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Ferrite Film Recording Surfaces for Disk Recording

Abstract: Ferrite thin films have been prepared using a chemical deposition process; hematite and substituted hematite films were
formed by spin coating a diluted solution of the metal nitrates on a substrate and subsequently heating the substrate in air to 300 °C to
crystallize the film. Magnetic ferrite films were formed by reducing the films in a wet hydrogen atmosphere. Process parameters, which
have evolved from studies on spin coating and reduction on 7.62- and 35.56-cm substrates, have been determined that result in desir-
able magnetic properties. Experimental studies of film composition and morphology are reported. It has been determined both theoreti-
cally and experimentally that film thickness near 0.125 wm is optimum for high-density recording with heads with gap lengths of ap-
proximately 1 um spaced about 0.5 um from the film. A TiO, undercoat (0.125 um) on the Al-Mg alloy substrate was prepared by
chemical vapor deposition and resulted in improved magnetic properties. Magnetic properties of the films and magnetic recording per-
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formance of disks using Ti and Al substrates with the TiO, undercoat are reported.

Introduction

The desire for higher information densities in magnetic
recording has stimulated the development of new tech-
nologies for recording tranducers and media. In the case
of recording media for rigid-disk files, the current tech-
nology of dispersed magnetic particies in a polymer
binder limits achievable areal density because of the
difficulty of reducing the thickness below approximately
1 pm. With saturation digital recording, reduced thick-
ness of the recording medium is necessary to reduce the
transition cell length. Metal alloy films have also been
used for this application. Examples of these are electro-
plating and electroless-plating of Ni, Co, and alloys of
the two, usually with P for coercive field enchancement.
However, metal alloys have the serious disadvantage

Figure 1 Comparison of theoretical performance of Fe,O,,
Ni, Co,,, and particulate yFe,O, surfaces. Numbers on the
curves refer to head-medium spacing in um, and & is the me-
dium thickness.
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that their resistance to wear and corrosion is low. A de-
tailed review of particulate and metal alloy films for digi-
tal magnetic recording has been published by Bate and
Alstad [1].

Another class of materials, continuous (or single
phase) oxide films, offers a potential improvement in
wear and corrosion resistance over the metallic films.
Table 1 presents some examples of candidate materials.
Investigations of some spinels (i.e., NiFe,O,) show that
relatively high temperatures (600-700 °C) and oxi-
dizing atmospheres are usually required to form the spi-
nel. These requirements severely restrict the choice of
substrate materials.

It is known, however, that magnetite (Fe,O,) can be
formed at lower temperatures, and several workers have
reported various processes to produce continuous films
[2-5]. A good summary of these processes is included in
the published thesis of Wouri [4]. Furthermore, for the
recording application, the magnetic properties of magne-
tite films are superior to those of the other spinels.

The process described here, the spin coating of disks
with chemical solutions, is an outgrowth of the process
developed by Giess [6] for producing gadolinium iron
garnet films for magneto-optic recording [7]. The main
difference is that magnetite is produced in a reducing

/\;\ 000 atmosphere at lower temperatures, and the films pass
g 050f 4 yFe, O, (particulate) through a precursor crystalline hematite phase [8]. In
> - . 0] . .
3 (8 =1pm) this paper the relative merits for magnetic recording of
< o4 = 125 magnetite with respect to particulate and alloy films are
N 025) 5 I y L I [ . . . ..

B 2 4 g 16 P discussed. The details of the chemical deposition pro-

cess for producing the films and the resulting magnetic
properties and recording results are then presented.
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Table 1 Bulk magnetic properties of spinels, garnets, and orthoferres.

Saturation induction O urie Crystal anistropy
B, (20 °C) (°C) K, (20 °C)
Tesla (Gauss) J/m (erg/cm™)
Spinels
FeFe,0, 0.6 (6000) 585 ~-13x 10° (—~130 x 10%)
NiFe,0, 0.34 (3400) 585 —6.9 X 10 (—69 X 10°)
vFe,O, 0.48 (4800) 575 - —
CQ, Fe, ,0, 0.578 (5780) 568 0.39 x 10° (3.9 x 10%)
Garnets )
Y,Fe,0,, 0.175 (1750) 558 —0.6 X 10° (—6 x 10°)
Table 2 Magnetic parameters of recording media.
M, H, Thickness
w/mt (emu cm™®) A/m (Oe) S* (um)
Ni,(Cogo (P) 0.975 (780) 3.58 x 10" (450) 0.67 (0.05)
(electrodeposition)
Fe,0, 0.431 (345) 3.86 x 10 (485) 0.62 0.1)
(chemical deposition)
vFe,0, 0.038 (30) 2.39 x 10 (300) 0.40 (1.0)
{(unoriented)

S*, the coercive squareness, is defined [ 10] by the slope of the major hysteresis loop at H=—H ,dM /dH=M _[H (1~S5*).

Requirements for a digital magnetic recording
surface

To compare the relative performance to be expected
from ferrite, metal alloy, and particulate recording sur-
faces, use is made of an analytical model of the digital
magnetic recording process [9]. Experimental confirma-
tion of the predictions of this model have been published
[10]. The results are significantly different from those of
earlier models, which neglected the write process [11].
Table 2 lists representative magnetic properties
achieved with these three recording surfaces, and Fig. 1
shows the predicted recording performance from these
surfaces using the following recording parameters:

Wide-pole-tip head with gap, G =1 um
Head-medium spacing, variable from 0.2 to 1.25 um.

Recording performance is shown by plotting isolated
pulse amplitude versus the transition density corre-
sponding to 6-dB attentuation. Points farthest from the
origin in this space represent the best performance.

The Appendix contains a discussion of the key param-
eters in digital magnetic recording. It has been found
using digital recording channels with no equalization that
the maximum usable density is that corresponding to a

6-dB attenuation of the amplitude of the isolated pulse.
From Fig. 1 it is seen that the recording performance of
the Fe,O, surface is close to that of the metal alloy sur-
face and superior to that of the particulate surface.
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The predicted importance of the coercive field of the

- Fe,O, films on recording performance is shown in Table

3. Recording performance increases monrotonicaily with
H . the increase in write currents required for recording
with present recording heads makes the upper limit for
H_ near 48,000 A/m (600 Oe).

The predicted effects on recording performance result-
ing from changes in the thickness of the Fe,O, films are
shown in Fig. 2 for two values of the head gap length G
and for d = 0.375 um. For the case G = 1.5 um, the 6-
dB density is dominated by the head gap and spacing,
whereas at G = 0.5 um it continues to increase slowly as
thickness 8 is reduced.

Figure 2 Variation in theoretical recording performance with
thickness (8) of Fe,O, surface. The gap dimensions of the
wide-pole-tip heads are given by G.

30

| d=0.375um (ferrite head)

Ep (pv/em m/sec)

6-dB attenuation density (kilotransitions/cm)

FERRITE THIN FILMS




| Metal nitrates I l Substrate l

I Stock solution l
[Atcohol |—

Filtration

Spinning solution

Decompose nitrates

Crystallize hematite

Reduce to magnetite

Figure 3 Block diagram of chemical deposition process.
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Table 3 Effect of coercive field variations on theoretical re-
cording performance of Fe,O, films with d=0.5 um.

Hc PWSO 6 dB
A/m (Oe) (um) (kilotransitions / cm)

2.39 x 10* (300) 2.88 4.83
2.79 x 10* (350) 2.75 5.05
3.18 x 10* (400) 2.68 5.19
3.58 x 10* (450) 2.61 5.33
3.97 x 10* (500) 2.56 5.43
4.38 x 10* (550) 2.51 5.54

4.77 x 10 (600) 2.46 5.65

Table 4 Chemical reactions for chemical deposition process.

Wet film: Fe'*" + (NO,)” + H,0 + ALC. (1)
During spin: H,0 1 Alc. 1 (partially) (2)
Dry (Start of heating through 150 °C )T (3)

H,O 1 Alc. 1 (remaining)

Decompose nitrates:

150 °C —~ 200 °C: Fe(NO,), = Fe O, + NO, (4
Crystallize hematite:

300 °C — 350 °C: Fe, O, + O, = aFe,0, (5
Reduce to magnetite:

3Fe,0, + H, 2 2Fe,0, + H,O (6)

or

350 °C: 3Fe,0, + CO =2 2Fe,0, + CO, (7)
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Process description
Three main steps are involved in the formation of the
magnetic film:

1. Distribution of a solution containing the necessary
metal ion (or ions) over the substrate by high-speed
rotation

2. Decomposition of the solution and formation of crys-
talline hematite by heating in air

3. Transformation of hematite to magnetite in a reduc-
ing atmosphere.

An outline of the details of the process is presented in
the flow chart, Fig. 3, and the summary of chemical
reactions in Table 4. Specifically, the iron ion is provid-
ed by the compound Fe(NO,), - 9H,O or by dissolving
metallic iron in nitric acid. This solution is prepared in a
concentration of 1.35 molarity and has a virtually unlim-
ited shelf life. For spinning purposes this solution is di-
luted with ethanol in the approximate ratio of 1:2. The
alcohol aids wetting and distribution of the film and con-
trols the drying characteristics. This solution has a limit-
ed shelf life (1-2 days). Thermal and spectroscopic ana-
lyses indicate that decomposition occurs at about 180 °C
and that hematite crystallization occurs at about 300 °C.
It has been found important to complete the crystalliza-
tion of hematite to obtain a high remanence ratio. On
glass substrates this ratio is about 0.80, vs 0.45 for re-
duction from the uncrystallized state. The transition
from the glassy state to hematite was monitored using a
polarizing microscope and x-ray diffraction [12]. Both
techniques also indicated grain sizes of 1000 A or
smaller. ‘

Hematite can be reduced to magnetite in a number of
ways. Most of our experience has been with the use of
gases (H, and CO); a pure hydrogen (or CO) atmo-
sphere may result in total reduction to metallic iron. To
prevent this a specific fraction of the gaseous products
of reactions (6) and (7) in Table 4 are incorporated in
the incoming atmosphere to ensure that the reaction
stops at Fe,O,. These reversible reactions are character-
ized by temperature-dependent equilibrium constants,
which may be found in the literature [13]. The values
are chosen sufficiently below equilibrium to ensure driv-
ing the reactions to the right. In the case of hydrogen
(when used at 350 °C) a value of 0.0245 is appropriate
and is achieved by saturating the incoming gas with wa-
ter vapor at room temperature. For carbon monoxide
the value is 0.25, which is achieved by purchasing a
premixed gas, CO,/CO in the ratio of 0.25. Other tem-
peratures for reduction with suitably adjusted product-
to-reactant ratios have been studied, but the 350 °C pro-
cess appears to be optimum, and all further discussion
and descriptions refer to films processed at this tempera-
ture.
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X-ray diffraction studies [ 12] of the product obtained
revealed magnetite as the only phase present. However,
because of the small amount of material in a typical film,
other phases might also have been present and remained
undetected. This event is a distinct possibility in view of
the less than bulk saturation magnetization obtained
with the conditions described above. Again x-ray dif-
fraction and optical microscopy indicated grain sizes of
1000 A or less.

A special reduction vessel was designed and con-
structed, a cross section of which is shown in Fig. 4. In
operation, the disk, with diameter 35.5 cm (14 in.), is
loaded and the vessel closed and purged with nitrogen.
Upon reaching the desired temperature the reducing
atmosphere is introduced, and the system is held at that
temperature with the gas flowing for a period of one to
two hours. The time for reduction is based on data ob-
tained with a tube furnance and is shown in Fig. 5. After
cooling the vessel is again purged with nitrogen and then
opened.

Substrates and undercoating

A variety of substrates have been coated. With several
types of glass, no significant differences in film properties
were detected, and for convenience micro cover glass
was used extensively for process investigations. Glass
was well suited to these investigations because of neg-
ligible substrate contributions to the magnetic properties.

For reasons of weight and chemical compatibility, ti-
tanjium was chosen as the preferred metal disk substrate.
Actually, two metals, the commercially pure titanium and
the 6A1-4V alloy were investigated. Here again mag-
netic differences were insignificant, but ease of surface
preparation led to a preference for the pure titanium.
To minimize the effect of mechanical variations the
disks, with diameter 76.2 cm .43 in.), were obtained
in a thickness of about gér’nm, lapped optically flat
and polished to a metallographic finish before applying
the coating.

Because of difficulty in preparing large (35.5-cm) sub-
strates of titanium or glass, diamond-turned aluminum
alloy substrates were used. Initial tests were conducted,
and it was found that the highly acidic nitrate solution did
not drastically react with the metal, at least in the short
time during coating and decomposition.

As evident in the data presented, the aluminum alloy
is not a particularly good host for the coating, and means
of improving the film properties were sought. It was evi-
dent from microscopic examination that the multiphase
alloy was at least partially attacked, and inert coatings of
various types and deposition processes were considered.

s TiO, undercoat
To alleviate the problem associated with Al-Mg sub-
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Figure 4 Reaction vessel for reducing Fe,O, disks.
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Figure 5 Reduction of hematite at 350 ° in H, using a 2-inch
tube furnace. The flow velocity was 0.001 m*/ min.

strates a chemical vapor deposition (CVD) process dis-
cussed in [14] for depositing TiQ, was used. Tetraiso-
propyl titanate is impinged against the heated disk sur-
face and reacts with atmospheric moisture to produce
TiO, and isopropyl alcohol:

Ti(OC,H,), + 2H,0 — TiO, + 4C,H,OH.

As deposited this coating is amorphous but can be
converted to a crystalline product, anatase, at about 350
°C. We found it necessary to perform this step to pre-
vent reaction with the spun coating and it was adopted as
the standard procedure. Typically, a coating thickness of
0.15 um was vsed. The benefit of the undercoating is
clearly apparent in the resulting magnetic properties list-
ed in Table 5. It is not known in detail why the bare
aluminum produces such poor magnetic properties or
why the TiO, provides such an improvement, but two
factors are believed to be important: 1) a large differ-
ence in thermal expansion between magnetite and alumi-
num, and 2) oxidation-reduction reactions between coat-
ing and substrates.
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Figure 6 Theoretical and experimental isolated pulse width vs
spacing of ferrite head (g = 1 um) for chemically deposited fer-
rite films.

Magnetic properties and magnetic recording per-
formance of Fe,O, film disks

Magnetic properties of Fe,O, films prepared using the
chemical deposition process on different substrates are
listed in Table 5. The measurements were made using a
vibrating-sample magnetometer.

It is seen that in all cases less than the theoretical
maximum induction was achieved; this is believed to
result from incomplete reduction of the Fe,O, films. The
highest induction was achieved using the Ti substrates
and the Al-Mg alloy substrates with TiO, undercoat. An
increase in induction and coercive field but a decrease in
coercive squareness (S*) was observed in a Co doped
Fe,O, film. This trade-off was found experimentally not
to result either in an improvement in recording resolu-
tion, i.e., reduction in isolated pulse width, or in an in-
crease in read-back signal amplitude.

Results from recording experiments on 7.62-cm (3-
inch) disks made from lapped and polished titanium
described in Table 5 are presented in Fig. 6. Shown is
the variation in 50-percent pulse width (PW )} vs head-
disk spacing d. The spacing variation of the standard
ferrite head (G = 1 um) was achieved by varying the
speed of the high-speed spindle used to rotate the disks.
Also shown in this figure are theoretical predictions of
the recording results using the recording model de-
scribed in [ 10].

Recording experiments were also made on the larger
35.5-cm (14-inch) disks. Table 7 shows measured and
predicted recording results on disk Al 1 with parameters
listed in Table 6. The ferrite head used had a gap of 1.4
pm. The coatings were uniform in thickness and magnet-
ic properties over a wide band (approximately 4 cm).
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Conclusions

The chemical deposition process has been used to pro-
cess ferrite films of nominal composition Fe O, on full-
sized (35.5-cm) substrates. We found that an undercoat
of titanium oxide resulted in significant improvements
when aluminum-magnesium substrates were used. Re-
cording resolution with these films using a closely
spaced recording head has shown the possibility of large
increases (approaching a factor of 3) in linear recording
density over present technology, e.g., IBM 3340 disk
files. The process developed requires exposure of the
substrate to temperatures in the vicinity of 350 °C.
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Appendix
The isolated pulse from a recording head is conveniently
evaluated using the reciprocity relation, resulting in

oM
v(X) = 4wNvWn f f —af (x— X%, y)H, ,(x, y)dxdy,

where N is the number of turns on the read head, v is
relative head-medium velocity, W is the track-width, i is
the read head efficiency, and H nz (% ¥) is the head mag-
netic field distribution in a plane parallel to the recording
medium (x,y plane).

For a wide-pole-tip head of gap G and a transition of
arctangent shape in the x direction, i.e.,

M,=Q2/7)M, tan"" x/a,

where the transition parameter a depends on the con-
figuration of the write head and the magnetic properties
of the recording medium [10]. The isolated pulse ampli-
tude is given in wV by

1.65 X 10°M W8Nn

E (x=0)= p— ,
Dk PW50

where M, is in G, W in mm, § in um, and PW,, in ns. The
50% spatial pulse width of the resulting Lorentzian
shaped pulse is given by

PW,,=[G*+4(d+a)(d+a+8)].

When a series of transitions with spacing s is recorded
and pulses subsequently read back, the maximum ampli-
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Table 5 Typical magnetic properties of Fe,O, and Co; Fe,0, is used with selected substrates.

HL‘

B

Film Substrate A/m (Oe) T ©) s §*

1. Fe,O, Al-Mg alloy 4x10* (500) 0.266 (2660) 0.80 0.58

2. Fe, O, Ti 3.9x 10* (485) 0.435 (4350) 0.83 0.62

3. Fe,O, Al-Mg alloy 4.7 x 10* (588) 0.4435 (4435) 0.82 0.60

TiO, undercoat
4. Co,cFe, 0, micro cover 8.6 x 10 (1070) 0.54 (5400) 0.65 0.40
glass
Table 6 Magnetic properties of ferrite film disks.
Disk Substrate Br H, S* 8(um)
T (G) Alm (Oe)

Til Ti 0.2815 (2815) 3.58 x 10* (450) 0.1 0.65

Ti2 Ti 0.1822 (1822) 1.67 x 10" (210) 0.3 0.325

Ti3 Ti 0.4335 (4335) 3.86 x 10* (485) 0.6 0.11

All Al-Mg 0.4436 (4436) 4.68 x 10° (588) 0.82 0.125

+TiO,
Table 7 Recording performance of ferrite film disk All with ferrite head (gap = 1.4 um).
Head-disk MMF
spacing (ampere PW,, Dy 4
(um) turn) (um) (kilotransitions [ cm)
Experiment Theory Experiment Theory
0.375 1.20 2.75 2.50 4.72 5.48

tude of the train of alternating pulses is given approxi-
mately by

E(0,s) = E_ (wPW,/2s) /sinh(wPW,/2s),
the spacing s, for E(0,s) / E, =0.5 is given by
1 PW

50
Sgs = =

5 Do 1397

Experiments reported in [ 10] have shown close agree-
ment with the predicted values of D . Typical head
efficiency 7 for ferrite heads is 0.7.
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