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ABSTRACT

SYNTHESIS OF Sa-Ti-Fe AND Nd-Fe-B MAGNETIC FILMS 

WITH SPECIAL ANISOTROPIBS 

by

LEE WICKRAMASBKARA 

Adviser: Professor Fred J. Cadieu
Rare earth-transition aetal fila aagnets of Nd-Fe-B and several new 
phases of Sa-Ti-Fe systea have been synthesised by special sputtering 
aethods to utilize the high aagnetic anisotropies of these alloys. The 

aagnetic properties of these fila aagnets were observed to be strongly 
dependent on the fila textures. Thus, by varying the sputtering 
conditions we were able to synthesize filas with crystal textures which 
gives rise to special anisotropies. Crystalline filas of Sa(FeTi)2

gand SaCOg were synthesized with large perpendicular anisotropy of 10

erg/cc, whereas (SaTi)Feg and

inplane anisotropy and static energy product of 20 MG-Oe. The Nd^Fe^B

fila systea is unique due to the fact that it can be synthesized with
7large perpendicular anisotropy of 1.5x10 erg/cc with 9 kG reaanent 

and 16 kOe coercive force or inplane anisotropy with 16 MG-Oe static 
energy product by controlling the sputtering rate. In addition, SaCo,.,

(SaTi)Feg, and Sa^CFeCoZr)yj fila systeas were synthesized in

aaorphous states in the presence of inplane aagnetic field of 2.5 kOe
iii

Sa-CFeCoZr)were synthesized with



g
and exibited large uniaxial inplane anisotropy of 10 erg/cc.
In particular, upon annealing from the aaorphous state in the saae 
aagnetic field, the SaCOg phase exhibited a coercive force larger than

22 kOe and its aoaent could not be rotated within the fila plane with
a 22 kOe external field, thus increasing the uniaxial inplane

7anisotropy constant to at least 10 erg/cc.
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Chapter 1

INTRODUCTION

Rare earth-tranaition aetal alloys have attracted considerable 
attention due to their exceptional Magnetic properties and technical 
importance. Light rare earth transition aetal rich compounds fora 
several new classes of high performance permanent magnet materials 
such as Co based alloys of SaCOg, Si^Co^ with added trace elements

and Fe based Nd^Fe^B. Cobalt based permanent magnet materials are

characterized by their high aagnetic ordering teaperature ( Tc of

SaCo. = 1000 K) while the highest known energy product have been o
attained by Fe based NdgFe^B ( MG-Oe) even though its

Curie teaperature is low (T£ of NdgFe^B = 600 K).

Since the discovery of the extremely high magneto crystalline 
anisotropy of YCOg in 1966 there has been rapidly increasing

interest in the development of cobalt-rare earth alloys as permanent 
magnets. But the actual fabrication of R-1M permanent magnets was 
not possible till the discovery of SaCOg in the late 60's. This hard

magnetic phase had an anisotropy field of 400 kOe which is the

- 1 -



highest among all known materials. In order to be a potentially 
good permanent magnet material a system must exhibit reasonably high 
saturation magnetization and Curie temperature with large easy axis 
anisotropy energy. Since cubic materials have high crystal sysaetry 
and exhibit low anisotropy,non cubic materials with unique crystal 
axis such as hexagonal,tetragonal are prefered. In uniaxial 
materials with easy plane anisotropy, the prefered direction of 
magnetization in a plane is perpendicular to the c-axis and are not 
suitable because the energy barrier for magnetization reversal will 
then reduce to that for rotation in the plane and it is usually very 
low. In order to fully utillize the high anisotropy of R-TM alloys, 
the materials must be prepared in defect free fine particle form 
(single domains) such that magnetization reversal take place by 
coherent rotation against the anisotropy field. Then the material’s 
intrinsic coercivity (resistance to demagnetization) is limited only 
by the anisotropy field. Even though RCOg compounds where R=

Y,La,Ce,Pr,Sm and mischmetal seems to have favorable properties to

be good permanent magnet materials^, only SmCo,. could be developed

into a high quality permanent magnet material. In R~C° 5  compounds

magnetization reversal take place mainly by nucleation and domain 
wall rotation because it is difficult to prepare fine particles 
without defects and the observed coercivity is very small except 
SmCOg. The intrinsic coercivity of SmCOg magnets are about 40 kOe,

which is still about 1/10 of the theorical upper limit. The R^Co^

- 2 -



seems to have higher saturation aoaent and Curie teaperature 
coaparable to 1:5 compounds. The principle drawback of the 2:17 
cobalt compound is that coercivity is limited by low 
magnetocrystalline anisotropy. Among the RgCo^ compounds,only

those with Sa, Br, Tm, and Yb exhibit the easy axis anisotropy with 
Sa2 C o ^  being the most anisotropic(Ha= 65 kOe). Pure Sa-€o 2:17

cannot be fabricated into permanent magnet because of its low 
coercivity.(about 2 kOe). However preferential substitution of 
Mn,Cr,Zr into the so called "dumb-bell" Co sites increase the

2-4anisotropy and coercivity of Sa2 Co^. High energy product (>

25MG-Oe) permanent magnet have been made with Sm2 (Co,Fe,Cu)^

systems and energy product have been further improved with small 
additions of Zr, V, Hf, Ti, Nb, etc. Once again Sm and Co are the 
basic elements to get good permanent magnet materials. The
principle characteristic of the SmCo,. (1:5) type is extremely high

intrinsic coercivity and the main feature of the 2:17 type is high 
induction. Since cobalt is comparatively scarce and expensive, 
attention was set on cobalt free permanent magnet materials. These 
investigation were carried out in rare earth iron rich compounds 
because Fe is more abundant and has a very close ionic radii. In 
comparison to SmCo system does not exist in bulk form and

**2Fe17 co-Pounda do not exhibit hard magnetic properties, i.e., it

has relatively low Curie temperatures and favors easy plane

- 3 -



anisotropy. The Curie teaperature of RgFe

those of RgFe^, but it’s crystal structures are cubic. Since R-Fe

binary compounds does not have potential to be good permanent magnet 
materials, one aay have to study ternary and or quarternary 
compounds for practical materials. The development of Co free R-TM 
permanent magnet material has been a highly active research area for 
the last decade.

The Pure Sm-Fe system exhibits only 1-2, 1-3, and 2-17 phases
5 6in both bulk and film form. The Sm2 Fe^ does not have hard

magnetic properties to qualify as a permanent magnet material, eg. 
Sm-Fe 2:17 exhibit easy plane anisotropy and has fairly low Curie 
temperature of 385 K. In contrast to Sm-Co system ,the important 1:5 
phase does not exists in pure Sm-Fe systea.

However the close proximity of Fe and Co in the periodic table( 
very close ionic radii) suggest an interesting basic research 
problem of the absence of SaFe,. phase and a challenging new question

of whether it is possible to synthesize a 1:5 phase with third 
eleaent additions. This thesis will be directed to the 
investigation of the ternary phase of Sm-Fe-M (M=non aagnetic) with 
special eaphasis on (Sa,M):Fe or Sa:(FE,M) =1:5 coaposition. The 
Sa-Fe-M systea with M= Ti,0 exhibited an additional aagnetic phase

7in Fe rich region with a higher intrinsic coercivity . In

2 2  and RM_ are higher than

- 4 -



particular, the Sa-Ti-Fe fila aagnet aystea exhibits interesting
aagnetic properties for two different Fe concentrations. We have 
discovered a new aagnetic phase in Fe rich region with coaposition 
(Sa+Ti):Fe = 1:5 with coercivities up to 24 kOe which open a new

ppossibility for Co free peraanent Magnets. For lower Fe
concentrations as in SatFe.Ti^, we successfully fabricated fila

gaagnets that exhibited perpendicular anisotropy with easy axes of 
Magnetization aligned perpendicular to the plane of the fila. In 
order to establish easy axis perpendicular to the fila plane 
intrinsic anisotropy aust be large enough to overcoae

demagnetization energy of 4*Pi*M2 due to shape anisotropy. 

Sa(Fe,Ti) 2  exhibited a large perpendicular reaanent of 3.5 kG,
0

effective anisotropy constant of 4x 10 erg/cc and Q value ( = 

k/2*PiWI2) of 5.

It is known that it is not possible to substitute iron for
cobalt for aore than 1 wt. X in RCo^ coapounds because the RFeg

coapounds do not fora by usual aelting Methods.^ By sputtering froa 
2 Sb Co«j (One (S»*Ti)Feg targets we synthesized a phase of

(Sa^Ti^) (Co(47)Fegg)g which contains 33 at. X of Fe with the

addition of 3 at. X Ti. This phase exhibited a static energy 
product of 15 MG-Oe as coapared to 18 MG-Oe of SmCOg sputtered 

8 11filas * However the highest energy product that we had achieved

- 5 -



is 21 MG-Oe in the Sa^CCo,Fe,Zr)phase with 35 at. % Fe.**

Generally Nd-Fe rich coapounds do not have easy axis anisotropy 
because Nd ions favor basal plane anisotropy. But in ternary phase 
NdgFe^B, both Nd and Fe exhibit uniaxial anisotropy and peraanent

aagnet with energy product 30 to 45 MG-Oe(theoretical upper limit=60
12 13MG-Oe) were reported. ’ presently fabrication of Nt^Fe^B aagnets

are done by two distinct aethods: The Powder aetallurgy sethod, as
used for SaCOgBagnets and hot-pressing of rapidly solidified

ribbons. Even though the raw aaterials for Nd-Fe-B aagnets are 
relatively cheap there is a aajor draw back,that the aagnetic 
properties are strongly teaperature dependent due to its low Curie 
teaperature(300 C). The Curie teaperature can be raised by replacing 

14Fe with Co. This thesis will also investigate the fabrication of 

Nd-Fe-B in thin fila aagnet fora. We have successfully synthesized 
NdgFe^B fila with static energy product of 15.6 MG-Oe froa the

procedure of sputtering aaorphous and then annealed. We have 
discovered that c-axes alignaent onto fila plane depends on the 
sputtering rate. The c-axes of these polycrystalline NdgFe^B are

15preferentially aligned onto fila plane for high sputtering rates 
(>1.8 A/sec) and are preferentailly aligned perpendicular to fila 
plane for lower rates (< 1.8 A/sec). Using low rate sputtering we

16synthesized NdgFe^B phase with aagnetic aoaents noraal to the

- 6 -



fila plane and a large effective perpendicular anisotropy constant
7of 1.2 x 10 erg/cc and Q value of 5. This switching of 

perpendicular to plane anisotropies by different sputtering rates
were not observed in the analogous SaCo- systea. Nevertheless in3
the SaCOg sputtering, we found that low rate (<lA/»«c) gave

preferential 110 texture and high rate (>2A/sec) gave preferential 
200 texture. That is, only textures switching were observed in the
inplane anisotropy SaCo- sputtered filas by different sputteringo

I7rates.

In addition to above hard aagnetic filas, we have synthesized
aaorphous R-1M alloy filas in the presence of inplane applied field
of 1.75 and or 2.5 kOe. Magnetic aeasureaents within fila plane, 
reveals square hysteresis loops when aeasured parallel to ^BpU^^er

and incline hysteresis loops when aeasured perpendicular to ^spu^^er

indicating a prefered direction of aagnetization within the fila 
plane. We have achived the higheat inplane anisotropy of any

6  18aaorphous aaterial known 2x10 erg/cc. This was observed in 
aaorphous SaCOg.Sa^Co^.and (SaTi)Feg phases and are potential

candidate for longitudinal digital recording.

In this thesis, special anisotropies as well as other aagnetic 
properties in relation to our sputtering paraaeters will be

presented.

- 7 -



Chapter 2

INTHMBTALLIC COMPOUNDS of RARE BARTH BLBMtNTS AND
Ni,Co,or Fe

Interaetalic coapounds of R-TW, where R is a light rare earth, 
fora the high perforaance peraanent aagnets when coapared to any 
other systeas. Energy product in the 45 MG-Oe is reached by 
NdgFe^B and high Curie teaperature is characterized by Co alloys

such as SaCoe(T =1000 K). The emergence of this class of aaterials3 C

in the late 1960's were probably due to the discovery of large 
aagneto crystalline anisotropy of YCo^ and availability of pure rare

earth eleaents in a large scale. Aaong 104 stable eleaents only 
three transition eleaents (Fe,Co and Ni) and one rare earth element 
(Gd) are ferroaagnetic near room teaperature. The transition aetal 
eleaents Fe,Co and Ni are characterized by their high Curie 
teaperature but low coercivity. On the other hand the rare earth 
eleaents possesses high aagnetic aoaent per atoa, strong single ion 
aagneto crystalline anisotropy and extreaely low ordering 
teaperatures. In their eleaental fora, neither rare earth nor 
transition aetals, are suitable for hard aagnetic aaterial. However

- 8 -



the combination, i.e., RE-1M alloys benefit from intrinsic 
properties of both partners, namely high single ion anisotropy of 
rare earth partner and high aagneto coupling strength (high ordering 
temperatures) of 3d transition metal partner. Because of the 
difference in atomic radii between rare earth and Fe,Co and Ni atoms 
very little terminal solubility exists in rare earth transition 
element systems. Thus the probability of forming new ductile 
aagnetic alloy is small and one must study interaetallic compounds 
for practical materials. Due to this limited solubility of rare 
earth eleaents into transition metals the thermodynamic equilibrium 
crystal structure exists only as a delicate balance between the 
attractive ionic energy and repulsive electronic energy. This 
delicate requirement readily demonstrated by the fact that SmFe^

does not exist in bulk fora, whereas the SaCo^ bulk is a stable

hexagonal structure that exhibits a aagnetic anisotropy field about 

400 kOe,at room teaperature, the highest value among all known 
ferromagnetic materials.

2.1 The Crystal Structure Of R-TM Compounds

Table 1 gives a general survey of the various structures of

19-21observed in binary R-M coapounds. The series of coapounds RM^,
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HM3 . RjjH,. HM5  AND * f l7 of special interest crystal structure of

these cosqpounds are related and originated fro* the hexagonal
lattice of CaCUg type, fro* which they arise through of si*ple

substitution accoapanied by layer shifts. Therefore this series can 
serve as a base for the study of different type of aagnetic
interactions operating on R-TW systeas.

The unit cell of CaCu^ type shown in Fig. 2(a). There are two

type of layers: In the lowest layer both R and N atoas found whereas 
in the next layer only M atoas are found. A extended view of the 
layer containing R and N atoas are shown in 2(b). Here ABCD
indicates again the basal plane of the unit cell with unit cell edge 

a. The 1^17 •tructur® arises froa the HM,. lattice via replaceaent

of one-third of all atoas by the pair of N atoas (so called 
duab-bell pairs). The new unit cell edge in the basal plane now is 
a ( 3a). If, in the basal plane replaceaent aentioned, occurs at 
site A, then it will occur at site C in the next layer containing R 
atoas. In the following layer containing R atoas it say occur at 
site A, leading to hexagonal structure, or at site F, leading to a 
rhoabohedral structure. These two possible stacking sequences are 
shown Fig. 2(c).

In order to obtain the structure of coapounds R^M^, HM^ and HMg 

one has to replace M atoas by R atoas in HMg. This is shown for RM^
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coapounds in Fig.2(d). In the basal plane of each second HM,. unit

cell one of the two M atoas are replace by R atoa followed by a
shift and ainor rearrangeaent of the atoas. This leads to a

unit cell which has saae unit cell edge in the a-direction but
c-axis is 4 tiaes as long. Also for HM3  one has two aodifications.

The corresponding stacking arrangeaents are shown in Fig. 1(e). In

siailar way one obtains the structure for the 1 ^ 7  ® * 2

coapounds. Their stacking arrangeaents shown in Fig. 2(f). For 
those structure types which give rise to two aodifications one often 
observes both foras in the saae saaple. The difference in stability
between two foras is probably saall and transition froa one fora
into other can proceed without diffusion.

2.2 Magnetic Properties of R-TM Coapounds

2.2.1 Magnetic Interactions

The aagnetic properties of R-M coapounds are deterained by 

following three types of aagnetic interactions:
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(1 ) the R-R interaction

(2) the M-M interaction

(3) the R-M interaction

Theae three types of interactions will be discussed separately

2.2.2 R-R Interaction

The interaction between the Magnetic aoaent of the rare earth 
atoas is by far the weakest one. Due to saall special extension of 
wave function the aagnetic coupling has to proceed indirectly since 
there is virtually no overlap of the 4f wave functions. One of the 
possible path of the interaction is the spin polarization of the s 
conduction electrons. Each localized 4f aoaents located elsewhere 
in the crystal lattice will fell this polarization and orient 
theaselves accordingly. The conduction electron porization due to 
given 4f aoaent is not unifora in space. It is oscillatory in 
character and its absolute value decreases with increasing 
distance. This iaplies that it lead to parallel as well as 
antiparallel coupling between aoaents. This known as

22Ruderaan-Kittel-Kasuya-Yosida (RKKY) interaction. The strength of 
this coupling depends on structure type and the nuaber conduction 
electrons. The auch stronger M-M interaction usually obscures the
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R-R interaction. Experimental evidence that the R-R interaction in 
the R-M compounds is indeed weak can be obtained through the low 
values of the ordering temperatures measured in the cases where the

M atoms do not carry a aagnetic moment. 2 4

2.2.3 M-M Interaction

The M-M interaction is the strongest one operative in R-M 
coapounds. This is a direct consequence of the much larger special 
extent of 3d wave functions as compared to 4f wave functions. The 
M-M interaction can be studied in which the component is non 
aagnetic, i.e., R = La,Y or Lu. The observed high ordering 
temperatures of these coapounds is the experimental evidence for the 

stronger M-M interaction.

The strong overlap between 3d wave functions suggested 
itinerant electron models based on the 3d band structure to be 

24devoloped, on the other hand more localized models have been 
suggested as well to explain the aagnetic properties of these

o r  O C
coapounds. ’ Experimental work including NMR and Mossabauer on 
one side and aagnetovoluae effects on the other side and gave 
indications of the localized and itinerant nature of the 3d 

electrons respectively.
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2.2.4 R-M Interaction

The order of Magnitude of R-M interaction lies between the R-R 
and M-M interactions. The observed saturation aoaents and 
teaperature dependence of Magnetization can be interpreted as being 
the result of an antiparallel coupling between R and M sublattice if 
R is a heavy rare earth and a parallel coupling if R is a light rare 
earth eleaent. These observations are consistent with the idea that 
the 3d Monents always couples antiferroaagnetically with the spin 
aoaent of R coaponent. The observed difference in behavior between 
coapounds in which R is a light or heavy rare earth eleaent then 
follow froa the fact that in the foraer the total rare earth angular 
aoaentua is given by J = L - S while in the latter J = L + S. The 
Antiparallel coupling between the 3d and 4f spin aagnetic aoaent has

25 27-29been accounted for using different aodels. *

2.2.5 Magnetic Anisotropies

Even though the exchange coupling between the electron spin is 
the aain feature of ferroaagnetic Materials, aagnetic anisotropies 
controls aost of the Macroscopic properties of these Materials. 
Anisotropy of aagnetic properties aeans that the free energy is a
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function of Magnetization. The directions where energy is 
ainiaua(i.e. easy to aagnetize) is called easy axis while the 
directions of highest energy is called hard direction. The energy 
involve in the anisotropy is euch smaller than exchange energy. 
Anisotropies can be classified as aagnetocrystalline, shape, strain, 
and pair ordering.

2.3 Aaorphous R-TM Coapounds

Aaorphous R-TM alloys can be prepared without an addition of a 
glass forming eleaent,and are found to retain relatively high Tc

(often above rooa teaperature) and aagnetic aoaent comparable with
those of their crystalline counterparts. Aaorphous R-TM alloys are
of great technical interest due to their potential application in

30 31theraoaagnetic information storage, bubble devices, and- as
32precursor aaterial for preparation of permanent aagnets.

In general aaorphous aagnetic alloys can be prepared by sputter 
deposition aethod using high sputtering rate and low substrate 
teaperature. In fact sputtering at liquid He teaperature with 
sputtering rate of few A/sec always produce aaorphous filas. 
Wheather or not the fila crystallize on heating to rooa teaperature
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can be predicted froa consideration of atoaic and coaposition 
range. This charectertic sake aaorphous aaterial precursor material 
for permanent aagnet fabrication. Our highest coercive force films 
is produced by this method which we shall discuss in later 
chapters.( SaCo5 H > 22 kOe ; (SmTi)Fe- H = 24 kOe)C D C

Froa theoretical view point aaorphous aagnetic alloys is the 
most disordered systea where the atom position,spin position and

33spin magnitude are all random. The simple case, spin glass which 
consist of a dilute solution of aagnetic element in a non magnetic 
host, atoa position are fixed but spin random.

The structure of aaorphous alloys can be describe by two
34principle models;dence random packing and aicrocrytallites. 

Systeas like Gd-Co,TbFe are describe by dence random packing and 
systems such as HoCo,. described by micro crystallites model. In

general R-TM aaorphous alloys still contain major feature of d band 
and give rise to long range aagnetic order.
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Chapter 3

BXPBHDCNT

3.1 FILM SYNTHESIS

All the filas reported here in this thesis were synthesized by 
RF sputtering in an Ar/Kr environaent. Sputtering deposition is a 
coaon aethod in thin fila preparation and are well docuaented in 

35 36 37the literature. ’ ’ The aajor characteristic features of our
sputtering techniques that were different froa the conaon approach 
were the selectively theraaliztion of the different spices of 
sputtered atoas. This selective theraalization aethod originally 
used by ay adviser, Professor Cadieu, in producing superconducting

OO
filas with high T Nb_Ge (T = 22 K). We extended thisC «5 c

theraalization scheae into aagnetic thin fila sputtering. Details 
of which, are described later. The other characteristic feature 

included, the application of a aagnetic field, Hsputter » 1*75 or
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2.5 kOe in the substrate plane during deposition in a teaperature 

environaent of 300 k to 1100 K. The advantage of **apU^^er during
39deposition was to proaote easy axis alignaent during fila growth.

There were basically 2 type of targets that we used, naaely, 
unifora coaposition targets and gradient coaposition targets. These 
targets were arranged in a co-linear fashion spanning the length of 
the substrate. In the Sa-Co based and NdgFe^B sputtering, reported

in this thesis, unifora targets were used. They were SaCo,. bulk,

TDK (Sa2 (CoFeZr)j^), bulk obtained froa Colt Industries. In the

Sa-Fe-Ti filas sputterings, both type of targets were used. For 
gradient targets, we usually eaployed one Sa and two (Fe-Ti) targets 
with fixed Fe to Ti ratio. Those alloy targets were button shape 
ingot that we arc-aelted in our specially designed arc-aelter with 
dynaaic flush-cleaning action which was especially necessary for 
those reactive rare-earth eleaents. Details of which were reported

40earlier by Cadieu et.al.

3.2 SELECTIVE THEHMALIZATION

In the sputtering process, high energy ions boabarded the 
surface of a sputtering target and ejected the surface atoas by
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aoaentua transfer. Those ejected surface atoas (sputtered atoas) 
were predoainately neutral atoas with an asyaaetric energy 
distribution center approxiaately 5-10 ev and extending up to 100 
ev. Theraalization Beans siaply,the reaoval of excess aoaentua and 

kinetic energy of the sputtered atoas and to lower the sputtered 
atoa teaperature to that of the substrate before they arrive at the 
substrate,by collision with the sputtering gas atoas. The use of 
selectively theraalized sputtering allows a delicate and or 
aetastable phase to be replicated by the subsequently arriving 
sputtered atoas.The aodel used for such calculations treat the 
collision between the sputtered atoas and sputtering gas atoas as 
elastic collisions between spheres having aaxwellian velocity 
distribution corresponding to teaperatures Tj and T2  respectively.

The average energy loss of the sputtered atoas per collision 
noraalized to the average energy of the sputtered atoas is given by 
41

f = 8  MjMgd-Tg/TjJ/atMj+Mg)2.

The fractional energy reaaning is given by

b = 1 -f.

Then the energy in K of sputtered atoas after n collisions is

w 3 8  given by

E = ( E0 -T2 )bn+ T2,
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where Eq = initial energy,and n = PtStL/Tg ia the nuaber of

collisions suffered over a distance L, where P is the sputtering gas 
pressure in aillitorr,and S is the scattering cross section. This 
aodel can easily extended to a sixture of two sputtering gases and 
equation becoaes

E = <E0-T2> b j V ,'1 . I2

In Fig. 3.1, we show the calculated change in sputtered atoa
energy as the sputtered atoas progress froa the target to the
substrate, using the above aodel. As indicated in Fig. 3.2, the
pressures of 5 aillitorr or less which is the aost coaaonly use
values in sputtering work is not large enough to theraalized the
sputtered atoas for a target to substrate distance of few 
centiaeters. A sputtering gas pressure of 150 aillitorr Ar had been 
used for aost of the filas reported in this thesis. This pressure 
is large enough to theraalized sputtered atoas to substrate 
teaperature before arrival at substrate as shown in Fig. 3.1 and

Fig. 3.2.
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3.3 THE EFFECT OF APPLIBD FIELD DURING DEPOSITION

The effect of an applied Magnetic field, which we ten 

^sputter' during deposit ion is to break the syvetry in the fila

plane and induce a Magnetic anisotropy. If the deposition 
teaperature is below the Magnetic ordering teaperature, then the 
sputtered filas would have an induce aagnetic anisotropy after the 
sputtering. The application of a aagnetic field during fila 

synthesis has been used previously by several other groups either to
42proaote perpendicular texturing for crystalline Sa-Co filas or to 

proamte uniaxial inplane anisotropy for flash evaporated aaorphous 
43Sa-Co filas In this work we have applied inplane aagnetic field 

of either 1.75 kOe or 2.5 kOe during the synthesis of R-TM fila 
systeas. Our objective was to induce an uniaxial anisotropy in the 
fila plane of aaorphous R-TM fila systeas and to enhance the 
preferential alignaent of easy axes of polycrystalline R-TM fila 
systeas. The effect is aost aarked in the case of SaCo,. filas. We

g
were able to induce uniaxial inplane anisotropy of 2.6 x 10 erg/cc 
in the aaorphous SaCo,. filas when sputtered onto water cooled

18substrate under the influence of H ., of 2.5 kOe. The effectsputter
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of HSpUtter of different aaorphous fila systeas are listed in table

2. The induced anisotropy constant were roughly constant for these
C

systeas at (1.4-2.6 ) x 10 erg/cc. This suggests that the induced 

inplane anisotropy is related predoainently to H-putter only

slightly to the details of the different coapositions. When 
annealing these saaples in the presence of H(sputter) it was found

7that the in the fila plane anisotropy increased to at least 1 0  

erg/cc. Fig. 3.3 shows aagnetization as a function of inplane angle 
for the annealed SaCo,.. It is clear that the applied external

aeasuring field of 22 kOe is not large enough to rotate the 
aagnetization by any significant aaount away froa the induced easy 
axis ( direction of HSpUtter during synthesis). Thus the induced

uniaxial inplane anisotropy aust be extreaely large and high field
aeaaureaents are needed to deteraine the anisotropy of this saaple.
The effect of H .. on those filas which were sputtered onto hot sputter

39substrate for direct crystallization is less drastic. The 
variation of aagnetization as a function of angle is only about 15 X 
as shown in Fig 3.4. This is probably due to the relatively large 
thermal energy of the deposited atoas at the hot substrate which 
then suppressed the aagnetic energy. We also noticed that the 
effect of HgpUfcter *n direct hot substrate sputtering disappears

as the grain size got saaller than about 350 A. The fila shown in 
fig. 3.4 had a grain size of about 500 A. Thus we can conclude that
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the use of Hgpu|.ter in inducing aagnetic anisotropy was highly

effective in the diffusion processes in the aaorphous annealing
processes and less effective in the stacking processes during the
hot substrate deposition. No atteapts were Bade at this aoaent to
calculate these differences although the differences would be
qualitatively understood in the following Banner. The diffusion
processes within a aedia usually has auch less energy when coapared
to the stacking processes of the foraation of that aedia and thus
the H .. can influence the diffusion processes readily. The sputter

-13theraal energy (kT) is roughly 10 erg given a substrate
teaperature of 1000 K. The aagnetic energy (uH) per ataa is roughly 
-1710 erg given a ^sputter of 2 kOe. For a grain size of 250 A, it 

5would contain 10 atoas assuaing a 5 A separation between atoas. 
The aagnetic energy of this cluster would be about 10 tiaes larger 
than the theraal energy. Since there is also a cos(0) tera where 0 
is the angle between the aoaent and the H field, the aagnetic energy 
of this cluster is probably only a few tiaes larger than the theraal
energy. In any event, the effect of ̂ sput^er should be noticeable

for grain size of roughly 250 A or larger, that is, a cluster size 
5of aore than 1 0  atoas. of course, we assuae that it is a single 

crystal within a grain. In the annealed fila, the X-Ray diffraction 
yielded a grain size of about 300 A in SaCo,., to be discussed in

details later, therefore the H .. should influence the easy axissputter
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alignaent readily. On the contrary* in the direct hot substrate 
sputtering the layers are replicating theaselves according to the 
already deposited layers. Because of this stacking procedure, the 
effective cluster would be sore like a 2  diaensional area rather 
than a 3 diaensional voluae as in the annealing case where the filas 
were already deposited. For a 2 diaensional area, a grain of 500 A

4is needed to give 1 0  atoas which then would bring the aagnetic
energy to be roughly the saae as the theraal energy. Therefore in
the direct hot substrate sputtering, grain size of 500 A or aore is
needed for H .. to exert noticeable influence. It should besputter
noted that saall grain is essential for high coercive force as 

discussed in later sections. We also assuae that the substrate 
teaperature during deposition or annealing is lower than the Curie 
teaperature in the above discussion. If the deposition teaperature 
is near or above the Curie teaperature, the exchange energy would be 
very saall and the correlation length would then be auch saaller 
than the grain size. In fact we did not observe any noticeable 

^sputter *n<*uce<* anisotropy effect in the synthesis of low Curie

teaperature phases such as NdgFe^B and Sa^Fe^Ti.
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3.4 THICKNESS MEASUREMENTS

The fila thickness was usually determined by the relation tAd = 
w, where t was the thickness, A was the area, and d was the density 
of the fila. The major contribution of error in those parameters 
was the uncertainity in the density of the deposited materials. The 
density of the bulk could be different froa that of the fila by a 
few percents due to slightly different lattice parameters and the 
presence of empty space. The necessary corrections for the lattice 
parameter differences were obtained froa our X-Ray diffraction 
results. Investigations using scanning electron microscopy were 
required to detect the presence of empty spaces in filas. All SEM 
work reported in this thesis were done at Fort Monmouth,NJ. For 
those selected filas that were investigated under the SEM, they all 
revealed dense packing suggesting that the error in using the X-Ray 
density as the actual overall density was at most few percent. On 
the whole, this thickness relation gave an error of at aost 5% in 
the worst cases. The thickness could also be checked by measuring 
the saturation flux of the aagnetic fila and it was consistent for 
those filas that we could saturate. (Most of our filas required 
high field of up to 100 kOe or aore for saturation.) The other
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aethod that we could use for thickness measurement was by Measuring 
the reflection of beta electrons froa the fila using various beta 
decay sources that gave different beta electron energies. By using 
different calibration standards, thickness aeasureaent was 
possible. Since we were aeasureing rare earth transition aetal 
coapounds, calibration standards were difficult to prepare and this 
aethod gave again an error of about 5%.

3.5 ATOM COMPOSITION

The atoa compositions were generally checked by X-Ray 
fluorescence for heavy eleaents and Auger electron spectroscopy for 
light eleaents. Details of those coapliaentary techniques were well

44-49documented in the literature. For the AES, elemental
sensitivity factor chart was used for calibrating atomic ratios. 
For the X-Ray fluorescence, calibration standards aade froa dilute 
solution of the fila atoas onto the AlgO^ substrate were used. The

coaaon aethod of dilute solutions on filter paper was not used in 
our case because the rare earth L lines were strongly absorbed by 
the filter paper as compared to the transition aetal K lines. In 
the Sa-Ti-Fe systea, it was impossible to dissolve the three 
eleaents together so Sa-Fe calibration was obtained experimentally
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and then Ti effect was calculated. The absorption of the Sb L& in a

pure Fe Matrix and a Fe-Ti Matrix was calculated froa standard
fonmla. The Fe K was Much less affected by the Ti addition For a
the TDK sputtered filas, because of the presence of five eleaents, 
no calibration standard was prepared. The X-Ray fluorescence 
results were also within 5% of the TDK bulk results. For the 
NdgFe^B filas, X-Ray fluorescence results were also within 5k of

the bulk counterpart.

The X-Ray fluorescence was perforaed on all the filas and the 
depth profile AES was only perforaed on selected filas.Soae of those 
results were confirmed using electron aicroprobe. The electron 
aicroprobe was able to separate the K ^  and K ^  lines of the

transition aetals as well as the coaplicated rare earth L lines due
to its high energy resolution. This was iaportant in our particular
application since the rare earth L lines and transition aetal K
lines were very close to each other and the electron aicroprobe

resolved it clearly by using a crystal diffractoaeter . The X-Ray
fluorescence used a Si(Li) detector of 200 ev resolution. Again the
techniques of the electron aicroprobe is well established in the
... * 50-52literature.

The X-Ray fluorescence experiaent consists of a GE X-Ray 
Machine with a Princeton Gaaaa Tech Si(Li) detector. The scheaatic 
diagraa of the X-Ray energy dispersive apparatus is shown in Fig.
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3.5. The electron aicroprobe was perforaed with a Norelco AMR-3 
aicroprobe and the AES was perforaed with a Varian cylindrical 
airror analyzer.

3.6 LATTICB PARAMETER MEASUREMENTS

Our filas were aostly hexagonal or tetragonal in structure. 
The a and c were perforaed by standard X-R ay diffraction aethod 
using a GE diffractoaeter. Our detector, Si(Li) crystal, gave good 
discriaination against the Co background in the X-Ray diffraction of 
Co based filas using Cu K lines. Our data, count versus angle,

were collected by MCA and then stored in a aicrocoaputer for later 

data processing. The lattice paraaeters were calculated by
53ainiaizing the following function for various a and c pairs.

2 1/2F={l/sin(22.5)*tan(22.5)}*{(l/N)SUM[<A -A .>«sin(A)*tan(A)] } ' ,6Xp CSX

where the sub is over N observed reflections at the angles 2A. 
Essentially we are looking for the vortex point in the F versus a 
and c 3-diaensional graph shown in fig. 3.6 and 3.7

The grain size was deterained by the well known Warren aethod
54which gives t = 0.9 * wave length / { cos(0)*B}.
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3.7 MAGNETIC MEASUREMENTS

The filas were cut into different regions for magnetic 
measurements. It was perforaed by a Foner vibrating sample 
magnetometer manufactured by Princeton Applied Research (PAR). The 
field was supplied by a conventional water cooled electromagnet up 
to 22 kOe. Curie teaperature was aeasured in the high teaperature 
oven supplied by PAR. All the high field data beyond 22 kOe were 
perforaed at Fort Monmouth and at the National Magnetic Laboratory. 
Our A^Og substrate was diamagnetic with an isotropic magnetic

—6susceptibility(at rooa teaperature) of -0.4+0.1x10 eau/ga. The
2total moment of a typical sample size of 0.04 cm was aeasured to be

_4-5x10 emu at aagnetic field of 20 koe. This was about 1% of the 
aagnetization of our fila sample and hence the substrate 
contribution to the aoaent had been neglected.
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Chapter 4

Sa(Co Fe. ) BASED AND Sa-Ti-Fe HIGH ENERGY PRODUCT FILMS ' x 1 -x

4.1 INTRODUCTION

In our investigation of SaCCo^Fcj^) based and SaTiFe based 

filas, we have achieved the following four highlights:

1 . sputtered the hightest energy product aagnetic file  in the
20 MG-Oe range with the Sa^CCoFeZr)filas.

2. achieved the highest coercive force Co free aagnetic fila: 24

kOe in SaTiFe filas.

3. achieved the highest coercive force with square hysteresis 
loop in SaCo5 annealed filas Hc> 22 kOe.

4. can substitute up to 33% Fe into SaCo,. with Ti stabilization 

while retaining 15 MG-Oe energy product.
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These will be discussed in the following sections accordingly.

The development of hard magnetic materials in bulk form have 
always been parallel with the investigation of thin film form. 
After the discovery of the SmCo,. phase, SmCo^ films were sputtered

that had coercivities of 40 kOe, but with BHm x  4 MG-Oe due to S

shape hysteresis loops. The S shape hysteresis loop feature must be 
overcame to achive high static energy product values.We had directly 
sputtered SmCo,. filas onto hot substrate in a aagnetic field and

produced flat-topped hysteresis loops with coercive forces 8.9 
39kOe. Later we extended the coercive forces to the 20 kOe range 

while maintaining the flat-topped hysteresis loops either by 
directly sputtering onto hot substrate in the presence of an inplane 
field aagnetic field or by sputtering an amorphous state and then

crystallizing in a aagnetic f i e l d . I n  addition, we have applied 
these techniques to Sa2 (Co,Fe,Zr)^ system. The directly

crystallized samples exhibit BH = 21 MG Oe while

samples,crystallized from amorphous state have shown large increase 

in coercivity.

RESULTS AND DISCUSSION 

In Fig. 4.1, the hysteresis loop measured inplane and parallel
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to H .. for a SaCo. saaple measured at -63 C up to 90 kOe is sputter 5
shown. This film was sputtered onto heated substrate at 600 C with
an inplane field of 1.75 kOe. A aaxiaua coercive force of 23 kOe
and BH = 18 MG-Oe was observed. It was observed that an optima Bax

sputtering rate of 1.5 A/sec was necessary to produce such high 
coercivities. Altering the sputtering rate to either lower or higer 
than optiaua rate produced coercivities in the 12 k Oe range. 
However, the flat-topped hysteresis loop characteristic was 
retained. The X-Ray diffraction patterns in Fig. 4.2 shows the 
(200) and (100) lines indicating that the filas were highly textured 
with the c-axis aligned into the fila plane. It was noted that the 
high coercivity arises froa very fine grain size, 150 A, and froa 
the (110) texture associated with the Co 2-c sites which have high 

anisotropy.

In Fig. 4.3, the demagnetization curve of a SaCo^ fila aeasured

at rooa teaperature up to 22 kOe is shown. It is clear that the 
flat-top nature is manifested. This fila was sputtered onto water 
cooled substrate in the amorphous state in cm inplane field of 2.5 
kOe and then crystallzed by heating in that saae field at 700 C for 
60 ain. The X-Ray diffraction pattern in Fig. 4.4 shows (200) and 
(110) lines only and an average grain size of 150 A was indicated. 
In this sputtered aaorphous and crystallized procedure, any 
correlation between coercivity and sputtering rate is not obvious as 
in contrast to sputtered hot saaple procedure.
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In Fig. 4.5, the hysteresis loop Measured inplane and parallel 

to H#putter f°r a S«2 (Co,Fe,Zr)^ fila is shown. This saaple was

sputtered onto a 600 C substrate in an inplane field of 2.5 kOe. 
The perpendicular to the plane aoaent at 18 kOe applied field was 
only 3 kG. X-Ray diffraction data (Fig. 4.6 ) indicates the (110) 
and (111) reflections with a grain size of 350 A. The high aoaent 
values due to the inclusion yielded an inplane energy product for 
this loop of 21 MG-Oe with jHc= 7 kOe. This fila has the highest

static energy product of any sputtered fila as far as we know. The
sputtering targets were TDK type Mixtures of the 1-5 and 2-17 
phases. The X-Ray diffraction pattern of the sputtered fila was 
identical to that of the TDK targets but with a slightly higher 
(110) to (111) ratio suggesting that the c-axis aore align to the 
fila plane.

In Fig. 4.7, the hysteresis loop of a Sag^o.Fe.Zr) ̂  fila Bade

by crystallizing an aaorphous fila sputtered onto water cooled
substrates in an inplane field of 2.5 kOe is shown. Heat treataents 
at 700 C of froa 40 to 60 Minutes yielded coercive forces 16 to 20 
kOe respectively. The X-Ray diffraction patterns in Fig. 3.8
exhibited (110), (111) and (201) lines with an average grain size of 
about 200 A. Although the coercivities of these TDK type filas were 
increased to the 20 kOe range, the flat-top nature of the hysteresis 
loops is less pronounced and only yeilds a of about 15 MG-Oe.
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Further iaproveaent of the loop squareness should bring the BH(aax) 
nearer its theoretical liait of above 33 MG-Oe. For the SaCo,. and

SBgtCo.Fe.Zr)^ filas that were sputtered aaorphous and crystallized

the fila surfaces were airror like. In contrast, those sputtered 
hot, showed a darker Batted finish, indicating that coluanar growth 
is the general surface aorphology. This was also confined in our

SEM studies.^
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4.2 TEXTURE STUDY OF SaCo,

It ia noted that, in the deposition of SaCOg filas,the c-axis

always prefer to align into the plane. This is confiraed by X-Ray 

diffraction in which (hkl) reflection with none zero 1 was never 
11 17observed. ' This could be understood in the following Banner. In 

the case where c-axis is perpendicular to the plane,the inplane 

atoas exhibit a hexagonal net. On the contrary, when the c-axis is 
onto the plane, the inplane atoas exhibit a rectangular net. These 

are illustrated in the following diagraa.

/ XXX'
aubatrata

C uii la parpandicular to 
aubatrata plana. C aala on i 

aubatrata.

The experiaental results indicate that (002) is not favorable 
and never observed, suggesting that the deposited atoa prefer lower 
in-plane syaswtry. The lower entropy (002) orientation is not
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favorable.

The absence of (002) orientation is also consistent with the 
surface bonding picture. Since our substrate is A^O^, the bonding

perpendicular to the surface aust be covalent. On the other hand 
the bonding along the surface aust be aetallic. The given lattice 
paraaeters with a short c-axis allows aore covalent bonding with the 
substrate in a rectangular net fashion as coapared to the larger 
a-axis that gives less atoas, ie. less bonding per unit length. 
The covalent bonding is prefered in the interface is conforaed by 
the fact that deposition onto stainless steel or No substrate is 
possible only when a thin layer of AlgO^ was coated onto the surface

first. It aust be pointed out that deposition directly onto Cu or 
Ni is possible siaply because Sa(CoNi),., Sa(CoCu),. coapounds

exists.

Also, froa the energy point of view, the c-axis caaing out of 
the plane texturing is not favorable due to large deaagnetization 
energy involved. To establish c-axis perpendicular to the fila

plane systea has to overcoae deaagnetization energy of 2*Pi*M^. Thus 
the c-axis onto the fila plane texturing is aore favorable. If a 
and c differ too auch the situation will be entirely different and 
texturing in these phases will be discussed at the end of this 

section.
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Within the prefered (200)/(110) orientations, we also find that 
these two orientations could be controlled by varying the Argon 
incoming flux during deposition via the sputtering rate. The (200) 
and (110) stacking sequences are respectively illustrated in Fig. 
4.9. By controlling the Ar boabardaent rate onto the surface, the 
(200) sequence can be coapacted to becoae the (110) sequence. 
Bxperiaentally this aeans that high sputtering rate (relatively low 
Ar boabardaent ) produce (200) orientation whereas low sputtering 
rates (relative high Ar boabardaent ) produce (110) orientation. 
Calculations shows that (110) should carry aore coercive force than 
(200) due to the inplane arrangeaents of atoas of the high 
anisotropy Co, 2c sites in the (110) stacking sequence. However in 
actual sputtering it is found that aoderate rate of sputtering ( 1.5 
A/sec ) where the grain size is saallest together with (110) ,(200) 
presence gives the highest coercive force of 23 kOe. This 
illustrates the iaportance of grain size in achieving high 
coercivity.

The texture response to sputtering paraaeters is aost drastic 
when H8putter is applied during the annealing procedure. For those

saaples that are deposited aaorphous and then annealed, external 
field of up to 22 kOe is not able to rotate aoaent within the 
plane. The X-Ray diffraction indicates (110),(200) only. When 

anneal in the absence of Haputter» x_Ray diffraction reveal patterns

that reseable randoa powder pattern with (111),(200) and (110)
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reflections. Not only texturing is achieved in the presence of 

^sputter during annealing, but soae c-axis alignment in the

direction of H .. is also achieved. The coercivity is > 22 kOe sputter
in the presence of Wsput^er as cospared to 2 kOe in the absence of

Hsputter during ">n®alin<-

In contrast to SaCo,., the other fils systeas such as tetragonal

NdgFe^B, and Sa2 Fe^Ti have been synthesized with the c-axis

preferentially align onto the fila plane as well as align 
perpendicular to the fila plane. In particular it was observed that 
in NdgFe^B low sputtering rate produced perpendicular anisotropy

while high rate sputtering produced inplane anisotropy(to be 
discussed in chapter 7). Thus the c-axis alignaent in tetragonal 
Nd-Fe-B systea is sputtering rate dependant while hexagonal SaCo^ is

not. This can be explained qualitatively as follows. When the 
c-axis of NdgFe^B is onto the plane, the inplane atoas exhibit a

rectangular net with sides 8.8 A by 12.2 A coapared to the aIsost 
square 5 A by 4 A SaCo^ net with c-axis on the fila plane. In

addition within the rectangular net the coaplicated NdgFe^B phase

contains auch aore atoas as coapared to the siaple SaCo^ phase.

Therefore at low sputtering rate it would be very difficult to 
replicate these large Nd-Fe-B rectangular nets in order to produce 
inplane anisotropy NdgFe^B due to continuous boabardaent of the
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high Ar flux. In contrast if the c-axis is cosing out of the plane, 
the inplane atoas exhibit square net with sides 8.8 A and contains 
less nuaber of atoas than the rectangular 8.8 A by 12.2 A net. Thus 
at low sputtering rate the c-axis will preferentially align noraal 
to the fila plane inspite of deaagnetization energy. At high rate 
replication of inplane anisotropy stacking sequence is possible und 
also aore favorable due to absence of large deaagnetization energy. 
These fila systeas showed aultiple stacking sequences by the 
presence of aany diffraction lines, to be discussed later, and 
consequently preferential alignaent of the c-axis in or out of the 
plane cannot be easily interpreted with any single (hkl) texturing 
in contrary to the siaple SaCOg case.

4.3 Fe SUBSTITUTION INTO SaCo,. SPUTTERED FILMS

INTRODUCTION

It has been establised that Fe substitution in SaCo5 bulk is 
possible only up to about 1 wt.* Fe because SaFe,. does not fora by

usual aelting aethods^. One of the objective of this work is to 
see if a greater aaount of Fe can be incorporated into a sputtered
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1:5 phase than have been possible by bulk sethods. Selectively 
thermalized sputtering have been used to directly crystalize these 
samples onto heated substrates with a gradient in Fe to Co 
composition. By the use of thermalized sputtering we enhance the 
possibility of forming delicate and or aetastable phases to be 
replicated by the subsequently arriving sputtered atoms.

First, we have been able to increase the Fe content to 5 at. ft 
in SmCo5 films without any third element additions. Further 
increase in Fe content is possible in thin fila fora because 
(Sm+Ti)Fe,. and (S*+Ti)Co,. exists in thin fora. Up to 33 at.ft Fe

g
substitution is possible with 3 at.* Ti replacing Sa sites. X-Ray 
diffraction pattern of these samples reasonably sharp and indicate a 
simple pattern of 1:5 hexagonal phase. Flat topped nature of the 
hysteresis loop retained and exhibit a energy product of 15 MG-Oe at 
33 at.ft Fe substituted phase coapared to 18 MG-Oe for pure SaCo5 
filas.

RESULTS AND DISCUSSION

In Fig. 4.10, hysteresis loop measured inplane and parallel to 
H sputter for Sa(Fe ggCo gg)g saaple measured at room temperature is

shown. This fila was sputtered on to a substrate at 600 C with an 
inplane field of 1.75 kOe. The inplane remanent after magnetizing 
to a 18 kOe external field was 6.9 kG. Flat topped nature of the

- 40 -



hysteresis loop retained and exhibited a coercive force of 6 kOe and 
static energy product of 10 MG-Oe.

In Fig. 4.11, hysteresis loop Measured inplane and parallel to 

H sputter for (Sa^Ti^) (Fe^Co^) saaple Measured at rooa

teaperature is shown. At a 18 kOe Magnetizing field in the plane 
flux was 11 kG. This saaple exhibited a large reaanent of 9.5 kG 
due to increased transition aetal contribution froa Fe sub-lattice. 
The aaxiaua coercive force was 4.5 kOe and had an energy product of 
15 MG-Oe as coapared to 18 MG-Oe for pure SaCOg. Anisotropy field of

this phase was about 100 kOe in contrast to 400 kOe for SaCoe. Theo
extreaely large anisotropy in SaCOg is due to uniaxial contribution

froa both Sa and Co sub-lattices. The reduced anisotropy in Fe 
substituted phase Bay be due to reduction in Co and Sa 
concentration.

Fig. 4.12, is the X-Ray diffraction data of (SaTi)(FeCo)g

phase. These were identified as (110),(200) and (111) reflections 
of 1:5 hexagonal phase. The X-Ray lines shifted to a slightly lower 
angles indicating an increase in d spacing. The lattice paraaeters 
a and c increased by about 1%. As Fe content in the saaples 
increases the intensity ratio of (lll)/(200) reflections increases.

Fig. 4.13, is the plot of Fe fraction versus reaanent ratio for
(SaTi)(FeCo)_ saaples. As Fe content increases this ratio increases 

9
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froa .02 to .25. This was correlated with emergence of the (111) 
peak indicating that c-axis out of plane alignment was increasing as 
Fe content was increased.

4.4 MAGNETIC PROPERTIES OF (Sa+Ti):Fe = 1:5 PHASE FILMS

INTRODUCTION

Pure Sa-Fe aystea exhibits only 1-2, 1-3, and 2-17 phases in 
6 5both fila and bulk fora. In contrast to Sa-Co systea, the 

important 1:5 phase is not known to exist in pure Sa-Fe systea while 

the other possible candidate 2:17 does not possess hard aagnetic 
properties to qualify as a peraanent aagnet aaterial. eg. Sa2 Fe^

56phase has a low coercivity of only .1 kOe at 4.2 K and fairly low 
Curie point of 385 K.

Previously we have reported the successful synthesis of a 
aetastable SaFe,. phase with Ti additions by selectively theraalized

7sputtering. Then we have extended our investigations by 
synthesizing this new phase with 1-15 at. t of Ti Measured relative 

to the Fe content. The grain size is fairly large and estiaated to
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be 400 A ( 20%). The intrinsic coercive force of these saaples, 
sputtered onto hot substrates exhibits a aaxiaua of 6.2 kOe and a 
static energy product of 5.5 MG-Oe at 10 at.* of Ti (Ti:Fe = 1:9) as 
■easured with an initial Magnetizing field of 18 kOe at rooa 
teaperature. High field aeasureaents up to 90 kOe aade on 5 at. % 
saaples gave coercive force of 10 kOe with a energy product of 12 
MG-Oe at -63 C. The Curie teaperatures of 5,10,15 at.* Ti saaples 
are found to be 608+10 K,630+10 K,and 650+10 K respectively. To 
enhance the Curie point we replaced soae of the Fe in the saaple by 
Co. A 5 at. % Co substitute 1-5 phase shows an intrinsic coercivity 
of 4 kOe and a Curie teaperature of 726+10K.

Since we could not synthesize finer grain saaples (to get higer 
coercivity) by direct crystalization on to hot substrates, we tried 
the alternate way, ie. sputtered aaorphous first and then 
crystalized, and succeeded in synthesizing saaples having rooa

Q
teaperature coercivities of 24 kOe. This value is aaong the highest 
of all Co free aagnetic Materials.

RESULTS AND DISCUSSION

In Fig. 4.14, the fila plane hysteresis loop and a loop for the 
aagnetoaeter field applied perpendicular to the fila plane for a 
Sa-Ti-Fe (0.075,.091,.833) saaple are shown. The inplane loop 
exhibit an intrinsic coercivity equal to 6.2 kOe and static energy
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product of 5.5 MG-Oe.

In Fig. 4.15, the diffraction pattern for the previous saaple 
(Fe:Ti = 9:1) is shown. This pattern is indexed on the basis of a 
Ti stabilized hexagonal SaFe,. phase.

In Fig. 4.16, the hysteresis loop for a SaQ 087Ti0 046Fe0 867

(5 at. % Ti for Fe) saaple is shown at -100 C for a field up to 90
kOe. The .H was 10 kG and BH was 12 MG-Oe. The coercive force l c Bax
reaain fairly constant up to -30 C with 90 kOe aaxiaua applied
field. This saaple was sputtered froa eleaental targets so as to
create a gradient in the (Sa+Ti) to Fe concentration. The data is
for the sub region of the fila with the stated coaposition. The
saaple was directly crystalized onto a substrate at 600 C with an

applied field, **sputter’ *<®e‘ ^his target arrangeaent

enabled us to synthesize a aetastable state which aay not exit in 
the bulk fora. As we reported earlier we identify this phase as a

7Ti stabilized SaFe,. hexagonal phase. It was observed that 

sputtering produced a coaposition gradient proaoted growth of large
g

grains of about 400 A in SaCo,. saaples. This was also the grain

size of these (SaTi)Fe saaples which aay explain the relatively 
lower coercive forces of these (SaTi)Fe,. saaples versus the SaCOg

saaples. The SaCog subregions froa substrates sputtered with a

coaposition gradient gave a of 8.9 kOe versus in the 20 kOe
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range for unifora coaposition filas.** Controlling the grain size in 
the (SaTi)Fe. saaples should increase the .H .D 1 C

In Fig. 4.17, the hysteresis loop of a new ternary Sa-Ti-Fe 
phase is shown. This saaple waa aaorphoua as sputtered and then 
annealed in-situ at 800 C. This was done as a part of our atteapt to 
control the grain size of (SaTi)Fe,. phase. Although this saaple

contains both hard and soft aagnetic phases, it is estiaated froa
the aagnetic data that 80 % by voluae is of the hard aagnetic
phase. High field data obtained at the National Magnet Laboratory, 
courtesy of Gruaaan Corporation, gave a rooa teaperature ^Hc of 24

kOe. In the fila plane 4*PitM values at 145 kOe parallel and 

perpendicular to ^spu^ter were 12.8 and 11.8 kG respectively. The

easy axis was in the fila plane in contrast to hot sputtered 
saaples. This also agreed with X-Ray indexing. Since this saaple 
exhibited inplane anisotropy at an applied field of 145 kOe, the 
anisotropy field associated with this phase aust be greater than 145 
kOe. X-Ray diffractoaeter trace (Fig. 4.18) with Cu radiation
showed strong reflections for the (212), (220), (310), (320), (231),
(400) lines based on tetragonal indexing and a = 8.290+ 004 A and c

=12.500 ± .005 A. We had tenatively identyfy this hard aagnetic
Ti in analogus to RgFe^B systea. The

estiaated saturation flux using two sub-lattice aodel was about 16 
kG at rooa teaperature and this value agrees with our aaorphous

phase as tetragonal Ss„Fe.^
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results. It is not surprising that both NdgFe^B and S^Fe^Ti have

comparable flux because most contribution to the aoaent coaes froa 
the Fe sublattice. The Curie teaperature of this new phase was 
found to be 630 K and about 50 C higher than that of NdgFe^B.The

roughly estiaated grain size about 150 A. As expected decrease in 
grain size resulted in large increase in coercivity. This new phase 
could be a very good candidate for a high energy product Co free 
permanent magnet aaterial.

In Fig. 4.19, the magnetization as a function of teaperature is 
shown for a SaQ 084Ti0>084Fe0 833 (10 at. * Ti for Fe) saaple

aeasured in an applied field of 5 kOe.

CONCLUSION

Our group had discovered a new ternary hard aagnetic phase at 
about 83 at.% Fe with Ti addition and I included it as part of ay 
thesis proposal in 1983. Presently, we found that the annealing 
process gave the Sa^Fe^Ti tetragonal phase with 24 kOe coercive

force and the hot substrate direct sputtering gave the SagTi^Fe^,.

hexagonal phase where the Sa/Ti ratio could be a variable because 
the Sa and the Ti occupied only the rare earth sites of the 
hexagonal phase. This is siailiar to the Sa^Co^^ phase where both

17the hexagonal or the rhoabohedral phases could be synthesized.
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Chapter 5

Nt^Fe^B High Energy Product Files 

INTRODUCTION

The NdgFe^B iron based permanent nagnet naterial have been

successfully sputtered in thin filn with energy product of 16 MG-Oe

15and intrinsic coercivity of 15 kOe. Our sputtering technique have 
two unique features, nanely we have applied field of 1.75 kOe in the 
substrate plane during the deposition and our sputtering pressure is 
high enough to achive thernalization before their arrival at the 
substrate. These sputtering features are essential in sputtering 
Sn-Co based fila magnets that have high energy products( > 20 MG-Oe

range) as we reported earlier.In contrast to the SaCo,. hexagonal

systea, the NdgFe^B has a lower anisotropy and lower ^Hc> and

structurally NdgFe^B is a rather complicated tetragonal structure.

It is expect that the sputtering paraaeters for producing high 
energy product SaCo,. based fila magnets to be different froa that
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for producing NdgFe^B filas. Indeed we found that c-axis alignaent

onto fila plane depends on the sputtering rate incontrast to SaCOg.

c-axis of NdgFe^B is align onto fila plane for high sputtering

rates(>2 A/s) while for lower rates (<.8 A/s) align perpendicular to 
fila plane. Also to achive coercivities over 10 kOe auch higher 
deposition teaperatures were needed. In this chapter various 
condition for synthesizing high energy product type Nd^Fe^B fila

aagnets are reporting. The synthesis of perpendicular anisotropy 
NdgFe^B fila aagnets will be discussed in chapter 7.

RESULTS AND DISCUSSION

In Fig. 5.1, hysteresis loop of a saaple Bade at 700 C is 
shown. This saaple exhibits a static energy product of 7 Mg-Oe and 
a intrinsic coersivity of 8 kOe at aagnetization field of 18 kOe. 
The observed coercivity of filas aade 600 C under siailar condition 
is about 6 kOe. At this teaperature, the analogous SaCOg fila could

be sputtered with coercivity in the 15 kOe range and flat topped

square hysteresis loop as we reported earlier.It is clear that 
the NdgFe^B fila needed a higher deposition teaperature for optiaua

aagnetic properties. The estiaated grain size of the above sention 
two saaples were about 500 A( 20X error) range. This grain size 
aust be reduced to achive higher coercivity.
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In Fig. 5.3, a hysteresis loop of a sputtered NdgFe^B fila

deposited at 750 C substrate teaperature is shown. Only ainor
hysteresis loops could be obtained with a aaxiaua external field of 
20 kOe. The in the fila plane .H in this case was 16 kOe. Froar 1 C

the X-Ray diffraction pattern, the grain size is estiaated to be 200 
A.

In Fig. 5.4, hysteresis loop of a saaple first Bade aaorphous 

and crystallized is shown. This saaple has been pulse at 50 kOe
before aeasuring at aaxiaua dc field of 20 kOe. The flat topped 
nature were siailar to the case of SaCo,. filas and exhibited a large

intrinsic coercivity. Energy product and intrinsic coercivity is 16 
MG-Oe and 15 kOe respectively.lt is clear that this aeasured loop is 
a ainor loop. The observed flux of 10 kG is auch lower than the
expected saturation value of 16.4 kG Nd^Fe^B phase.
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Chapter 6

LARGS INPLANE ANISOTROPY AMORPHOUS FILMS

INTRODUCTION

Aaorphoua filas of SaCOg, Sa^CCoFeZr)(SaTi)Fe,. and Nd^Fe^B

coapositions have been synthesized by RF sputtering onto water
cooled substrates with a aagnetic field, H .. , of 2.5 kOesputter

18applied in the fila plane during the deposition. Originally we had 

aade the first use of an inplane **SpU^ter *° directly

crystallized onto hot substrates high energy product Co based filas
39 7and to synthesize a new (Sa,Ti)Fe,. phase. ’ The objective in using

a HSpUtter field has been to obtain a certain degree of preferential

alignaent of the c-axis of these systesw within the plane of the
substrates. By using these aethods we have produced filas with in

the film plane static energy product in the 21 MG-Oe range.11 In 
this work we investigate the aagnetic properties of these aaorphoua 
coapositions aade with an inplane field of 2.5 kOe. All the the
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hysteresis loops when Measured in the fila plane and parallel to 

^sputter are 8<luare “ d fl®t topped; but exhibit inclined loops when

aeasured in the fila plane but perpendicular to ^sput^er. The in the

fila plane anisotropy constants for these systeas are in the range
Cof 10 erg/cc. These anisotropy constants are auch greater than 

those of the CoTi systea sputtered with an inplane field of 0.5 
57kOe , but coaparable to those of Sa-Co filas flash evaporated with

43an inplane field of 1 kOe The intrinsic coercive forces, jHc,

range froa 200 Oe for (Sa,Ti)Feg coapositions to 1000 Oe for the

SaCOg coapositions. The saaples have been deposited onto polished

AlgOg substrates and exhibit saooth airror-like surfaces. No

degradation with tiae of either the appearance or the aagnetic 
properties have been observed.

RESULTS

In Fig. 6.1, hysteresis loops of an aaorphoua SaCOg coaposition

filas are shown for in the fila plane aeasureaents parallel and
perpendicular to H . H .. for this fila was 2.5 kOe. Thesputter sputter

hysteresis loop Measured parallel to ^8pU^ter *8 a reEu ^ar

rectangular loop with ^Hc of 1000 Oe while the loop Measured
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perpendicular to H .. is inclineed with a saaller H of 500 Oe.sputter 1 c
Within the fila plane 2 kOe were required to fully saturate the fila
parallel to H .. and 10 kOe to saturate in the fila plane but sputter

perpendicular to ^8putter" *'ar®e aBount of inplane anisotropy

observed is due to the Hsputter during deposition. Filas of

this type exhibit saooth airror like surfaces. When appropriately
crystallized such filas exhibit flat-topped hysteresis loops when

aeasured parallel to H .. with . H values of >22 kOe.^ Suchsputter i c
large coercivities are due to the aagnetocrystalline energy of the 
crystalline SaCOg phase.

The aaorphoua Sa^CCoFeZr)^ coaposition filas also showed

siailar results when sputtered under the saae condition as the 
aaorphoua SaCOg coaposition filas. The inplane hysteresis loops

aeasured parallel and perpendicular to Hsputter f°r auch a saaple

shown in Fig. 6.2. The .H parallel to H .. was 700 Oe and• i c  sputter

inplane perpendicular to H#putter waa Oe. The inplane field

required to saturate the saaple perpendicular to ^spu^^er was 5 kOe

while only 600 Oe saturated the saaple parallel to H8pufcfcer* This

type of fila had a saooth airror-like surface. Proper 
crystallization has been shown to raise the ^Hc to 20 kOe range but

the loops aeasured parallel to ^sputter were not ** flat-topped as
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the crystalline SaCo,. filas.g

In Fig. 6.3, inplane hysteresis loops for an aaorphoua 

(SaTi)Feg systea fila with coaposition Sa^ 0 7 5 * * 0  092Fe^ ‘®*^ are

shown. This saaple was sputtered froa three arc aelted targets of 
the saae coaposition so that a unifora coaposition was obtained onto 
the substrate. For the inplane loop parallel to sputter ^Hc was 500

Oe and inplane perpendicular to ^apU^^er waa 300 Oe. An inplane

anisotropy field for perpendicular versus parallel to ^SpU^ter

saturation of 5 kOe was observed.

In Fig. 6.4, inplane hysteresis loops for a siailar (SaTi)Fe

systea fila with a coaposition of SBq q69T*0 098Fe0 833 are •*lown‘

Two aajor differences were aade in the synthesizing these saaples.
The saaple was a subregion of a substrate sputtered so as to create
a coaposition gradient spaning the (SaTi):Fe = 1:5 range and the
H .. eaployed was 1.75 kOe. The .H values inplane parallel andsputter i c
perpendicular to **BpU^^er were 700 Oe and 500 Oe respectively. The

field required to saturate inplane parallel and perpendicular to

H .. were 1.5 and 3 kOe respectively,sputter

All the hysteresis loops are either saooth rectangular loops
when aeasured parallel to H .. or inclined loops when aeasuredsputter
inplane and perpendicular to KgpU^ er- There was no evidence of any
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■ix phases and or nixed coapositions in these aaorphous filas. Most 
of the Co based filas have high aoaents and external fields 
perpendicular to the fila plane did not saturate the filas in that 

direction. The inplane reaanant aoaents parallel to ^8pu^^er were

at least an order of nagnitude larger than the inplane reaanant 
aoaents perpendicular to H . .
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DISCUSSION

The aaorphous files reported were sputtered with a Magnetic 

field **gpUtter applied in the substrate plane during the

deposition. For the system reported the hysteresis loops Measured 
in the fila plane and parallel to ^gpu^er exhibit rectangular loops

and inclined loops when Measured in the plane but perpendicular to 

Sputter' larS® degree of inplane anisotropy is evident froa the

very different field values required to saturate the film inplane 

parallel versus perpendicular to ^sputter' *̂ ie Educed inplane

anisotropy was created during the deposition due to the presence of
the H .. field. This anisotropy m y  arise because the H .. sputter sputter
applied during the deposition selectively favors those interatoaic
distances that give positive contributions to the exchange energy.
This then induces effective fields within these aMorphous states in
the direction of H .. . The results of these induced fields are•putter
the inclined loops inplane but perpendicular to HgpUtter and the

very smll ratios of the inplane reaanant aoaents perpendicular 
versus parallel to HSpUtter* This consistent with the larger inplane

anisotropy for the (SaTi)Fe saaples of Fig. 6.3 with HspU£ter = 2.5

kOe versus the lower anisotropy for the Fig. 6.4 saaple where 

Hsputter = *f®e* • H i ^ l y  higher Ti content of the Fig. 6.4

saaple versus the Fig. 6.3 saaple increase the coercive forces

- 55 -



slightly which is seuse trend exhibited in crystslline samples.

The saturation moments, anisotropy fields, and anisotropy 
constants, for magnetizing these compositions in the film plane 
parallel versus perpendicular to HSpUtter* are susaarized in table

2. The in the film plane squareness ratios Mr/M# remanent moment to

saturation moment, when originally magnetized in the film plane 
parallel and perpendicular to Hsputter are siamsarized in table 3.

Although there is no long range order, there is a correlation 
between the coercive forces of these amorphous films with the 
corresponding coercive forces of crystalline films. The largest 
amorphous .H , 1000 Oe, was obtain for the amorphous SmCo.1 C O

composition, followed by 700 Oe for SagCCoFeZr)^ compositions, and 

then 500 Oe for (SmTi)Fe. compositions. The corresponding .H9 X C

values we have reached in crystalline forms are > 22 kOe for SmCo^,

20 kOe for S m g C C o F e Z r ) a n d  24 kOe for (SmTi)Feg. The

preaence of short range order in these systems give rise to the 
broad amorphous hump seen in the X-Ray diffraction patterns. The 3d 
transition metal electrons overlap the localized 4f electrons of the 
Sm atom to produce in analogy to the crystalline state. The absence 

of long range order however does not allow the full crystal field 
energy of the crystalline state to develope and the coercive forces 

are down an order of magnitude from the crystalline values. The
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anisotropy constants were roughly constant for these systems at
g

about 1.5 x 10 erg/cc when ®sputter = *t®e‘ T*1*5 supports

the fact that the induced inplane anisotropy is related
predominantly to H .. and only slightly to the details of thesputter
different composition. For the sample of Fig. 5.4 for which the
lower value of H .. ,1.75 kOe, was used a lower value of 0.8 xsputter
g

10 erg/cc was obtained for the inplane anisotropy constant.
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Chapter 7

FIIM5 WITH LARGS PERPENDICULAR ANISOTROPY

7.1 INTRODUCTION

We have successfully synthesized perpendicular anisotropy 
crystalline phases of SaCFeTi^iNc^Fe^B.and SaCo^ in thin fila fora

9 16by selectively theraalized RF sputtering. ' Magnetic and X-Ray 
data of these phases reveal that easy axes align perpendicular to 
the fila plane.

Nd-Fe-B and SaCo^ exhibit hard aagnetic properties with high

coercivities while SaCFeTi^ with its low coercivity seeas aore like

perpendicular recording aaterial for either conventional or 
theraoaagnetic recording. These two different class of 
perpendicular aagnetic anisotropy fila systeas will be discussed 
separately in this chapter.
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7.2 PERPENDICULAR MAGNETIC ANISOTROPY IN Sa(FeTi)2 FI IMS

INTRODUCTION

Ever since the realization of perpendicular recording can be
58used to achive high density recording, nuaerous crystalline fila

systeas have been synthesized with perpendicular aagnetic
59 go-62 63anisotropy. These include filas such as Co, Co-Cr, ,Co-Ru,

Co-V, 6 4  Co-0, 6 5  Co-Cr-Ru, 6 6  Co-Ni-Mn-P, 6 7  Fe-Nd-Ti, 6 8  Fe-N, 6 9  and 
70BaFe^gOjg, thin filas.

gWe had successfully synthesized new SaCFeTi)^, aagnetic thin
0

filas which exhibited large perpendicular anisotropy of 5 x 10 
erg/cc. The saturation flux of the new phase was 4.6 kG and 
perpendicular reaanant was 3 kG. External fields, up to 18 kOe were 
not large enough to saturate the saaple in the fila plane and 
estiaated effective anisotropy field was about 35 kOe. Also those 
saaples exhibited a large perpendicular to parallel reaanant ratio 
of 3. No substrate bias was needed to produce the perpendicular 

anisotropy phase as required for aost of the previously aentioned
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systems. Samples were first deposited onto room temperature 

substrates and then crystallized to reveal the perpendicular 
anisotropy phase. Films made without Ti or directly synthesized 
onto heated substrate did not show the large perpendicular 
anisotropy.

Film samples had been sputtered by selectively thermalized RF 
sputtering from a set of three colinear targets. The 
crystallization was performed in-situ right after sputtering. The 
magnetic data were taken with a vibrating sample magnetometer at 
room temperature and structure and composition determination were 
done with Cu radiation using Si(Li) detector.

In Fig. 7.1, a plot of .Hc versus Fe concentration is shown.

For samples that were sputtered amorphous and then crystallized, a 
peak of jHc when measured perpendicular to the film plane was

observed corresponding to a SafFeTi^ cubic phase. For samples that

were sputtered crystalline directly as in hot substrate deposition, 
a peak of ^Hc measured parallel to the fila plane was observed at

the (SaTi)Feg composition as we discussed in chapter 4.

In Fig. 7.2, the hysteresis loops of the Sa(FeTi> 2  film are

shown. The perpendicular loop (a) was a typical square loop of a 
perpendicular anisotropy film with ^Hc < 4*Pi*Mg. The perpendicular

remanant to parallel reaanant ratio was equal to 3 and the external
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field necessary to saturate the saaple in the fila plane(anisotropy 
field) was estiaated to be 25 kOe. The saturation flux was 4.6 kG 
and perpendicular reaanant was 3 kG. It clearly indicates that the 
above fila was associated with large perpendicular anisotropy and 
the estiaated intrinsic perpendicular anisotropy constant was 5 x
C

1 0  erg/cc.

In Fig. 7.3, a X-Ray diffraction trace of this saaple is 
shown. It exhibits a cubic structure as that of SaFe^. We group Ti

with the Fe because the observed lattice is 2% larger than that the 
SaFe2  lattice and the Ti possibly go into Sa sites. Only the (220)

and (311) reflections were observed. A grain size average of 350 A 

( + 2 0 %) was estiaated froa the broadning of the peaks.

In Fig. 7.4, the reaanant aagnetization of the saaple after 
initially aagnetized to 18 kOe external field is shown. After the 
saaple initially aagnetized perpendicular to the plane and in plane, 
then rotated in zero field, aoaent relaxes perpendicular to the

plane in spite of large deaagnetization energy(= 2*Pi* M2). It
clearly deaonstrated that the easy axis preferentially align 
perpendicular to the plane.

DISCUSSION

In general aagnetic anisotropy of cubic RFe^ coapounds were of
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about two order of Magnitude saaller than uniaxial RgCc^ and RCo,.. 

But TbFe^ and SaFe^ exhibited anisotropies coaparable to that of

uniaxial crystals because of large anisotropic 4f charge density of
3+the R ion and strong Fe-Fe and Fe-R interactions. For exaaple,

7Magnetic anisotropy and anisotropy field of TbFeg were 7.6 x 10

erg/cc and 100 kOe respectively. Even though there was no such 
aeasureaent done on SaFe2  so far due to unavailability of single

g
crystal, the observed perpendicular anisotropy of 5 x 10 erg/cc was 
not unusual for SaFe^ systea. The total observed anisotropy was the

sua of intrinsic and aagneto elastic anisotropies. The exact origin 
of perpendicular anisotropy of SaCFeTi^ is not known at the

aoaent. Since SbF« 2  (TbFeg the other) has one of the largest
_3aagnetorestrictive coefficient ( 1.56 x 10 ), the contribution froa

aagneto elastic anisotropy could be significant.

7.3 HIGH .H^ PERPENDICULAR ANISOTROPY Nd-Fe-B FILMS

INTRODUCTION
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Fila samples of Nd^Fe^B which exhibited perpendicular

anisotropy had been synthesized by selectively thermalized
16sputtering onto heated substrates. Minor hysteresis loops measured 

with fields up to 20 kOe perpendicular to the fila plane exhibited a 
reaanant aoaent of 7.5 kG and an intrinsic coercive force, ^Hc, of

14.8 kOe at room temperature. The easy axis of aagnetization was 
perpendicular to the fila plane which correlated with a preferential 
texturing of the c-axis out of the fila plane as observed by X-Ray 
diffraction. Effective large perpendicular anisotropy constant of

7
1 . 2  x 1 0  erg/cc had been observed.

Aaong the rare earth transition aetal permanent magnet systems, 
the NdgFe^B bulk sample exhibits the highest energy product of 45

MGOe. High energy product materials in thin films usually aligned 

the easy axis onto the substrate planes. Good examples are the

SmCOg sputtered films which we had studied extensively.^

Perpend icul ar unisut.i opy requires the easy axis to lie normal to the 

film plane and is generally not possible if the saturation 

magnetization is very large. For the moment to align perpendicular 

to the plane, the intrinsic anisotropy must be positive and be large

2enough to overcome the demagnetization energy 2*Pi*M . Perpendicular

69 9anisotropy crystalline phases, for example: ^e^N, SmCFe.TiJg,

60Co-Cr, exhibits either low or moderate saturation fluxes and loose
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their perpendicular anisotropy as the flux increases. It is 
therefore surprising that NdgFe^B fila magnet can be sputtered with

7large effective perpendicular anisotropy of 1 . 2  x 1 0  erg/cc by 
controlling the sputtering parameters in spite of its large 
saturation magnetization.

The high energy product SaCOg hexagonal phase cannot be

sputtered with perpendicular anisotropy. In contrast, the Nc^Fe^B

complex tetragonal phase gives more degrees of freedom in crystal 
orientation that can be controlled by varying the sputtering 
condition. In this chapter, only the details of perpendicular 
anisotropy sputtering are discussed since the high energy product 
sputtering was disscussed in the previous chapter.

EXPERIMENT

Approximately 1.5 micron thick fila samples had been RF 
sputtered from a set of colinear Nt^Fe^B bulk targets obtained from

the Cruecible Research Center. The sputtering gas pressure of 150 
microns Ar was sufficiently high to theraalize the sputtered atoms 
to the substrate temperature before deposition. The substrates were 
heated to the desired temperature to achieve direct 
crystallization. No subsequent heat treatment was employed after 
direct crystallization. Sputtering rate was controlled by the
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target bias voltage. The fila coapositions were checked by X-Ray 
fluorescence. X-Ray diffraction was performed with Cu radiation.

g
Details of the experiaent were discussed elsewhere.

RESULTS AND DISCUSSION

The hysteresis loop aeasured perpendicular to the fila plane 
for an as sputtered NdgFe^B fila deposited at 700 C substrate

temperature with a sputtering rate of 0.9 A/sec is displayed in Fig. 
7.5 (aolid line). The observed moment at 18 kOe was 9.2 kG. This 
combined with a relative low coercivity of 7.3 kOe gave an inclined 
shape to the otherwise square loop because of the demagnetization 
4*Pi*M. The dash line represents measurement parallel to the film 
plane. The remanant moment of the dash line is 3.5 kG compared to
7.2 kG in the solid line indicating the c-axis prefer to align more 
perpendicular to the film plane. The X-Ray diffraction is shown in 
Fig. 7.6 where it is observed that (105),(214) are the prominent 

peaks suggesting a preferential texturing of the c-axes normal to 

the film plane.

Film sputtered under the same condition but at a higher rate 
gave c-axes preferentially aligned onto the film plane. In Fig. 
7.7, the magnetic responses of a NdgFe^B sputtered under the same

condition as the film in Fig. 7.5 but with a rate of 2 A/sec is
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shown. The parallel to plane direction had attained a higher aoaent 
coapared to the noraal to plane direction. This suggests that the 
c-axes are sore aligned onto the fila plane. This is consistent 
with the X-Ray diffraction pattern as shown in Fig. 7.8, where the 
(031) line is larger than the (222) line. The presence of the (310) 
line also indicates c-axes aligned aore onto the fila plane. The 
aost striking difference of Fig. 7.6 and Fig. 7.8 is that aost aajor
peaks occured at angles froa 34 to 46 degrees in Fig. 7.6 whereas
aost aajor peaks occured at lower angles froa 28 to 33 degrees in 
Fig. 7.8. These correspond to d-spacings of 1.973 A to 2.637 A in 
the low rate sputtered fila and 2.715 A to 3.187 A in the high rate 
sputtered fila. This illustrated that low rate sputtering produced 
a relative close pack stacking sequence than high rate sputtering. 
This is again consistent with the fact that low rate sputtering
produces a c-axis preferential texture noraal to the fila plane 
since the c-axis is the aore closely stacked direction in the 
NdgFe^B tetragonal phase. The low rate sputtering allows

relatively aore Ar atoas boabardaent when coapared to the sputtered 
atoas flux. This Ar pseudo coapression certainly favors aore close 
stacking sequence. In high rate sputtering where the c-axis is aore 
aligned onto the fila plane, it is also consistent that the lattice 
favors larger d-spacings so as to ainiaize the stored aagnetic
energy. Therefore it is concluded that low rate sputtering is 
essential in producing perpendicular anisotropy NdgFe^B filas.
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The hysteresis loop Measured perpendicular to the fils plane 
for an as sputtered Nd2Fel4B fila deposited at 800 C substrate 
teaperature with a 0.6 A/sec sputtering rate is displayed in Fig. 
7.9 (solid line). The flux at 20 kOe external field is 8.5 kG and 
the perpendicular reaanant at zero applied field is 7.5 kG. The
coercive force is 14.8 kOe as a result of higher deposition 
teaperature. The Magnetization versus internal effective field, 
after correction for the deaagnetization factor, is shown as cross
points. The high and reaanant aoaent Bakes these fila aagnets

unique aaong the perpendicular anisotropy Materials. The area
bounded by the Magnetization curves in the easy (solid line) and
hard (dash line) directions gave an effective perpendicular

7anisotropy constant of 1.2 x 10 erg/cc. An X-Ray diffraction trace 
is shown in Fig. 6.10. The proainent peaks are (214), (204), and 
(105) reflections. This indicated a preferential texturing of the 
c-axis noraal to the fila plane. Coaparing to Fig. 7.6, this also 
shows aore c-axis texturing noraal to the fila plane.

CONCLUSION

In this report, we have established that low rate sputtering is 
essential to produce perpendicular anisotropy and high deposition 
teaperature is necessary to produce high coercivity in the Nd^Fe^B

phase. The NdgFe^B systea is unique in that large values of the
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static energy product and extreme values of effective anisotropy 
constant can be obtained in the saae compound. The ratio of the

g
intrinsic perpendicular anisotropy constant ( 15 x 10 erg/cc ) to

the demagnetization energy (2*Pi*M2  = 2.8 x 1 0 ^ erg/cc) gives a Q 
value of 5.3.

7.4 PERPENDICULAR ANISOTROPY SmCOj FILMS

INTRODUCTION

Fila samples of SaCo^ which exhibit large perpendicular

anisotropy have been synthesized in thick fila fora by direct hot 
substrate sputtering froa eleaental targets. In the Sa-Co systea, 
only the SaCo^ phase could be synthesized with perpendicular

anisotropy, while other Co rich fila phases such as Sa^Co^ and SaCo^

exhibited inplane anisotropy. ^  Since the SaCo^ is a rhoabohedral

with a = 5.050 A and c = 24.59 A, it reseables a long cylindrical 
shape just like the NdgFe^B phase that were discussed earlier.

Therefore, the prefered orientation would be the c-axis 
perpendicular to the fila plane in hot substrate sputtering with low
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rate. Anong system that exhibit perpendicular anisotropy, the 
SaCo^ phase has the highest Curie teaperature of 1050 K. Coabined

with a large perpendicular reaanent of 5.2 kG, SaCo^ filas could be

an excellent candidate for flux generation fila aagnet where
highteaperature tolerance is required.

RESULTS

In Fig. 7.11, the hysterisis loop of a S b C ° 3  saaple

crystallized at 650 C is shown. The solid line was aeasured
perpendicular to the fila plane direction, while the dash line was 
aeasured parallel to the fila plane direction. The solid line loop 
was as aeasured and no deaagnetization correction was eaployed. The 
perpendicular reaanent was 5.2 kG and coercive force was 6.2 kOe. 
Saturation flux and calculated lattice paraaeters agreed with the 

71bulk values. X-Ray diffraction pattern was shown in Fig. 7.12 with 
only (1 1 1 ), (2 0 1 ) being observed and this suggested a c-axis coning 
out of the fila plane. This is consistent with the aagnetization 
data, where 18 kOe applied feild in the fila plane could not 
saturate the saaple.

CONCLUSION
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Perpendicular SaCo^ fila aagnets were sputtered with intrinsic
g

perpendicular anisotropy constant of 8.2*10 erg/cc and a Q value of 
7.6. Unlike SaFe^ and NdgFe^B which have low Curie teaperatures of

650 k and 580 k respectively, SaCo^ has a Curie teaperature of 1050

K. Thus, the aagnetic properties of the perpendicular SaCo^ fila

phase are less teaperature dependent and these filas could be an 
iaportant class in fila aagnet technology application.

- 70 -



Chapter 8

CONCLUSIONS

Saaple* of rare earth transition aetal ayateas of the type 
Sa-Co, S»-Ti-Fe and Nd-Fe-B were synthesized in thick fila fora 
either by directly sputtering onto hot substrate in a aagnetic field 
or by sputtering aaorphous state and then crystalizing in a aagnetic 
field. By eaploying, what we teraed, selectively theaalized 
sputtering, the desired phases were directly synthesized onto heated 
substrates, so that saaples were highly textured and stable on the 

substrate surfaces. The in the substrate plane applied

aagnetic field during sputtering had been used to achieve a partial 
preferential alignaent of the c-axes within the fila plane for 
crystalline filas and also were used to synthesize large in the fila 
plane anisotropy aaorphous filas. Fila coapositions were deterained 
by X-Ray fluorescence, Auger electron analysis and Electron 
aicroprobe analysis. It was observed that low oxygen content in the 
fila (below 2 at X) was essential to produce single phase fila 
aagnets. The crystal phase deteraination was being studied by X-Ray 
diffraction. For those filas that had bulk counterparts, the X-Ray 
diffraction pattern reseabled the bulk X-Ray patterns. It was
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observed that the relative intensities of the X-Ray peaks,i.e., the 
texturing, could be control by varying the sputtering parameters 
such as sputtering rate, HSpU ĵ-er» sputtering presure, and substrate

temperature, provided that the sputtering gas pressure was high
enough to thermalize the sputtered atoms. A model based on hard
spheres collision was used to account for the thermalization 

effect. A magnetic field ^gpu^ter 1-75 or 2.5 kOe was applied

along the substrate plane during annealing or hot sputtering to
promote c-axis alignment. A qualitative model relating the grain
size, magnetic energy and thermal energy was used to describe the
H .. effect, sputter

The sputtering rate effect was corelated with the relative Ar 
(sputtering gas) bombardment flux to the sputtered atoms flux. In 
the SmCo,. case with almost cubic shape, the c-axis is always aligned

onto the film plane and sputtering rate could only control (1 0 0 ) or 
(110) texturing. In the NdgFe^B case with long cyclinderical

shape, the sputtering rate could control the c-axis alignment in 
that low rate gives perpendicular to fila plane alignment and high 
rate gives onto film plane alignment.

We had successfully fabricated high energy product fila aagnets 
of up to 21 MG-Oe based on the SagtCoFeZr)^ system. Samples have

been directly crystallized onto heated substrates in the presence of 
an applied inplane magnetic field of 2.5 kOe. These filas possessed
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flat topped hyateresia loopa and exhibited a saxisus coercive force 
of 7 kOe and an inplane reaanant of 10 kG. The coercive force of 
theae fila aagnet ayatea could be controlled by using different 
annealing conditions becauae coercivity dependa on the grain size of 
theae aateriala.Thua, fila aagneta with intrinaic coercivity of 16 
kOe were obtained when ayntheaized in finer grain foraa, by 
sputtering aaorphous first and then annealing at 750 C for one 

hour.

Saaples of SaCo,. fila aagnets exhibited large uniaxial inplane 
7anisotropy of 1 0  erg/cc when synthesized by sputtering aaorphous 

first and then annealing in the presence of ^spu^ter 2.5 kOe.

The easy axis of aagnetization was parallel to the "sputter’ APPlied

external aeasuring feilds of upto + 22 kOe were not large enough to
rotate the aagnetization by any significant aaount away froa the 
easy axis.

The Sa-Ti-Fe fila aagnet systea exhibited interesting aagnetic 
properties for several different Fe concentrations. For Fe rich 
region a new ternary phase with intrinsic coercivity in the 20 kOe 
range had been observed. This phase was synthesized by annealing 
and X-Ray data revealed a tetragonal phase with a= 8.285 A and c= 
12.500 A. We interpreted this as a Sa^Fe^Ti in analogous to the

well known NdgFe^B phase. The Ti played the role of B in the

NdgFe^B structure and acted as a stabilizing agent. The saturation
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flux of this phase estiaated to be 16 kG. The Curie teaperature of 
this new ternary phase was found to be 630 K which is about 50 C 
higher than that of NdgFe^B. Saaples sputtered onto hot substrate

exhibited a aaxiaua coercive force of 10 kOe and a static energy 
product of 12 MG-Oe.

For lower Fe concentration as in the SaCFeTi^, we had 

successfully fabricated fila aagnet that had large perpendicular
g

anisotropy of 5.5 x 10 erg/cc. The perpendicular reaanant was 3 
kG. The analogous systea, S a C ° 3  also exhibited perpendicular

g
anisotropy of 10 erg/cc and the reaanant was 5 kG. The Curie 
teaperature of this fila aagnet was found to be 1050 K, which is 
about 400 C higher than that of other perpendicular anisotropy fila 

phases, such as, SaFeg and NdgFe^B,

The NdgFe^B iron based permanent aagnet had been successfully

sputtered in the thin fila fora with intrinsic coercive force up to 
16 kOe and either with high static energy product of 15 MG-Oe or 
with largest known effective perpendicular anisotropy constant of 

71.2 x 10 erg/cc. It had been observed that for deposition rates 
less than 1.8 A/sec the fila exhibited easy axis of aagnetization 

perpendicular to the plane, while for deposition rates greater than
1.8 A/sec the easy aagnetization axis was in the fila plane. The 

precise dependence of c-axis(easy axis) texturing versus sputtering
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rate ia expected to be systea dependent. The intrinaic coercivity 
of theae filas was obaerved to increaae with the depoaition 
teaperature up to 800 C.

In addition to the above hard aagnetic filaa we have alao 
inveatigated the induced inplane aniaotropy of aaorphous rare 
earth-transition aetal aysteaa. We have achieved the highest

g
inplane anisotropy, in any aaorphous aaterial known, of 2  x 1 0  

erg/cc. This was obaerved in SaCo^.Sa^CCoFeZr)^ and (SaTi)Fe^

phases.

In conclusion, we have deaonstrated the means of fabricating 
fila aagnets with special anisotropies in various rare 
earth-transition aetal syateas. All these filas were cheaically 
stable and have not shown any degradation for several years.
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TABLR 1

Comp.

RMa

RM 3

R 2 M 7

Re M 2  3

RMs 

R 2 M 1 7

RMl 2

Str. Type Symm. Sp.Group R site N  aite N

MgCu 2 cub Fd3o 8 (a) 16(d) Ni,Co
Fe

M g Z n ? hex P 6 3 / m c  4 ( f)____  2(a) .6 (h) Mn .
PuNis Rh R 3 .  3(a), 6 (c) 3(b), 6 (c) Ni.Co

18(h) Fe
C e N  i3  hex P 6 i / u c  2(c),4(f) 2(a),2(b) Ni.Co

2 (d), 1 2 (k)
Ce 2 Ni 7  hex P 6 3/BBC 4(fi),4(fa) 2(a),4(e) Ni.Co

4(f),6 (h)
12 (k )

GdCoT rh. R3b 6 (ci), 6 (c2 ) 3(b), 6 (c) Ni.Co
6 (c),9(e)

___________ __________________  _____ 1 2 (h)_____   .
TheMn 2 3  tetr Fa3a 24(e) 4(b),24(d) Fe,Mn

32(f 1 )
 ________ ______ ______ _____ ____ 32.(fa)_______

CaCus hex P 6 3/BBc 1(a) 2(c),3(g) Co.Ni
 ____         Zn.Cu
Th2Nii 7  hex P 6 3/BBC 2(b),2(d) 6 (g),12(J ) Ni,Fe
Th 2 Zni 7  rh R3b 6 ( c ) 6 (c),9(d) Ni.Co
_________________________________________  18(f)j18(h)Fe . .
ThMnia tetr l4 /BBc 2(a) 8 (f), 8 (i) Mo

8 ( j )___      .

76



TABLE 2

COMPOSITION 4 Ms Ha Ka
(kG) (kOe) (10+*erf/cc)

SaCos 10.3 10.6 2.6

Saa(CoFeZr)17 15.2 5.8 2.2

SaTiFe(.075,.092,.833) 16.4 5.0 1.5

SaTiFe(.069,.098,.833) 14.2 3.1 1.4
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TABLE 3

In-plane Mr/Ms: Parallel to Bi, Perpendicular

SnCos 0.91 0.14

Saa(CoFeZr)17 0.90 0.15

SaTiFe(.075,.092,.833) 0.99 0.22

SaTiFe(.069,.098,.833) 0.94 0.19
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