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ABSTRACT

Sm-Co BASED FERROMAGNETIC FILMS SYNTHESIZED 

DIRECTLY BY RF SPUTTERING

by

Samy H. Aly 

Adviser: Professor F. J . Cadieu

The l i g h t  rare earth intermetal 1ic  ferromagnetic compounds e x h ib i t

both high sa tu ra t ion  moment and high c rys ta l anisotropy energy. Also, 

they have high c r i t i c a l  temperature fo r  magnetic ordering. These pro­

pe rt ies  made them exce llen t candidates as permanent magnet m ateria ls .

The purpose o f th is  work is  to study the magnetic properties of 

ferromagnetic f i lm s  of the Sm-Co based system. The f i lm s  are synthe­

sized by s e le c t iv e ly  thermalized RF sputtering onto heated substrates 

w ithout any fu r th e r  heat treatment f o r  promoting th e i r  magnetic pro­

pe rt ies .

In  the f i r s t  chapter we review the basic mechanisms responsible

fo r  the outstanding properties o f these m ateria ls . The second chapter

deals w ith the experimental procedures fo r  synthesis o f the ferromag­

ne tic  f i lm s  by RF spu tte r ing . The e ffe c ts  o f d i f fe re n t  sputtering 

parameters on the f i lm s  physical and m ic ros truc tu ra l properties are 

discussed.

In  the th i rd  chapter the method o f x -ray  energy dispers ive f l u o r ­

escence analysis used to study the composition of our f i lm s  is  presented. 

The fou rth  chapter covers the x-ray d i f f r a c t io n  techniques used to study 

the c rys ta l s tru c tu re  o f the f i lm s ,  to determine the gra in size and the



states of preferred o r ien ta tions of certa in  c rys ta l planes developed in 

the f i lm s .

In the f i f t h  and la s t  chapter we present our resu lts  and discuss 

them on the l ig h t  o f the previous chapters. Magnetization, coercive 

forces, and energy products of the f i lm s  as obtained from hysteresis 

loop measurements are discussed. In add it ion , a ten ta t ive  model of 

the possible magnetization reversal processes in our f i lm s  is suggested. 

A discussion of the preferred textures exhibited by these f i lm s  closes 

the chapter.
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1.1.1) RARE EARTH ELEMENTS

1.1.2) THE ELECTRONIC CONFIGURATION:

The ground state of those elements has a con figuration given by 

:(Xe) 4 fx 6s^, in which (Xe) re fers  to the f u l l  shell core o f Xenon. 

The 5d and 6s electrons are responsible fo r  bonding while the 4 f e lec­

trons are inner electrons w ith th e i r  quantum mechanical p ro b a b i l i ty  

peaks c loser to the nucleus than do the d and the s e lectrons, so these 

4f electrons play a minor ro le  in  bonding and hence the magnetic pro­

perties o f  rare earth elements are a t t r ib u te d  to them. Being well 

loca lized the 4 f electrons behave almost l i k e  electrons in  free  ion,

i .e .  approximately unaware of the surroundings. The ground state con­

f ig u ra t io n  is given by Hund's ru le ,  however the to ta l angular momentum 

is a good quantum number because o f the re la t iv e ly  strong spin o r b i t  

in te ra c t io n . The lowest J m ult i p ie t  is  normally populated a t room 

temperature. The value o f J fo r  more than and less than h a lf  f i l l e d  

f  shell is  given by L+S and L-S respective ly .

1.1.3) MAGNETIC PROPERTIES OF FREE IONS

The in te rac t io n  th a t a rare earth atom experiences in  a crys ta l 

are e le c tro s ta t ic  in  o r ig in ,  they are the c rys ta l f i e ld  and exchange 

in te rac tions . These two in te rac tions  are o f  energy smaller than the 

spin o r b i t  coupling energy and are £ KT a t  room temperature.

The magnetic in te ra c t io n  between the moments and a magnetic f i e ld  
2

H is  given by:



Z uB ( 1 ^ + 2 ^ ) . ft = uB ( t+ 2 f t ) . f t

and fo r  the lowest m u lt ip le t  2-x)J where a is  Lande fa c to r .  For 

rare earths a<2 (except fo r  Gd and Eu) and thus t  is  always pa ra lle l 

to (J, however since $ v (x - l ) f t  fo r  the -lowest m u lt ip le t  and since a <1 

fo r  more than h a lf  f i l l e d  shell and A<1 fo r  less than ha lf  f i l l e d  shell 

(except fo r  La, Ly and other n o n - t r ip le t  ionized atoms), the spin is  

pa ra lle l to the to ta l angular momentum fo r  Gd and heavier elements but 

a n t ip a ra l le l  to i t  fo r  l i g h t  rare earths, i . e .  those o f less than ha lf  

f i l l e d  f - s h e l l , the saturation moment is given by AUgJ per atom i f  the 

environmental forces are considered to be nu ll which is  not the case.

1.1.4) EXCHANGE INTERACTIONS BETWEEN IONS

Exchange in te ra c t io n  and not the crysta l f i e ld  in te rac t io n  tha t a 

rare earth ion undergoes must be responsible fo r  magnetic order which 

is  a cooperative phenomenon. The exchange between two e lec tron ic  spins 

is given by the fo llow ing  iso tro p ic  hamiltonian: H =J s’.*s’ ., but fo r
GX GX 1 J

atoms i ,  j  o f several electrons each the hamiltonian reads H =ex
J where the to ta l spins are involved. The exchange constant

GX 1 J

J as appears in the above hamiltonian is  assumed not to depend on
GX

o r b i t ,  in fa c t  J does depend on the overlap o f atomic o rb i ta ls  as
GX

well as on the crysta l s truc tu re  but i t  does not vary much along the 

rare earth series.

The mechanisms responsible fo r  the in te rac tion  given by H can
GX

be iso tro p ic  or an isotrop ic re la t iv e  to the crys ta l axes. I f  the



exchange is  due to d ire c t  overlap between charge clouds o f nearby atoms 

i t  should depend on the o r ie n ta t ion  of the involved charge d is t r ib u t io n s  

re la t iv e  to some reference ax is , e.g. the crys ta l axis and th is  might 

cause anisotropic terms to appear in the exchange hamiltonian. More­

over the e le c tro s ta t ic  in te rac tions , being an isotropic can lead also 

to some anisotropy in H , however these in te ractions are more importantGX
in the l ig h t  rare earths because the e lec tron ic  multipoles are la rger 

fo r  them because o f the lanthanides con tract ion , i . e .  the decrease 

in the charge cloud spread as the atomic number increases.

I t  is important to notice tha t the c rys ta l f i e ld  e ffec ts  are the 

opposite o f the exchange in te rac tions  e f fe c ts .  At temperatures o f the 

order o f the crys ta l f ie ld  s p l i t t in g  the crysta l f i e ld  can destroy or 

a t leas t diminish the o rb ita l  con tr ibu tion  to the magnetic moment of 

the ion, but since the spin o r b i t  coupling is strong, the spin c o n t r i ­

bution and not only the o rb i ta l  con tr ibu tion  to the to ta l magnetic 

moment is  diminished.

1.1.5) MAGNETIC ANISOTROPY

The magnetic anisotropy energy in most o f  the rare earths is  very 

large and is considered to be important perturbation to the exchange, 

th is  in  contrast to the 3d t ra n s i t io n  elements as i t  w i l l  be seen.

The heavy rare earths in  p a r t ic u la r  have very large anisotropy, th is  

is  due to the in te rac tio n  between the c rys ta l f i e ld  and the non-spheri- 

cal 4 f cloud m ult ipo le moments, the large spin o r b i t  locks the spin 

d ire c t io n  to the o rb ita l  angular momentum d ire c t ion  (Gd is  an exception).



1.2.1) THE 3d TRANSITION ELEMENTS

21Those are the elements from SC of outer most e lec tron ic  config-
2 1 30 2 10uration 4s 3d to Zn :4s 3d , the atoms o f those elements have

the 3d inner shell o f  higher energy than the 4s outer s h e l l ,  the f i l l e d  

shell Is ,  2s, 2pr, 3s and 3p do not con tr ibu te  to the magnetism of these 

atoms. In the 3d elements the 4s electrons are the ones mostly respon­

s ib le  fo r  bonding and hence the 3d electrons are outer electrons sub­

jected to the inhomogeneous c rys ta l f i e l d ,  so the 3d atoms can re ta in  

th e ir  magnetic moment as they compose the c ry s ta l . The d irec tions  of 

t  and ? however, and hence the d irec tions  o f th e i r  perspective magnetic 

moments are influenced by fac tors  l ik e  spin o rb i t  in te rac tion  and of 

course the app lica tion  o f an external magnetic f i e ld .  The e f fe c t  of

the c rys ta l f i e ld  on those ions is  to quench the o rb i ta l  momentum and
1 3thus reduces the o rb i ta l  con tr ibu tion  to the to ta l magnetic moment. ’

In contrast to the crys ta l f i e ld  e f fe c ts ,  the spin o r b i t  coupling 

causes the e lec tron ic  o rb i ta l  wavefunction to be polarized, i . e .  in t r o ­

ducing some component o f the o rb i ta l  motion depending on the strength 

of LS coupling. Ferromagnetism is  only observed in Fe, Co and Ni of 

the 3d series.

The theories tha t t r y  to explain the existence o f ferromagnetism in

those elements vary among themselves regarding the nature o f the 3d

electrons behavior in  the s o l id ,  namely whether they are i t in e ra n t  or
3 4i t in e ra n t  but w ith th e i r  motion corre lated by coulomb in te rac tions . ’

The theory based on complete lo c a l iz a b i l i t y  o f the 3d-electrons has i t s  

drawbacks, fo r  example the expected ion ic  moment must be integer m u lt i ­



pie of Bohr magneton, however the experimental values fo r  Fe, Co and Ni 

fo r  example are 2.2, 1.7 and 0.6 Bohr magnetons respective ly  assuming 

tha t 4s electrons con tr ibu te  nothing to the magnetism. According to 

the band theory explanation of ferromagnetism the "magnetic electrons" 

must l i e  in p a r t ia l ly  f i l l e d  bands, i . e .  vacant energy leve ls must be 

ava ilab le  to accommodate unpaired spins, also high density o f states 

and s u f f ic ie n t  overlap between atomic o rb i ta ls  are another condition 

fo r  the occurence o f ferromagnetism. The ion ic  ra d i i  o f the d iva len t 

3d ions vary from about 0.9 to about .7 angestroms as one goes across 

the series from Ti to N i, i . e .  the d o rb i ta ls  become more loca lized 

across the series and the d bands become more narrow. In terms of 

curie  temperature Fe, Co and Ni have 1394, 1043 and 631 degress kelv in 

respective ly . The question o f using pure cobalt as permanent magnet 

w i l l  be investigated la te r ,  being un iaxia l and o f high induction and 

high curie  temperature, in addition to re la t iv e ly  high anisotropy rec­

ommended i t s  use fo r  permanent magnets, however problems o f  in s ta b i l i t y  

o f the required hexagonal phase and certa in  p a r t ic le  size requirements 

made rare earth cobalt compounds much more superior as w i l l  be d is ­

cussed next section.

1.3.1) RARE EARTH INTERMETALLIC COMPOUNDS WITH COBALT

1.3.2) INTRODUCTION

For a material to be a good candidate fo r  permanent magnets par­

t ic u la r  q u a l i f ic a t io n s  should be present in order to guarantee high 

performance, those are high Curie temperature to be useful a t high



working temperatures, re la t iv e ly  high remanent magnetization which is 

a prerequ is ite  fo r  high induction and high anisotropy f ie ld  which is  

the f ie ld  required to tw is t  the magnetic moment from the easy to the 

hard d ire c t io n  of magnetization. The la t t e r  requirement is  necessary to 

hold the magnetization in  place a f te r  removal o f the magnetizing 

f i e l d . 1,5
1 5  6Among RCo  ̂ in te rm e ta l l ic  compounds ’ 9 only Gadolinum and heavier 

rare earths couple an tife rrom agnetica lly  w ith the cobalt su b la t t ice ,

the l ig h te r  elements, however couple ferrom agnetica lly  w ith cobalt.
7 8The SmCOg system in p a r t ic u la r  has been investigated ’ to study the 

nature o f coupling between the very small moment of samarium (about 

0.6Ug) and the cobalt moment, the coupling is  believed to be ferromag­

ne t ic ,  i . e .  the moments of the two sub la tt ices  couple pa ra lle l to each 

other.

In RCOg and RgCo^y compounds the anisotropy is  determined by an

in te rp lay  between the cobalt and the rare earth sub la tt ices . In RCô

compounds the cobalt su b la tt ice  prefers large and po s it ive  values of

the anisotropy constant k p  i . e .  cobalt sub la tt ice  prefers easy ax is ,
g

the rare earth on the other hand favors easy axis fo r  samarium but 

an easy plane fo r  other rare earths (e.g. Nd, Ho, Tb and P r ) . In the 

R-Co-jj case the Co su b la tt ice  prefers easy plane, the anisotropy con­

stant is  one order of magnitude smaller than tha t o f RCOg and is nega­

t iv e ,  however the rare earth sub la tt ice  anisotropy is dominant fo r  

Samarium even a t room temperature and an easy axis preference is

present fo r  Sn^Co^ even a t room temperature.10,11 Models have been 
9 12 13proposed 9 9 to account fo r  the important ro le  played by the rare



earth sub la tt ice  in 1:5 and 2:17 cobalt compounds. In such models the 

rare earth is  subjected simultaneously to a c ry s ta l l in e  e le c t r ic  f ie ld  

and an e f fe c t ive  exchange f ie ld .

The exchange f ie ld  a t rare earth ion is  considered to be composed 

of rare earth-rare earth exchange and rare e a r th - tra n s it io n  metal ex­

change. Those two in te rac tions  and the t ra n s i t io n  m e ta l- trans it io n  

metal in te ra c t io n  are reviewed b r ie f ly  in  the fo llow ing  sections.

1.3.3) THE RARE EARTH-RARE EARTH EXCHANGE

As has been discussed before the in teratom ic distances between rare

earth ions in the elements are large compared to the radius o f the 4f

s h e l l ,  th is  s i tu a t io n  is  present as well in rare earth intermetal l i e

compounds. The 4 f electrons therefore are considered to be loca lized

in those compounds as well and so d ipo le -d ipo le  and d ire c t  exchange

in te rac tions  represent but a small part o f the magnetic in te ractions

between rare earth ions in  such compounds. I t  has been suggested by

K i t te l  and others tha t the in te rac tio n  takes place via the conduction
12electrons, th is  is  known as the RKKY in te ra c t io n . Unlike the 

Heisenberg exchange between loca lized e lec tron ic  moments or the ex­

change between i t in e ra n t  or Bloch e lec tron ic  moments the RKKY exchange 

takes place between f - f  electrons through s - f  exchange.

A spin po la r iza t ion  o f the conduction electrons is  induced because 

of the presence of the magnetic 4 f electrons and through th a t p o la r i ­

zation the loca lized 4 f magnetic moment themselves in te ra c t .  The 

o s c i l la to ry  nature o f the conduction electron po la r iza t io n  is  not



uniform in space, ra ther i t s  amplitude decreases w ith the distance from 

a given 4f moment. The coupling between the loca lized 4f moments could 

lead to pa ra lle l or an ti pa ra l le l alignment of those moments depending on 

the loca tion  of the other 4 f moments from the referenced one.

The R-R in te ra c t io n  is  re la t iv e ly  weak, the low values of the 

ordering temperature, which is  a measure of the in te rac tion  strength, 

observed in the R-M compounds where M is  not a magnetic ion is  an 

experimental evidence o f the weakness o f tha t in te ra c t io n .^

1.3.4) THE M-M INTERACTION

The 3d wavefunctions are known to be o f much la rger spatia l extent 

than the 4 f wavefunctions, and hence the M-M in te rac tio n  is much more 

stronger than the R-R in te ra c t io n . The experimental evidence of tha t 

is  the much higher ordering temperature observed fo r  R-M compounds in 

which R is not magnetic.^

The strong overlap between the 3d wavefunctions suggested i t in e ra n t  

e lectron models based on the 3d band struc tu re  to be developed,^ on 

the other hand more loca lized models have been suggested as well to
1 {T 1 C

explain the magnetic properties o f these compounds. ’ Experimental 

work including NMR and Mossbauer on one side and magnetovolume e ffec ts  

on the other side gave ind ica tion  o f the loca lized and the i t in e ra n t  

nature o f the 3d electrons respective ly .

1.3.5) THE R-M INTERACTION

I t  has been already mentioned in the in troduction to th is  section



tha t pa ra l le l and a n t ip a ra l le l  coupling between the moments fo r  l ig h t  

and heavy compounds respective ly have been used to in te rp re t  the ob­

served saturation moments.

The anti pa ra l le l coupling between the 3d and 4f spin magnetic
10 11moments has been accounted fo r  using d i f fe re n t  models. 5 Due to 

the very small magnetic moment o f Sm ion (<=0.7yg), the nature of

coupling between the Co and Sm sub la tt ice  is  not qu ite  c lear although
7 8i t  has been suggested to be ferromagnetic. ' The strength o f that 

in te rac tion  is intermediate between R-R and M-M in te rac tions .

1.3.6) MAGNETOCRYSTALLINE ANISOTROPY ENERGY

1.3.7) INTRODUCTION

In a ferromagnetic c rys ta l the magnetization prefers to be directed 

along ce r ta in  crys ta llograph ic  axes ca lled the d irections o f easy magne­

t iz a t io n .  I t  takes p a r t ic u la r  amount o f energy to magnetize a crys ta l 

to saturation along an easy ax is , i t  takes more energy, however, to 

saturate the same crys ta l along other axis ca lled the hard axis of 

magnetization. The d iffe rence between these to amounts o f energy is  

ca lled the magnetocrystalline anisotropy energy or simply the crysta l 

energy.

For a hexagonal crys ta l the expression of the anisotropy energy 

density is  in  general given by:

En = e knsine2n 
n

where e is  the angle tha t the magnetization makes with the easy axis



which is  the c-axis o f the crys ta l in  the case o f the hexagonal c ry ta ls  

under study. kn are the anisotropy constants, they are independent of 

angle but are strongly temperature dependent.*’ *'7 The odd powers of 

sine are not considered because of magnetic and crysta llograph ic  sym­

metry considerations.

For SmCOg the anisotropy energy is  determined mainly by only

because other constants are n e g l ig ib ly  small compared to k  ̂ in the tem-
17perature tange from about 0-1000 K. The value of k^ at 4.2 k was

8 8 measured to be 2.62x10 erg/cc and 1.71x10 erg/cc a t room tempe-
18ra tu re , fu r th e r  more the anisotropy constants were found to be sensi-

g
t iv e  to the oxygen content o f the sample. The temperature dependence

9 18-20o f kj fo r  SmCog has been studied in several works, ’ up to room

temperature in  some and to about 1000 K in  others, k^ was shown to
14be pos it ive  a t a l l  temperatures up to about 1000 K.

A very essential parameter tha t distinguishes SmCô  is  i t s  very 

large anisotropy f i e ld .  The anisotropy f ie ld  is  defined as the f ie ld  

required to saturate the material in  the hard d ire c t io n  or equiva lently  

the f ie ld  required to ro ta te  the magnetization vector in to  the hard 

d ire c t io n .  Such ro ta t ion  requires a torque tha t is  proportional to 

k^ which is a measure o f the material magnetic hardness.

The anisotropy f ie ld  is  given by:

HA = 2kl / Ms

assuming tha t magnetocrystal1ine anisotropy dominates over the other 

sources of anisotropy, e.g. shape and magnetostruction an isotropies, 

and tha t the magnetization reversal takes place only through coherent
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domain ro ta t io n . is  the saturation magnetization o f the sample, the 

value of is  estimated by extrapolating the hard axis curve to satur­

a tion.

For SmCOg is about 600 kOe near absolute zero and about 400 kOe 
21near room temperature. In general f^Co^y compounds have anisotropies

19much less than the corresponding RCô  compounds, in p a r t ic u la r

Sm^Co^y has an anisotropy f i e l d  about one order o f magnitude less than
22 23 tha t of SmCo5. *

1.3.8) ORIGIN OF MAGNETOCRYSTALLINE ANISOTROPY

The exchange energy is  known to be iso trop ic  re la t iv e  to the crys ta l 

axes since i t  depends on the d irec tions  of the in te rac ting  spins re la ­

t ive  to each other but not re la t iv e  to the c rys ta l axes themselves and
24thus i t  does not lead to any anisotropy. An old study by V. Vleck

showed tha t magnetic in te rac tions  such as d ipo le  d ipole in te rac t io n

lead only to a small con tr ibu tion  to the observed anisotropies and

thus cannot by i t s e l f  stand as the only source o f anisotropy.
9 13 25Several studies ’ ’ showed th a t the o r ig in  of the extremely

large anisotropy o f SmCo  ̂ l ie s  in the combined e ffec ts  o f the c ry s ta l­

l in e  e le c t r ic  f i e ld  and the exchange f i e ld  on the Sm single ions. The 

magnetic d ipo le  dipole in te ra c t io n  in SmCo5 is  very small since i t  is

proportional to the square o f the magnetic moment, the l a t t e r  is  only
25<=0.7yg fo r  Sm and thus i t  is ju s t i f i e d  to be e n t i re ly  neglected.

The preferred d ire c t io n  o f Sm su b la tt ice  magnetizations has been 

established to be along the c-ax is  in  the en t ire  temperature range
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Q
4 to about 1000 K in  agreement with the experimental data done on 

single c rys ta ls .

The hamiltonian used in  such ca lcu la tions  contains the spin o r b i t  

coupling, the exchange f ie ld  in te rac tion  with the spin magnetic moment 

of Sm and the crys ta l f i e ld  in te ra c t io n . An amount o f energy called 

the s ta b i l iz a t io n  energy o f the Sm su b la tt ice  is taken as a measure 

of the re la t iv e  s ta b i l i t y  o f the Sm su b la t t ice  in  those compounds. That 

amount is defined as the d iffe rence in the free  energy o f the system i f  

the exchange f ie ld  is  taken pa ra lle l or perpendicular to the c-ax is  

keeping a l l  other in te ractions the same. That energy is  equal to the 

absolute value o f kj+k£ where these constants are associated w ith  the 

Sm sub la tt ice  alone. I t  is  worth mentioning tha t the hexagonal s tru c ­

ture of th is  class o f compounds and the type o f po in t symmetry Dgn 

a t the rare earth s i te  fo r  which there are s ix  rare earth next neigh­

bors in the plane o f the reference atom and two neighbors along the 

c-axis are important fac tors  o f the prominent ro le  tha t the crysta l 

f i e ld  e ffec ts  do have in  such compounds.

The coba lt con tr ibu tion  to the magnetic anisotropy in  1:5 compounds 

is  a substantia l one. The exchange f i e ld  a t Sm ion springs mainly from

the Sm-Co exchange in te rac tio n  and hence is  proportional to the cobalt
26 27su b la t t ice  moment. Several other works showed tha t the anisotropy

declines fo r  more Co r ich  CaCu5 type compounds. I t  has been shown
28using neutron d i f f r a c t io n  tha t the Co (2c) s ite s  con tr ibu te  the most 

to the magnetic anisotropy.
5 6The s truc tu re  o f Sn^Co^ is  re la ted to that o f SmCog. ’ Figure 1 

shows the crys ta l s truc tu re  o f the CaCu  ̂ compound. The reduction o f
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anisotropy upon increasing the Co content in  RCo  ̂ compounds has been 

a t t r ib u te d  to the in troduction  of what is ca lled  dumbbell pairs o f Co 

atoms in some o f the R s ites  in RCo^, such in troduction  has the e f fe c t  

of reducing the symmetry a t the 2c s i te  and hence decreasing the 

an iso tropy .10,28,29

1.3.9) MAGNETIZATION OF RE-TM COMPOUNDS

The saturation magnetization of SmCog per atomic species is about

1.4 Ug compared to 1.72 Ug fo r  elemental cobalt and 2.2 Ug fo r  elemental

iron . So as fa r  the magnetization i t s e l f  is  concerned SmCOg is  not

superior, as has been discussed in  the previous section. I t  is  the

very large anisotropy tha t d istinguishes tha t compound.

Sm^Co^y on the other hand has magnetization higher than tha t of

SmCog due to the increase o f the 3d atoms concentration. As in  the

case o f RCOg compounds the magnetization o f R2 C0 JJ compounds can be

accounted fo r  using two sub la tt ice  models in  which the spin magnetic

moment o f R is  anti pa ra l le l to tha t o f the Co, w ith ferromagnetic
30coupling between the to ta l moments in Srr^Co^y compound. The RgCo-jj

compounds e x h ib it  higher saturation magnetization and higher curie

po int than the corresponding RCOg compounds on one hand, and

compounds on the other hand.

The saturation magnetization 4ttM has been measured fo r  SmCog 
20sing le c ry s ta ls ,  and varies from about 10.2 KG to about 9.65 KG in 

the temperature range from 80-300 K, i . e .  from about 94 emu/gm to 

about 89 emu/gm fo r  samples of density 8.6 gm/cc. A value o f more
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31than 80 emu/gm has also been reported e a r l ie r  fo r  a well aligned 

sample prepared by l iq u id  phase s in te r in g . The saturation magnetiza­

t ion  calculated fo r  hexagonal u n i t  c e l ls  o f SmCô  having a moment o f

8.5 Ug is  about 100 emu/gm tha t is  10.8 kG. The Sit̂ Co-^ on the other

hand has been reported to have higher saturation magnetization o f 12 KG
30 32i .e .  about 110 emu/gm. ’ The samples in  those works were s l ig h t ly  

r iche r in  Co than the sto ich iom etric  composition but magnetization data 

has been corrected fo r  tha t.

1.3.10) C0ERCIVITY OF RE-TM COMPOUNDS

Coerciv ity  is  a measure of the material resistence to demagnetiza­

t io n .  The in s t r in ic  (e x t r in s ic )  coercive force is  defined as the f ie ld  

required to reduce the magnetization (induction B) to zero. .The name 

co e rc iv i ty ,  however, is  used sometimes in  the l i te ra tu r e  to denote the 

f i e ld  required to demagnetize a p ra c t ic a l ly  saturated m a teria l. This 

terminology w i l l  be used in  th is  work from now on. C learly fo r  perma­

nent magnet applications a high c o e rc iv i ty  is  h ighly desired.

The m ateria ls  w ith  high anisotropy f ie ld s  do have great potentia l 

to have high c o e rc iv i ty  as w e l l ,  however in  order to take f u l l  advan­

tage o f high anisotropy f ie ld s ,  the m icrostructure of the material 

should be such th a t the magnetization is forced to reverse against 

the high anisotropy f ie ld  ra ther than ge tting  reversed through other 

mechanisms which lead only to small c o e rc iv i t ie s ,  e.g. domain wall ro ­

ta t io n .  The c o e rc iv i ty  o f the material is  not a thermodynamic state 

function  depending on temperature and pressure, but ra ther i t  depends



30 33-35strongly on the m icrostructure ’ ” o f the material which is  sensi­

t iv e  to the synthesis method.
21 36 37Many investiga tions ’ ’ have been done to study the mechanisms

of magnetization reversal in  s ing le  c rys ta ls  and sintered R-Co com­

pounds, and to account f o r  the observed c o e rc iv i t ie s  o f SmCô  in par­

t ic u la r  which is only one order of magnitude below the theore tica l

upper l im i t  determined by H^, i . e .  only about 10% of the room tempera-
33ture value o f fo r  example (400 kOe) has been measured. The e f fe c t  

o f the magnetostatic demagnetization f ie ld  which is  oriented a n t ip a ra l­

le l  to the spontaneous magnetization and thus causes reversed domains 

to be formed is  only ne g lig ib le  in  case o f SmCOg magnets. For example 

a t room temperature 4ttM = 9.65 KG and = 400 kOe, so the in t r in s ic  

force = 400 - 9.65 kOe, th is  is about 390 kOe tha t is  about 97% of 

H^, th is  means tha t some other mechanisms are responsible fo r  the ob­

served c o e rc iv i t ie s .

1.3.11) ENERGY PRODUCTS

The function  o f a permanent magnet is  to provide an external mag­

netic  f i e ld  and p e rs is t  to do so in the presence o f demagnetizing 

fa c to rs .  The f i e ld  provided by the magnet poles in  a given a i r  gap 

should be as large as possible fo r  given gap and magnet volume. The

re la t io n  between gap volume V^, magnet volume Vm and the f ie ld  in gap 
38
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i f  equal cross sectional areas of a i r  gap and magnet are assumed. The 
2

amount H V /8n represents the energy density stored in the a i r  gap. 
y y

I t  is  independent o f magnet volume and is proportional to BH which is 

called the energy product.

The magnet should be designed such tha t i t  operates a t the point of 

maximum BH product (BH)max located on i t s  demagnetization curve. I t  

should be mentioned tha t the energy product ju s t  re ferred to is  the 

s ta t ic  energy product fo r  which the a i r  gap is  f ixed  in s ize. For 

materia ls w ith  high anisotropy f ie ld s ,  one may show tha t:

BHc = Bs = 4irMs 

the maximum energy product in such cases is  given by:

(0.5xBs) (0 .5 xbHc ) = (0.5xBs) 2 = 4tt2M 2 = B2/4

assuming perfec t alignment, i . e .  Br =Bs and packing fra c t io n  of un ity ,

i f  the alignment, however, is not pe rfec t, i . e .  Bp<Bs and tha t .H

is numerically greater than Br , the maximum energy product w i l l  be

given by Br /4 .  , •

I t  is  worth mentioning tha t the in t r in s ic  coercive force fo r  R-Co

a lloys are much la rger than the e x tr in s ic  coercive fo rce. This is  so

since the theore tica l upper l im i t  o f n-Hc = 2K/MS which is  much larger

than the l i m i t  o f gHc given by 4uMs , ev idently  because k»Mg fo r  these

m ateria ls . The maximum possible energy product fo r  f u l l y  aligned and

to t a l l y  packed SmCô  of density 8.6 gm/cc is  about 29 Mg-Oe.
33 39Very high .H have been reported ’ but th is  high coercive force
33was associated w ith low energy product o f about 4 Mg-Oe fo r  high rate



sputtered and then annealed SmCo5 thick films. High energy products

about 22 Mg-Oe has been achieved fo r  SmCOg bulk s l ig h t ly  r iche r in Sm
40than the s to ich iom etric  composition, w ith -H about 17 kOe.
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2.1.1) MAGNETIC THIN FILMS: EXPERIMENTAL PROCEDURE

2.1.2) INTRODUCTION

41-43Radio frequency sputtering techniques have been used fo r  syn­

thesizing our magnetic f i lm s .  This technique is  d i f fe re n t  from and has
43-45some advantages over the evaporation technique and is  more e f f i -

42c ien t and v e rs a t i le  than the D.C sputtering method.

I t s  e f f ic ie n c y  springs from the fa c t  tha t using A.C source promotes 

the ion iza tion  o f the sputtering gas and th is  in  turn leads to s e l f  sus­

ta in ing the discharge, which means tha t the number o f generated secon­

dary electrons is  enough to produce more sputtering gas ions by c o l l i ­

sions w ith  the neutral gas atoms and those ions in  turn produce the 

same number o f electrons again. I t s  v e r s a t i l i t y  even over other rare 

e a th - t ra n s it io n  metal permanent magnet preparation techniques stems 

from the va r ie ty  of parameters involved in the sputtering process (see 

section 2.1.6) which o f fe r  a unique opportunity to study and optimize 

the fac to rs  tha t a f fe c t  the m a te r ia l,  chemical, physical and c ry s ta l-  

lographical state and hence a f fe c t  i t s  magnetic properties.

The major advantages o f sputtering over the present techniques,

e.g. poweder metallurgy has been reviewed in the l i te r a tu r e ,  high rate
33sputtering has been suggested even fo r  magnet production. The coer­

c ive force of the R-Co compounds are s t i l l  only an order o f magnitude 

lower than Zk/Vi .̂ E ffects o f oxygen and material morphology on the 

magnetic properties o f those compounds have been studied exten­

s ive ly .  21*33,34,36,40,46 ^ t h  oxygen and argon incorpor­

ation in our magnetic f i lm s  on th e i r  physical and crysta l!ograph ica l
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states and hence th e ir  re la t io n  to the magnetic properties o f the f i lm s  

w i l l  be discussed.

2.1.3) TARGET PREPARATION

For preparing the targets from the material to be sputtered we have 
51used an arc melter which uses an in e r t  gas l ik e  argon fo r  e f fe c t iv e ly

flush ing contaminations during melting as well as fo r  rapid quenching

of the molten to room temperature. Also targets prepared by arc melting

have the advantage over other methods, e.g. hot pressing o f powder ta r -  
41gets which are very dense and hence minimize contamination problems.

Target materia ls have been melted more than once to assure th e i r  

homogeneity; h ighly pure and well homogenized samples have been prepared 

from chunks and/or powder of research type elements o f high pu r ity  

(99.999% Co and 99.99% Sm). Preparing Sm targets was ra ther d i f f i c u l t  

because o f the high re a c t iv i ty  o f the Sm element. Tungsten rods have 

been used to support the targets and to mount them in the ta rge t holder 

inside the sputtering chamber. The p u r i ty  and homogeneity o f the ta r ­

gets have been checked by XFA (Chapter 3).

Targets are in the form o f buttons o f  pure elements with a surface 

area of about 1 squared centimeter each. Three o f them, two cobalt and 

one samarium, were used fo r  t r is p u t te r in g , i . e .  fo r  simultaneous sput­

te r ing  from the three targets . The re la t iv e  cobalt content o f the 

targets is  chosen to be more than the samarium content because o f the 

Sm-Co compounds of in te re s t  fo r  permanent magnets are Co r ic h  compounds. 

The arrangement of the targets was such tha t a composition gradient was
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established along the substrate length from cobalt r ich  subregions to
47-49

samarium r ic h  ones.

The existence of subregions of d i f fe re n t  composition enabled a 

systematic study to be done re la t in g  the magnetic properties to compo­

s i t io n  and to c rys ta l s truc tu re . In some stage o f th is  work, f i lm s  o f 

s ingle phase SmCô  were prepared from single phase nonaligned SmCô  

bulk cy l inde r obtained from Crucib le, In c . ,  three targets in the form

of disks about 0.6 inches in diameter each were cut out from the c y l-

• j 50 inder.

Figure (2) displays the x-ray d i f f r a c t io n  pattern o f one o f the 

targets . The pattern agrees with tha t obtained from the powder f i l e ,  

but with d i f fe re n t  re la t iv e  in te n s i t ie s  of the l in e s .  The la t t i c e  

parameters obtained from tha t pattern are: c=3.966 and a=5.002 A.

The pu r ity  o f the targets has been checked by x-ray fluorescence anal­

ys is  (Chapter 3). The density of the ta rget material has been measured 

to be about 7.8 gm/cc while the x-ray density as determined from the 

la t t i c e  parameters given is  8.6 gm/cc.

2.1.4) APPARATUS DESCRIPTION

Figure (3) sketches the apparatus used fo r  RF sputtering in  th is  

work. The chamber (from Varian) is made of s ta in less steel with d i f ­

fe ren t ports fo r  gas in le t ,  vacuum gauges, powering targets and sub­

s tra te ,  and several other ports fo r  viewing the glow discharge and 

connecting any other equipments. Vacsorp pumps which use the p r in c ip le  

o f physical adhesion were used fo r  pumping the system from atmospheric
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pressure down to about one micron, then in e r t  gas ion pumps and a

titan ium  sublimation pump were used fo r  pumping down to the base pres- 
-8 -9sure of 10 to 10 Torr. Liquid nitrogen was allowed to pass during

sputtering through a shroud fo r  cooling down the cryopanel of the

titan ium pump fo r  maintaining low contamination during f i lm  deposition.

The upper part o f the chamber which is usually opened frequently

fo r  mounting targets and substrates, e tc . ,  is  isolated from the lower

part by an is o la t io n  valve. A dry nitrogen gas was allowed to pass

through the system ra ther than passing moist a i r  whenever the system was

to be vented. In add it ion  heater belts around both parts o f the system

were used to improve the degassing process and thus aided in bringing

the system back to working vacuum conditions qu ick ly  and e f fe c t iv e ly .

The RF power supply output impedence (50 ohms) is  matched with the

glow discharge impedence, which is usually much higher using a matching

LC c i r c u i t .  I t  is  well known tha t the power o f RF generator is  maximum
52i f  i t s  output impedence is  equal to the load impedence. Using such 

matching c i r c u i ts  enabled maximum power to be dissipated in  the glow d is ­

charge i t s e l f  and hence minimizing the re flected power tha t could damage

the generator. The high frequency of 13.56 Mhz o f the radio source
42caused the ta rge t to be s e l f  biased with negative p o te n t ia l .  This 

is  so in  p r in c ip le  because of the d if fe re n t  m o b i l i t ie s  of the ions and 

the electrons in the plasma, a magnitude in  the order o f 1 kv has been 

used in th is  work.

The negatively s e l f  biased targets a t t ra c t  the po s it ive  ions of 

the sputtering gas. They impinge on the ta rge t surface and cause the 

sputtering phenomenon to take place. The targets were mounted such
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tha t they face the substrate which is  located a few centimeters away.

The target-substra te  distance could be varied i f  needed. Substrates 

o f polished p o lyc rys ta l l in e  Aĵ O^ plates o f dimensions 5, 1.8 and

0.6 centimeters were used in a l l  th is  work to support the sputtered 

f i lm s . The substrate material is  diamagnetic with an iso trop ic  room

temperature magnetic s u s c e p t ib i l i ty  of -0.4±0.1 10- ^ emu/gm, the to ta l
2 -4moment o f a piece of 0.4 cm area was measured to be -4x10 emu at

magnetic f i e ld  o f 14 kOe. This is  about 1% o f the magnetization of our

samples and hence the substrate con tr ibu tion  to the moment has been

neglected.

Subregions o f the f i lm s  were sectioned out fo r  magnetic measure­

ments by using a diamond pen. The cu tt ing  process is  believed not to 

a f fe c t  the magnetic q u a l i ty  o f our samples. I t  may a f fe c t  materia ls o f 

low c o e rc iv i ty  due to introducing some s tra ins  during cu tt in g .

The substrate temperature in  the range 600-1000 C has proved to be 

high enough to d i re c t ly  c ry s ta l l iz e  the sputtered f i lm s  with no need to 

any heat treatment a f te r  deposition. The substrate was e ith e r heated by 

d i r e c t ly  heating a substrate holder made o f molybdenum which is  known 

fo r  i t s  high thermal conductiv ity  and low thermal expansion, or by using 

600-1000 watt quartz lamps fo r  th is  purpose. Measuring the substrate 

temperature in  a vacuum system could be done e ith e r  by attaching a the r­

mocouple to the face o f the substrate or by using in frared op tica l pyro­

meter, the la t t e r  has the advantage of having no material in contact with 

a substrate tha t might contaminate the system. I t  must be mentioned 

tha t during sputtering the substrate acquires some heat input from the 

glow disharge in addition to i t s  own heat input from the heater. The
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correction of such e f fe c ts ,  however, are d i f f i c u l t  to account fo r  and 

has not been dea lt with in th is  work.

A movable shutter was positioned facing the substrate and close to 

i t  to allow fo r  presputtering the targets. The purpose o f th is  is  to 

clean the targe t surface spe c ia l ly  from surface oxides and to ge tte r the 

system background from im pu r it ies , in  addition to maintain thermal 

equilibrium  in  the ta rge t before the actual deposition. The substrate 

was e le c t r ic a l ly  f lo a t in g  in a l l  runs, i t  therefore acquires some po­

te n t ia l  because i t  is  immersed in the plasma, the shutter i t s e l f  was 

grounded. The presputtering time depends on the s itu a t io n  a t  hand and 

was em p ir ica lly  set a t  about ha lf an hour.

In order to promote alignment o f  the magnetic moments in  a p a r t ic ­

u la r d ire c t io n  in the plane o f the magnetic f i lm s  an A£NiCo permanent 

magnet of f i e ld  about 1750 Oe has been mounted in  some stage of th is  

work inside the chamber such tha t to expose the substrate surface to

i t s  magnetic f i e ld .  The f ie ld  was pa ra lle l to the substrate surface
49and perpendicular to i t s  long ax is .

2.1.5) THICKNESS MEASUREMENTS

Three methods have been used to measure the thickness o f our f i lm s . 

The f i r s t  by weighing the substrate before and a f te r  deposition. This 

of course determines the thickness roughly since the deposit consists 

of d i f fe re n t  regions o f d i f fe re n t  densities due to the existence o f pure 

and/or mixed phases along the substrate. Furthermore the densities o f 

the known phases d i f f e r  although not appreciably from those o f the cor­

responding bulk phases. The second method uses electron backscattering,
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the number of which fo r  a given electron energy is  proportional to both 

the thickness and the atomic number of the sample under study. The 

electrons are detected using Giger counter mounted very close to the 

sample surfaces, d i f fe re n t  rad ioactive sources were used as electron 

sources and d i f fe re n t  standards are ava ilab le fo r  c a l ib ra t io n .  For 

long enough measuring time the uncerta inty in f i lm  thickness was only 

a few percent. The th i rd  method uses scanning electron microscopy 

(SEM). Films o f thickness in  the order o f 1 micron have been pre­

pared in moderate time depending on sputtering parameters.

2.1.6) SPUTTERING PARAMETERS

The d i f fe re n t  parameters involved in the sputtering process and 

th e i r  re la t io n  to the physica l, chemical and c rys ta llograph ica l pro­

perties o f  the f i lm s  are now discussed. They are the sputtering gas, 

i .e .  the gas species and the pressure used, the substrate temperature, 

the ta rge t power and the ta rget-substra te  separation.

2.1.7) THE SPUTTERING GAS

The e ffec ts  o f the nature and pressure o f the sputtering gas on

the sputtering process have been discussed extensively in  the l i t e -  
41ra ture . The gas pressure, ion ic  mass and radius are pe rtinen t to 

the thermalization process, i . e .  to the tra n s fe r  o f the excess momentum 

and k in e t ic  energy from the sputtered atoms to the gas ions through 

e la s t ic  c o l l is io n s  as the former travel from the ta rge t to the sub­

s tra te .  Reaching the substrate with temperatures comparable to the
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substrate temperature, the sputtered atoms can form the i n i t i a l  nuclei

(aggregations o f p a r t ic le s )  necessary to form a continuous coating 
53afterwards. Choosing the r ig h t  gas species and pressure causes the

slowing down of the energetic atoms and energetic pa rt ic le s  present,

e.g. electrons. This process is  important fo r  d i re c t  synthesis of f i lm s
54 55by selecting the su itab le  thermalizer. ’

On the other hand the sputtering y ie ld ,  defined as the number of

sputtered atoms per inc iden t ion, depends on the momentum trans fe r from

the sputtering ions to the target surface atoms, the sputtering y ie ld  of

cobalt and samarium using argon ions o f 500 eV energy compared to th e ir
41counterparts using Kr and Xe ions of the same energy are fo r  cobalt: 

1.22, 1.08 and 1.08 eV respective ly  and fo r  samarium: 0.8, 1.09 and

1.28 eV respective ly . The sputtering y ie ld  is  known to increase with 

the energy o f  the sputtering ions except a t very high energies due to 

depth e f fe c ts .  The above data shows tha t Xe is  more e f fe c t iv e  in sput­

te r ing  samarium from elemental samarium targets than Ar ions o f the same 

energy. More im portantly , however, is  the close matching between the 

atomic masses o f Xe (131.30 amu) and Sm (150.4 amu) on one hand and 

those o f Co (58.933 amu) and Ar (39.948 amu) on the other hand. Xenon 

is thus believed to be a more e f fe c t iv e  thermalizer to energetic Sm 

atoms.

A computer s imulation was used in  order to study the optimum pres­

sure fo r  simultaneous therm alization fo Sm and Co atoms using Ar as 

spu tterer. The model used fo r  such ca lcu la tions trea ts  the c o l l is io n s  

between the sputtered atoms and the sputtering gas atoms as e la s t ic  

c o l l is io n s  between spheres having Maxwellian ve lo c ity  d is t r ib u t io n
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corresponding to the temperatures and respective ly and w ith no

in te ra c t io n  between those species a t a distance. The average energy

loss o f  the sputtered atoms per c o l l is io n  normalized to the average
56energy of the sputtered atoms is given by:

F = 8 Mx M2 (1-T2/T 1)/3(M1+M2) 2 (1)

where and M2 are the masses ( in  amu) o f sputtered atoms and spu tte r­

ing gas ions respective ly . The temperature T2 of the sputtering gas 

is  not assumed to be constant but ra ther to be dependent on the distance 

between the substrate and the ta rge t. The mean free  path of the argon 

atom is  given by:

LO = 0.225/(nxD2) (2)

where n is  the number of molecules per cc is  given by:

n = 9 .6 56X 1 018 P/T2 (3 )

with P is  the gas pressure in  Torr, T2 the gas temperature in  K and D 

the molecular diameter o f Ar in centimeters (D=3.6 A). Using those 

values of n and D in  equation (2) i t  reads:

LO = 1 .8 x l0 "5 T2/P (4)

From equation (4) i t  is  c lear th a t even fo r  temperatures as high

as 1000 K and pressures as low as 50 microns the mean free  path is  

only a f ra c t io n  o f a centimeter which is  small compared to the plates

(substra te -ta rge t) separation used in  th is  work. The number o f mole­

cules between length z and &+d«, is given by:
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dn = ,965-S*P-dS,/T2U ) (5)

where P in  equation (5) is  in microns, and tha t T2( t )  is  assumed to

vary in a l in e a r  fashion w ith the distance as:

T2U ) = Tt  + (Ts-Tt )A/L (6)

with Ts and as the substrate and ta rge t temperatures respective ly
2

and S is  the c o l l is io n  cross section in A and L is  the target-substra te

distance in centimeters. S is given by:

S = ( R ^ R ^ tt (7)

w ith R̂  and R2 as the ra d i i  o f the sputtered atom and the sputtering gas 

atom respective ly . The to ta l number o f c o l l is io n s  N tha t takes place up 

to distance £ o f f  the ta rge t is  given by:

f l
N = .965-S-P d£/T2U )  (8)

o

i . e .  N = .965-S-P-L-Log (1+(T -Tt )£ /LT)/(T  -Tt ) (9)

So the energy of the sputtered atoms a f te r  N c o l l is io n s  in  length 

£ is  given by:

t3U )  = (t 2- t2) ( i - f) n + t2 (10)

The energy spectra o f sputtered neutral atoms e xh ib it  a maximum 

a t a few eV, the value o f tha t maximum is  dependent on the binding 

energy of the sputtered atoms to the.surface fhom which they have 

emerged. For example the ve lo c ity  d is t r ib u t io n  of neutral Sm atoms
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sputtered from the Sm ta rge t using 20 keV Ar ions showed a maximum

at 2 Km/sec which is equivalent to an energy of 3.0 eV and extending
57to higher energies up to about 12 Km/sec tha t is  about 100 eV.

Figure (4) shows the e f fe c t  o f d i f fe re n t  pressures o f argon on the 

thermalization o f Co and Sm atoms as they proceed from the targe t to 

the substrate. A pressure o f 150 microns has proven to be high enough 

fo r  Co and to some extent fo r  Sm atoms to trans fe r th e i r  excess momentum 

and k ine t ic  energy to argon through mainly e la s t ic  c o l l is io n s  before 

they reach the substrate so tha t they reach i t  with temperature compar­

able to i t s  own temperature.

The sputtering gas pressure has also an e f fe c t  on the deposition 

rate through i t s  e f fe c t  on the discharge current. As the gas pressure 

increases the discharge current increases as well leading to an in ­

crease in  the deposition ra te , however, using higher gas pressures may 

o f fs e t  th is  e f fe c t  due to backscattering.
41Gas incorporation during f i lm  growth depends on many fa c to rs , 

one o f which is  the gas pressure. I t  has been observed58,59 tha t gas 

incorporation decreases as the sputtering gas pressure increases. The 

pressure o f 150 microns used in  th is  work together with the high sub­

s tra te  temperature have the e f fe c t  o f minimizing the argon content in 

our f i lm s .  I t  is  well known tha t f i lm s  e x h ib it  the same c ry s ta l !o -  

graphical s truc tu re  as the bulk materia ls and hence forming new 

structures in f i lm  form which is  not ex is t ing  in bulk has been rather 

a rare case. Therefore observing new lines in the d i f f r a c t io n  pattern 

of f i lm s  can be traced to the formation o f compounds with residual 

gases in  the deposition chamber. For example such phenomenon has not
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been observed in th is  work and a l l  d i f f r a c t io n  lines were id e n t i f ie d  

according to the bulk d i f f r a c t io n  patterns. Trapping gas atoms also 

causes the f i lm  to be porous, such porosity  i f  severe evidently  de­

grades the q u a l i ty  of the magnetic f i lm s  and allow gases to get eas ily  

in to  the f i lm  a f te r  removing from the vacuum chamber.

2.1,8) THE TARGET POWER

Keeping a l l  sputtering conditions p ra c t ic a l ly  the same and varying

the ta rget power leads to increasing the sputtering ra te  and in  general

to increase the deposition ra te o f the f i lm s .

We have sputtered SmCô  f i lm s  from the SmCog bulk targets described

in section 2.1 .3, under p ra c t ic a l ly  the same conditions with the excep-
50t io n  of the ta rge t power. Films w ith two d i f fe re n t  textures were 

synthesized from tha t set of targets using re la t iv e ly  high and low 

deposition ra tes, namely about 5, 1.5 and 0.5 $/sec. The highest rate 

resulted in  very th ic k  f i lm s  about 4.7 microns in  a sputtering time of 

about 2 hours.

Films which developed (200) preferred o r ie n ta t ion  were sputtered 

d i re c t ly  onto heated substrates a t  temperature 600 C and in  argon pres­

sure o f 150 micron, the ta rge t se lfb ias  voltage in  th is  case was 900 

v o l ts .  Using the same sputtering conditions but with only 700 or 400 

V ta rge t po ten tia l and s l ig h t ly  lower temperature, f i lm s  which showed 

(110) texture were synthesized. The deposition rates 0.5, 1.5 and 5 

S/sec were obtained using ta rge t voltage o f 400, 700 and 900 V respec­

t iv e ly .
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Figures (5a) and (5b) show the m icrostructure o f the (110) and 

(200) f i lm s  respective ly as revealed by SEM. The (110) f i lm  micro­

s truc ture  is  f in e r  than tha t of the (200) f i lm ,  both o f them however 

are uniform and the (200) f i lm  is  c le a r ly  very dense. The x-ray d i f ­

f ra c t io n  patterns of the same samples o f Figs. (5a) and (5b) are d is ­

played in  Figures (6) and (7) respective ly  using Cuka and 1 deg s l i t  

source. Data has been collected using long dwell time per channel to ­

gether w ith the slowest motion of the goniometer in  an attempt to 

promote the s ta t is t ic s .

The grain sizes of the two f i lm s  have been calculated from the 

observed d i f f r a c t io n  p ro f i le s  using (FWHM) as a measure o f the broaden­

ing (Chapter 4 ), and the d i f f r a c t io n  p ro f i le s  o f our substrate

as a measure o f instrumental broadening e f fe c ts .  The l a t t e r  broadening 

is small enough re la t iv e  to our sample broadening. Thus the use of 

the simple method of Warren is  ju s t i f i e d .  This yielded a value of 

150±25 8 as determined from the (200) l in e  broadening of the (200) f i lm  

sputtered from SmCog targets using 5 8/sec ra te , while values o f 150±25 

and 90±15 8 have been obtained fo r  the 1.5 8/sec ra te  deposited (110) 

f i lm  from the (200) and the (110) re f le c t io n s  respective ly . •

The 5 8/sec ra te  sputtered f i lm  is  c le a r ly  of strong (200) texture , 

the in te n s ity  ra t io  o f (200) to (110) is  about 10:1 as compared to 1:1 

fo r  i t s  counterpart from the SmCô  randomly oriented powder f i l e .  On 

the other hand the low rate sputtered f i lm  has two re f le c t io n s , however 

the in te n s ity  ra t io  o f (200) to (110) is  about 0.5 and the (111) to 

(110) ra t io  is  about 2.78 fo r  the powder. For both f i lm s  however the
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(002) in te n s ity  is  a t the background le v e l.  The re la t iv e ly  strong 

re f le c t io n  o f the (110) compared to (200) fo r  the low rate sputtered 

f i lm  shows tha t the f ra c t io n  of grains which have re la t iv e ly  smaller 

size is la rger than those with re la t iv e ly  la rge r sizes and hence the 

overa ll m icrostructure o f (110) f i lm  is  f in e r  than tha t o f  the (200) 

f i lm .

I t  must be mentioned a t th is  po in t tha t the d i f f r a c t io n  pattern of 

the (110) SmCOg f i lm  of Fig. (6) is  not the o r ig in a l pattern. The 

o r ig in a l pattern contained some o f the substrate l ines  fo r  th is  1.6 

micron th ic k  f i lm .  Two of these lines were overlapped, one with the 

(110) f i lm  re f le c t io n  and the o ther, but to only a minor extent, with 

the (200) l in e  of the f i lm .  These substrate l ines  were subtracted 

using the data from a bare substrate co llected under conditions prac­

t i c a l l y  iden tica l to those used in  co l le c t in g  the f i lm  data but cor­

rected fo r  the attenuation tha t both o f the primary and the d i f f ra c te d  

beams su ffe r  in  passing through the SmCo5 f i lm  thickness. The cor­

rec t ion  depends on both the d i f f r a c t io n  angle and the absorption co­

e f f ic ie n t  o f the SmCOg m atrix .

The number o f  monolayers o f argon gas per second reaching the ta r ­

get can be calculated roughly as fo llows: assume the degree o f io n i-
42 -4zation o f argon to be about 10 and tha t most o f th is  ionized 

f ra c t io n  are Ar+ ions of diameter o f about 3 ft each. Assume fu r th e r  

tha t the ta rge t bias voltage is  about 1 kV, i . e .  the maximum k in e t ic  

energy tha t the s ing le  ionized ions can have is  1 keV which corresponds 

to a v e lo c ity  of about 10^cm/sec. The number o f argon ions impinging 

onto 1 cm o f the ta rge t area per second (the f lu x )  is  obtained then
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by m u lt ip ly ing  the average v e lo c ity  times the number o f argon ions per

17 2cc, a f lu x  in  the order o f 10 ions/(cm -sec) is  obtained assuming 

p a r t ia l  argon pressure of 150 microns. On the other hand, assuming 

the y ie ld  of Co and Sm atoms fo r  1 kV argon ions to be about 1 atom/ion,

and tha t the average energies o f Sm and Co atoms are 2 and 5 eV respec­

t iv e ly ,  tha t corresponds to average v e lo c it ie s  o f about 1.6 and 4 

km/sec respective ly . Assume fo r  the elemental targets a re la t iv e  area 

o f Sm to Co targets o f  about 0.5, so the ra t io  o f the Sum to Co f lu x

reaching the substrate is  about 0.5x(V /V )=0.2, where V and Vsm co sm co
stand fo r  Sm and Co average v e lo c it ie s  re sp e c t ive ly , so the ra t io  o f 

Sm to Co monolayers reaching the substrate is  0.2x(Rsm/Rco) , where

Rsm and Rcq are the atomic ra d i i  of Sm and Co atoms respective ly . A

s im ila r  ca lcu la t ion  shows that the number o f Ar monolayers reaching the
5

substrate per second is  about 10 assuming an Ar pressure o f 150 micron
3

and about 10 monolayer o f oxygen per second assuming the p a r t ia l  oxy­

gen pressure in  the chamber to be 1 micron. The rate o f  Ar monolayers 

per second reaching the substrate is  ca lcu lated assuming simply con­

tinuous argon a r r iv a l  to the substrate, in add it ion  only a f ra c t io n  of 

tha t amount are accommodated in  the f i lm s  because the s t ick ing  prob­

a b i l i t y  o f Ar a t such high substrate temperature is  low. However, we 

a t t r ib u te d  the development to the d i f fe re n t  observed textures o f the 

SmCbg f i lm s  to the amount o f  Ar and/or oxygen accommodated in  the f i lm s .  

We w i l l  re turn to th is  po in t in more d e ta i l  in  the section dealing w ith 

tex tu res .
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2.1.9) THE SUBSTRATE TEMPERATURE

A ll f i lm s  d i re c t ly  sputtered onto heated substrates in the tempe­

rature range o f about 600-1000 C have crys ta l structures as revealed 

by th e i r  well defined d i f f r a c t io n  patterns, while f i lm s  sputtered onto 

e ith e r water cooled substrates or onto substrates held a t room tempe­

rature showed s ing le broad peaks in  th e i r  d i f f r a c t io n  trace which is  a 

feature o f amorphous m ateria ls .

Some aspects o f f i lm  formation mechanim tha t is  nucleation and
53growth of th in  f i lm s  has been reviewed in a recent study which has 

numerous references.

I t  su ff ices to mention here tha t the high temperature o f the sub­

s tra te  enables the atoms to acquire enough k ine t ic  energy to move on 

the surface of the substrate and/or previously deposited f i lm  layers, 

while fo r  low temperatures the atoms have l i t t l e  energy to move around 

resu lt ing  in the absence o f any crys ta l s truc ture .

In addition sputtering at temperatures re la t iv e ly  low but high 

enough to d i re c t ly  c ry s ta l l iz e  the deposit upon reaching the substrate 

resulted in developing the (110) texture in the f i lm s  which we a t t r i ­

bute to more Ar incorporation a t  these temperatures more than tha t
60 61a t r e la t iv e ly  higher one. ’ The oxygen reaction with the Sm however 

takes place more e f fe c t iv e ly  a t higher temperatures.

The samples sectioned out from the deposited f i lm s  were cut away 

from the edges of the substrate because o f some temperature gradient 

a t the edges, the many samples that have been synthesized and studied 

show systematic and reproducible properties i f  sputtered under the
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same conditions.

The spec if ic  model of f i lm  formation has not been studied in  th is  

work, however, m e ta l l ic  f i lm s  deposited on insu la ting  substrates were 

shown to form and grow in general fo llow ing  the island or the Volmer- 

Weber model. ^

2.1.10) TARGET-SUBSTRATE DISTANCE

The position of the substrate re la t iv e  to the target has an e f fe c t  

on the deposition rate and on the deposit un ifo rm ity . The deposition 

rate increases w ith decreasing the ta rget-substra te  separation, assum­

ing a l l  other parameters are f ix e d ,  fo r  the obvious reason o f the more 

probable loss o f the deposit atoms in th e ir  travel to the substrate.

I f  the separation is ,  however, too small an in s u f f ic ie n t  number o f io n i ­

zation c o l l is io n s  w i l l  be undergone by the secondary e lectrons. On the 

other hand using very large separation has the e f fe c t  o f  slowing down 

the ions through e la s t ic  c o l l is io n s  such tha t they s t r ik e  the cathod 

( ta rge t)  with energy tha t is  not s u f f ic ie n t  to. produce more secondaries 

and then sustain the discharge. This, o f course, depends on the sput­

te r ing  gas pressure (Paschen Law).

The optimum ta rget-substra te  separation depends as well on the 
41target area. For small targets l ik e  ours the optimum separation is 

a few centimeters. For pressure about 100 micron and ta rge t power in 

the order of 1 kV we used substra te-ta rge t separation about 3-5 cm.
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3.1.1) X-RAY FLUORESCENCE ANALYSIS

3.1.2) BASIC PRINCIPLES

Composition determination using energy-dispersive x-ray analysis

has been widely used " as a method that o ffe rs  qu an tita t ive  and

q u a l i ta t iv e  analysis o f pure elements as well as complex a l lo ys ,  the

analysis is non-destructive and v e rs a t i le .

Although the method is  applicable to samples in e ith e r bulk or th in

form, the th in  samples, however, have some advantages over the bulk ones.
f)PThe p r in c ip le  o f those are:

a) The function re la t in g  the analyte l in e  in te n s ity  to the 

analyte concentration is  l in e a r .

b) The absence o f absorption-enhancement e ffec ts  which may lead 

to diminishing or increasing the analyte l in e  in te n s ity .

c) Large peak to background ra t io .

d) Low and f a i r l y  constant background over wide energy range.

The in te n s ity  contributed to the to ta l analyte l in e  in te n s ity  of

an incremental volume o f an elemental sample of thickness d t at depth 

t  is  given by : ^

dl = k*dt'-csc<|>*I0*exp (-(y /p )p t)  (1)

where (p/p) = (p/p)x •csc<|»+(p/p)xL*csc»i'

w ith Xp-, X^: primary and analyte l in e  wavelength respective ly

take o f f  angle, defined as the angle between the central ray o f the 

secondary beam and the sample surface.

<f>: the angle between the central ray o f the primary beam and the sample.
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p , t :  density and thickness of the specimen respective ly .

I : in te n s ity  of primary beam.

(y /p ) :  mass absorption c o e f f ic ie n t  of the specimen. 

tcsc<}>, tcsci': path length of the primary and secondary beams respec­

t iv e ly  in  the sample, 

k: is  a constant.

For very th in  samples equation (1) reads:

dl = k*csc<|)* l Q*dt (2)

but d t is  proportional to the incremental number o f the analyte l in e  

atoms, dn, in  the layer fo r  constant area. This means th a t fo r  " th in  

f i lm s "  the analyte l in e  in te n s ity  o f an element is  d i re c t ly  propor-
c~7

t iona l to the number o f atoms. I t  was demonstrated, tha t the absorp- 

tion-enhancement e ffec ts  on the analyte l in e  in te n s i ty  o f a p a r t ic u la r  

analyte due to the presence o f other elements in  a specimen are absent 

i f  the specimen is  " th in " .  The e f fe c t  o f f i lm  thickness on the spec­

t ra l  l in e  in te n s ity  can be shown by in tegra ting  equation (1):

■t -----
I = kl csc<j) o e xp (-(y /p )Pt  d t

i . e .  I = I oo( l -e x p ( - (y /p )p t ) )  (3)

where 1^ is  the in te n s i ty  fo r  i n f i n i t e  thickness a t which the secondary 

x-rays cannot emerge to the 'surface of the sample.

3.2 .1) EXPERIMENTAL SETTING

A sketch o f the apparatus used 'fo r fluorescence exc ita t ion  is  shown
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in Fig. (8 ), fo r  our energy dispersive spectrometer.

The de tec to r-p ream plif ie r system consists o f a 512 S I(L I)  detec­

to r  o f reso lu tion o f about 150 eV a t  5.9 keV(Mn Ka) and at a count 

ra te in  the order of 1 kC/s. The re la t io n  between the reso lu tion and 

the x-ray energy is  given by:

R = (2.52E+E2)Js/E o

where E is  the energy of secondary x-ray in  eV, and Eq =100 eV is  the 

level o f e lec tron ics  noise, in our system i t  is about the same.

A f i e ld  e f fe c t  t ra n s is to r  (FET) is  connected with the counter.

I ts  func tion  is  to amplify the pulses generated a t  the counter as a 

re s u lt  o f an inc iden t x-ray photon. Both the FET and the counter must 

be operated a t l iq u id  nitrogen temperature (77 K). The reso lu tion  is 

known to degrade and the e lec tron ic  noise to increase as T increases.

The output o f the FET is  handled to the input o f 513 semiconductor 

a m p li f ie r  w ith  pulse pileup re je c to r ,  pulse shaper w ith d i f fe re n t  time 

constans and a base l in e  re s to re r. The dead time in  our system is  less 

than 5% fo r  count rates w ith in  2 kC/s. The a m p li f ie r  output is  con­

nected to 1024 channels MCA (traco r northern TN-1705) w ith CRT screen 

fo r  d isp lay . The f i r s t  channel is  the acqu is it ion  time channel. The 

data is  then transferred to an advantage north s ta r microcomputer fo r  

analysis and permanent storage. BASIC language proved to be good 

enough to accommodate the ca lcu la tions needed in  th is  work.

A GE XRD-6 d if frac tom ete r is  used. Samples are mounted on i t s  

goniometer using various aluminum sample holders. D if fe re n t co ll im ating  

s l i t s  and po in t sources are ava ilab le  fo r  guiding the primary beam. No
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c o l l im a to r,  however, is used to receive the secondary rad ia tions before 

entering the detector. This is  because the "d i f f ra c te d "  rad ia tion  in 

energy-dispersive spectra which correspond to d i f fe re n t  sample planes 

is  spread over the background ra ther than being peaked a t a p a r t ic u la r  

energy. A fu ll-w ave power supply GEXRD-6 is  used to energize x-rays. 

Voltage up to 75 KVP is regulated using l in e  voltage regu la to r, but 

there is  no in terna l s ta b i l iz e r .  The current range is  1.5-100 ma, the 

maximum power is rated a t about 4200 watts.

3.2 .2) CHOICE OF EXPERIMENTAL PARAMETERS

3.2 .3) PRIMARY RADIATION

The choice o f experimental parameters, e.g. tube curren t, ta rget

voltage, count ra te , co l l im a to r  and most im portantly the primary

ra d ia t io n ,  depends on the problem a t  hand. Important parameters fo r

Sm and Co elements taken from references 58 and 62 are l is te d  in  Table
*

1. Some o f them are in 8 un its  which is  considered to be angestroms 

except fo r  very high accuracy work. The values o f the wavelength 

corresponding to d i f fe re n t  absorption edges fo r  Sm and Co elements pre­

sent in  Sm-Co a lloys  are only a few eV o f f  the values o f  the pure 

elements.

I t  is  well known tha t in  order to exc ite  the x-ray spectral l ines 

o f a given series most e f f i c ie n t l y  one must choose a primary rad ia t ion  

o f wavelength ju s t  shorter than the wavelength corresponding to the 

absorption edge o f tha t given series.^® The primary rad ia tion  there­

fo re  must have very intense l in e (s )  which s a t is fy  the condition men­
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tioned above in  order to con tr ibu te  most to the e xc ita t io n , otherwise 

the continuous rad ia tions contr ibu te  the most. In th is  work Cu rad ia­

t io n ,  i . e .  Cu Ka, Cu Kg and the continuous rad ia tions are used, among 

those Cu Ka contributes the most to the fluorescence of Sm-Co f i lm s .

The wavelength o f Ka and Kg l ines o f copper are 1.541838 and 1.392218 

angestroms respective ly .

3.2.4) THE OPERATING VOLTAGE

In choosing the ta rge t voltage one must a t lea s t choose a value of 

the peak po ten tia l tha t exceeds the exc ita t ion  potentia l o f an element 

whose ch a ra c te r is t ic  spectrum is  to be excited. As an example to ex­

c i te  the copper rad ia t ion  a voltage o f peak value about 8.9 kV is 

necessary, as long as th a t c r i t i c a l  value is  met the ch a ra c te r is t ic  

l ines are present superimposed on the white spectrum with th e i r  posi­

tions are f ixed  to re la t iv e  to, the white spectrum. The change in  the 

e xc ita t io n  voltage only a ffec ts  th e i r  in te n s i ty  re la t iv e  to i t ,  howe- 

ever, both the energy and the in te n s ity  o f the continuous spectrum are 

a ffected by voltage f lu c tu a t io n s . A voltage of 40 kV has been used in 

a l l  the present work.

3.2 .5) TUBE CURRENT

The choice of the tube current is  d ic ta ted f i r s t l y  by maximum 

power requirements and secondly by the need o f l in e a r  re la tionsh ips 

between the count ra te  and the in te n s i ty .  Such a re la t io n  has been 

studied fo r  SmCo f i lm s  a t  f ixed  tube curren t, tube voltage, detector-
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sample distance. The l in e a r i t y  was preserved up to about 2 kC/s

and then degraded fo r  higher count rates. The dead time as has been

already mentioned, was w ith in  5% fo r  a l l  measurements w ith in  tha t 

count ra te . For higher rates i t  was as high as 15-20%. The current 

used was 4 ma in  a l l  th is  work.

3.2.6) OTHER PARAMETERS

The detector was positioned a t 114.08 degrees. Previous work 

showed that the background scattering by substrate shows s l ig h t

angular dependence in th is  region. The detector-sample distance was 

kept a t 4.2 cm fo r  a l l  our runs to assure tha t the fluorescence rad ia­

tions pass the same a i r  path length.

3.2.7) CALIBRATION CONSIDERATION

The main problem in  x-ray fluorescence analysis (XFA) is  to convert

the observed in te n s ity  ra t io  o f the selected analyte l ines  in to  atomic 

ra t io .  This has been done f i r s t  in th is  work fo r  " th in "  samples of 

known composition. The samples are in the form o f f i l t e r  papers which 

only contain l i g h t  elements and hence are not e f f ic ie n t  absorpers; 

those f i l t e r  papers were used to absorb c a re fu l ly  prepared solu tions o f 

d i f fe re n t  Sm-Co compositions, namely SmCo2 » SmCog, SmCo ,̂ SmCOg and 

Sn^Co^ compositions.

The solu tions were prepared by d isso lv ing highly pure c a re fu l ly  

weighed quantit ies  o f Sm and Co elements (p u r i ty  99.99% fo r  Sm and 

99.999 fo r  Co) in to  d i lu te  n i t r i c  acid (HNOg) and then allow known
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measured quan tit ies  o f the so lu tion  to dry on a f i l t e r  paper o f area

about 1 squared centimeter in  an oven of temperature about 100°C, the
-4 2surface density of such samples were about 7x10 gm/cm . At leas t 

three samples have been prepared fo r  each of the mentioned compositions. 

The thickness of those standard samples is  estimated to be about 2 k8. 

The count ra te  o f a l l  the fluorescence events from any o f those samples 

was a t most 2kC/s. A po in t source has been used to guide the primary 

rad ia tions. The acqu is it ion  time has been chosen long enough to achieve 

good s ta t is t ic s .  Data were collected u n t i l  the maximum count a t  the 

most intense peak (Cok^) reached about 10^ counts. Table 2 shows the 

data fo r  the standard samples and Fig. 9 displays the atomic ra t io  o f 

Sm to Co present in d i f fe re n t  a lloys to the corresponding in te n s ity  

ra t io  of the Sm L. l in e  to the Co k l in e .  The second column in Table 2$ a
shows the net in te n s ity  ra t io  o f the l n l in e  o f the Sm to the Co ka
l in e  corrected fo r  d i f fe re n t  factors  to be discussed la te r .  The L.

B1
l in e  o f Sm has been chosen as an analyte l in e  instead o f the more

intense L l in e .  The reason fo r  tha t is explained in the next para-
al

graph.

The information given in  Table 1 shows tha t the Co k^ l in e  is  of

wavelength shorter than tha t corresponding to the absorption edge of

the SmL l in e  but longer than the absorption edge o f the SmL0 l in e
al  S1

and hence the Co k l in e  is  able to excite  the former but not the l a t ­ex
te r .  For a l l  our f i lm s  as well as fo r  SmCô  bulk the observed net 

in te n s ity  ra t io  o f SmL to Co k l ines  has been d i f fe re n t  from i t sotj a

counterpart fo r  the th in  standard samples described above. The devi­
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ation was more profound as the the thickness increases. On the other

hand the Co k. ra d ia t io n  is  able to excite  the SmL. l in e  and hence
p

i t s  ra t io  to  the Co k l in e  is affected by the f i lm  thickness as w e ll,a

however the problem was less severe than tha t involv ing L as analyte
al

fo r  samarium. I t  is  also known tha t the rad ia tion  which is more e f ­

f i c ie n t  in  exc it ing  a p a r t ic u la r  element should not only have energy 

larger than that o f i t s  absorption edge but i t s  energy should be in 

the immediate neighborhood o f the absorption edge. This means tha t 

the ra t io  o f the mass absorption c o e f f ic ie n t  a t tha t wavelength to tha t 

o f the absorption edge should be as large as possible. For Co k l in e
P

and the SmLD edge the ra t io  is  about 0.86. Using the d e f in i t io n  o f 
67" th in  sample" as that sa tis fy ing  the condition : m(y/p)'<=.l where m 

is  the mass per u n it  area and (y/p)1 is  defined as (y/p)x +(y/p)Xi ,
r

where Xp and x^ are the primary and the analyte wavelengths respec­

t iv e ly ,  to check the "thickness" o f our f i lm s  the ra t io  o f the L
h

to the L o f samarium has been checked fo r  the standard samples as 
al

well as fo r  our f i lm s .  In the former the ra t io  has been p ra c t ic a l ly  

the same while in  the la t t e r  i t  was d i f fe re n t  fo r  d i f fe re n t  compo­

s it io n s  on one hand, and on the other hand was d i f fe re n t  from i t s  

counterpart o f the standard samples. From the previous discussion i t  

may be concluded tha t the Sm-Co f i lm s  in the thickness range indicated 

before, and o f course th icke r ones, are considered " th ic k "  as fa r  as 

the secondary rad ia t ion  is  considered. Moreover runs a t d i f fe re n t  

take o f f  angles, a l l  other things kept the same, showed tha t the ob­

served in te n s ity  ra t io  is  influenced by passing through d i f fe re n t  

e f fe c t iv e  thicknesses.
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From the above observation i t  is  c lear tha t the data given in 

Table 2 fo r  the standard samples could not be applied d i re c t ly  to our 

f i lm s .  The th i rd  and fou rth  columns in Table 2 represent the number 

o f Sm atoms to those o f cobalt as prepared in the lab and the cor­

responding atomic percentage o f cobalt respective ly . The f i f t h  column 

shows the calculated percentage o f Co using the observed in te n s ity  

ra t io s .  The agreement between the data in columns 4 and 5 is  evident. 

The in te n s i ty  ra t io s  as they appear in  the second column are calculated 

from the observed in te n s i t ie s  but corrected fo r  d i f fe re n t  fac to rs . The 

f i r s t  o f these is  the absorption in the f i l t e r  paper themselves. In 

order to correc t fo r  tha t the l in e a r  absorption c o e f f ic ie n t  o f Co ka ,

SmL and SmL have been determined experimentally by observing the 
al  P1

in te n s i ty  as a func tion  o f the thickness (a c tu a l ly  the number o f stacked 

f i l t e r  papers) fo r  each o f those rad ia tions run, o f course, separately, 

they are well separated in our detecting system. The values of those 

co e ff ic ie n ts  were calcu lated from the slope o f the l in e a r  re la t io n  be­

tween l o g ( I / I Q) and the number o f papers. The values are 1 /(6 .9  t ) ,  

1 /(3 .8  t )  and 1/(4.43 t )  in  1/cm un its  fo r  the Co k , SmL and SmL
ot

respective ly , where t  is  the f i l t e r  paper thickness and I / I Q is  the

normalized in te n s i t ie s .  Secondly, the weak L l in e  o f samarium over-
Y1

laps w ith  the high energy side of the very strong Co ka l in e ,  and thus 

the observed in te n s i ty  o f the la t t e r  has con tr ibu tion  from the former, 

however one can show tha t:

I (L  ) / 1 ( K ) = c I (L  ) / ( I ( K  )+I(L ))
a a
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where c = (1+2I(L ) / I ( K )) / (1 + 1 (L ) / I (K  ))
I j  u  Y j  u

The re la t iv e  percent discrepancy between the observed ra t io  and 

the corrected one is between 2-3% fo r  the standard samples i f  the net 

to ta l in te n s i ty  of the analyte l ines  is  considered. I t  should be 

mentioned tha t because of the weak in te n s ity  of L l in e  re la t iv e  to 

the Co l in e ,  no attempt has been made to study the influence o f the 

f i lm  thickness on the former ra d ia t io n . T h ird ly ,  there is  another over­

lap between the high energy side of L l in e  of Sm and the escape peak 

from the S i(L i )  detector. That peak is  o f  energy equal to the d i f ­

ference in  energy between the Cu k& rad ia tion  (8.041 keV) and the Si 

k^ ra d ia t io n  (1.74 keV). The in te n s i ty  o f  the escape peak however

represents a t most 3% o f tha t o f  the LD l in e  and hence i t s  c o n tr i -
B1

bution has not been considered. I t  is worth pointing out tha t an 

uncerta inty about 1% would re s u lt  in  the Sm percent content in the 

samples i f  the la s t  two o f the previously mentioned factors were not 

taken in to  account a t a l l .  The possible corrections to the observed 

in te n s i t ie s  due to the f i lm  thickness are discussed in  the next para­

graph.

Equation (3) has been used to ca lcu la te  the in te n s i ty  o f Lc l in e
h

to th a t o f Co k^ l in e  fo r  d i f fe re n t  f i lm  thickness and composition, the 

mass absorption c o e f f ic ie n t  o f Sm and Co to the primary and secondary 

ra d ia t io n  as well as the atomic mass o f these elements needed fo r  the 

ca lcu la t ion  are from references 62 and 66. The take o f f  angle has 

always been 57.04 degrees from a l l  our runs. Figure (10) displays 

tha t ra t io  calcu lated from equation (3) fo r  a 2 KA f i lm  re la t iv e  to
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the same ra t io  fo r  th icker f i lm s ,  as a function  o f the atomic per­

cent of Co. The data i t s e l f  is  in  Table 3. Only the Co r ich  Sm-Co 

compositions are presented. For a p a r t ic u la r  thickness the l in e a r ­

i t y  is  preserved fo r  re la t iv e ly  coba lt poor compositions but dev i­

a tion from l in e a r i t y  takes place more c le a r ly  as the cobalt r ich  

regions are approached. For 25 KA thickness f i lm  the deviation from 

l in e a r i t y  represents about 0.3-2% fo r  compositions between 77.8-89.5% 

i . e .  between Sn^Co^ and Srr^Co^ s to ich iom etries respective ly . The 

corresponding deviation fo r  10 KA f i lm  is  only from 0-.4%.

The correction  to the possible enhancement o f L_ o f Sm has been
31

considered by comparing the in te n s i ty  ra t io  o f the L. to L of the
1 al

standard samples to i t s  counterpart in  the f i lm s  under study. This 

ra t io  has a value which is d i f fe re n t  in  f i lm s ,  where absorption- 

enhancement takes place, from i t s  value in the case o f th in  standard 

samples.

The compositions are known to  be ±1 a t % Co absolute and f i lm s 

w ith  narrow composition gradient l ik e  those sputtered from elemental 

targets have been analyzed by th is  method. The composition o f adja­

cent subregions about 1mm apart along the length o f a s ing le  sub­

s tra te  have been found to d i f f e r  by about 1 a t %. The composition 

o f samples o f the 1:5 and the 2:17 systems have been confirmed by x-ray 

d i f f r a c t io n  which indicated strong re f le c t io n s  o f the respective phases 

w ith the absence of any major l ines  with any appreciable in te n s ity  that 

would ind ica te  the existence o f other phases w ith appreciable frac t ions  

in  the samples. Magnetic measurements were as well compatible with the 

x-ray analysis as w i l l  be discussed in the la s t  chapter.
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4.1.1) X-RAY DIFFRACTION ANALYSIS

4.1.2) INTRODUCTION

The magnetic properties of ferromagnetic f i lm s  in general depend 

on the f i lm  s truc tu re , i . e .  on the degree o f atomic order namely on 

the p o ly c ry s ta l l in e ,  amorphous or the s ing le  crys ta l nature o f the 

f i lm ,  on the crys ta l la t t i c e  and on the physical properties o f the 

f i lm  such as i t s  dimensions, size o f grains and in te rna l stresses, etc. 

In order to id e n t i fy  our f i lm s  completely one should id e n t i fy  the 

phase(s) ex is ting  along the substrate e ith e r  as pure and/or mixed 

phase regions.

In general those studies could be carried  out using x-ray d i f -
40f ra c t io n  analys is , however microscopic examinations and thermomag-

68netic  analysis have proved to be more sens it ive  especia lly  in  de­

tec t ing  a small volume fra c t ions  o f a second phase. The Sm-Co phase 

diagram is  shown in Fig. 11 and the x-ray d i f f r a c t io n  data o f the Co 

r ich  Sm-Co compounds SmCOj, Sn^Co^, SmCo5 and Sn^Co-jj as calculated 

from the la t t i c e  parameters o f the bulk phases is  shown in  Table 4 fo r  

Cu rad ia t ion  wavelength 1.541838 R. The d i f f r a c t io n  angles as seen 

in Table 4 are very close to each other espec ia lly  fo r  SmCô  and 

Srr^Coy phases.

In add it ion , since the C-axis in  the hexagonal compounds under 

study in  th is  work is the easy axis o f  magnetization, a study o f the 

C-axis o r ie n ta t ion  in or out o f the f i lm  plane is  necessary fo r  check­

ing the resu lts  obtained from the magnetic measurements. Such an 

inves tiga tion  re la tes the in te n s it ie s  o f the d i f f r a c t io n  lines  to th e ir
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M il le r  indices as compared to randomly oriented samples.

The dependence o f the magnetic properties o f the R-Co a lloys on
n / i  n r

the gra in size has been studied extensive ly. " The level o f so­

p h is t ic a t io n  o f the x-ray d i f f r a c t io n  technique and the method of c a l­

cu la tion  of the grain size depend on rough knowledge of the value of
r r

the grain size under study. A ll  of those methods depend on calcu­

la t in g  the sample d i f f r a c t io n  l ines  broadening re la t iv e  to those of a 

material o f s u f f ic ie n t ly  large grain s ize. The broadening of the d i f - '  

f ra c t io n  p ro f i le s  o f the la t te r  is  taken to represent the instrumental 

broadening e f fe c ts .

4 .1 .3) EXPERIMENTAL SETTING

Our experimental set-up is  mainly the usual se tt ing  fo r  x-ray d i f -

fractionwork using a d if frac tom ete r. However i t  d i f fe rs  from other
69f a i r l y  recent techniques, e.g. the time analysis d i f f ra c to m e try .

Unlike tha t technique in  which a p a r t ic u la r  range is  covered and a l l  

the angular positions of the d i f f r a c t io n  l ines  w ith in  th a t range are 

measured simultaneously and then stored in  a multichannel analyzer 

(MCA), our technique uses MCA in the scanning mode which allows the 

acqu is it ion  of the d i f f r a c t io n  data o f a p a r t ic u la r  range in  a sequen­

t i a l  manner. The data from only a small f ra c t io n  o f a degree is 

stored in  one of the 1024 channels o f the MCA, the whole spectrum of 

the angular range of in te re s t  is  thus stored in the to ta l  of the 1024 

channels w ith  a reso lu tion  th a t depends on both the dwell time per 

channel and the Goniometer speed. The MCA displays a d i f f r a c t io n
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pattern l i k e  tha t of the fa m i l ia r  chart pattern which could then be 

transferred to a small computer (North Star Advantage) fo r  data s to r ­

age, analysis and graphic disp lay.

4.1.4) CHOICE OF EXPERIMENTAL PARAMETERS

I t  is  well known in d i f f r a c t io n  work tha t in order to get well 

defined d i f f r a c t io n  patterns one must use rad ia tion  of wavelength not 

shorter than the absorption edge(s) o f the element (a llo y )  present in 

the specimen under study. Otherwise an appreciable fluorescence w i l l  

be produced and th is  in turn may lead to undesired d is t r ib u t io n  of 

background which might be o f in te n s ity  high enough to obscure d i f f r a c ­

t io n  e ffec ts . I t  is  generally not recommended fo r  example to study 

materia ls containing appreciable amounts o f Co or Fe using Cu rad ia t ion . 

The degree o f tha t undesired e f fe c t  depends on the technique used.

Our S i(L i)  so l id  state detector allows fo r  complete d iscrim ination 

against Co fluorescence being accepted as Cu d i f f r a c t io n  counts, the 

background o f the Sm-Co f i lm s  using th is  detector i f  f a i r l y  f l a t  and 

the peaks are well id e n t i f ie d  from the background fo r  a l l  f i lm  th ic k ­

ness range (10-50 k ft). The Cu k0 rad ia t ion  is of in te n s i ty  less thanP
tha t o f Cu ka (1 :7.5 a t ta rget) and o f shorter wavelength which leads 

to lower angle d i f f r a c t io n  lines compared to those using Cu kQ.

However, Kq was used fo r  i t s  high in te n s i ty  although the existence of 

the Cu k douplet, kD has been used a lso, however in  some of the work0t p
dealing w ith grain size determination. Our f i lm s  are highly textured 

w ith e ith e r (200) or (110) preferred o r ie n ta t io n  and the few d i f f r a c -
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t io n  lines of appreciable in te n s ity  l i e  w ith in  about the 30-50 degree 

range. This, o f course, imposes some l im ita t io n s  on the precision of 

the la t t i c e  parameters determination which usually requires the ex is­

tence of back re f le c t io n  l in e s .  The in te n s i t ie s  of our d i f f r a c t io n  

lines  have been promoted using a slower mode of goniometer motion and 

long dwell time per channel.

The d i f f r a c t io n  patterns o f subregions of area in  the order of
2

1 mm have been taken using a 1 degree s l i t  source. The beam d ive r­

gence of such a source is not less than the dimensions of the samples 

a t a l l  detector angular pos it ions. Those samples were mounted e ith e r 

on a glass holder such tha t the la t t e r  was adjusted as close as pos­

s ib le  to the goniometer axis or on a special holder such tha t to expose 

the sample area only to the primary beam and thus allow the peak-back­

ground ra t io  to stay high. The magnetic measurements were done thus 

on the same samples investigated w ith  x-ray fluorescence and d i f f r a c ­

t io n  analys is. At la s t  the operating voltage o f the target and the 

tube current were set a t  40 kV and 15 ma respective ly in  a l l  our runs.

4.1.5) CALIBRATION CONSIDERATION

The possible sources of systematic e rro r in  measuring the crysta l 

plane spacing of a material using a d if frac tom ete r have been discussed
C .C  7 A

in  the l i t e ra tu r e .  ’ Among those sources the displacement of the 

specimen from the d if frac tom ete r axis represents the la rgest possible 

source o f e r ro r .  High precis ion in la t t i c e  parameter determination is  

achieved using as many l ines  as possible in  the back re f le c t io n  region.
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This cond it ion , as has been already mentioned, is  not present in th is  

work. No sa t is fa c to ry  extrapo la tion function has been used, ra ther 

the la t t i c e  parameters have been calculated fo r  d i f fe re n t  re f le c t io n s  

and a s ta t is t ic a l  weight has been given more to higher in te n s ity  l in e s .

A f te r  the necessary i n i t i a l  alignment of the d if frac tom ete r many 

runs have been done using samples o f materia ls o f well known parameters, 

e.g. our substra te /'* ' The observed locations of the d i f f r a c t io n  l ines  

of th is  material have been compared to the calculated locations fo r  

f i f f e r e n t  goniometer speeds and d i f fe re n t  MCS se tt ings , the agreement

has been always exce llent fo r  both of Cu k and Cu k„, the existencea p -
o f the doublet in  the former has been considered. A ca l ib ra t io n  

s t ra ig h t  l in e  re la t io n  has been established fo r  each set o f experimental 

conditions and the appropriate one was used fo r  studying our samples.

4.1.6) COMPUTATION METHOD

A computer program in BASIC'was w r it te n  fo r  d i f f r a c t io n  data 

analysis. The data was in  permanent storage in  a d ig i ta l  form, the 

number o f data points is  the number o f channels. In each the counts 

per channel are present. The program searches fo r  the peaks by f in d ­

ing th e i r  2e value o f maximum in te n s ity  ra ther than using curve f i t -  

t ing  techniques, computer th e i r  Bragg angles using the appropriate 

reso lu t ion  and the s ta r t ing  angle o f scann, the corresponding la t t i c e  

spacing -d - and the integrated net in te n s ity  of the d i f f r a c t io n  lines 

together w ith  the appropriate tolerance o f  those qu a n t it ie s . The spec­

trum background we mentioned before is  f a i r l y  f l a t  and low re la t iv e  to
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a subroutine tha t searches f i r s t  fo r  the regions o f minimum counts

among f i f t y  regions to which the whole spectrum was a r b i t r a r i l y  divided

in to  and secondly chooses among those the value tha t y ie lds  the best

precision in  the integrated net in te n s ity  values. For example the

more intense re f le c t io n s  having normalized in te n s it ie s  >=0.5 have only

<5% re la t iv e  percent e rro r. Weaker re f le c t io n s ,  however, have a t  most

10% re la t iv e  percent e rro r. I t  should be mentioned tha t the program

does not deal w ith cases in which a strong overlap is  present between
72peaks. A more elaborate curve f i t t i n g  work is  needed.

For gra in size determination Warren's method is  the simplest but 

i t  has i t s  own drawbacks.^ The success of grain size determination 

depends on the ra t io  of broadening of the d i f f r a c t io n  lines  o f a stan­

dard (chosen of large grain size) to tha t o f l ines  from the sample 

which l i e  as close as possible to those o f the standard, A ra t io  not 

larger than 0.5 is considered sa t is fa c to ry .  In addition since the pure 

d i f f r a c t io n  broadening, i . e .  o f  the sample alone excluding the in s t ru ­

ments' e ffec ts  varies as 1/cose, the choice of the angle a t which ex­

perimental p ro f i le s  may be taken depends on rough knowledge o f the 

sample gra in s ize. I f  the ra t io  mentioned above is  0.5 or smaller a t 

re la t iv e ly  low angles, working in the back re f le c t io n  region would not 

be necessary. However, i f  the sample grains were large enough fo r  

tha t ra t io  to be >0.5 then working becomes essential a t high angles.

The observed breadth is o f fs e t ,  however, by the natural width even 

fo r  monochromatic ra d ia t io n ,  which increases w ith angle. We used, 

thus the method of Warren fo r  approximate grain size determination,
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of our peaks. A curve f i t t i n g  using a generated gaussian with FWHM 

equal to tha t of the observed p r o f i le  has been u t i l iz e d .  The f i t t i n g  

was sa t is fa c to ry  and the pure broadening is  thus given by:

BZ = BZS - B\

where Bg and are the broadening of the observed p r o f i le  and the 

standard p r o f i le  respective ly . The grain size is  re lated to B by 

the re la t io n

D = 0.9 A/(B cose)

where A is  the wavelength in  R, B in radians and D in 8.
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I t  has been already mentioned tha t our magnetic f i lm s  were e ithe r 

f i lm s  w ith f ixed  composition or f i lm s  with wide composition gradient 

along the length of a single substrate. The la t te r  kind o f f i lm s  pro­

vided the opportunity to study the magnetization as a function of 

composition.

A l l  magnetic measurements were done using a v ib ra t in g  sample mag­

netometer (VSM) a t room temperature except where e x p l ic i t l y  specified. 

The hystersis loops were measured pa ra lle l and perpendicular to f i lm  

plane in order to study the easy axis re la t iv e  pos it ion in the f i lm s . 

This has also been studied using x-ray d i f f r a c t io n  analysis. Magnetic 

measurements have been done as well w ith in  f i lm  plane in  order to study 

inplane d iffe rences.

Demagnetization fa c to r  o f 4tt, i . e .  demagnetizing f ie ld  o f 4ttM 

(kOe) has been taken in to  account fo r  in te rp re t ing  data measured per­

pendicular to f i lm s .  No demagnetization fa c to r  was considered in the 

f i lm  plane, the la t t e r  given by 4-rrt/L+t, with t  as the f i lm  thickness 

( in  the order o f 10 KA) and L as the sample length ( in  the order of 1

mm), and thus i t  is  ne g lig ib ly  small compared to 4ir. The un its  used

in th is  work are the CGS un its . Magnetization is given, however in

e ithe r emu/gm or in  KG when the proper sample density is  used.

5.1.2) DEPENDENCE ON COMPOSITION AND C-AXIS ALIGNMENT

Figure 12 displays the hystersis loop H-M measured pa ra l le l to 

f i lm  plane fo r  three d i f fe re n t  c ry s ta l l in e  compositions along the
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length of a s ing le  substrate, the substrate temperature was 800°C,
-7 47argon pressure was 80 microns and the base pressure was 7x10 to r r .

These samples o f Sm atomic percents 9.1, 15.1 and 22.8 e xh ib it  maximum

magnetization a t 14 kOe of about 40, 25 and 15 emu/gm respective ly.

The remanent magnetizations are about 23, 17 and 13 emu/gm respective ly.

Thus both maximum and remanent magnetization increase by increasing the

cobalt conent reaching th e ir  highest values at compositions near the

sto ich iom etric  composition of Sn^Co^y (10.5 a t % Sm) and decreasing

as the re la t iv e ly  Sm r ic h  regions near the SmCô  stoichiometry (16.66

a t % Sm) are approached.

The hysteresis loop of the 22.8 a%Sm sample is  shown in Fig. 13
47both fo r  pa ra l le l and perpendicular d ire c t io n s . The magnetization

in the la t t e r  case is  less than tha t in the former even taking in to

account the shearing o f the loop in tha t d ire c t io n  because o f the

demagnetizing f ie ld .  This d iffe rence in  the moments indicates that

the easy axis (c -ax is) l ie s  closer to f i lm  plane.

These low maximum and remanent moments ind ica te re la t iv e ly  low

density and large degree of c rys ta l non alignment in these samples which

were synthesized in the e a r l ie s t  stages o f th is  study as compared to
49 50other more recent re su lts .  5 The maximum possible value of the

remanent magnetization M is  the saturation moment Mg assuming that

the degree o f alignment and packing are 100%.

A sample o f the 1:5 composition has been magnetized in a maximum
48f ie ld  of 150 kOe in the f i lm  plane. The maximum magnetic moment

reached was 105 emu/gm as seen in Fig. 14. This moment is near tha t
31of bulk sintered SmCo .̂ That sample comtained about 6.5 a% o f
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oxygen (1.4 wt%). The oxygen usually reacts w ith part o f the samarium 

forming Sn^Og. This amount of oxygen, however did not s ig n if ic a n t ly  

a f fe c t  the to ta l magnetic moment of the sample.

For a f i e ld  o f 14 kOe the maximum in  plane moment fo r  the same 

sample is about 70 emu/gm, i .e .  about 67% o f the moment a t 150 kOe 

ind ica ting  magnetic hardness of tha t sample. The loop at 14 kOe is  

not squared w ith  Mr =55 emu/gm. This again is  due to c-axis non-align­

ment.

In an attempt to study the e f fe c t  o f applying a magnetic f ie ld

during the f i lm  synthesis on the alignment o f the C-axis of these

c ry s ta l l in e  f i lm s  an AjiNiCo permanent magnet o f f i e ld  1.75 kOe has been 
49 50used. ’ The app lica tion  of a magnetic f i e ld  during f i lm  synthesis

has been used in previous works in an attempt to promote perpendicular
33textu ring  fo r  c ry s ta l l in e  Sm-Co f i lm s  or to promote un iaxia l plane

anisotropy fo r  f lash  evaporated Sm-Co a lloys  using in-plane magnetic
73f ie ld  fuding f i lm  synthesis.

In th is  work the C-axis fo r  e ith e r the (200) textured f i lm s  or 

f i lm s  w ith  (110) texture l ie s  in  the f i lm  plane and thus the a p p l i­

cation o f magnetic f i e ld  in  th is  case was not fo r  o r ien ting  the C-axis 

in f i lm  plane, but ra ther to p re fe re n t ia l ly  a l ign  i t  in the d ire c t ion  

o f the magnetic f i e ld  we name H sputter.

Figure 15 shows the hysteresis loop of a SmCô  sample sputtered 

from elemental targets onto a substrate held a t temperature o f 650°C

and using argon pressure o f 150 micron. The base pressure has been
-9 49improved to 10 to r r .  No magnetic f i e ld  was used during sputtering.

The loop in the f i lm  plane is showing s ig n i f ic a n t  slope at the top and
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the bottom of the loop ind ica ting  tha t the sample is fa r  from being 

saturated. The loop slopes as i t  enters the second quadrant showing 

tha t the alignment is  s t i l l  lack ing, however the to ta l moment per 

gram has been improved compared to the samples reported e a r l ie r  in 

th is  work. Measurement of the loop fo r  tha t sample in  d i f fe re n t  d i ­

rections w ith in  the f i lm  plane showed p ra c t ic a l ly  no d iffe rence 

ind ica ting  tha t the f i lm  is  p ra c t ic a l ly  iso tro p ic .

The x-ray d i f f r a c t io n  pattern o f the same sample o f Fig. 15 is  

shown in Fig. 16. The only present re f le c t io n s  are (100), (110), (200) 

and (300). The C-axis is  thus r ig id ly  oriented in  the f i lm  plane as 

i t  shows from the absence of any £/0 l in e s .

The e f fe c t  o f the magnetic f i e ld  applied during sputtering can be 

seen by studying Figs. 17 and 18 and Table 5. The sample in Figures 17 

and 18 contains 84.5 a% Co, i . e .  is  s l ig h t ly  r iche r in cobalt than 

the s to ich iom etric  composition. The hysteresis loop was measured with 

the applied f ie ld  d irected pa ra lle l to H sputter. The maximum in plane 

moment a t 14 kOe is  67 emu/gm. The degree of alignment has been im­

proved as i t  shows from the f l a t  topped loop with no appreciable 

change o f slope as i t  enters the second quadrant. The same sample 

has magnetization o f 114 emu/gm when magnetized in the f i lm  plane a t 

150 kOe maximum f ie ld .  The maximum moment a t 14 kOe is  thus 59% of 

tha t o f the maximum moment at 150 kOe. This again ind icates the 

magnetic hardness o f the f i lm .  For less magnetically hard f i lm s  one 

expects no large change in moments a t  re la t iv e ly  large values o f mag­

netic  f ie ld s .  This is so since saturation is approached fa s te r  fo r  

so ft  magnetic m ateria ls . The magnetic moement o f the same sample
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measured perpendicular to f i lm  plane is only 25% o f tha t measured in

the f i lm  plane. The C-axis o r ie n ta t ion  o f th is  f i lm  in  the f i lm  plane

has been checked as well from x-ray d i f f r a c t io n  in Fig. 19. The ra t io

of the (110) re f le c t io n  to the (200) re f le c t io n  is  10%. The same ra t io

was only 5% fo r  the sample in Fig. 15. The increase of the in te n s ity

of (110) l in e  is a tt r ib u te d  to more oxygen presence in the former 
49sample. This po in t w i l l  be discussed la te r  in  the section dealing 

with texture.

In Fig. 18 the magnetic f i e ld  was applied pa ra l le l to f i lm  plane,

but perpendicular to H sputter fo r  the same sample in  Fig. 17. The

loop in th is  case is  s t i l l  square, but with maximum moment lower than

tha t of Fig. 17. This indicates some degree o f C-axis alignment in

the d ire c t io n  of H-sputter.

Table 5 displays the inplane va r ia t io n  o f SmCo5 compound sputtered
49in the presence o f the inplane magnetic f i e ld .  The ra t io  of the

magnetization in the second quadrant to the remanent magnetization

remains as high as 0.9 fo r  f ie ld s  up to 5.5 kOe. In addition

where M-^ is the maximum magnetization at 14 kOe f ie ld  reaches values

as high as 0.97. The maximum moment a t 90 degress o f f  H-sputter is

about 96% of th a t measured pa ra lle  to H-sputter. That is  re la t iv e ly

small degree o f  C-axis alignment has been achieved.

The inplane va r ia t io n  of such SmCo5 samples magnetization is  d is r

played in  Fig. 20. The sample was rotated in  constant magnetic f ie ld

o f 15 kOe. Again the re la t iv e  e f fe c t  o f the f ie ld  applied during sput-
49te r ing  is  evident.

Table 6 displays the data obtained from magnetic measurements on a
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series of Sm1 Co samples. The samples are subregions from a single
X " A  /\

Sm-Co f i lm  (18 kA th ick )  sputtered from elemental targets onto heated 

substrates kept a t a temperature of about 500°C in  the presence of 

the inplane magnetic f i e ld  re ferred to e a r l ie r .  The compositions have 

been corrected fo r  the 2.5 a t  % oxygen present in the f i lm  as deter­

mined from Auger analysis. The corrections are made with the assumption

tha t the oxygen reacts with part o f the Sm forming Sn^Oj. 1 a t % oxy­

gen (0.22 wt%) reacts w ith about 1.38 wt% Sm to form Sn^Co^. That is  

as much as 3.44 wt% Sm reacting w ith oxygen in  th is  f i lm .

The compositions span a range o f 70-95 a t  % Co along the length of

the same substrate. The d ifferences in  composition fo r  the phys ica lly  

adjacent subregions are in  the v ic in i t y  o f 1 a t % Co. This narrow 

composition gradient is a feature o f f i lm s  sputtered from elemental 

t a r g e t s . ^

The composition-magnetization• (4irM) re la t io n  is  p lo tted  in  Fig. 21 

fo r  the same series o f Table 6. The magnetization increases as the 

cobalt content in  the samples increases as expected and in  agreement 

w ith previous studies on both c r y s ta l l i n e ^  and amorphous samples.^®

The magnetization reaches very low value at the composition correspon­

ding to the non-magnetic SmCo2  (67 a t % C o ) . ^ ’ ^  The decrease of 

magnetization as the Sm content increases is  not simply because o f the 

su b s t itu t io n  o f a heavier element o f less magnetic moment, but ra ther 

because a degradation in the magnetic exchange takes place. The

SmCo2 is  not magnetic because o f the low density o f states a t  Fermi 
75energy.

The con tr ibu tion  o f the cobalt sub la tt ice  to the to ta l  magnetic



59

moment is assumed to decrease with increasing the Sm content in the

samples because the Sm moment is assumed to be more loca lized and

hence the observed values o f saturation magnetization can be accounted
1 32fo r  using the two su b la t t ice  models ’ w ith decreasing to ta l moment 

per formula u n it  as the concentration o f Co decreases. The value of 

m e ta l l ic  Co moment per atom a t room temperature that y ie lds  the ob­

served saturation value o f about 17.5 kG is  about 1.68 Bohr magnetons. 

For the RgCo^ compounds most values o f saturation magnetization agree

c lose ly  w ith  the two sub la tt ice  models using an average moment o f 1.61
32Bohr magnetons per Co atom. However Sit̂ COjj does not f i t  the model 

but ra ther pa ra l le l coupling instead o f the anti pa ra l le l coupling of 

the Sm and the Co spins is  suggested. The fo llow ing equation has been 

used to ca lcu la te  the saturation magnetization o f d i f fe re n t  composi­

t ions:

M = ( ( l - x ) y  + xusm)/(58.933(l-x)+150.4x) Bohr magnetons per amu

A value o f 12.2 kG is  obtained from th is  re la t io n  fo r  Sn^Co-jj

assuming pa ra l le l coupling of spins and Co and Sm moments o f 1.61 and

0.7 Bohr magnetons respective ly . The SmCô  saturation magnetization 
17o f about 11 kG around room temperature is  obtained which corresponds 

to 8.7 yg per formula u n it .

Some samples have been sputtered onto substrates held a t room 

temperature otherwise sputtering conditions were l ik e  those o f Fig. 12. 

That resulted in amorphous f i lm s  with low coercive force. Figure 22 

shows the hysteresis loops o f two samples o f  compositions 9.1 and 

22.8 at %Sm. The magnetization is  c le a r ly  higher than those o f Fig. 12
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reaching about 50 and 70 emu/gm fo  9.1 and 22.8 at %Co respective ly

while the in t r in s ic  coercive force is only <0.5 kOe fo r  these compo-
• • 47s i t i o n s .

The absence o f c ry s ta l l in e  long range order in  the amorphous solids

in contrast to the c ry s ta l l in e  solids is responsible fo r  the lower coer-

c iv i t ie s  observed fo r  the magnetic amorphous compounds as compared to

th e ir  c ry s ta l l in e  counterparts. The magnetization, however, is  less

affected by the absence o f  the long range order in amorphous magnetic
76materials and i t  ra ther depends mainly on the a lloys composition.

Figure 23 displays the inplane loop of a sample containing 90.06 

•at %Co from a Sm, Co f i lm  in a f ie ld  of 18 kOe pa ra l le l to H-sputter,
J. "X  X

50together with the associated demagnetization re la t io n .  This sample

contains mostly the Sm^Co^ phase as confirmed by x-ray d i f f ra c t io n

pattern o f  Fig. 24 which is  indexed according' to the rhombohedral

structure  o f SmgCo^,^ the la t t i c e  parameters calculated from the

observed angles are A=8.401±0.014 and C=12.318±0.018 A as compared to
73those o f  the Co r ic h  side o f the homogeneity range given by: A=

'8.397 and C=12.25 8. The assigned indices are (300), (220), (006),

(223) and (600) which is  not shown. This shows tha t the C-axis o f 

th is  sample l ie s  in f i lm  plane. This has been supported by magnetic 

measurements in  the perpendicular d ire c t io n  to f i lm  plane which in d i ­

cated 4 ttM = 8 kG as compared to 14 kG in  f i lm  plane. The sample is 

s l ig h t ly  r ich e r  in Co than the s to ich iom etric  composition. A weak 

peak tha t may be id e n t i f ie d  as pure Co (012) re f le c t io n  has been ob­

served a t 2e=62.4 degrees.

Substitu ting the Co w ith  the more abundant t ra n s i t io n  metals, e.g.



Fe in the pure 2:17 phase of Sm-Co system is  known to increase the

co e rc iv i ty  appreciably, but to decrease the magnetization s l ig h t ly .

Figure 25 displays the inplane hysteresis loop of S n^C O jFe jZ r)^

f i lm  sputtered from Sm2 (C o ,Fe ,Z r)^  ta rgets. The f i lm  has 10 at %Sm,

about 50 a t % Co and about 30 a t %Fe with small Zr concentration of

about 3 a t  %. 4irMmax = 11 and 4irMr  = 10 kG have been measured in f i lm

plane as seen from the squared hysteresis loop of Fig. 25. The x-ray

d iffractom eter trace o f the same sample is  displayed in Fig. 26. This

sample exh ib its  a two phase 1:5 and 2:17 s truc tu re . The (110) l in e  of

Fig. 26 is  due to the 2:17 hexagonal phase while (111) and (200) l ines
50are due to the 1:5 phase.

Figure 27 displays the inplane hysteresis loop o f a SmCog f i lm  

sputtered from three SmCô  targets onto heated substrates a t the tempe­

rature range 600-650°C using 1.5 A/sec deposition ra te . The loop was 

measured pa ra l le l to H-sputter a t -63°C in  90 kOe f i e ld .  The maximum 

reached is  about 10 kG and Br =8.5 kG. The same sample measured in  20 

kOe f ie ld s  exhib ited minor loops as shown in  Fig. 28 where 8 kG has 

been reached a t the maximum f ie ld .  That is  about 80% o f the maximum 

magnetization a t 90 kOe. Other SmCog samples sputtered using d i f ­

fe ren t deposition rates namley 0.5 and 5 $/sec showed differences in

c o e rc iv i t ie s  and texture but the maximum obtained magnetization is  
50about the same.

Figures 29 and 30 d isp lay the inplane loops o f SmCog f i lm s  sput­

tered using 5 and 0.5 $/sec deposition rates respective ly from SmCô  

targets onto heated substrates held a t temperatures o f about 600°C. 

Maximum moments a t  18 kOe f ie ld  applied pa ra l le l to H-sputter reaches
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about 7 kG.50

Measuring the magnetization w ith in  the f i lm  plane of the SmCo5 

f i lm s sputtered from 1:5 phase targets indicated tha t the e f fe c t  of 

H-sputter is  evident as with the case o f f i lm s  sputtered from elemental 

targets. The ra t io  o f remanent magnetization measured in f i lm  plane 

a t 90 degrees o f f  the H-sputter d ire c t io n  to the remanent magnetiza­

t ion  measured pa ra l le l to H-sputter was found to be about 0.82 fo r  

these f i lm s .

5.1.3) COERCIVITY

We present here the resu lts  obtained from hysteresis loop measure­

ments on f i lm s  sputtered from e ith e r  elemental or s ing le phase targets 

and re la te  the observed coercive forces to the m icrostructure and the 

texture of the f i lm s .

The in t r in s ic  coercive f i e ld  is  the value o f the applied f ie ld  

necessary to reduce the magnetization t\ to zero. The e x tr in s ic  coer­

cive force or the f ie ld  required to reduce t  to zero w i l l  be mentioned 

e x p l ic i t l y  when re ferred to . Coercive force is  given always here in  

kOe.

5.1.4) COERCIVE FORCE OF Sm, Cov FILMS
X " A  A

As the Co concentration increases beyond 1:5 composition the 

coercive force decreases appreciably. This is  a consequence o f the

fa c t  tha t the anisotropy f ie ld  in 2:17 compounds is  one order of
22 23magnitude less than in 1:5 compounds o f the same system ’ in



63

addition the coercive force in the f in e  grained Sm-Co materia ls depends
21on the local anisotropy.

From Fig. 12 i t  is  c lear tha t the coercive force decreases from

10.8 to 2.5 kOe as the f i lm  composition changes from the 1:5 to the 

2:17 approximate compositions.

In Table 6 we presented data o f a series of Sm-Co samples spanning

a composition range o f  about 20 a t  %Co. The same resu lts  are p lo tted

in Fig. 31. The in t r in s ic  coercive force decreases from about 9 to

5.6 kOe as the Co concentration increases 83-90 at %Co. In the en tire

range o f composition, our samples e x h ib i t  higher in t r in s ic  coercive

force than those observed in an e a r l ie r  study done on D.C sputtered
35th in  c ry s ta l l in e  Sm-Co f i lm s .  The maximum observed .Hc in  tha t work 

was 4 kOe fo r  a sample containing about 78 a t  %Co.

Our samples mentioned above were sputtered under the same condi­

tions since theyare subregions from the same Sm-Co f i lm .  SmCô  samples 

synthesized from premixed 1:5 targets show marked c o e rc iv i ty  dependence 

on some o f the sputtering parameters as w i l l  be discussed next.

5.1.5) COERCIVE FORCE OF SmCo5 FILMS

The m icrostructure , texture and hysteresis loops are shown in 

Figures (5a, 6, 27, 28), (5b, 7, 29) and (30,32) fo r  SmCô  fi lm s 

sputtered using 1.5, 5 and 0.5 8/sec respectively.®® For a f ie ld  

o f 20 kOe a minor loop was obtained fo r  the 1.5 8/sec deposited f i lm  

w ith (110) texture as seen in  Fig. 28. of th is  minor loop is

15.8 kOe measured in  f i lm  plane. In an inplane f ie ld  o f 90 kOe and
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a t -63°C the same sample exhib ited high o f 23 kOe as seen in Fig.

27. For a (200) textured sample sputtered at 5 ft/sec a coercive force 

of 13 kOe has been obtained in f i lm  plane fo r  18 kOe f ie ld  (F ig. 29).

On the other hand lowering the sputtering ra te  to only 0.5 R/sec re ­

sulted in (110) textured f i lm  w ith coercive force of 11 kOe in f i lm  

plane as seen in Fig. 30.

The texture co rre la t ion  to the deposition ra te  w i l l  be discussed 

in Sec. 5.4.1. Here we re la te  the observed coercive force w ith the 

m icrostructure and texture o f the f i lm s .

5.1.6) COERCIVE FORCE DEPENDENCE ON MICROSTRUCTURE AND TEXTURE IN 
FIXED COMPOSITION SmCo5 FILMS

Since these f i lm s  are of f ixed  composition the d iffe rences in  th e ir  

observed coercive force are not a t t r ib u te d  to strong deviations from 

the 1:5 s to ich iom etric  composition, ra ther they are a tt r ib u te d  to the 

d ifferences in the m icrostructure and the preferred o r ie n ta t ion  de­

veloped in  the f i lm s .

The c o e rc iv i ty  is  a complex function  o f the material s truc ture  and
30 33-35is  very sens it ive  to the d e ta i ls  of tha t s tru c tu re , ’ “ in high

2
anisotropy RCo5 compounds where k»Ms , i . e .  the crys ta l anisotropy 

dominates the shape anisotropy. The observed values of the coercive 

f ie ld  in  these materia ls is  low compared to the ava ilab le  anisotropy

f ie ld ,  e.g. in SmCog maximum room temperature value o f about 40 kOe
33 39 38 78has been reported 5 coherent ro ta t io n  and cu r ling  ’ cannot be

thus considered as the magnetization reversal mechanisms. A ten ta t ive

mechanism of magnetization reversal in  our f i lm s  w i l l  be discussed in
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sec. 5.2.1. Here i t  suff ices to mention tha t domain wall pinning and 

nucleation have been suggested as the responsible processes fo r  re ­

versing the magnetization.

The samples o f Figs. 6 and 32 are o f the same texture namely (110) 

but the la t t e r  has grains about 400 8 in size as compared to about 150 8 

in  the former. The thickness of these two f i lm s  is  of the same order

(about 10 kA). Coerciv ity-th ickness dependence has been reported 
34elsewhere fo r  Sm-Co f i lm s  synthesized by ge tte r spu tter ing . The f in e r

grain f i lm  as seen from i t s  hysteresis loop has higher coercive force

than tha t o f the coarser gra in f i lm s .  This d iffe rence in  co e rc iv i ty

may be accounted fo r  on the l i g h t  of the observation tha t f in e  pa rt ic les

are less probable to contain defects w ith in  th e i r  in te r io r .  These

defects may represent centers fo r  domain wall nucleation and thus aid
3fimagnetization reversal. According to th is  p o s s ib i l i t y  the coercive 

force is  expected to increase with decreasing p a r t ic le  size.

On the other hand the f i lm  o f Fig. 7 is  (200) textured and is  of 

gra in smaller by a fa c to r  o f roughly three than those of the sample of 

Fig. 32 fo r  a (110) textured sample. However th e i r  coercive forces 

are not much d i f fe re n t ,  apart from the d iffe rence in thickness fo r  

these two f i lm s ,  i t  is  c lear tha t the p a r t ic le  size is  not the only 

fa c to r  con tr ibu ting  to the c o e rc iv i ty  in  these f i lm s .

The second fa c to r  is  the preferred o r ie n ta t ion  of certa in  crysta l 

planes. Figure 33 i l lu s t ra te s  a schematic representation o f the (110) 

and (200) stacking sequence in SmCô  f i l m s . ^  In the (110) texture 

case the 2c s ites  o f Co l i e  in  the same plane with the Sm s i te s ,  while 

in the (200) case they are not in the same plane w ith the Sm s ite s .
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I t  has been pointed out in  sec. 3.2.4 that the exchange f ie ld  a t the 

Sm s ites  has large con tr ibu tion  from the Sm-Co exchange. Neutron

d i f f r a c t io n  techniques showed tha t the Co-2c s ites  con tr ibu tion  to
28 79the anisotropy is larger than the 3g s ites  of Co. ’

The magnetization vector reverses w ith in  the plane o f the f i lm  

ra ther than f l ip p in g  out to the d ire c t io n  perpendicular to f i lm  plane 

and then back to f i lm  plane because of the associated demagnetizing 

f ie ld  in the la t te r  case. The magnetization reversal w i l l  be thus 

impeded more in the case of the (110) textured f i lm s  due to the pre­

sence of the high anisotropy Co-2c s ites  in the same plane with the 

Sm s ites  in the plane o f reversal..

In  add it ion , both of the anisotropy f ie ld  and the in t r in s ic  coer­

cive force have been shown to vary w ith in  the homogeneity range of 

SmCdg system. The Co r ich  region of tha t range extends from about 

83.33 to 85.7 a t %Co, w ith in  tha t range a disordered replacement of

Sm atoms by pairs o f Co atoms takes place leading to an observed de-
29crease in both coercive f ie ld  and anisotropy f i e ld .  On the other 

hand a peak in  the coercive force has been observed in  the Sm rich  

side o f the homogeneity range at the SrT^CoySmCOg phase boundary.40

The anisotropy f ie ld  o f the 2:8 phase is ,  although smaller than tha t
80of 1:5 is in  excess o f 200. kOe, compared to about 100 kOe fo r  the 

2:17 phase, the Sm r ich  side of the 1:5 range is  thus o f higher • 

ava ilab le  H^. Table 4 indicates tha t the d i f f r a c t io n  angles o f 2:7 

and 1:5 phases are very close to each other. The la t t i c e  parameters 

of the hexagonal phase of 2:7 phase a re :0* a=5.041 and c=24.327 R. 

Since the d iffe rence in the a-parameter between these two phases is
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small the 2:7 phase can p rec ip ita te  on the basal plane o f SmCô  matrix 

and so in  our f i lm s w ith C-axis l i e  in or near f i lm  plane the observed 

in te n s i t ie s  o f the d i f f r a c t io n  lines  w i l l  be high only from the SmCô  

u n it  ce l l  and thus w i l l  be hard to conclude o f the existence of a 2:7 

phase in our f i lm s  using only the x-ray d i f f r a c t io n  technique. However 

we do not exclude the p o s s ib i l i ty  of probable small volume frac t ions  

o f the 2:7 phase in  our SmCô  f i lm s .

5.1.7) ENERGY PRODUCTS OF Sm-Co BASED FILMS

I t  is  well known tha t the maximum energy product o f a magnetic 

sample is  obtained by comparing BH values in  the second quadrant of 

the sample hysteresis loop. We discuss f i r s t  the dependence of energy 

products on the composition of Sm-Co samples. Energy products are 

given in  MG-Oe and they a l l  re fe r to the s ta t ic  energy product.

5.1.8) ENERGY PRODUCT VARIATION WITH COMPOSITION OF Sm-Co FILMS

Table 6 shows the va r ia t io n  of the inplane maximum energy products 

o f Sm, Co samples measured in 14 kOe f ie ld  pa ra l le l to H-sputter with
i “ X  X

50the composition o f the samples, the same data is  p lo tted  in  Fig. 34.

The energy product reaches a maximum of about 20 kOe a t composi­

t io n  close to the Sn^COjj composition fo r  the same sample o f Figs. 23 

and 24 and declines to lower values on both sides of the peak reaching 

a value o f 10.7 MG-Oe fo r  a 83 a t %Co sample. The decline from the 

peak is less severe in the re la t iv e ly  Sm r ic h  region of the composition 

range under study. We have seen tha t the coercive force o f Sm-Co
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samples decreases with increasing the Co content. This decrease is 

associated with an increase in the magnetization (Figs. 21 and 31).

The (BH) v would correspond to nu ll energy product i f  the Sm r ich
iTlaX

side o f our re la t io n  in  Fig. 34 is  extrapolated to in te rse c t the

composition range at about 67 a t %Co. This is  corresponding to the
74 75SmCo2  phase reported to be non magnetic. ’

The maximum energy products in  f i lm  plane but perpendicular to 

H-sputter are shown in Table 6 fo r  the same composition. The e f fe c t  

o f H-sputter on the energy product is  evident. However i t  is  small 

near the 1:5 composition.

Figure 35 displays the improvement in  energy products o f SmCô  

samples. The lowest energy product o f 2.6 MG-Oe is fo r  a sample 

synthesized in  the e a r l ie s t  phase o f th is  work in  about 7x10”  ̂ to r r  

base pressure and <100 micron argon in no inplane magnetic f i e ld  onto 

substrate held a t 800°C. The low energy product o f th is  sample is  due 

in part to the random orien ta t ions  o f the C-axis and to the low magne­

t iz a t io n .  is  3.6 kG and gHc is  3.2 kOe. The middle .re la tion in 

Fig. 35 has been derived from the minor loop o f Fig. 28 fo r  a SmCô  

f i lm  sputtered from 1:5 targets in the presence of 1.75 kOe f ie ld  on 

substrate a t  tempeature o f 600°C. The energy product o f th is  minor 

loop is 7.5 MG-Oe. The corresponding gHc is  5 kOe. The hitjher 

energy product o f 18 MG-Oe is observed fo r  the same sample o f Fig. 28 

but measured in 90 kOe f ie ld  a t -63°C (see Fig. 27 fo r  hysteresis loop). 

The value of 18 kOe mentioned above is to be compared with 21.9

MG-Oe fo r  SmCô  samples o f 16.84 a t %Sm prepared by a l ign ing , pressing
40and then s in te r ing  o f the powder, and also compared to an e a r l ie r
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work on nearly 100% dense and 80% aligned SmCô  samples prepared 

from powder, the magnetic properties of the samples in tha t work 

were: = 8-9 kG, 1>HC = 25 kOe and (BH)max = 16-20 MG-Oe measured

a f te r  magnetizing in 60 kOe f i e ld .

On the other hand the SnigCo^y system w ith the su b s t itu t io n  of 

one or more t ra n s it io n  elements fo r  Co has been investigated exten­

s ive ly  in an attempt to increase the low c o e rc iv i ty  of pure 2:17 phase
83and to conserve the cobalt. This has been studied in  bulk and f i lm

- 33form.

Samples of Sn^C O jFe,Zr)^  e x h ib it  high energy products up to 21 

MG-Oe in our work as obtained from the inplane hysteresis loop of 

Fig. 25. The su b s t itu t io n  of Fe in pure 2:17 phase reduces the re s id ­

ual induction s l ig h t ly  but increases the coercive force since Fe has
83been found to p re fe re n t ia l ly  subs titu te  in  the dumbbel s i te  o f Co.

Introducing Zr in F^Co^y has been observed to increase the mag- 
84netic  anisotropy ind ica ting  the p o s s ib i l i t y  of an increase in  the 

coercive force. The e f fe c t  of introducing Zr in  the 2:17 system on 

the m icrostructure and hence on the coercive force has been re p o r te d .^

The energy products o f p re c ip ita t io n  hardened 2:17 Sm-Co based
83 86magnets were reported to have energy products between 25-30 MG-Oe ’ 

with coercive fo rce  between 6-15 kOe. A complex heat treatment was

used to achieve the hard magnetic properties o f these samples. In
33f i lm  form sputtered and heat treated Sit̂ C oq yFeg f i lm s  show 

coercive force of about 6 kOe and energy product o f 12 MG-03 fo r  iso ­

trop ic  samples.

The coercive force of pure 2:17 systems have been reported to be
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33very low. Pure 2:17 Sm-Co f i lm s  sintered w ith Sm-rich aid exhibited
87a coercive force of 9.6 kOe. Our samples of Figs. 23 and 25 e x h ib i t  

good magnetic properties and there is  s t i l l  a l i t t l e  room fo r  improve­

ment through optimizing the m icrostructure.

5.2.1) MAGNETIZATION REVERSAL MECHANISM

As we have already mentioned the magnetization reversal in the 

high anisotropy RCo compounds does not take place through coherent ro­

ta t io n  o f a l l  the moments in unison or through non-coherent processes 

l ik e  cu r l in g . This is  revealed fo r  example by the fa c t  tha t the mea­

sured c o e rc iv i t ie s  are only one order o f magnitude less than the a v a i l ­

able anisotropy f ie ld  in SmCo5 system.

Studies on the magnetization reversal in  RCOg have been reviewed
30 20by Becker. Further studies have been reported on s ing le  c ry s ta ls ,

88 89 90on sintered magnets, ’ and on powder. The mechanisms c o n tro l l in g

the c o e rc iv i ty  have been a t t r ib u te d  to dominating nucleation process or

to domain wall pinning. In both processes the crys ta l defects such as

inhomogeneities of magnetization and anisotropy, non-magnetic inc lus ion ,

e tc . ,  may play the ro le  of pinning or nucleating s ite s .  I t  has been 
30 37 88noted by Becker 5 ’ tha t -H depends markedly on the maximum mag­

ne tiza tion  remains about the same while the co e rc iv i ty  decreases as the 

magnetizing f i e ld  decreases. In the pinning case the c o e rc iv i ty  re­

mains e sse n tia l ly  constant as the magnetizing f ie ld  is varied while 

the rananent decreases w ith decreasing the maximum magnetizing f ie ld .

We have studied the va r ia t io n  of both M and .H w ith H in  SmCocr  i c m 5



and SrT^Co-jj samples in order to investiga te  the magnetization rever- 
47-50sal process. Figure 36 exh ib its  the demagnetization behavior of

a sample sputtered from elemental targets onto a heated substrate.

The sample contained about 85 a t %Co. The magnetizing f ie ld s  o f 4,6 ,8, 

10,12 and 14 kOe were applied in  the plane o f previously demagnetized 

samples (no H-sputter was used). The samples were demagnetized by 

cycling in slowly decreasing f ie ld s  such tha t magnetization process 

s ta r ts  from sta te  o f  nu ll magnetic moment. I t  is  c lear form Fig. 36 

th a t both Mr  and .H vary with H . The curves in addition show s ig ­

n i f ic a n t  slopes as they enter the second quadrant fo r  th is  sample which 

is  lacking alignment. Such va r ia t io n  shows tha t both nucleation and 

pinning are taking part in  the magnetization reversal.

Figure 37 displays the demagnetization curves fo r  a SmCOg sample 

sputtered from SmCô  targets onto a heated: substrate in the presence 

o f 1.75 kOe inplane f ie ld .  I t  is  the same sample whose hysteresis 

loop is  displayed in  Fig. 29, ind ica ting  -Hc of 13 kOe in f i lm  plane. 

The curves are less steep as they enter the second quadrant and show 

tendency to squareness as Hm increases. In Fig. 38 a s im ila r  study is  

shown on a SmCô  f i lm  previously studied a t 90 kOe and 20 kOe (Figs.

27 and 28). This f i lm  is  magnetically harder than the f i lm  of Fig. 37 

as i t  is  c lear from the steep slopes as the curves enter the second 

quadrant. The summary of Figs. 37 and 38 is  p lo tted fo r  convenience 

in  Fig. 39. The fa c t  th a t both o f the remanent and the coercive force 

depend on the maximum applied is  evident, however the remanent depends 

on Hm more strongly which may suggest tha t both nucleation and pin­

ing are con tr ibu ting  w ith the probable dominance of the pinning
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mechanism.

The defects can e ith e r serve as nucleation centers and thus aid

magnetization reversa l, or as pinning s ites  which impede domain wall

motion and thus increasing the d i f f i c u l t y  w ith which a domain wall

moves. This process increases the coercive force o f the m ateria l.
3 6Liv ingstron has enumerated the types o f defects in powders,

sintered magnets and s ing le p a rt ic le s  tha t could aid or in h ib i t  the

reach to equilibrium and thus decrease or increase the coercive force.
91Paul suggested a model to account fo r  the coerc iv ites  observed in 

d i f fe re n t  materia ls from supermalloys to SmCô  magnets. The model is 

based on considering the defects, e.g. grain boundaries as pinning 

sites., Anisotropy; and' exchange constants were assumed to be d i f ­

fe ren t from the res t of the homogeneous m ateria ls . In his model, the 

in t r in s ic  coercive force increases l in e a r ly  with the defect size fo r  

small defects.

5.3.1) DEMAGNETIZATION CURVES

Figure 35 displays the demagnetization curves B-H fo r  SmCô  samples

with th e ir  associated energy product values ind ica ting  the maximum
47 50values reached a t  the r ig h t  part o f the f ig u re .  ’ Figure 40 d is ­

plays fou r demagnetization curves fo r  fou r Sm, Co samples sputtered
X “ X  X

from elemental targets.

The po in t o f in te rsec tion  between a demagnetization curve (or 

s tra ig h t l in e )  w ith the f ie ld  axis represents the e x tr in s ic  coercive 

froce gHc which is the f ie ld  required to reduce the induction B to
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zero. For high anisotropy RCo  ̂ compounds -jHc>gHc , the maximum value 

o f the la t te r  is  in  such case the demagnetization curve becomes 

a s tra ig h t  l in e  extending from Br  on the B-axis to a value of H numer­

i c a l l y  equal to Br . For higher Co content samples one expects higher

B„, but smaller -H and hence smaller DH than fo r  the lower Co contentr  I c d c

sample synthesized under the same conditions as those in  Fig. 40.

5.4.1) TEXTURE STUDIES

In the previous sections we have seen tha t the preferred o r ie n ta ­

t io n  of p a r t ic u la r  crysta l planes e ithe r (110) or (200) in  SmCô  fi lm s 

is  a con tr ibu ting  fa c to r  to the observed c o e rc iv i t ie s  in  these f i lm s . 

These d i f fe re n t  textures .have been developed in f i lm s  sputtered e ith e r 

from elemental Sm-Co targets or s ing le phase SmCOg targets d ire c t ly  

onto heated substrates without any subsequent heat treatment. We have 

seen also tha t the C-axis fo r  both kinds of f i lm s  is oriented in f i lm

plane which is  p re fe re n t ia l ly  aligned more in the d irec tion  of the

magnetic f i e ld  used during spu tte r ing . So the development o f a par­

t ic u la r  texture in  th is  work is  re la ted to the growth process i t s e l f  

since these same textures are observed fo r  f i lm s  synthesized in  or 

w ithout the inplane magnetic f i e ld .

In the elemental targets case the two d is t in c t  textures have been 

developed in SmCOg samples depending on the oxygen content in  the f i lm s . 

Figure 41 displays the x-ray d i f f r a c t io n  pattern traced using Cu ka
48rad ia t ion  fo r  a SmCog sample sputtered in 50 micron argon. The oxy­

gen content in th is  sample as determined from Auger analysis is  9.7



74

at %0 which is equivalent to 2.1 wt. %0. The sample is c le a r ly  en­

t i r e ly  (110) textured w ith  (002) re f le c t io n  a t the background leve l.  

Figures 42 and 43 d isp lay the Cu. k d if frac tom ete r trace o f two SmCoc
Ct J

samples sputtered from the same elemental targets but in  150 micron 

argon. The substrate temperatures were maintained a t 650 to 800°C.

The oxygen a t % content in  the samples in Figs. 42 and 43 are 6.5 and

1.4 a t %0 respective ly .

The deposition ra te  fo r  these samples is  in the range o f 1^/sec, 

however, increasing the argon p a r t ia l  pressure increases the deposition 

rate and decreases the fore ign atoms a r r iv a l  and entrapment in the 

growing f i lm s .  The (200) to (110) in te n s i ty  ra t io  fo r  the sample of 

Fig. 42 is  about 0.3 while the (110) is  absent fo r  the sample in Fig. 

43. For both, the (002) re f le c t io n  is  absent. These resu lts  demon­

s tra te  tha t the p a r t ic u la r  developed texture depends on the level o f 

oxygen present in  the f i lm .

On the other hand in f i lm s  sputtered from 1:5 targets the same 

textures have been developed as a re s u l t  o f varying the target RF power 

while using the same argon pressure. Target s e l f  bias voltages o f 900, 

700 and 400 V resulted in deposition rates o f about 5, 1.5 and 0.5 

$/sec respec tive ly . The x-ray data fo r  three samples sputtered using 

the above mentioned conditions are shown in Figs. 6, 7 and 32 respec­

t i v e l y . ^

Those resu lts  ju s t  mentioned fo r  the elemental and the SmCô  ta r ­

gets are consistent and can be in terpreted on the l ig h t  o f fore ign 

atoms incorporation in  the growing f i lm s .  Figure 33 i l lu s t ra te s  a 

schematic representation o f the (110) and (200) crys ta l plane stacking
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sequence in SmCOg system. The stakcing sequence leading to form (110) 

preferred o r ie n ta t ion  is  a three stage sequence, while that o f (200) 

is a f iv e  stage sequence. The in te n s ity  o f a p a r t ic u la r  re f le c t io n  

in x-ray d i f f r a c t io n  work is  known to increase w ith increasing the 

number of the la t t i c e  planes whose or ien ta tions  are pa ra l le l to the 

surface o f the sample, which is  the f i lm  plane in  our case. The pre­

dominance o f e ith e r  (110) or (200) texture is therefore manifested in 

the re la t iv e  in te n s i t ie s  of the respective l in e s .  A measure o f the 

strength o f a texture in  a sample is obtained by comparing the in te n s ity  

ra t io  o f the (110) and (200) re f le c t io n s  in the sample to i t s  counter­

part in  a sample o f  complete random o r ie n ta t ion  of the crysta l planes, 

e.g. powder sample.

Forming a SmCog deposit w ith (200) texture requires re la t iv e ly  low 

level of fore ign atoms a r r iv a l  and hence probable entrapment in the 

growing f i lm .  This is  so since the f iv e  stage sequence, as compared 

to the shorter three stage sequence, requires less disturbance o f 

deposit formation by the incoming fore ign f lu x  o f atoms. Increasing 

tha t f lu x  is  assumed to d is tu rb  the longer sequence and the developed 

texture switches to the (110).

This explanation is  supported by x-ray d i f f r a c t io n  data which 

indicates tha t the d i f f r a c t io n  angle corresponding to the (110) re ­

f le c t io n  tends to s h i f t  toward lower values in the (110) strongly 

textured f i lm s  which indicates larger d-spacing. This is  consistent 

w ith the observation tha t (110) texture growth is  f a c i l i t a te d  when 

re la t iv e ly  higher leve ls  o f gas entrapment are present. The atoms of 

the in e r t  argon gas do not in te ra c t  chemically with the f i lm  m a te r ia l,
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but rather they get in to  the in te r s t i c ia l  regions of the c ry s ta l.

On the other hand oxygen in te rac ts  w ith Sm to form Sn^O^ a t the Sm 

s ite s .
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6.0.0) CONCLUSIONS

Ferromagnetic f i lm s  of Sm-Co based systems have been synthesized 

d i re c t ly  onto heated, polished Aj^Og substrates, by se le c t ive ly  the r­

mal ized radio frequency (RF) sputtering from a set o f  three targets 

simul taneously . ^ ” £>0

Films w ith composition gradients along the length o f a substrate

were synthesized from high p u r i ty  arc-melted ta rge ts , two of which are 
47-50Co and one of Sm. In another configuration premixed compounds

have been used as targets which resulted in large area f i lm s  of a

s ing le  com pos it ion .^

In most cases an inplane magnetic f i e ld  o f 1.75 kOe was applied
49 50during the deposition across the width o f the substrate. ’ In the

cases when no magnetic f i e ld  was used during sputter synthesis,47 >48

a re la t iv e ly  high degree o f magnetic isotropy has been obtained in

f i lm  plane. Low saturation moments were measured perpendicular to f i lm

plan ind ica ting  strong o r ie n ta t io n  of C-axis w ith in  the plane of the

deposits. This is supported by x-ray d i f f r a c t io n  re su lts .  The (002)

re f le c t io n  in te n s ity  is  0.67 o f tha t o f the (200) l in e  in te n s ity  in

the case o f a randomly oriented SmCô  powder sample compared to a

ra t io  o f 0.3 fo r  a SmCog RF sputtered sample synthesized in the early
47stages of th is  work.

The magnetization of the samples was shown to increase as the Co 

content increases, but th is  was associated with a decrease in  .H .

The re la t iv e ly  high degree o f magnetic isotropy resu lts  in  low satu r­

ation magnetization and remanent induction which led to low energy 

products o f about 3 MG-Oe^ in the plane of the f i lm  fo r  samples of
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composition close to SmCog.

In the se le c t ive ly  thermalized sputtering process, the sputtering 

gas, usually argon, is  a t  a pressure high enough so tha t c o l l is io n s  

between the sputtered atoms and sputtering gas atoms reduce the sput­

tered atoms energies to an equivalent k ine t ic  energy o f the substrate 

temperature. The slowing down of the energetic Sm and Co aoms as they

leave the targets w ith average energies of several eV takes place

through e la s t ic  c o l l is io n s  w ith the argon atoms along the targe t to 

substrate path. The use o f se le c t ive ly  thermalized sputtering has pro­

found e ffec ts  on the textures developed in the synthesized f i lm s . ^8-50 

For SmCog samples sputtered from elemental targets a co rre la t ion  be­

tween f i lm  texture and oxygen level incorporation in the f i lm s  was 
48observed. A predominant (110) texture was obtained fo r  samples con­

ta in ing more than 6 a t % oxygen. As the oxygen level was lowered to

1.4 a t %, only a (200) texture was developed.^*

The use o f an inplane magnetic f i e ld  o f  1.75 kOe in  the f i lm  plane 

during the synthesis of f i lm s  deposited at substrates held a t tempe­

ratures lower than the ferromagnetic Curie po in t o f the magnetic phase 

resulted in a ce rta in  degree o f p re fe ren t ia l alginment o f C-axis in

the f i lm  plane. Films w ith a high degree o f hysteresis loop squareness
49have been synthesized in  the presence of tha t applied f i e ld .  SmCOg 

fi lm s  d i re c t ly  synthesized onto heated substrates held a t a tempera­

ture of 500°C and in an argon p a r t ia l  pressure o f 150 mTorr exhibited 

high remanent to maximum magnetization values of 0.97 in  a d ire c t ion

pa ra l le l to the inplane f i e ld .  The M/Mr value up to applied f ie ld s  of
49about 5 kOe was as high as 0.9. The inplane magnetization of f i lm s
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so sputtered showed va r ia t io n  w tih in  the f i lm  plane. The re la t iv e  

minimum of the inplane magnetization was obtained fo r  an applied f ie ld  

d ire c t io n  a t  90° to the d ire c t io n  o f  the 1.75 kOe f ie ld .

The range o f substrate temperatures used proved to be high enough 

to allow fo r  d i re c t  c r y s ta l l iz a t io n  o f the deposit upon reaching the 

substrates. Well id e n t i f ie d  d i f f r a c t io n  traces were obtained fo r  the 

d i re c t ly  c ry s ta l l iz e d  as sputtered samples.

The use of d i f fe re n t  sputtering parameters has a strong e f fe c t  on 

the physical and c rys ta llograph ica l properties o f the f i lm s  and conse­

quently on th e ir  magnetic properties. For the f i lm s  sputtered from 

SmCOg targets so as to create uniform composition f i lm s ,  p a r t icu la r  

preferred o r ien ta tions  o f c rys ta l planes have been developed as a 

re s u lt  o f using d i f fe re n t  deposition r a t e s . ^  The (110) texture is 

developed in f i lm s  synthesized using re la t iv e ly  low deposition rates 

while re la t iv e ly  higher rates led to the synthesis o f f i lm s  with (200) 

texture . The formation of d i f fe re n t  textures in our f i lm s  are a t ­

tr ibu ted  to d i f fe re n t  leve ls  o f fore ign atoms, fo r  example oxygen 

and/or argon, incorporation in the deposits.

Sputtering from elemental targets enabled formation of deposits 

w ith systematic composition gradients along the length o f a s ing le 

substrate. Magnetic properties have been studied fo r  samples sput­

tered under the same conditions but having d i f fe re n t  compositions.

SmCog and Sn^Co^j phases have been id e n t i f ie d  on the same substrate
47-50using x-ray d i f f r a c t io n  and fluorescence analysis. The absolute

composition of the samples is known to ±1 % Co.

The spec if ic  (110) and (200) textures were obtained fo r  f i lm s
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sputtered from premixed SmCô  targets as a re su lt  of varying the deposi- 
50t io n  ra te . The (110) textured f i lm s  were developed upon using re la ­

t iv e ly  low deposition rates o f 0.5 and 1 8/sec, while the (200) textured 

f i lm s  were synthesized upon using re la t iv e ly  higher deposition ra te  of 

5 8/sec. In the case of gradient composition f i lm s  a d is t in c t  corre la ­

t io n  between the oxygen content in the f i lm s  and the kind o f texture 

developed in  the f i lm s  was obtained.

The coercive forces ^Hc of the SmCô  f i lm s  sputtered from premixed 

targets show re la t io n  to both the grain size and the spec if ic  texture 

developed in the f i l m s . ^  Films w ith predominant (110) and f in e  grain 

size show large in t r in s ic  coercive forces of 23 kOe in the plane o f the 

f i lm .  The in te n s ity  of the (200) re f le c t io n  of such f i lm s  to the (110) 

re f le c t io n  is  about 0.5 compared to 1.0 fo r  i t s  counterpart in  the case 

o f randomly oriented SmCog powder. The approximate grain sizes of such 

f i lm s  are 90±15 and 150±30 8 as determined from the (110) and (200) re ­

f le c t io n s  respective ly . The loca tion  o f the high anisotropy 2c s ites of 

Co in the same plane with the Sm s ites  in the stacking sequence of f i lm s

with (110) texture contributed to the large coercive force of these f i lm s
50by re s is t in g  magnetization reversal in  the plane of the f i lm .  In the 

(200) tex tu re , the Co-2c s ites  are located in planes containing only 

the Co atoms which are pa ra l le l to the substrate plane. The C-axis is 

r ig id ly  aligned in to the f i lm  plane fo r  both kinds o f texture as re ­

vealed by magnetic measurements both inplane and perpendicular to the 

plane o f the f i lm s . For example an inplane maximum magnetization of a 

(200) textured f i lm  is roughly three times la rger than the magnetiza­

t io n  of the same f i lm  measured perpendicular to f i lm  plane in the
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50same applied f ie ld .  In addition x-ray d i f f r a c t io n  traces of both 

kinds of textured f i lm s  ind ica te  the absence o f the (200) r e f le c t io n . ^  

The magnetization reversal takes place by ro ta t io n  w ith in  the 

f i lm  plane ra ther than by moment ro ta t ion  out o f f i lm  plane.

The coercive forces of SmCog f i lm s  deposited using 0.5 8/sec are 

smaller than th e i r  counterparts in  f i lm s  deposited using the higher 

rate o f 1.5 8/sec. The former f i lm s  are o f grain size la rger than 

those o f the la t t e r .  Both f i lm s ,  however, are o f the same (110) tex­

ture. This shows tha t the grain size is a fa c to r  con tr ibu ting  to the 

coercive force o f our f i lm s .  The (110) f i lm s  which were developed 

using 1.5 8/sec deposition ra te  are f in e r  in m icrostructure and mag­

n e t ic a l ly  harder than those of the (200) textured f i lm s  sputtered
50from elemental or f ixed  composition ta rgets. Varying the ta rge t 

power in  the case o f elemental targets did not seem to a f fe c t  the 

grain size in contrast to the case of f i lm s  sputtered w ith a uniform 

composition. The existence o f a composition graduent along the length 

o f a substrate could be the reason fo r  such re su lts .  The exact mech­

anism has not been f u l l y  investigated.

The magnetization reversal in  our f i lm s  takes place through the 

domain wall pinning and nucleation mechanisms. Both the remanent mag­

ne tiza t ion  and the in t r in s ic  coercive force show evident dependence

on the magnetizing f ie ld  fo r  f i lm s  sputtered e ith e r from elemental
47 50or premixed targets . ’ The same mechanism has been suggested to 

account fo r  magnetization reversal in  the bulk m ateria ls .

The high energy products measured in the plane o f the f i lm s  are 

due to the squareness o f the hysteresis loops and the high magnetic



induction o f our f i lm s .  A value o f 18 MG-Oe has been reached fo r  

ce r ta in  (110) textured f in e  grained f i lm s . Bulk m ateria ls  prepared 

by the powder metallurgy technique are reported to have energy products 

higher than those obtained fo r  f i lm s  due to the higher degree of C-axis 

alignment over three dimensions achieved in  bulk m ateria ls . Films of 

two phase 1:5 and 2:17 S n ^C o .F e jZ r)^  have been synthesized from pre­

mixed compound targe ts . Energy products of ^21 MG-Oe have been
50achieved fo r  these f i lm s .

Our f i lm s  have the highest energy products tha t we know o f in 

Sm-Co based f i lm s .  The ferromagnetic samples have been d i re c t ly  

c ry s ta l l iz e d  fo r  the most part and the magnetic properties were mea­

sured in  as sputtered samples w ithout subsequent heat treatment. The 

use of an inplane magnetic f i e ld  during the deposition which occurs a t 

substrate temperatures below the ferromagnetic Curie po in t fo r  these 

systems has allowed the synthesis o f f i lm s  with a high degree of 

hysteresis loop squareness and high energy products.
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TABLE 1

COBALT ( in  8 un its )

K = 1.79026a
K = 1.62079

h
Kedge = 1*160815

SAMAR UM ( in  8 un its )

= 2.1998

edge

1.998 

= 1.608

I I = 1.703
edge

I I I = 1.8457
edge 

= 1.726



84

TABLE 2

Composition I(Sm/Co) A(Sm/Co) at.%Co(real) at.%Co(cal)

SmCĉ 0.2643+.0007 0.49864% 0049 66.67 66.73

SmCô 0.16814.0006 0.33734-0033 75.00 74.77

SmCô 0 .1256+-. 0005 0.2498+. 0025 80.01 80.01

SmCô 0.0993+.0004 0.1956J-.0019 83.35 83.64

Sm̂ Cô  y 0.0625 ±. 0003 0.1956+.0019 89.45 89.31
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TABLE 3

A lloy R2R10 r2/ r20 at.%Co

SmCo2 0.9575 0.9169 66.67

SmCOg 0.9664 0.9334 75.00

SmCô 0.9726 0.9454 80.01

SmCOg 0.9773 0.9545 83.34

Sit̂ Co^ 0.9873 0.9741 89.45
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TABLE 4

hkl 1:3 2:7 1:5 2:17

100 20.30 20.34 20.52 12.16

101 20.63 20.67 30.52 14.18

110 35.55 35.62 35.94 21.15

200 41.28 41.36 41.74 24.47

111 35.75 35.81 42.74 22.39

201 41.45 41.54 47.85 25.55

202 41.96 42.05 63.53 28.58

300 63 .85 63.98 64.61 37.06

303 64.97 65.10 104.3 43.47
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TABLE 5

Inplane Angle M a t 14 kOe Mr /M i4  mHc -H at M/Mr =0.9 

deg emu/gm kOe kOe

O ’ 67.5 0.966 8.9 5.5

45 ' 67.5 0.969 7.6 5.3

90 65.2 0.962 7.5 5.5
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TABLE 6

at.%Co <BHU 4ttM14 4irMr i Hc S

(MG-Oe) (MG-Oe) (kG) (kG) ( kOe)

93.46 5 5 16 12 1 .75

91.81 13.25 11.10 15 12 2.75 CO

90.56 19.75 17.00 12 10.5 5.60 .83

86.97 14.-60 11.90 9.28 7.82 7.00 .84

86.64 11.80 11.50 8.00 7.20 7.20 .90

83.01 10.70 10.70 7.50 6.75 9.00 .90

79.58 6.40 4.80 7.00 5.25 8.50 .75

76.82 4.56 3.32 5.68 4.28 9.03 .75

72.46 2.56 1.02 4.71 3.32 9.67 .70
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