MAGNETIC MATERIALS
THIN FILMS AND
PARTICLES

1. Introduction

The largest use of magnetic films and particles, in the form of tapes and disks for
recording and retention of audio, visual, and digital information, is in memory
and storage technologies (see INFORMATION STORAGE MATERIALS, MAGNETIC). Price
per bit of information, including the cost of the peripheral electronics, and per-
formance, as denoted by access time, generally are used to characterize the var-
ious memory technologies. Power, modular capacity, reliability, nonvolatility,
ete, are also factors describing the efficacy of memories.

2. Magnetic Properties and Structure

The static or low frequency magnetic properties pertinent to thin-film materials
generally are utilized to characterize magnetic materials. As a first approxima-
tion, these properties serve to suggest utility for device applications. Saturation
magnetization M, and Curie temperature T'¢ are intrinsic (structure insensitive)
properties and are equal to the bulk values when thick films are made properly.
For very thin highly paramagnetic films, such as those of platinum, sandwiched
between ferromagnetic, eg, Co, or antiferromagnetic, eg, Cr, thin films, in the
form of multilayered structures being developed for recording heads, a magneti-
zation can be induced in the normally paramagnetic material (see MAGNETIC
MATERIALS, BULK). The surface area-to-volume ratio of the individual layers is so
large that the atomic moments at the interfaces play an important role.

The extrinsic or structure-sensitive properties depend on size, shape, and
surface topography of the films; the size, shape, and orientation of crystallites
in polycrystalline films; concentration and distribution of imperfections, impuri-
ties, and alloying elements; and state of residual stress. The extrinsic properties
can be classified further as static or dynamic depending on whether or not the
property displays a frequency dependence. Remanent magnetic induction, B,;
coercive force, H.; and permeability, y, are examples of static extrinsic pro-
perties. Eddy-current loss and resonance of spins and domain walls typify
structure-sensitive dynamic properties. However, high frequency dynamic
measurements generally are required for final evaluation of magnetic films.
Thin-film preparation techniques, such as the deposition process employed,
also highly influence magnetic properties (see THIN FILMS).

Shape anisotropy generally causes the magnetization M; in thin films to be
in the plane of the film. Otherwise a huge demagnetizing field Hy( = 47M;)
would act normal to the plane of the film if M, were turned in that direction.
Similarly, the magnetization in rod-like acicular particles of large aspect ratios
may prefer to lie in the long direction. Domains in the films extend completely
through the film thickness, and the walls between them are largely 180° and
roughly parallel to the easy axis of the film. If the magnetization vector rotates
about the wall normals, the walls are called Bloch walls and result in free poles
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existing on the surface. Bloch walls can exist in bulk materials. For very thin
films, eg, ca 50 nm and less, the magnetostatic energy can be reduced if the mag-
netization vector forming the 180° wall rotates about the film normal. This wall
is a Néel wall and free poles do not exist on the surface. Cross-tie walls also
can exist in very thin films. A cross-tie wall is crossed at regular intervals by
Néel-wall segments and its energy is less than both a Bloch wall and Néel wall
in a certain range of film thicknesses. In general, films of technological interest
are of such thickness that only Bloch walls are stable. A detailed discussion of
domain walls in films and magnetization dynamics is available (1).

In addition to shape anisotropy, an induced anisotropy represented by the
constant K,, can be present in films as a result of deposition in a magnetic field.
These anisotropies result from short-range directional order or an anisotropic
distribution of atom pairs. In the liquid-phase epitaxy (LPE) of single-crystal,
mixed-garnet films, the uniaxial anisotropy also appears to be a result of
short-range order resulting from the growth process. The induced anisotropy
constant is related to the anisotropy field H;, where H;, = 2K,,/M;. H;, is the
field required to rotate the magnetization from the easy axis into the hard
directions.

In a polycrystalline film, the easy axis can vary from point to point about an
average direction. This dispersion is represented by a dispersion angle, o, which
is the dispersion of easy axes about the average direction. A film quality factor g,
where g = H./aH}, is used as a measure of the usefulness of a material for device
applications. It is desirable to maximize this ratio: higher H, helps make the
material more resistant to stray fields, and oH;, determines the drive currents
for maximum output (2, 3). The effects of all of the deposition variables on the
structure and magnetic properties of films are discussed in the literature (3-9).

Permalloys, eg, 81.5% Ni—18.5% Fe, exhibit very low magnetocrystalline
anisotropy and magnetostriction. Very low or zero magnetostriction is necessary
for storage elements because dimensional changes, which can lead to stresses,
are absent when the magnetization is switched. Substrate temperature and
deposition rate influence the kinetics of film growth, the degree of impurity incor-
poration, and the residual stress distribution. For evaporated Permalloy films,
H_ remains essentially constant up to a substrate temperature of ca 425°C;
then H, rises rapidly (6). Smaller deposition rates result in lower H, and H,
for a given substrate temperature, although the deposition rate least affects
H,.. Grain size increases with substrate temperature. H; is affected markedly
by the angle at which the metal atoms strike the substrate at low (<300°C)
deposition temperatures, because the grains or crystallites are no longer
equiaxed but elongated. Easy axis dispersion is relatively independent of rate
or temperature up to ca 400°C and then increases sharply.

Sputtering offers advantages over vacuum evaporation. Using sputtering
techniques, angle of incidence effects are absent, film composition is generally
the same as target composition, and melt composition need not be periodically
altered. Additionally deposition rate and film thickness are easily controlled.
The effect of argon pressure and sputtering-power density on coercivity and mag-
netoresistance of 500-nm 80.6 wt % Ni—19.4 wt % Fe films has been studied (7),
and the results are shown in Figure 1. Magnetoresistance behavior of Permalloy
films is important because these are used for detection in bubble memory devices.
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As shown in Figure 1la, resistivity and coercivity decrease with increasing
sputtering-power density, whereas the magnetoresistance coefficient increases.
The magnetoresistance coefficient is defined as AR(100)/R,, where R, is the
electrical resistance when current flows parallel to the magnetic easy axis and
AR is the change of R, in a field of 15.92 A/ecm (20 Oe) applied perpendicular
to the current flow. At constant power density, maximum magnetoresistance
and minimum coercivity are obtained at lower argon pressure (Fig. 1b). Films
that are sputtered at lower power density (low deposition rate) contain more
trapped impurities, eg, Os and Ny, from the Ar and from the chamber walls
which account for the higher coercivity and zero field resistances. At lower
Ar pressures, there are decreased deposition rates and fewer impurity atoms
striking the film surface (see THIN FILMS, FORMATION TECHNIQUES).

The effect of applying a 100 V negative bias voltage relative to the anode is
shown in Table 1 (8). H. and H}, are independent of deposition rate if a negative
bias voltage is applied. Also, large amounts of oxygen or nitrogen impurities in
the film are tolerated before magnetic properties deteriorate.

3. Fabrication

3.1. Thermal Evaporation. Thermal evaporation in vacuum, the oldest
and most economical method of thin-film preparation, is illustrated in Figure 2a
and consists of heating the material that is to be deposited to a temperature at
which appreciable vapor pressure is developed. The vapor condenses onto an
appropriately placed substrate which may be maintained at any temperature.
Heating of the evaporant is accomplished either by use of a resistance heater
or by an electron beam. Electron-beam heating is preferred because higher melt-
ing metals can be evaporated without contamination, as occurs in crucibles.
Water-cooled copper crucibles can be used, and multiple heaters can be used
for deposition of alloys. Flash evaporation, a technique for evaporating an alloy
where the constituents differ widely in vapor pressure, can be performed by
placing a small amount of the evaporant on a very hot source where all of the
evaporant flash evaporates. Ion plating is a variant of evaporation in which a
high d-c or r-f voltage is used to ionize the evaporant and accelerate it onto the
substrate. The substrate, which is the cathode, is in a high voltage gas discharge.
Discussions of crucible materials that are used for supporting various evapor-
ants, heaters, the cosine law of emission, film thickness measurement, and thick-
ness distribution of evaporated films are included in Reference 9.

3.2. Sputtering. Cathodic sputtering processes have come into wide-
spread production use. As schematically illustrated in Figure 2b, material is
sputtered from a source target (cathode) by inert (argon) energetic ions and
deposits on a substrate (anode). The glow discharge may be produced either by
a d-c voltage (d-c sputtering) or under r-f conditions. The r-f diode is the most
widely used. It permits sputtering of nonconducting or dielectric materials, is
characterized by high deposition rates, can be scaled up to handle large substrate
loads, the substrates can be sputter-etched clean prior to deposition, and the
diode can be operated in a bias-sputtering mode. Another advantage of
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the sputtering process is that materials of low or zero vapor pressure can be
deposited in thin-film form.

A primary source of substrate heating during sputtering is electron bom-
bardment of secondary electrons produced by ion bombardment of the cathode.
The secondary electrons can depress the deposition rates by biasing the sub-
strate (anode) negatively, resulting in resputtering of the deposit by Ar ions.
However, this problem is not encountered with ion-beam sputtering. The ion
beam, which is generated from a separate source, strikes the target in the deposi-
tion chamber and the sputtered target atoms are deposited on a substrate in
front of the target (10).

3.3. Magnetron Sputtering. In magnetron sputtering the discharge is
contained near the anode and cathode. This type of sputtering results in high
deposition rates, and low substrate heating. It is particularly important where
sputtering is carried out at low Ar pressures, eg, ca 2.7 Pa (2.0 x 1072 mm
Hg), so as to minimize the effects of higher Ar pressures, such as gas entrapment
in the film. The higher deposition rate results from increased ionizing efficiency
caused by the magnetic field. The magnetic field increases the path length of the
ionizing electrons. Another method of increasing sputtering rates at lower Ar
pressures is by triode sputtering by which an increased quantity of ionizing elec-
trons is supplied thermionically from a filament.

In reactive sputtering, the evaporant in the glow discharge is exposed to
reactive gases, eg, oxygen. Reactive sputtering is used for depositing hard-to-
form deposits, for example, oxide dielectrics, when starting with a metallic
alloy target.

Minimization of contamination of the sputtered film by reactive residual
gases, eg, Oy, Ny, H50, hydrocarbons, etc, in the system can be accomplished
by bias sputtering (11) and getter sputtering (12). In the former process, a
small negative bias is applied to the substrate or film being deposited by d-c sput-
tering. The reduced contamination appears to be a result of positive-ion bom-
bardment of the film during deposition, and adsorbed gases, which could be
trapped as impurities, are sputtered off. In a-c sputtering, the cathode and
anode are bombarded alternately by ions. In the latter process, sputtering is con-
fined within an anode can surrounding the cathode and anode and a portion of
the sputtered material is used to purify or getter the argon before it reaches that
part of the system where deposition occurs. Detailed discussions of cathode and
r-f sputtering are given in References (13—15).

Off-Axis Magnetron Sputtering. When the substrate faces the target, the
technique is referred to as on-axis sputtering. This technique gives the fastest
film growth rate. However, this arrangement and low pressures generally
yield poor quality films, particularly in terms of stoichiometry and defects
for multicomponent materials. The off-axis geometry, schematically shown on
Figure 3a, overcomes these problems and has been used to make high quality
high temperature ternary superconducting oxide films. The substrates are also
mounted on a heater—holder which is outside the region of direct on-axis ion
flux but still within the outer edge of the plasma region. The atoms that deposit
on the substrate are generally low energy thermalized neutral atoms and the
film stoichiometry matches the target. The off-axis arrangement convenient for
the preparation of multilayer magnetic structures is shown in Figure3b.
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3.4. Pulsed Laser Evaporation. Laser evaporation or ablation consists
of using a laser emitting at an appropriate wavelength, generally a KrF excimer
laser, in a pulsed mode in a controlled atmosphere to deposit a thin film of a
material the composition of which is that of the target (16—18) (see LASERS).
The process can be modified to carry out plasma-assisted laser deposition by pla-
cing a bias voltage between a grid and the source. The role of the plasma is to
enhance the chemical reactions leading to the formation of the film and to modify
the growth and hence the properties of the film (see PLasMaA TECHNOLOGY). Films of
the high temperature oxide superconductors and dielectric and optical materials,
for example LiNbOj3 and BagsSrgsTiOs, have been deposited on sapphire
(2-Al503) and silicon.

3.5. Molecular Beam Epitaxy. Molecular beam epitaxy (MBE), a high
vacuum process for producing high quality ultrathin single-crystal layers, was
initially developed for the production of multilayer thin film semiconductor
devices based on gallium arsenide, GaAs (19). The sources for the atomic
beams of Group 3 (III) to Group 15 (V) elements were condensed phases of the
elements located in effusion ovens (Fig. 4). Subsequently, the process was suc-
cessfully extended to the use of gas-phase sources (20) which gave higher quality
GaAs and indium phosphide, InP, films. Metal organic chemical vapor deposition
(MOCVD) is a cold-wall process which utilizes volatile metal organic compounds,
as sources for the Group 3 (ITI) to Group 15 (V) elements (21—-23). These pro-
cesses are under investigation for the preparation of Group (IIT) to (V) semicon-
ductor films having magnetic materials.

3.6. Chemical Vapor Deposition. In chemical vapor deposition (CVD),
often referred to as vapor transport, the desired constituent(s) to be deposited are
in the form of a compound existing as a vapor at an appropriate temperature.
This vapor decomposes with or without a reducing or oxidizing agent at the
substrate—vapor interface for film growth. CVD has been used successfully for
preparing garnet and orthoferrite films (24,25). Laser-assisted CVD is also
practiced.

3.7. Electrolytic and Electroless Deposition. In electrodeposition,
the substrate to be coated is the cathode of an electrolytic cell and the element(s)
to be formed into a film are present as ions in an appropriate electrolyte (plating
bath) which is in contact with the substrate. By application of an external vol-
tage, the ions are reduced at the substrate surface, thereby forming the film.
The quality of the film surface and composition, important in determining the
intrinsic and extrinsic magnetic properties, is influenced greatly, among other
things, by the external voltage, bath composition, nature of the anode, surface
topography of the film, metallurgical structure, ie, grain size, etc, and cleanliness
of substrate surface. Historically the largest application of electrodeposition
in producing magnetic films was for plated-wire memories using Permalloy.
However, the advent of larger capacity memories such as magnetic tape and
disk, compact disk-read only, and semiconductor, has resulted in diminished
importance of plated-wire memory, as well as planar memory, technology. Com-
prehensive discussions of electrodeposition of Permalloy films, influence of film
structure on magnetic behavior, and plated-wire memories may be found in
the literature (26—28).
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In electroless deposition, the substrate, prepared in the same manner as in
electroplating (qv), is immersed in a solution containing the desired film compo-
nents (see ELECTROLESS PLATING). The solutions generally used contain soluble
nickel salts, hypophosphite, and organic compounds, and plating occurs by a
spontaneous reduction of the metal ions by the hypophosphite at the substrate
surface, which is presumed to catalyze the oxidation—reduction reaction.

3.8. Growth from Solution. In solution growth, film growth is accom-
plished by immersing the substrate in a saturated or supersaturated solution
containing the film constituents. If the solution is saturated initially, the tem-
perature is lowered after immersion to a temperature at which it becomes super-
saturated. Film growth then occurs by precipitation onto the substrate surface. If
the solution is supersaturated initially, spontaneous growth occurs very soon
after the substrate is immersed and film growth occurs at constant temperature
until the solution becomes saturated at that temperature. If the substrate is a
single-crystal slice and the film is to be a single crystal of identical crystal
orientation as the substrate, the process is liquid-phase epitaxy (LPE).

Liquid-Phase Epitaxy. The LPE process (29), which was applied first to
the preparation of semiconductor devices, is the growth process that was used
for producing bubble memories based on magnetic garnets. The oxide compo-
nents for the garnet film were dissolved in a molten oxide flux, eg, PbO-B50s3,
contained in a Pt crucible, and the single-crystal, nonmagnetic garnet slice,
generally gadolinium gallium garnet (GGG) immersed into the solution for film
growth. Bubble memories are no longer produced.

4. Materials

Magnetic storage materials for storage of audio and video information as well as
of digital data are in the form of tape and disks. Optical disks for data storage
came into use in 1985; magnetooptic recording systems were being produced as
of 1994. Recording materials, which generally exhibit coercivities in the range of
25—-100 kA/m (300—1250 Oe), can be classified as semihard.

There are two states of remanent magnetization for recording: longitudinal,
in which the magnetization is in the plane of the recording medium; and perpen-
dicular, in which the magnetization is normal to the plane. For particulate media
in which the acicular submicronic particles are single domain and embedded in
plastic, the magnetization is confined in the direction of the long dimension. The
length-to-width ratios are of the order of 5 to 1, with the long dimension approxi-
mately 1 um. Subsequent recording applications led to the development of thin-
film metallic coatings so as to achieve higher saturation magnetization and
recording density and the ability to tailor, by alloying, the desired magnetic
properties.

Multilayer materials exhibiting high magnetization and permeability are
undergoing considerable research and development for advanced recording
heads. The discovery of giant magnetoresistance in multilayered nano-thick
magnetic materials is expected to become important for advanced read heads.
Newer magnetooptical materials have the potential for increased storage density
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in magnetooptical recording. Magnetic and magnetooptic storage technology has
been identified as one of the 22 critical technologies for the United States.

4.1. Particulate Materials. There are three principal classes of particu-
late magnetic materials: y-ferric oxide, y-FesO3, and its modifications; chromium
dioxide [12018-01-8], CrOgy; and iron [7439-89-6]. A comparison of the remanent
magnetization, B,, and coercivity, H., for several y-Fe;O3 material systems in
commercial use or for those being commercialized, ie, barium ferrite [11138-11-
71, BaFe 509, is shown in Table 2. y-Fe;Og3, the most popular magnetic tape
material, is used for general-purpose audio recording. Fes0, has been used
instead of y-Fe,O3 for tape. As can be seen from the table, solid solutions of
v-Fes03 and Fez04 result in increased H,. y-Fe;O3 containing Co exhibits even
higher coercivities. CrO; containing a few percent of Co also results in increased
coercivity. Although acicular particles of metals can be produced, problems of
chemical stability such as resistance to oxidation, and production costs have
prevented use in large amounts in recording media.

Alarger B, leads to heightened readout amplitude, whereas the larger coer-
cive force and thinner film lead to greater recording density. Considerable pro-
gress has been made in increasing packing density, uniaxial behavior
(acicularity), and homogeneity in size distribution of the y-Fe;O3 particles, as
well as attaining higher coercivities. Higher packing densities result in larger
output signals at all frequencies. Homogeneity in shape and size results
in higher squareness ratios (B,/B;) and in homogeneity in particle-switching
fields. Higher coercivities are required for higher frequency operation and are
a result of increased uniaxial anisotropy through shape and magnetocrystalline
anisotropies.

One of the early problems associated with the development of CrO, for tape
was its chemical instability in organic binders. The stability of CrOg particles has
been enhanced by the use of a surface-reduction treatment, and high coercivity
CrO, is available for high quality video tape. The beneficial effect of Co in
increasing the coercivity of y-Fe;O3 has been exploited in Japan where the dele-
terious effects of Co resulting from increased magnetoresistive and anisotropy
changes have been minimized through preparation of surface-modified
v-Fe,03, ie, formation of a thin surface layer of cobalt ferrite [12052-28-7],
CoFeg0y, on y-FeyO3 particles (30).

4.2. Recording Heads. Materials that are suitable for read/write
recording heads for tapes and disks are characterized by high saturation flux
density, low remanent induction to avoid erasure of information when the writ-
ing current ceases, and low hysteresis and low eddy-current loss, particularly for
high data rates or high frequency operation. In addition, because of the small
air gap between the head and recording medium, the head material should
be abrasion resistant. Dust particles and the magnetic attraction between
head and tape can lead to abrasion.

The early recording heads were based on bulk Ni-—Fe permalloy and
manganese—zinc ferrite, which are soft magnetic materials (see FERRITES). For
general-purpose audio recording, laminated Ni—Fe alloys exhibit the required
high saturation and low remanence and eddy-current losses; moreover, abrasion
is low. Head wear is improved by use of precipitation hardened material. The
spinel structure oxides, manganese—zinc and nickel—zinc ferrites, exhibit good
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abrasion resistance and high frequency characteristics and in some cases are the
preferred material despite their relatively low saturation.

For high quality audio and video recording where the recording medium
is CrO, or Co impregnated y-Fe,O3, sputtered Sendust alloy films (9.6 wt% Si,
5.4 wt% Al, balance Fe; see also Table 3) and ferrites are used as head materials.
Sendust exhibits nearly the same resistivity as the ferrites, but the films of this
material exhibit higher (1.1 T (11 kG)) saturation flux densities and effective
permeabilities of 240 at 20 MHz. Wear resistance is also very good. Ni—Zn and
Mn-Zn ferrites are generally used in video and high frequency recording
because eddy currents are minimized by their high resistivity relative to metals.

4.3. Thin-Film Magnetic Metallic Media. Advanced magnetic record-
ing media are in the form of thin films. The metallic media are typically sput-
tered films having carbon overcoats for protection. Cobalt-based alloys have
been developed for use as longitudinal, ie, c-axis of the crystalline Co-alloy par-
allel to the plane of the substrate, magnetic recording media (51) (see COBALT AND
COBALT ALLOYS). Magnetic disks are presently fabricated on nickel phosphide
[12035-46-0], NiP, coated aluminum alloy disk substrates. An aluminum-base
hard disk is illustrated in Figure 5. The NiP is used to provide a polishable sur-
face for the subsequent sputtered Cr-underlayer. For most of the cobalt-based
alloys used for recording, the underlayer of chromium is used so as to help in con-
trolling the crystallite orientation (texture) of the film as well as controlling the
isolation of the crystallites of the longitudinal recording Co-alloy subsequently
deposited on it. Co—Cr—Ta/Cr and Co—Pt—Cr/Cr alloys (42) are being developed
for high density longitudinal recording media. Table 3 lists magnetic metals
investigated for thin-film devices.

Alloy composition, compositional inhomogeneities in the grains, and de-
position parameters including substrate temperature in relation to the isolation
of the individual crystallites, ie, the magnetic regions, and properties are all
important (Fig. 6). It is generally believed that some isolation of the grains, ie,
wider grain boundary regions, is necessary to weaken the exchange coupling
among magnetic regions to reduce switching of adjacent crystallites and noise
(42). The introduction of nonmagnetic phases at the grain boundaries, by segre-
gation or precipitation for example, should reduce exchange coupling between
grains and therefore reduce noise (52) by the formation of a paramagnetic region
rich in Cr.

Cobalt—chromium films (20 at.% Cr) exhibiting strong perpendicular aniso-
tropy, ie, hexagonal c-axis normal to the substrate surface, have been studied
(53). Fifty nanometer films are composed of columnar crystallites and the domain
size was found to be a few structural columns in diameter. Magnetization rever-
sal was shown to occur by domain rotation in thick films. Thinner (ca 10-nm
thick) films do not show the columnar crystallite morphology. These exhibit
well-defined 180° domain walls and magnetization reversal occurs by domain
wall motion. Material of intermediate thickness exhibits a microstructure
which shows in-plane (longitudinal) and out-of-plane (perpendicular) compo-
nents. Magnetization reversal by domain rotation in the columnar grains leads
to high recording density.
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Reference 37 provides excellent overviews of metallic films, materials
science of thin magnetic recording materials, and the potential technological
significance.

4.4. Magnetooptic Materials. The application of magnetooptic effects
to optical memory systems, such as for laser beam writing and magnetooptic
read, has been the subject of much research. Magnetooptic storage media
offer the potential of storing over 120 Mbit/cm? of information without contact
of the read/write head which would thus be very competitive to floppy disks
and tape.

Memory systems based on laser writing and reading through the interac-
tion of electromagnetic radiation, either through reflection utilizing the Kerr
effect or by transmission utilizing the Faraday effect, have begun to appear in
the marketplace. As of this writing, recording systems utilizing disks of 90 and
130 mm in diameter are appearing. Recording depends on creating regions of
reverse magnetization in films which exhibit uniaxial magnetic anisotropy nor-
mal to the film and a relatively low (100-200°C) Curie temperature which
results in a strong temperature dependence of coercivity and magnetization.
Coercivities of the order of 80 kA/m (1000 Oe) are required at room temperature
and about 8 kA/m (100 Oe) at 200°C. Thus the local heating of a submicrometer
laser beam impinging on the film can easily heat a submicrometer region near or
above the Curie temperature. The demagnetizing field of adjacent material
causes a region of reverse magnetization which persists to room temperature.
The recorded information can be read using the magnetooptic Kerr effect.
Erasure of the recorded information is accomplished by irradiation of the film
(heating) with the bias magnetic field in the opposite direction.

The magnetic storage media being employed are ternary amorphous alloys
(Table 3) composed of the rare-earth elements gadolinium, Gd, and terbium, Th,
with Fe and Co for use in the near infrared. These materials are compatible with
GaAs-based lasers (37). These alloys are ferrimagnetic, ie, the atomic moments of
the rare-earth atoms, owing to the 4f electrons, couple antiferromagnetically to
the atomic moments of Fe and Co resulting from their 3d electrons. This negative
exchange interaction gives rise to ferrimagnetic behavior resulting in a small net
moment or magnetization which is temperature dependent. There is a compen-
sation temperature where the 4f and 3d magnetizations are equal but opposite in
sign and cancel, resulting in a nonmagnetic material. This compensation tem-
perature is below room temperature, but above this temperature the 3d-electron
magnetization is smaller than that which would be exhibited if no rare-earth
atoms were in the alloy. Thus the magnetization of interest to magnetooptic
recording can be tailored based on the above negative exchange interaction
that occurs between some of the rare-earth and Fe-group atoms.

The rare-earth (R) garnets, RsFes0;5, which are ferrimagnetic, are being
investigated for magnetooptic recording. Atomic substitutions for the trivalent
R and Fe atoms result in garnets having the required high room temperature
coercivity and Curie temperature range (150—260°C). An example is BiyDy-
Fes gAl; 5015 referred to as a Bi-substituted garnet (54). Films of several garnets
in the system (GdPrTmBi)3;(Fe,Ga)s0,2 have been proposed for use in magne-
tooptic read heads (55). Further work on garnets and ultrathin Pt/Co or Pd/Co
multilayers containing Pt or Pd of about 1-nm thick and Co layers about
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0.35-nm thick is required to establish their possible use for magnetooptic
recording (37,43,44).

Amorphous single-domain CoTaZr cores having Al;Oj3 interlayers where
the CoTaZr thickness is from 0.23—0.9 um, depending on the number of layers,
and Al,Oz is 0.01-um thick, were evaluated for use as thin-film heads (46).
This material combination is attractive for low noise heads operating at frequen-
cies up to 40 MHz (46). Similarly, the read/write characteristics of laminated
cores consisting of four layers made of Fe—Ta—N films 0.5-um thick separated
by 0.1-um AlyO3 layers are characterized by high magnetic saturation and
permeability and are attractive for high definition television (HDTV) (47).

Magnetooptical recording in sputtered Co/Pt multilayers (0.4 nm Co-—
1.4 nm Pt) and Gd,;TbgFer5 disks were evaluated at wavelengths of 820, 647,
and 458 nm, corresponding to AlGaAs, krypton, and argon lasers, respectively.
At 458 nm, Co/Pt performed 3 dB better than GdTbFe. This was attributed
to the higher Kerr signal exhibited by Co/Pt, low noise level, and quality of the
written domain structure (56).

Synthetic magnetic superlattices can be considered important new materi-
als. The perpendicular anisotropy developed by ultrathin layered superlattices,
such as Co/Pt and Co/Pd, in contrast to the more usual tendency for the preferred
direction of the magnetization to be in the film plane (shape anisotropy) because
of lower magnetostatic energy, appears to arise from the interfacial areas of the
composite. The magnetic anisotropy energy was shown to be proportional to
the reciprocal of the thickness of the Co-layers and perhaps is a consequence
of the atomic disorder at the interfaces. The surface area-to-volume ratio
is large and thus should dominate the magnetic anisotropy below a certain
thickness (57-59).

4.5. Magnetic Superlattices. The discovery in the late 1980s of giant
magnetoresistance (GMR) in antiferromagnetically coupled Fe/Cr superlattices
(60,61) stimulated great interest. Properties of metallic superlattices consisting
of thin alternate single-crystal layers of different magnetic materials as well as
alternate layers of magnetic and nonmagnetic materials were examined.

Epitaxically oriented single-crystal layers of Fe and Cr have been prepared
by MBE on exceptionally clean (001) GaAs single-crystal substrates (60,61). The
notation for one individual bilayer is ((001)Fe/Cr(001)). The individual layer
thickness ranges from 0.9 to 9 nm and the total number of bilayers in a single
film is around 30. Notation for a complete superlattice of 30 bilayers would be
(Fe 3 nm/Cr 1.2 nm)3o. Chromium, in bulk form, is antiferromagnetic. At low
temperatures and in zero-applied field, the magnetization behavior of each
successive layer is antiparallel and the electrical resistance of the film is high
(Fig. 7a). When a magnetic field is applied parallel to the layers and is sufficient
to overcome the antiparallel arrangement of the layer magnetizations (Fig. 7b),
the electrical resistance of the film begins to decrease. When this occurs, the film
is said to exhibit a negative magnetoresistance. The complete switching fields
(Hg), for a constant negative magnetoresistance, for several Fe/Cr superlattices
at 4.2 K, are shown in Figures 8 and 9. H, for the saturation of magnetoresis-
tance is a function both of composition of the individual layers and the number
of bilayers. There is also an anisotropy in the magnetoresistance as illustrated in
Figure 9 (60).
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Magnetoresistive recording heads offer much more sensitivity than induc-
tive heads (63) and there is strong evidence as of this writing (ca 1994) that such
heads will be used exclusively by the year 2000. The trend in the development of
head materials is toward thin-film media. Although Permalloy films (Ni;gFeg)
are used for magnetoresistive sensors, the change in resistance is only about
2.5%. Higher magnetoresistive materials are needed. The Fe/Cr GMR system
requires large (ca 1 T) switching fields to align the magnetization in the layers
(60,61). Weaker interlayer interactions are needed to obtain the desired resistiv-
ity change at low fields and at room temperature. Table 4 summarizes some of
the work along these lines. Theoretical discussions of the microscopic origin of
GMR can be found in References (70—74). Materials-related aspects of multi-
layered materials are summarized in References 75 and 76.

4.6. Magnetic Fluids. Magnetic fluids are stable colloidal suspensions
of ferromagnetic particles, such as Fe3O4 and of subdomain size (ca 10 nm) in
aqueous or organic bases (77,78). The fluid behaves as a homogeneous Newto-
nian liquid and reacts to a magnetic field. These materials are used in bearings,
rotary-shaft seals, and feedthroughs (see BEARING MATERIALS). Other possible
applications, eg, as jet inks and for float separation, have been studied (79)
(see SEPARATION, MAGNETIC SEPARATION). Fluid properties, such as magnetic
moment, viscosity, and density, can be tailored for various applications if the
proper choice of particle concentration, composition and size, particle coatings,
and liquid base is made.
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Fig. 1. The effect of (——-) coercive force, (—) resistivity, and ([[art1]]) magnetoresistance
coefficient for Permalloy films (a) at a constant argon pressure of 2.9 Pa (2.2 x 10~2 mm
Hg) and (b) argon pressure at a constant power density of 3 W/em? (7). To convert A/m to
Oe, divide by 79.58; to convert Pa to mm Hg, divide by 133.3.
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establish saturated negative magnetoresistance (62).
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Fig. 8. Giant negative magnetoresistance R/R(H = 0) behavior of three Fe/Cr superlat-
tices as a function of applied field at 4.2 K showing the value of the complete switching
field, H;, for each lattice. The current and the applied field are along the (110) direction
in the plane of the layers (60). To convert T to G, multiply by 10%.
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Fig. 9. Effect on (Fe 3.0 nm/Cr 0.9 nm),o magnetoresistance, R/R(H = 0), of changing
the direction of the applied field relative to the current direction of [110] in the plane,
where A represents an applied field in the layer plane along the current direction; B,
(-) the applied field in the layer plane, but directed perpendicular to the current direction;
and C, the applied field perpendicular to the layer plane (60).
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Table 1. Magnetic Properties of Sputtered Films“
No bias Negative bias®
Rate, nm/s H,., A/em® H,, Alem°® Ao H,., A/lem® H,, Alem° Ao
2.70 1.51 2.47 2.0° 1.83 1.99 6.2°
1.65 1.99 3.10 2.5° 1.19 2.63 2.8°
1.20 2.63 3.42 3.6° 1.83 3.10 2.2°
0.75 5.41 4.78 3.9° 1.59 2.87 3.3°
0.40 12.74 1.19 3.42 1.3°
“Ref. 8.

bBias of —100 V.

“To convert A/em to Oe, divide by 0.7958.
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Table 2. Magnetic Properties of Common Magnetic
Recording Media

Material B, T¢ H,, kA/m®
v-FesOs 0.11 26
Fezog—F6304 0.15 37
Co—y-Fey,03 0.15 52
CrOg 0.15 45
BaF912019 0.12 64
Fe 0.30 120

@To convert T to G, multiply by 10*
®To convert kA/m to Oe, divide by 7.958 x 102

21
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Table 3. Magnetic Metals Investigated For Thin-Film Devices

Material Composition, wt % Application Reference
iron MR 31
iron—nickel alloys Permalloys MR 31
MD, T, RH 32
cobalt—nickel 82 Co, 18 Ni
cobalt—phosphorus 98 Co, 2P R 31
cobalt—nickel-phosphorus 75 Co, 23 Ni, 2 P R 31
iron—nickel—chromium 76 Fe, 12 Ni, 12 Cr
74 Fe, 8 Ni, 18 Cr
Vicalloy IT 13V, 35Fe, 52 Co R 31
Cunife I 60 Cu, 20 Ni, 20 Fe R 31
Cunife II 50 Cu, 20 Ni, 27.5 Fe, R 31
2.5Co
Cunico I 50 Cu, 21 Ni, 29 Co R 31
Cunico IT 35 Cu, 24 Ni, 41 Co R 31
manganese bismuth (1:1) TH 33
manganese aluminum TH 34
germanide
manganese gallium TH 35
germanide
Sendust alloy 85 Fe, 9.6 Si, 5.4 Al TS, 12-um films, RH, 35
RCo(Fe) amorphous alloys  variable MRM (36-38)
Co—Fe-Cr-P-C-B variable SMB, H. < 8 A/m 39
amorphous alloys
Co—Cr 18-22 Cr PR, LR (40, 41)
Co—-Cr-Ta/Cr, Co—Pt—Cr/Cr LR 42
Pt/Co or Pd/Co multilayers  ultrathin alternating MRM (37, 43,
layers 44)
Pt/Fe epitaxial multilayers 3 nm Pt/2.3 nm Fe MRM, PR 45
CoTa-Zr amorphous multi- variable HFRH 46
layers on Al,O3 separators
FeTaN multilayers on Al,O3 0.5 um alloy/0.1 pm RH/HDTV 47
Al,O3
Co/Ni multilayers variable MRM, PR 48
Co/Au multilayers variable PR 49
Co;_,Pt, multilayers x=045-0.9 PA, MRM 50

“MR = magnetic recording; MD = magnetoresistive detectors; T = transducers; RM = recording
heads; R =recording; TH = thermomagnetic or Curie-point writing; TS = tetrode sputtering;
MRM = magnetooptic recording media or magnetooptical recording; SMB = soft magnetic behavior;
PR = perpendicular recording; LR = longitudinal recording; HFRH = high frequency recording
heads; RH/HDTV = recording heads for high definition television; and Pa = perpendicular perpendi-
cular anisotropy.

®The CAS Registry Number is [12010-50-3].

“The CAS Registry Number is [12042-22-7].

4The CAS Registry Number is [37195-97-4].

¢Where R = Gd or Th.

8 A/m = 0.10 Oe.



Vol. 15

Table 4. Magnetic Superlattices Exhibiting GMR
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Material system  Multilayer information Result®— Reference
Fe/Cr variable ((001) Fe/ resistivity lowered by as (60,61)
Cr(001)),,, 0.9—-9.0-nm much as a factor of two at
single-crystal layer 4.2 K and switching fields
thick-ness on single- of the order of 1 T are
crystal GaAs required
Co/Cu variable strong antiparallel cou-pling  (61,64)
through the non-ferromag-
netic copper; high
(> 800 kA /m) fields
required to change
antiferromag-netic spin
structure into a
ferromagnetic one
Co-Fe/Cu 1.0 nm CogFe/1.0 nm Cu  Co—Fe/Cu grew having 65
ion-beam sputtering on inplane uniaxial aniso-
MgO(110) sub-strates tropy and easy axis parallel
to the cube direction in the
MgO(110) plane; satu-
ration field (240 kA/m) at
room temperature for
GMR = 45%
Ni,Fe/Cu Nig;Fe;9/Cu/Co GMR dramatically en-hanced 66
by presence of the thin Cu
layer; mag-netoresistance
of more than 17% for field
changes of +8 kA/m at
room temperature
Ni,Fe/Cu/Co [NiggFeso/Cu/Co/Cu] r-f resistance changes aslarge as 67
diode sput-tering on 70% within a few tens of
Si(100) single-crystal amperes per meter
wafers at room
temperature
NiFe/Cu/NiFe/ resistance changes of 3—4% 68
FeMn in fields of 40—800 A/m
Co/Ag Co(15 nm)/Ag(6.0 nm) interface roughness ap-pears 69

electon-beam evapora-
tion on top of a 5.0-nm Cr
buffer layer on Si(111)
substrates

to be important in under-
standing the connection
between GMR and
antiferromag-netic
coupling

2To convert T to G, multiply by 10%.
®To convert kA/m to Oe, divide by 7.958 x 102,
¢ GMR = giant magnetoresistance.



