of hep cobalt suggested that the easy axis asso¬ 

ciated with a Co-Co pair would be perpendicular to pair 

axis. It was shown that only a small excess of approx- 

imately 10 Co-Co pairs/cmJ lying in the film plane 

would be enough to give the observed anisotropy. 

Gambino et. al. J gave further support for atomic-pair¬ 

ordering on the basis of radiation damage and magnetic 

annealing experiments. They showed that radiation at 

a dosage level of 101^-101^ ions/cm2(1-2 MeV) was suffi¬ 

cient to destroy uniaxial anisotropy when the damage 

was sustained in zero field. They also showed that a 

comparable dosage was capable of inducing perpendicular 

anisotropy in an in-plane film when the damage was sus¬ 

tained in a perpendicular magnetic field of 1.6 KG. 

Similar work was done by Hasegawa et. al.1^ to suggest 

that the atomic-pair-ordering mechanism was the most 

likely mechanism for the anisotropy. Cronemeyer1^ also 
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proposed pair ordering for the origin of anisotropy from 

the observation of the rf bias dependence of the aniso¬ 

tropy. He considered that the rf bias probably produced 

surface heating which caused just the right degree of 

pairing in the amorphous deposit. 

In addition to bias sputtered Gd-Co and Gd-Pe alloys, 

1 A 
Heiman et. al. reported the existence of perpendicular 

magnetic anisotropy in a number of other rare-earth- 

transition-metal alloys prepared by both bias sputtering 

and thermal evaporation. The exception to the general 

behavior appeared to be Gd-Co, for which no easy axis 

of magnetization perpendicular to the film plane was 

observed when prepared by thermal evaporation. They 

found that the incident atomic beam direction appeared 

to define the anisotropy axis in thermally evaporated 

films while the electric field direction at the surface 

was the dominant influence in bias sputter deposition. 

The significance of the electric field direction at the 

substrate surface during bias sputtered deposition was 

also pointed out by Imamura et. al.1^ Lately, structural 

studies10'1Ô, through the use of X-ray diffraction, 

speculated that the short-range ordering could be the 

origin of magnetic anisotropy. Onton et. al.1® observed 

that the X-ray diffraction pattern from a Gd-Co film 
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prepared with a zero bias voltage (in-plane anisotropy) 

possessed one broad peak while a Gd-Co film deposited 

with a -100 V bias (perpendicular anisotropy) had a 

10 
broad peak with a shoulder attached. Covault et. al. 

showed that the center of the broad X-ray peak for the 

Gd-Co samples in which the magnetization was in-plane 

was located at 20 = 45°. However, when the perpendicular 

anisotropy was greater than the magnetization, the peak 

shifted to 20 = 50* . Both workers concluded that the 

shift of intensities and accompanying change in shape 

were more likely due to short-range ordering rather than 

to atomic-pair-ordering. Covault et. al. also found 

a similar diffraction pattern with a peak intensity at 

approximately 20 = 48° for sputtered Gd-Fe films. They 

thus suggested the ordering was similar in Gd-Fe and 

Gd-Co amorphous films possessing perpendicular magnetic 

anisotropy. More recent work of Taylor and Gangulee1^, 

however, proposed the pair-ordering mechanism for the 

source of perpendicular anisotropy again. Their aniso¬ 

tropy data fitted, a dipolar equation for evaporated 

Gd-Co and Gd-Fe viz: 

and 

K = 0.660 M? 
u Co 

Ku = 0.922 Mfe 

+ 2'218 "coMûd + °-097 4 

+ 1.3S6 MpeMGd + 0.799 M2 



10 

respectively. They considered that the unlike pairs of 

Gd-Co and Gd-Fe contributed to in-plane anisotropy while 

like pairs Co-Co, Fe-Fe, and Gd-Gd contributed to perpen¬ 

dicular anisotropy. Over a wide composition range, the 

Gd-Co pairs are dominant in evaporated Gd-Co films, while 

in evaporated Gd-Fe films the Fe-Fe pairs and Gd-Gd pairs 

control the anisotropy. This gives the observed direc¬ 

tion of anisotropy of the evaporated Gd-Co and Gd-Fe 

film respectively. 

Evidently, the origin of perpendicular anisotropy 

is still uncertain. However, all results confirm that 

the anisotropy is dependent on the conditions of film 

preparation. The main consideration of this work is 

a further understanding of the origin of perpendicular 

anisotropy of bias sputtered Gd-Co alloys through an 

investigation of deposition temperature effects. 
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Chapter II Experimental Details and Results 

A. Introduction 

As we have seen in the previous chapter, one of the 

essential requirements for bubble materials is a uni¬ 

axial perpendicular anisotropy large enough to give a 

quality factor, Q = Hk/itftMs = K^rcMg > 1. 

For amorphous Gd-Co alloys the exploration of a 

wide range of alloy compositions has been possible in 

20 
this laboratory by adjusting the target composition 

and the negative dc bias voltage applied to the sub¬ 

strate (see Fig. 1). The anisotropy energy has shown, 

however, considerable scatter with the alloy composi¬ 

tions (see Fig. 2). This result introduces large scatter 

in the film quality factor. 

In making these films, the substrates were held to 

the cooled substrate holder with small amounts of 

silicone vacuum grease. It was noticed that it was very 

difficult to spread, the grease completely uniformly 

between substrates and the holder. The amount of grease 

used also varied somewhat from run to run. The differ¬ 

ences in grease conditions caused different heat conduc- 
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Figure 1: Film Composition vs. Bias Voltage for 
Different Target Composition. (Ref. 20) 
After Goldfarb. 
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Figure 2: Anisotropy energy vs. compositions. 
(Ref. 20) After Goldfarb. 
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tion during sputter deposition. The different resultant 

temperatures might cause different atomic migration 

which in turn might result in different short range 

ordering in the Gd-Co alloys and be the cause for the 

scatter in the observed K^. Therefore, a thin film 

thermocouple (TFTC) was designed for investigating depo¬ 

sition temperatures for various film configurations. 

B. Deposition Temperature Measurement 

a. TFTC Preparation and Calibration 

The 1.25” square substrates were cut from 3” by 

1.5" Corning 0211 Micro Slides with thickness of approx¬ 

imately 0.03”. These substrates were cleaned in a 

ultrasonic cleaner for about 10 minutes each in TCE, 

acetone, methanol and then dried with warm air. 

The techniques used for preparing the TFTC basically 

followed, those developed by Bourne, et. al.2^ Chromel 

and constantan were chosen for the TFTC because these 

materials had a high thermal emf in bulk chromel-constan- 

tan thermocouples and were available in wire form. The 

chromel and constantan wires were cut into short pieces 

and. then were cleaned ultrasonically (same process as 
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used for substrate cleaning mentioned above). 

Evaporations were made in an oil diffusion pumped 

vacuum system. A tungsten boat was used as an evapora¬ 

tion source for constantan. A molybdenum coated tung¬ 

sten boat was used for chromel evaporation. It was found 

that the tungsten boat was easily cracked when used for 

chromel evaporation due to alloying of the chromel into 

the tungsten. 

It was found that the chromel thin film did not 

stick well to the glass substrate. Thus a chromium thin 

film of approximately 500 was evaporated prior to the 

deposition of the TPTC. The substrates were then placed 

in an aluminum holder and clamped on a copper block, the 

temperature of which was controlled by a quartz lamp. 

The vacuum system was evacuated to a pressure lower than 

4 x 10’6 torr, then the substrates were heated to 300 °C. 

Thermocouple thin films were evaporated and annealed at 

300 °C for 3 hours, and then permitted to cool to room 

temperature. Six substrates could be made at the same 

time. Usually chromel was evaporated first then constan¬ 

tan. Thicknesses above 2300 Â were required to produce 

a consistent and reliable TPTC thermal emf as pointed, out 

21 by Bourne et. al. For this work, the thicknesses of 
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the TPTG were around 3500 Â. Finally a layer of about 

3000 1 of SiO was evaporated on the top of TFTC for 

electrical insulation. For each evaporation, a Sloan 

crystal monitor was used to estimate the thickness. 

Figure 3 illustrates the evaporation system and thermo¬ 

couple configuration. After the preparation of the TFTC, 

two pieces of chromel and constantan wires (wire gauge 

No. 24) were soldered onto the corresponding thin film 

for measuring the thermal emf. 

An oven (Model ELH-0.5-LC) made by Associated 

Testing Laboratories, Inc and a DANA Digital Voltmeter 

Model 4432 were used, for thermal emf calibration. A 

typical calibration curve is shown in Figure 4» Cali¬ 

bration was limited to 150°C, the melting point of the 

solder used to attach the wires. 

b. Gd-Co Thin Film Deposition 

The substrate with the calibrated TFTC on it was 

attached to the substrate holder with silicone grease 

for heat conduction to the holder. The solder joints 

between the thermocouple wires and their corresponding 

thin films were covered by teflon tape for electrical 

insulation. The other ends of thermocouple wires were 
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soldered to one of the baseplate feedthroughs from which 

electrical wiring was made for measuring the thermal 

emf. Pour small drops of "copper print" solution were 

put on the substrate corners for electrical contact. 

The arrangement of the sputtering system with the temper¬ 

ature measurement equipment installed is illustrated in 

Figure 5» 

The target consisted, of a cobalt sheet of 73 ™ in 

diameter with a thickness of 0.25 rum» soldered to a 

copper baseplate. This baseplate was screwed on a water- 

cooled post which coupled the rf power to the target. 

The gadolinium pills, with a diameter 6.35 mm and a 

thickness of less than 50 mils, were placed on the cobalt 

sheet. Throughout this work the number of gadolinium 

pills was kept at 1+3» which corresponded to a target 

composition of 67.5% cobalt in area. The rf power was 

tuned to give maximum efficiency by observing the grid 

current of the rf oscillator. In this study the target 

self-bias was set at -580 Vdc corresponding to a rf power 

of approximately lj.0 watts. 

The substrate holder was water-cooled and was loca¬ 

ted 5 cm above the target surface. This geometry gave 

an aspect ratio (target diameter/target-to-substrate 



Figure Si Sputtering System Schematic. A. Dc Bias 
supply; B. Water-cooled copper fixture; C. 
Aluminum substrate holder; D. Glass substrate 
flush with substrate holder; E. Water-cooled 
magnetic field coil; F. Cobalt sheet; G. Gado¬ 
linium pills on cobalt sheet; H. Copper back¬ 
ing plate; I. Aluminum ground shield; J. 
Vacuum system baseplate; K. Water-cooled brass 
post; L. Rf power supply. After Goldfarb. 
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distance) of about 1^. 

A water-cooled magnetic coil was used to enhance 

the glow discharge. A dc magnetic field of 112 Oe at 

the plasma center and 108 Oe at the substrate sites was 

generated. 

_7 
The vacuum chamber was evacuated to 7 x 10 torr 

before bleeding in prepurified argon gas. The gas flow 

was controlled by a needle valve during the first half 

of this study. Following that a Granville-Phillips 

Series 22l± Gauge Controller and. Series 216 Automatic 

Pressure Flow Controller were used. The argon pressure 

was normally set at 10 urn. 

A regulated voltage supply set between 0 and -l50Vdc 

was used to apply a bias to the substrate as desired. A 

mechanical shutter was used during target sputter clean¬ 

ing. Usually 30 minutes or more target cleaning was 

necessary for the films to be clean from the onset of 

deposition. 

The thin film thermocouple formed a loop antenna 

which was immersed in the rf discharged plasma. An un¬ 

desirable rf noise picked up by this "loop antenna" was 
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added to the dc thermal emf. This made continuous 

temperature measurements impossible. Several attempts, 

including a tunable parallel LC resonator, were made to 

eliminate the rf noise. However, none were successful. 

To observe the deposition temperature profile, the 

rf power was turned off every five minutes to take the 

thermal emf readings and then quickly turned, back up to 

the original level. This procedure gave a good repre¬ 

sentation of the deposition temperature profile. How¬ 

ever, the films made in this manner did not have suffi¬ 

cient perpendicular anisotropy to support magnetic 

domains. This negative result was probably due to the 

discontinuous deposition although the specific mechanism 

was not known. Typical deposition temperature profile 

is shown in Figure 6. 

The complexity of the sputtering mechanism makes 

the theoretical analysis of substrate temperature very 

difficult. The temperature rise is due mainly to atomic 

particle momentum transfer via the atomic bombardment 

involved, in sputtering. The atoms coming from the 

target experience several collisions before arriving at 

the substrate. The mean free path for the atoms is a 

complicated function of electrical field (substrate bias), 
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the enhancing magnetic field, and the sputtering 

pressure. Deposition temperature scatter is observed 

from run to run. This is mainly due to different heat 

conduction through silicone grease from run to run as 

will be seen in the next section. 

It was noticed that the deposition temperature was 

repeatable (within experimental error) when successive 

depositions at the same sputtering parameters (sub¬ 

strate bias, DC level of rf supply, and. sputtering argon 

pressure) were made on the same substrate without vent¬ 

ing the vacuum chamber. The explanation is the following. 

For a three-hour sputtering, the metal film is less than 

one micron thick. This is very thin compared with sub¬ 

strate thickness of 750 microns. Moreover, the thermal 

conductivity of the metal is much better than for the 

glass substrates. The thermal conductivity for glass, 

Gd, and Co is approximately 1, 10, and 100 watts/meter 

respectively. Therefore, it is clear that the thermal 

resistance of the thin film-glass substrate combination 

does not change significantly as a thin layer of Gd-Co 

is deposited. 

A series of deposition temperature profiles have 

been measured at various sputtering parameters. The 
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effects of sputtering parameters on deposition tempera¬ 

tures are illustrated from Figure 7 through Figure 9. 
When the DC level of the rf supply to the target was 

increased, the impinging argon ions had greater energy 

and more source atoms were deposited onto the substrates 

per unit time. As a consequence, the energy absorbed by 

the substrates via momentum transfer was increased. By 

the same token when the substrate negative bias voltage 

was increased more argon ions of greater energy were 

accelerated toward the substrates. Therefore increased 

deposition temperature with increasing DC level or sub¬ 

strate bias voltage was observed. No appreciable depend¬ 

ence of deposition temperature on sputtering argon 

pressure was observed. Although increased argon pressure 

generated more argon ions, it decreased the mean free 

path of impinging ions. Thus no obvious effect of argon 

pressure on deposition temperature was observed. 

A theoretical estimation of the substrate-substrate- 

holder thermal resistance is given through the simulated 

electrical model as shown in Figure 10. It can be seen 

that the final deposition temperature depends only on 

the "resistive" elements. The thin film thermal resis¬ 

tance is negligible due to its relatively high thermal 

conductivity and thin thickness as stated previously. 
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Figure 7: Deposition Temperature vs. Target 
Self-Bias Voltage 
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Figure 9: Deposition Temperature vs. Substrate 
Bias Voltage. 
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There are two main sources of thermal power. One is 

the substrate bias supply; the other is the condensa¬ 

tion energy of the deposited atoms. The first is 

referred as Pb^as and the second is referred as Pcon in 

the following. Pbias can determined from the mea¬ 

sured bias voltage (Vb) and the difference between the 

steady state bias current and the bias current right 

after opening the shutter as Pbiflg = Vbib, where 

ib = Ib(steady) - Ib(initial). 

An empirical relation between ib and Vb (in the range 

of interest) was found to be 

0.625 * 
ib(mA) = 0.175Vb (volt) eq.(6) 

The equilibrium deposition temperature (Ts) vs. substrate 

bias voltage shown in Figure 9 can thus be converted to 

Tr vs. Pbias through eq. (6) (see Figure 11). Here Tp 

is the rise in substrate temperature which is defined as 

the difference between the equilibrium substrate temper¬ 

ature (Ts) and the substrate temperature right after 

opening the shutter (Tj.). In this particular experiment, 

the shutter was opened right after the plasma was 

initiated. Thus 

Tr = Ts - Tj_ = Ts - Room Temperature = Ts - 20 *C. 

The straight line in the figure is the least-mean-squares 

fit to the data points with mathematical expression as 
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TrCO = 0‘103Pbias(mW) + 40.39 eq. (7) 
31 

The thermal resistance of the system is thus equal to 

0.103 °C/m¥ or 103°C/W. The extrapolation to Pbias 
= 0 

is the rise in substrate temperature due to the conden¬ 

sation energy of the deposited atoms at a target self¬ 

bias voltage (Vbsb) ”577*5 Vdc. Thus the PCon 
at 

Vbsb 
= “577* 5 Vdc can be found, as follows: 

Pcon<®Vtsb = -577.5 Vdc) = = 0.392W = 392raW. 

The condensation energy of the deposited atoms can 

also be estimated as follows. By using the linear 

approximations 

Ç(x) = 7.95 (1 - x) + 8.9X eq. (8) 

and Atw(x) = 157*25 (1-x) + 58.933* eq. (9) 

for the density Ç (x) and atomic weight Atw(x) of 

Gd^_xCox alloys respectively, it was found that the 

number of atoms per unit volume is n-^.OxlO22 atoms/cm^. 

For the argon ions of 600 eV the average sputtering 

yield is approximately 1. With the measured sputtering 

rate of 0.79 Â/sec at Vbsb = -577*5 Vdc the condensation 

energy can be estimated as 

P„__ = 0.79 A/sec x 10”® cm/Â x 3*1752 cm2 x 7.0 COlx 

x 1022 atoms/cm-3 x 600 eV/atom x 1.6 
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x 10‘19 j/eV = 0.535W = 535 mW. 

The difference with the previous empirical result of 

392 mW can be the energy loss due to the collisions 

among atoms on their way to the substrate. 

The substrate deposition temperature (Ts) vs. target 

self-bias voltage shown in Figure 7 can also be con¬ 

verted into Tr vs. Pcon through the empirical sputtering 

rate at various target self-bias voltages studied as 

shown in the following table: 

target self-bias voltage(-Vdc) sputtering rate(Â/sec) 

The plot of T_ vs. P is shown in Figure 12. Notice 
I" C 0X1 

that P has been corrected by the factor of 392/535 
con 

in this figure. The straight line shown in the figure 

represents least-mean-squares fit to the data points 

with an expression of 

525 
577.5 
630 
682.5 

0.66 
0.79 
0.93 
1.06 

Tr(*c) = 0.148 Pcon(mW) + 31.55 eq. (10) con 

Thus we have a thermal resistance of 0.1lj.8 ®C/mW or 

1ij.80C/W. It is notable that the thermal resistance of 

the glass substrate plus silicone grease is on the order 
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of 1°C/W. The empirical results are two orders of 

magnitude larger. This is due partly to poor substrate 

backing and partly to the poor thermal contact between 

the aluminum substrate holder and the water-cooled copper 

fixture (see Figure 5)» Therefore, it can be a signifi¬ 

cant consideration in designing the substrate holder to 

have a good thermal contact. 

C. Deposition Temperature Control 

Scattering of the deposition temperature was 

observed among different runs executed at tne same 

sputtering parameters. To observe any deposition 

temperature effects on magnetic properties, the explora¬ 

tion of a wide range of deposition temperature was nece¬ 

ssary. Methods for the control of deposition temperature 

were designed. 

The substrate backing (silicone grease) was the 

only medium through which the heat was conducted from 

the substrate to the water-cooled substrate holder. 

Thus the efrect of the amount of silicone grease used 

was investigated as a possible way of deposition tempera¬ 

ture control. The amount of grease applied was deter¬ 

mined by weighing the spatula before and after spreading. 
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The difference of the weight was then the amount of 

grease used for heat conduction. Figure 13 shows the 

data observed. Apparently controlling the amount of 

silicone grease is not an effective way to control the 

deposition temperature. It was believed that the 

observed scatter was mainly due to the difficulty in 

spreading the silicone grease uniformly throughout the 

volume between the substrate and substrate holder. 

Thus part of the volume could be randomly occupied by 

voids which had poor thermal conductivity. This was 

proved by successively depositing on the same TFTC 

substrate without disturbing the conditions of thermal 

conduction. It was found that the deposition temper¬ 

atures fell within 5*C. 

A successful effort was made to control the sub¬ 

strate holder cooling temperature. A set-up shown in 

Figure II4. was designed. A few turns of copper tubing 

dipped in coolant were put in series with the inlet of 

the substrate holder to provide a means of controlling 

the temperature of the coolant flowing through the 

holder. By using different coolants such as ice water, 

room temperature water, and warm water, final deposition 

temperatures in the range of 60 to 150°C were obtained. 

Higher temperatures were undesirable due to the possi- 



36 

CM 

-d- 

o 

I) 
CM 
I 
o 

X 

<D 
CQ 
cd 
<D 

U 
O 
0 
C 
O 
o 

•H 
CO 

<H 
0 
-p 
fl 

1 
<c 

(0e ) #diu9i 9q.Btiq.sqns 

F
i
g
u
r
e
 
13
: 

D
e
p
o
s
i
t
i
o
n
 
T
e
m
p
.
 
v
s.
 
A
m
o
u
n
t
 
o
f
 

S
i
l
i
c
o
n
e
 
G
r
e
a
s
e
.
 



S
u
b
s
t
r
a
t
e
 

H
o
l
d
e
r
 
I
n
s
i
d
e
 

V
a
c
u
u
m
 
B
e
l
l
 

37 

CO 

o 
u 
p 
s 
o 
o 
<D 
u 
0 
p 
co 
P 
<D 

§* (0 
EH 

O 
•H 

P 
•H 
03 
O 
PH 
<D 
Q 
P 
O 

GO 
3 
P 
CO 
U 
CO 
p 
<* 
•• 

(D 
JH 
3 
fctiO 
•H 

Pn 



38 

bilities of film crystallization. Lower temperatures 

required lower temperature coolants than ice water. 

To improve heat conduction, gallium was tried 

instead of silicone grease in one set of experiments 

because of its wide usage in ’'sputter-down'1 systems. 

It turned out that gallium had better heat conduction 

and less deposition temperature scatter at similar sub¬ 

strate holder cooling temperatures and the same sput¬ 

tering parameters (Table 1). It also shows that gallium 

has a deposition temperature approximately 20 *C less 

than when the same sputtering conditions were applied 

with silicone. It thus appears that gallium is more 

reliable when a desired deposition temperature is 

required. However, gallium is not favorable for "sput- 

ter-up" systems as is used in this laboratory. The 

substrate will fall off the holder due to the low melting 

point of gallium. For this work, the substrates were 

held with the help of teflon tape on the edges of the 

substrate. 

As mentioned before, perpendicular anisotropy was 

never induced with discontinuous depositions. To 

examine the effect of deposition temperature on the 

magnetic properties, the temperature was only taken at 
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Table 1 : Comparison of Heat Conduction Between 
Silicone and Gallium Grease 

Coolant in Coolant in Type of Pinal 
Film jf Reservoir #1 Reservoir #2 Grease Temp » ( °C ) 

2- 24-76 Ice Water 

3- 3-76 Ice Water 

3-4-76 Ice Water 

3-9-76-1 Ice Water 

3-9-76-2 Ice Water 

3-11-76 Ice Water 

Ice Water 

Ice Water 

Ice Water 

Ice Water 

Ice Water 

Silicone 61.5 

Silicone 126 

Silicone 89 

Gallium 72 

Gallium 79 

Gallium 74 Ice Water 
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the end of the deposition and the transient state was 

ignored. 

D. Magnetic Properties Analysis 

Only room temperature static magnetic properties 

such as saturation magnetization, stripe period, aniso¬ 

tropy constant, exchange constant, and wall energy were 

analyzed in investigating the effects of deposition tem¬ 

perature. Each 1 cm square film was cut from the center 

of its original 3.175 cm square film. Films on the 
p 

edges of the original 3*175 cm substrates were 

undesirable due to electric field nonuniformities 

resulting from thermocouple wires. 

a. Film Composition and Saturation Magnetization 

Film composition was determined by use of X-ray 

fluorescence. Measurements were made on the line of 

Co and La line of Gd. Pure standards of known thick¬ 

nesses were used to calibrate the data. It was assumed 

that no other atoms than Co and Gd were contained in 

the film and these were uniformly distributed. However, 

it should be noticed that the films did contain Ar atoms 

due to sputtering argon pressure. Onton et. al.^ 
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reported, that greater than 7 at. % of Ar were contained, 

in the -100 V bias sputtered Gd-Co films. Thus the film 

thicknesses obtained from X-ray fluorescence were some¬ 

what inaccurate. However, the composition determination 

was satisfactory since it only depended on the relative 

counts between Co and Gd. 

The magnetic moment at saturation was measured by 

using both a parallel field vibrating sample magneto¬ 

meter (VSM) and. the techniques developed by Shaw et. 

22 
al. A hard direction M-H loop with a field, up to 

14 KG was obtained for each sample. To obtain these 

loops, the background measurements from the TPTC with 

the substrates were subtracted from the observed, moments. 

A hard M-H loop of a nickle standard was also measured. 

Then the magnetization of each sample is calculated 

according to 

4*Mg(un) 
m(un) h(std) A(std) 
m(std) h(un) A(un) 

x 4xM_(std) 
s 

where "un” stands for unknown, "std" stands for 

standard, m's are the calculated moments in arbitrary 

units by subtracting the backgrounds from the observed 

values, h’s are the film thicknesses, and A's are the 

film areas. 
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22 
To use the techniques developed by Shaw et. al. , 

one needs to know information on the film thickness, h, 

the stripe period. PQ, and the applied field H necessary 

to achieve various magnetization ratios M/Ms. The 

stripe width PQ was measured by Kerr contrast micros¬ 

copy. An optical interferometer could give the thick¬ 

ness measurements within 300 1. However, it was diffi¬ 

cult to measure the thicknesses of these samples by use 

of the interferometer due to the insulating layers of 

SiO underneath the films. The thickness data were thus 

taken from the X-ray fluorescence data corrected by 

the experimental results shown in Figure 15» A set-up 

shown in Figure 16 was used to obtain the Hall effect 

hysteresis loops which measured the normal component of 

the magnetization. These normal hysteresis loops gave 

the applied field H required to magnetize the films to 

different fractions of their saturation. Using this 

information and Figure 17 , the saturation magnetiza¬ 

tion was determined. The saturation magnetization could 

be also extracted from the relation*^ 

4nx^ = 1 + 7»12 ^h, 

by 
knx± 

x ( 1 + 7.12 //h), 
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Figure 15: Comparison of Thickness Measured 
by Interferometer with Thickness 
from X-ray Fluorescence for Gd-Co 
Alloys. 

Figure 16: Hall Hysteresis Loop Measurement 
System. 
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Figure 17s The Applied Field H Necessary to Achieve 
Various Magnetization Ratios M/Ms for 
Samples Exhibiting Zero Field Stripe 
Domain Repeat Distance PQ. Note the 
Normalizations of the Axes. (Ref. 22) 



-i was the normalized initial susceptibility where — 
i+itMg 

which could be determined from the Hall hysteresis 

loops. Figure 18 shows the data of i|icMs against at. % 

Co, obtained by VSM only. The Hall voltages for these 

samples were extremely small. This fact might be due to 

current leakage through the pin holes of the SiO layer, 

which could make the data very unreliable. It was 

notable that all these samples were prepared at -75 Vdc 

with a target composition of 67.5% Co in area. All 

other sputtering parameters such as argon partial pres¬ 

sure and target self-bias voltage were held as constant 

as possible. The observed fairly wide range of film 

composition might be due to the differences of sub¬ 

strate temperatures. The different substrate tempera¬ 

tures could alter the substrate impedance and thus modi¬ 

fied the electric potential at the substrate surface.^ 

It was also noticed that the observed VSM backgrounds 

associated, with the magnetic moment of the TFTC were 

very large. Greater than 30% of the total moment was 

attributed to the TFTC. Chromel (90% Ni + 10% Cr) was 

magnetic. The background subtraction was thus based on 

the assumption that the background from the TFTC was 

proportional to the volume of chromel of each sample. 
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Figure 18: Co Concentration Dependence of 
Saturation Magnetization of Gd-Co Alloys 
Deposited on TFTC Substrates. Solid Line 
is the Linear Approximation by 
Cronemeyer. (Ref. 15) 
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b. Calculations of Anisotropy Constant, Charac¬ 

teristic Length, and Wall Energy 

The hard M-H loop gave the nucleating field 

- lpitMa. Prom the determination of l4.TtMs, the anisotropy 

constant could be calculated according to 

Ku = x Ms = x (Hk + ^8> 
x ^s* 

The calculated values (Table 2), which were carried out 

by Shaw et. al. , were used to yield ^/h from the 

measurements of PQ/h in demagnetized states. The wall 

energies were calculated from the values of IptM and s 

according to 

Gw 
= 1 x ^Ms = 

Ax (4.UMs)
2 

The exchange constants were finally obtained from the 

expression for the energy of a 180° Bloch wall, as 

2 
A = 1/16 x 6 w / 

Figure 19 through 21 show the magnetic properties plot¬ 

ted. against the deposition temperature. It is note¬ 

worthy that there are five films (solid circles in 

Figure 20), with the same composition (within 1%), which 
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Table 2: Characteristic length divided by thickness vs. 
stripe domain diyided by thickness for several 
values of anisotropy field divided by ipcMc>. 
(Ref. 25) S 

V^Ms = 
oo 4 2 

Vh //h //h j&h 

0.50 .0085 .0080 .0076 
0.60 .0122 .0115 .0110 
0.70 .0166 .0157 .0149 
0.80 .0216 .0205 .0195 
0.90 .0273 .0258 .0246 
1 .00 .0335 .0318 .0304 
1.50 .0706 .0683 .0660 
2.00 .1126 .1109 .1088 
3.00 .1945 .1961 .1967 
4.00 .2660 .2708 .2746 
5.00 .3268 .3342 .3406 
6.00 .3791 .3882 .3965 
7.00 .4245 .4350 • 4446 
8.00 • 4&47 .4760 .4866 
9.00 .5005 .5126 .5239 

10.00 .5329 .5454 .5572 
15.00 .6591 .6729 .6861 
20.00 .7496 .7640 .7776 
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show that Ku depends somewhat on the substrate temper¬ 

ature in the range studied. In a thin film vapor depo¬ 

sition process, the adatom arrives at the film surface 

with considerable kinetic energy. It quickly loses its 

kinetic energy to the substrate and equilibrates to the 

substrate temperature. If the substrate temperature is 

sufficiently high the adatom will move by surface 

diffusion to an equilibrium sticking site, usually the 

growth step of a crystal nucleus. If the substrate 

temperature is low so that surface diffusion is slow 

and if the impinging rate is high the adatom essentially 

sticks where it lands and an amorphous film is produced. 

This is the atomic interpretation of the relation 

between deposition rate and substrate temperature for 

producing amorphous films. 

A special case of thin film vapor deposition is 

bias sputtering. In bias sputtering, the growing film 

is made a secondary target and is bombarded with low 

energy ( e.g. 75 eV in present work) ions which cause 

some fraction of the surface atoms to sputter away. 

The probability that a surface atom will be resputtered 

should be proportional to its site energy. Since atoms 

in high energy sites are preferentially removed, bias 

sputtering can greatly enhance the probability of incor- 
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porated atoms residing in lower energy sticking sites. 

In the Gd-Co case, resputtering should, greatly enhance 

the probability of incorporating Gd bonded, to Co. 

Gambino et. al. consider that the uniaxial perpendi¬ 

cular anisotropy arises from Co-Co pairs in the plane 

of the film in excess of a random distribution. The 

excess of pairs in the plane is caused by the higher 

resputtering probability of an adatom which is bonded 

to like surface atom, i.e. Co-Co or Gd-Gd. bonds are less 

stable than Gd-Co bonds. The statistical prooability 

of a Gd-Co pair oriented, perpendicular to the plane of 

the film is high (probably due to the growth of the 

film), therefore, the concentration of Co-Co pairs 

oriented perpendicular is low. The excess Co-Co pairs 

in the plane results from the decreased concentration 

perpendicular to the plane. 

The observation of temperature dependence in 

could be the following. As the substrate temperature 

increases, tne resputtering probability of like surface 

atoms is increased due to higher thermal vibration. 

Thus the concentration of Gd-Co pairs oriented perpendi¬ 

cular to the plane of the film is enhanced. As a result 

is increased. Once the thermal vibration is compara- 
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ble to the sticking energy of Gd-Co pairs, the probabi¬ 

lity of resputtering Gd-Co pairs tends to be comparable 

to those of like surface atom pairs, thus reducing the 

K^. This seems to agree with that expected, by Bajorek 

and. Kobliska.^ Their observation shows that in film 

fabrication without gallium substrate backing, the 

resultant Ku in Gd-Co-Mo could be either larger or 

smaller than with gallium. They thus concludes "Sub¬ 

strate temperature is expected, to influence film 

properties, when precisely varied, could result in 

higher anisotropies and therefore higher Q values". 

This is not to say that the substrate temperature is the 

only factor contributing to the change in 1^. Factors 

such as the change in magnetization can play a partial 

role. It should be pointed, out that the uniaxial perpen¬ 

dicular anisotropy can be totally destroyed, due to the 

formation of a polycrystalline state when the substrate 

temperature reaches the crystallization temperature. 

Chaudhari et. al.^ find that at the deposition rate 

studied the crystallization temperature is about 300 *C. 

This is far enough from the temperature range studied 

that the possibility of crystallization can be ignored. 

It is also noticeable that 1^, 6W> and. PQ have a 
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clear dependence on 4rcMs 
as shown from Figure 22 through 

Figure 24« The observed, magnetization dependence of the 

anisotropy constant is less strong than that 

predicted by molecular theory in ferromagnetic films, 
Q n 

which predicts (2 < n < 3)» This result is 

because amorphous Gd-Co alloys are ferrimagnetic instead 

of ferromagnetic. The log-log plot of JCVS. 4TCM0 for 

these Gd.-Co films (Figure 25) has a slope of -0.704 

which is larger than -1 as reported by Chaudhari et. 

29 
al. This means that the wall energy has a stronger 

dependence on magnetization, as can be seen from 

C /4TCMs. This fact may be associated with greater 

exchange stiffness. (The calculated exchange constants 

of these films range from 3.93 x 10"^ to 4«93 x 10-^ 

ergs/cm with an average of 2.27 x 10“^ ergs/cm which is 

approximately 3.72 times larger than 6.1 x 10“^ ergs/cm 
iO 

as reported by Hasegawa. ) 

E. Other Investigations; 

a. Gd-Co Alloy and Its Compositional Uniformity 

A few Gd-Co films were prepared on Corning 0211 

glass substrates of 1.59 x 1.59 x .056 cm. The magneti¬ 

zation of these samples was analyzed both by VSM and 
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(Gauss) s 
Figure 22: Magnetization Dependence of Anisotropy 

Figure 23: Magnetization Dependence of Mall Energy of 
Gd-Co Alloys Deposited on TFTC Substrates. 



56 

Figure Z\\.i Magnetization Dependence of Stripe Period 
of Gd-Co Alloys Deposited on TFTC Sub¬ 
strates . 

4TTM_ (Gauss) 
5 

Figure 25: Magnetization Dependence of Characteristic 
Length of Gd-Co Alloys Deposited on TFTC 
Substrates. 
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from bubble static measurements such as PQ, h, etc. 

The latter method will be called "Bubble Static" in the 

following. The magnetization from the bubble static 

measurements was taken from the average of the following 

two values. One was from the initial susceptibility of 

the Hall hysteresis loop with the help of 

i|-n:Ms = (JW*i/i|.TiMs)“
1 x (1 + 7.12 ifh).2^ 

The other was from the field H necessary to magnetize 

the sample to 0.5 of its saturation with the information 

22 
of PQ, h, and Figure 1b of Shaw et. al. as mentioned 

in the previous section. The anisotropy constants were 

measured from the knees of the hard-loops as the nucleat¬ 

ing fields = Hk - 4itMs* Figure 26 shows the relation 

between the anisotropy constant and the magnetization. 

Table 3 shows the correlation for the data points shown 

in Figure 26. The large discrepancies associated with 

films #6-19-75-B and #6-19-75-D are due to the high 

coercivity exhibited, in the two films. As with the 

Gd-Co films deposited on the TFTC substrate, a trend of 

K in is observed. The small discrepancy between 

the VSM and the "Bubble Static" measurements may be due 

to the following facts. For the substrates without 

metallic coating, the electrical bias will not become 

effective until a film of a few hundred angstroms is 
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4HMS (KG) 

Figure 26: Anisotropy Constant vs. Saturation 
Magnetization of Gd-Co Alloys. 
—O-jpnMg Measured from VSM 
-□-4itMs Measured from "Bubble Statics" 
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deposited. This layer has in-plane anisotropy due to 

the effective lack of bias. Since these samples are 

2500 A thick or less, the in-plane layers are relatively 

significant. (This is shown by the nonzero moment at 

zero field in the observed hard-loop.) Therefore, this 

thin layer of in-plane anisotropy introduces little • 

error in magnetization measurements made on the VSM. 

On the other hand, the "Bubble Static" data is extracted 

from the Hall hysteresis loop, which measures the normal 

component of the magnetization. The in-plane layer will 

not give any significant Hall voltage with the fields 

available. However, the thickness determined from 

interferometry measurement gives the thickness of the 

entire film. Thus errors are introduced in PQ/h and 

•^h, which are essential in "Bubble Static" calculations 

of the magnetization. This can be the reason for the 

observed discrepancy between VSM and "Bubble Static" 

results. The stronger dependence of on magnetization 

for these samples than those prepared on the TFTC sub¬ 

strates in comparison to is not 

known. 

Figure 27 shows the characteristic length as a 

function of magnetization. The data are close to those 

of Meyer et. al.^1 It is noticed that the AQ, product 
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Saturation Magnetization 4TCMS (KG) 

Figure 27: Characteristic Length vs. Saturation 
Magnetization of Gd-Co Alloys. 
 Constant AQ Line 
A Hasegawa's Work (Ref. 30) 
~Q~Meyer's Work (Ref. 31) 
—O-Present Work with a Least-mean- 

squares Fit 
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has some scatter instead of being constant for these 

samples. Actually, the calculated values of AQ for 

-6 
these samples range from 1.79 to 10.38 x 10” ergs/cm 

with an average of 5*l4-3t2.69 x 10”^ ergs/cm which has 

a variance as high as 50%. However, the average value 

of AQ for these samples is very close to 5.0 x 10“^ 

31 ergs/cm as reported by Meyer et. al. 

An investigation of the compositional uniformity 

op 
of Gd-Co films was performed. Two runs were made 

with exactly the same sputtering parameters. The only 

difference was that one had four 1.59 x 1.59 x 0.056 cm 

substrates while the other had a single 3*175 x 3*175 

x 0.076 cm substrate. Electrical bias contacts were 

made with copper print solution at the corners of the 

glass substrates. After the samples were prepared, 

X-ray fluorescence was performed on each small film and 

on the corresponding regions of the large substrate 

film. Composition and thickness data are shown in 

Figure 28. The statistical error inherent in X-ray 

counting is Î0.5 atomic % within the sample counts 

studied. It can be seen that the group of four sub¬ 

strates has greater variation than the single substrate, 

which is probably due to the more uniform electrical 

bias in the case of the large substrate. Corroborating 

evidence is that the single large substrate has a 
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73.81 

2592 

75.94 

2392 

74-87 

2503 

76.85 

2326 
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Pour Small Substrates 

B A 

77.89 

2174 

76.90 

2266 

76.85 

2180 

78.08 

2233 

C D 

Single Large Substrate 

Figure 28; Comparison of Composition (At. % Co) 
and Thickness (A) by X-ray Fluorescence 
between a Group of Four Small Substrates 
and a Single Large Substrate with 
Exactly the Same Sputtering Parameters. 
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richer cobalt concentration and is thinner in comparison 

to the small substrates, indicative of more back-sput¬ 

tering. Therefore, it is important to have a uniform 

electrical bias to get films with uniform composition 

as well as thickness. 

Another experiment investigated the local composi¬ 

tion of a Gd-Co film prepared on a large substrate. The 

data is shown in Figure 29. It can be seen that the 

film has essentially constant composition all over the 

substrate within the inherent statistical error of 

to.5 atomic %. This is an indication that the large 

substrate can have fairly good uniformity of electrical 

bias. To get better uniformity, a rotating substrate 

holder may be suitable. 

b. Gd-Co-Mo Alloys 

The drive field for bubble domain propagation in 

T-I bar devices is proportional to 47tM0. Thus it may be s 

advantageous to have 4TtMa as low as possible consistent s 

with permissible signal levels. Using the definition of 

1= -Sv and Q= —5£_ Sa_* 
4rcMg i^ïïMg 4ltMs 2TCMa 

we can rewrite^, as: 
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-0.68 -0.25 +0.14 +0.10 0 

-0.45 -0.30 +0.20 +0.42 +0.57 

-0.61 -0.13 +0.26 +0.37 +0.62 

-0.59 -0.01 +0.01 +0.32 +0.33 

-0.56 -0.12 -0.11 +0.14 +0.14 

Figure 29: Composition Uniformity Analysis for an 
Array of Points on the Surface of 
Specially Prepared 1.59 x 1.59 x 0.076 
cm Substrate by Use of Electron Micro¬ 
probe. Deviations from Average Compo¬ 
sition (at. % Co) Are Shown. 
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& = JZÇ JJZn/lptMs . 

It can be seen that is proportional to !|.7tMg for 

fixed bubble diameter (d = 8£). Therefore, to lower 

Ij-jrM at a fixed, bubble diameter, it is necessary to 

lower the value of A/AQ. It is shown that this is 

possible by the addition of ternary elements to the 

Gd-Co alloys. 7 The exchange constants depend on the 

individual atomic moments and the number of magnetic 

nearest neighbors z. Both of these can be lowered by 

magnetic dilution via the addition of Mo. This 

procedure thus offers considerable flexibility in 

materials design for bubble application. 

A few samples of Gd-Co-Mo were prepared from a 

target composition of (Gdo.33c°o 67^0 98Mo0 02 in area* 

The sputtering parameters were substrate bias = -80Vdc, 

Ar partial pressure =10 urn, and target self-bias = 

-578 Vdc. The resultant films have an atomic molybdenum 

concentration of approximately 5*8%. Figures 30 and 31 

show the anisotropy constant and the characteristic 

length as a function of magnetization respectively. 

The increase of Ku for increasing 4itMs is observed as 

in Gd-Co alloys. It is, however, notable that the 

dependence of Ku on magnetization for Gd-Co-Mo is much 
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Figure 30: Anisotropy Constant vs. Saturation 
Magnetization of Gd-Co-Mo Alloys. 

I M i 1—r 

\^y. AQ=3.9x10"^ ergs/cra 

.1 - 

.05- 

.03 

N 

6 x\ AQ=2.88x10"° ergs/ci\^ 

I 1.1,1 

1 2 

totMq (KG) 

Figure 31: Characteristic Length vs. Saturation 
Magnetization of Gd-Co-Mo Alloys. 
—O— Present Work , 
 Constant AQ=2.88x10“° ergs/cm 

(average of present work) 
 Constant AQ=3.9x10"6 ergs/cxn from 

a Target Containing 7% Mo by 
Chaudhari et. al. (Ref. 29) 
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weaker than that of Gd-Co. A dependence of 

is observed. This is a strong indication that the ani¬ 

sotropy constant can be lowered by magnetic dilution. 

The observed data show that the average value of AQ 

is 2.88±0.89 X 10-k ergs/cm. The scatter in AQ is much 

less than in Gd-Co alloys. A least-mean-squares fit 

gives logj^= -1.2036 x logi|-TrM + 2.861j.8. The slope is 

close to -1, indicative of a more or less constant 

value of AQ. This makes A simply dependent on Ij-icM. 

Thus the desired bubble diameter can be easily achieved 

by selecting an appropriate magnetization. This 

procedure then makes bubble material design much easier 

than in Gd-Co alloys. 
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Chapter III Conclusions 

1. The substrate surface temperature during sputtering 

can be measured by a chromel-constantan thin film 

thermocouple. The final deposition temperature is 

around 100°C under normal sputtering conditions. 

Typically, 30 to 60 minutes is required to reach the 

steady-state substrate temperature. 

2. Gallium is much more reliable than silicone grease 

as a substrate backing in that gallium has much 

less scatter in deposition temperature and has better 

heat conduction. Usually a 20 °C lower deposition 

temperature can be achieved with gallium for the 

same sputtering parameters. 

3. The deposition temperature is a function of target 

self-bias (sputtering yield) and substrate bias 

voltage but not a function of argon partial pressure. 

ij.. Observation seems to indicate that for films of 

similar composition, depends somewhat on the sub¬ 

strate temperature in the range studied. Under the 

sputtering conditions studied, the optimal substrate 

temperature to induce high anisotropy is approximately 

100 °C. 

5. To get uniform film composition as well as thickness, 

it is necessary to have an electrical bias for the 



70 

substrate. 

6. Both Gd-Co and Gd-Co-Mo alloys have an anisotropy 

constant dependence on the saturation magnetization 

of the form The dependence in the case of 

Gd-Co-Mo is weaker than that for Gd-Co due to 

magnetic dilution. The AQ value for Gd-Co-Mo is 

lower and more constant than that for Gd-Co, which 

is a useful result. 
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