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Magnetic Info51. Magnetic Information-Storage Materials

The purpose of this chapter to review the current
status of magnetic materials used in data storage.
The emphasis is on magnetic materials used in
disk drives and in the emerging technology of
the magnetic random-access memory (MRAM).
A wide range of magnetic materials is essential
for the advance of magnetic recording both for
magnetic recording heads and media, including
high-magnetization soft-magnetic materials
for write heads, new antiferromagnetic alloys
with high blocking temperatures and low
susceptibility to corrosion for pinning films in
giant-magnetoresistive (GMR) sensors and new
ferromagnetic alloys with large values of giant
magnetoresistance. For magnetic recording media,
the advances are in high-magnetization metal
alloys with large values of the switching coercivity.
A significant limitation to magnetic recording is
found to be the superparamagnetic effect and
new advances in multilayer ferromagnetic films to
reduce the impact of the effect, but also to allow
high-density recording have been developed.

Perpendicular recording as compared to
longitudinal recording is reviewed and it is shown
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that this technology will be the dominant
recording technology in the future. The MRAM
device uses some of the same materials as
used in the GMR sensor, but the key technology
is the magnetic tunneling junction in which
soft-magnetic films are coupled by a thin
insulating film and conduction is by quantum-
mechanical tunneling. The status of the MRAM
technology and some of the key problems are
reviewed.

The purpose of this chapter is to summarize the sta-
tus of magnetic materials used in high-capacity disk
drives and magnetic-semiconductor memory devices.
The technology of disk drives is selected since these
devices have experienced the largest increase in data
capacity over time and this has made disk drives the pre-
eminent storage system for digital data. To illustrate this
point, consider Fig. 51.1, which is a plot of the areal den-
sity (number of data tracks per inch times the number
of bits per inch recorded on a track) for disk drives over
time [51.1]. The increase in areal density is more than
100% per year up to about 2002, when it reduced to about
20–30%. At the time of writing the areal density being
shipped in disk drives is close to 130 Gb/in2. The total
data capacity of a disk is approximately the areal density
times the recording area, which depends on the size of
the disk [2.5 and 3.5 inches (64 and 90 mm)] diameter

being the most common. Many technologies have con-
tributed to this rapid increase in areal density, including
advances in the technology of flying heads with reduced
spacing to the disk surface, data codes and error detec-
tion and correction, advanced servo control systems for
accurate control of magnetic recording heads on data
tracks, and improvements in the mechanical structures
comprising a disk drive, including advances in motors
used to drive the disks. However, this paper discusses
only the fundamental technology associated with dig-
ital magnetic recording, including the devices used to
record and read back the recorded data and the media
on which the data is recorded. The discussion is also re-
stricted to the materials and not to any of the mechanical
structures associated with the recording heads or disks.
The discussion covers conventional longitudinal mag-
netic recording as used in present (and past) disk drives
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Fig. 51.1 IBM areal density perspective. (After [51.1])

and the emerging technology of perpendicular magnetic
recording, in which the remanent magnetization is per-

pendicular to the disk surface, and which reduces the
impact of the superparamagnetic limit (to be discussed).
We will not discuss some variants of longitudinal mag-
netic recording, e.g., thermally assisted recording and
patterned media.

Recently there has been a significant new emerg-
ing technology for fast memory devices – magnetic
random-access memory (MRAM). The MRAM device
is a possible replacement for the familiar semiconduc-
tor memories used in modern computers – dynamic
and static random-access memory (DRAM and SRAM).
The MRAM technology combines a magnetic storage
technology together with metal-oxide semiconductor
(MOS) devices to result in fast and high-density
data memory devices. The technology on which the
magnetic part of MRAM is based is an extension
of the technology used in magnetic recording de-
vices – the magnetic tunneling junction (MTJ). The
MRAM technology will also be discussed in this
paper. Parts of this chapter have been previously pub-
lished in the Journal of Materials Science: Materials in
Electronics [51.2].

51.1 Magnetic Recording Technology

The technology of magnetic recording was one hun-
dred years old in 1999 [51.3]. The fundamental concept
of magnetic recording is to use a magnetic structure
(the write head) driven by current which represents the
data to be recorded to generate a magnetic field which
can change the state of the magnetization in a closely
spaced magnetic recording medium, which in the ear-
liest realization was magnetic wire, and today is either
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the familiar magnetic tape or a magnetic layer on a rigid
disk substrate. The data are recovered by the generation
of an output voltage in the read head by sensing the
magnetization in the recording medium, e.g., by Fara-
day’s law (V = N dΦ

dt ), where N is the number of turns
on the read head and Φ is the magnetic flux coupled to
the read head from the media. The magnetic recording
system to be discussed here is that used to store digital
data, in which case the current supplied to the write head
is in the form of pulses encoded to represent the digi-
tal data (1s or 0s) [51.4,5]. In the case of disk drives the

Fig. 51.2 Schematic illustration of a longitudinal magnetic
recording system showing a giant magnetoresistive (GMR)
read sensor, write element and the recording medium. The
parameters are: t the recording medium thickness (δ is also
used), W the width of the recorded track, B the length of the
recorded magnetization or bit size and d the magnetic spac-
ing (includes overcoats on the disk surface and undercoats
on the slider surface). Shown in the inset is the transition
region between the two directions of the magnetization; D
is the media grain size and a is the transition parameter
that characterizes the length of the transition region (length
l = πa). (After [51.1])
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write and read heads are separate thin-film structures de-
posited on the back of a mechanical slider, which uses
a hydrodynamic air bearing to fly over the surface of
the disk [51.5]. Figure 51.2 is a schematic of a mod-
ern digital magnetic recording system. The recording
(write) and read elements are shown together with the
magnetic recording surface which in modern disk drive
technology is a thin metallic film of a cobalt alloy (to
be discussed). The digital data are recorded in the mag-
netic film as transitions between the two possible states
of the magnetization (pointing to the left or right) and
with the width approximately equal to the width of the
write head and the width of a data track. The transi-
tion region between the oppositely directed directions
of the magnetization is similar to that between magnetic
domains and has a length l. We will discuss the differ-
ent parts of the recording system starting with the write
head and including the read head which in Fig. 51.2 is
a giant-magnetoresistive sensor. First, we will discuss
some aspects of thin magnetic films that are relevant to
magnetic recording components. All magnetic recording
components used in disk drives today are fabricated from
thin films to allow mass production and for technology
reasons, as we will discuss.

51.1.1 Magnetic Thin Films

Induced Uniaxial Anisotropy
In most applications of soft-magnetic films a uniaxial
anisotropy in the plane of the film is required. One
way of introducing this uniaxial anisotropy is to in-
duce it by applying a magnetic field in the plane of
the film and the effect is referred to as magnetic anneal-
ing. The anisotropy can be induced during deposition
of the film or induced by a subsequent annealing step,
using temperature and a magnetic field to modify the
anisotropy. The mechanism of the induced anisotropy
is that of directional order, in which atomic pairs in
an alloy tend to align with the local magnetization. In
nickel–iron films the atomic pairs are the iron atoms and
the induced uniaxial anisotropy energy density is typ-
ically Ku ∼= 1–3 kerg/cm3(0.1–0.3 kJ/m3), where the
uniaxial energy density is

Ek = Ku sin2 θ , (51.1)

where θ is the angle of the magnetization with respect
to the direction of the induced anisotropy. To induce
the anisotropy it is necessary to saturate the magneti-
zation of the film with a small magnetic field, typically
50–100 Oe (4000–8000 A/m), since it is the magneti-
zation not the magnetic field that is responsible for the

magnetic annealing. If the anisotropy energy density is
positive the energy is minimum is along the direction of
the anisotropy, which is referred to as an easy axis.

A second method of introducing uniaxial anisotropy
in thin films is by stress. If the magnetostriction constant
is isotropic with value λs for a polycrystalline material
then the magnetoelastic energy density is given by

Eme = 3

2
λsσ sin2 θ . (51.2)

The angle θ is the angle of the magnetization in the
film plane with respect to the direction of the stress
(σ). If a sample is unmagnetized it will strain by λs as
the sample is magnetized to saturation. A typical value
of λs is ≈ 10−6. If the magnetostriction constant and
the stress are both positive the direction for the min-
imum energy and hence the easy axis is for θ = 90◦.
The magnetization, permeability, crystalline anisotropy
constant and magnetostriction constant of nickel–iron
alloys NixFe(1−x) are shown in Fig. 51.3 [51.6]. The
maximum permeability is for the Permalloy composi-
tion Ni80Fe20. Increasing the atomic percentage of iron
over that of Permalloy results in increased magnetiza-
tion since the magnetic moment for iron is 2.2 µB (Bohr
magnetons) per atom in the metal, while the value for
nickel is 0.6 µB per atom in the metal.

Hysteresis in Soft-Magnetic Films
If we impose an external magnetic field He along the
direction of the induced anisotropy (easy axis) of the
thin film (θ = 0◦) the total energy density is given by

Ek = Keff sin2 θ − MHe cos θ .

Keff is the sum of the uniaxial crystalline anisotropy (Ku)
and the stress anisotropy (3/2λsσ). The second term is
the magnetostatic energy. The equilibrium angle for the
magnetization is given by minimizing the total energy,

dE

dθ
= 2Keff sin θ cos θ + MHe sin θ = 0 .

The solution sin θ = 0 implies that the magnetization lies
at either θ = 0 or 180◦. However, the energy must be a
minimum for stability and the second derivative changes
sign at a boundary between stability and instability

d2 E

dθ2
= 2Keff(cos2 θ − sin2 θ)+ MHe,crit cos θ = 0 .

The magnetic field which just satisfies this condition is

He,crit = −Hc = −2Keff

M
. (51.3)
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Fig. 51.3 (a) Magnetic properties of NixFe1−x alloys, including initial permeability, crystalline anisotropy and mag-
netostriction. (b) Magnetization, Curie temperature and crystalline anisotropy of NixFe1−x alloys. (After [51.6])

The critical magnetic field is the coercive field (Hc).
A curve of the magnetization versus applied magnetic
field for this case is shown in Fig. 51.4 (curve labeled
“easy”), which was measured on a thin film of FeCoNi
(to be discussed) [51.7]. The magnetization curve ex-
hibits hysteresis and in the FeCoNi alloy the coercive
field is small and the material is magnetically soft. Hys-
teresis is responsible for the use of magnetic materials
as digital memory devices since the up or positive state
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Fig. 51.4 Easy and hard magnetization curves of an elec-
troplated FeCoNi alloy film. (After [51.7])

of the magnetization could represent a binary 1 and the
down or negative state could represent a binary 0 and
these states can be stable even in zero applied field
(He = 0). The above analysis also applies to magnet-
ically hard films, for which the coercive field is large.
We will discuss magnetic recording media and here the
coercive field is measured in units of kOe.

With the magnetic field applied perpendicular to the
easy axis, along the hard axis, the energy density is given
by

Ek = Keff sin2 θ − MHe sin θ .

The derivative of the total energy is given by

dE

dθ
= 2Keff sin θ cos θ − MHh cos θ = 0

resulting in the two solutions

1. cos θ = 0, or θ = 90◦ or 270◦ ;
2. sin θ = Hh

2Kus/M .

The solution to this case is also shown in Fig. 51.4
(curve labeled “hard”) and is seen not to exhibit hys-
teresis. This is the hard-axis magnetization curve and
the magnetic field where the magnetization saturates is
known as the anisotropy field Hk. The hard-axis magne-
tization curve is used extensively for magnetic recording
heads.
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Fig. 51.5 Thin film head with eight turns showing the poles
and yoke structure. A is Permalloy, C is copper and E is
baked photoresist. (After [51.13])

51.1.2 The Write Head

The write head is formed from thin films of soft fer-
romagnetic alloys patterned in the form of a magnetic
yoke. A schematic of an eight-turn thin-film head is
shown as Fig. 51.5 [51.13]. Heads in present disk drives
typically have fewer than five turns to reduce inductance.
The cross-hatched regions are the soft ferromagnetic
material and the leads which carry the write current are
shown on the right-hand side of the top view. Note that
the widths of the copper alloy turns are increased near the
back region of the head to reduce resistance. The heads
are fabricated using electroplating and the substrate (not
shown) is a hard ceramic that can be machined to form
the slider [51.5]. Electrical current in the form of pulses
is coupled to the yoke to generate a magnetic field at

Table 51.1 Properties of materials used in magnetic recording heads

Material Bs(kG) (T × 10−1) µr ρ (µ�cm) Hc (Oe) (A/m) References

Ni80Fe20 (Permalloy) 10 1500–3000 20 0.1–0.5 (7.95–39.78) [51.6]

Sendust (FeSiAl) 10 8000 85 0.25 (19.9) [51.4]

Ni45Fe55 16 1700 48 0.3 (23.87) [51.8]

Co48N22Fe30 electroplated
with pulsed plating

21.5 1000 – ≈ 1 (79.6) [51.9]

Co56Ni13Fe31(C) electropla-
ted with carbon impurity

19 – ≈ 70 ≈ 2 (159.2) [51.10]

FeAl(2%Al)N (N/Fe 6.6%)
sputtered

20 2450 38 3.8 (302.4) [51.11]

FeTiN sputtered 18–21 – – ≈ 5 (397.9) [51.12]

the gap. The coil is insulated from the metallic magnetic
yoke by layers of baked polymer photoresist. The al-
loy that has been used most frequently in the past for the
magnetic films in the write head is Ni80Fe20 – Permalloy,
which can be deposited in thin films using electroplating.
Electroplating is discussed in Comstock [51.4] and in
more detail by Andricacos and Romankiw [51.14]. The
maximum coercivity (Hc,max) of the recording medium
that can be recorded by the write head is given by (51.4)
(in cgs units) [51.4]

Hc,max = 0.20 × 4πMs tan−1
(

g/2

d + δ

)
, (51.4)

where 4πMs (Gauss) is the saturation flux density of the
material used in the recording or write head, g is the gap
length of the write head, d is the magnetic spacing, which
is the spacing of the head to the recording magnetic film
(including any overcoat films on the recording heads
and recording medium) and δ is the thickness of the
recording film (shown as t in Fig. 51.2). To increase the
linear density (transitions along a recorded track), it is
necessary to increase the coercive field of the recording
media. This is the case since the length of a transition
between the two states of the magnetization is given
by (51.5) (in cgs units) [51.15] and [51.4].

l = πa = π

(
d (1− S∗)

πQ

)

+
[(

d (1− S∗)
πQ

)2

+
(

2Mrδ

Hc

)(
2d

Qr

)]1/2

,

(51.5)

where S∗ = 1− Mr/Hc
dM/dH(H=−Hc) quantifies the slope of

the hysteresis curve of the recording medium at the co-
ercive field and Q = dHx/dx

Hc/d ; Q is the normalized slope
of the horizontal component of the write-head magnetic
field at the value H = Hc. A typical value of Q is 0.7.
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Mr (emu/cm3) is the remanent magnetization of the
recording medium with thickness δ.

From (51.4) and (51.5) it is seen that for reduced
transition length (and hence higher linear density) it
is necessary to increase the coercive field (Hc) of the
recording medium but to do so requires a concomitant
increase in the magnetization of the write head (51.4).
Materials with magnetization larger than Permalloy
[4πMs = 10 kG (Ms = 1 T)] and which are magneti-
cally soft (large permeability) are listed in Table 51.1.
The most common material used in present disk drives
is electroplated Ni45Fe50, with a saturation magneti-
zation of 4πMs = 16 kG (Ms = 1.6 T) [51.8]. Ternary
alloys of Ni, Fe and Co also can be electroplated with
saturation magnetization of 4πMs ≥ 20 kG (Ms = 2 T).
The composition region that results in the largest value
of saturation magnetization but also large permeabil-
ity is: Co48−56Fe30−31Ni22−13 (Table 51.1). A useful
guide to the selection of the composition of the ternary
FeCoNi alloys is the composition diagram shown
as Fig. 51.6 [51.6]. The data for Fig. 51.6 were accu-
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Fig. 51.6 FeCoNi saturation magnetization contours. (After [51.6])

mulated in bulk materials. In a study of electroplating
FeCoNi alloys for write heads [51.7] care was taken
to avoid any impurities in the plating bath and the
results showed the possibility of achieving 4πMs val-
ues in the range of 21–21.5 kG and Hc < 2 Oe in the
same region of the composition diagram (approximately
Fe35Co45Ni20). However, experiments in a larger cell in
conditions closer to those in a manufacturing plating
system and with higher Fe content and an organic addi-
tive ascorbic acid used to reduce the formation of Fe3+
showed even larger values of 4πMs (> 2.2 kG) but with
increased coercivity (> 8 Oe) [51.16]. The composition
of ferromagnetic alloys can be selected to result in zero
values for the magnetostriction constant and the Permal-
loy composition of nickel–iron alloys (Ni80Fe20) has
a zero magnetostriction constant (Fig. 51.3). The mag-
netostriction constant is frequently chosen to be small
and negative so that the magnetoelastic energy defines
an easy axis at right angles to the direction of the stress
[θ = 90◦ in (51.2)]. In the case of thin-film write heads
the stress is along the axis of the poles (upward in the

Part
E

5
1
.1



Magnetic Information-Storage Materials 51.1 Magnetic Recording Technology 1161

Maximum coercive field (Oe)

d (µm)
0 0.12

8000

7000

6000

5000

4000

3000

2000

1000

0
0.02 0.04 0.06 0.08 0.1

2.5 MS for permalloy

1 MS for permalloy

Fig. 51.7 Maximum coercivity of recording media ver-
sus magnetic spacing (d) for write heads fabricated from
Permalloy and from a magnetic material with saturation
magnetization 2.5× Permalloy

patterned yoke in Fig. 51.5) and with negative magne-
tostriction constant the easy axis is across the pole width,
which means that the direction of flux flow is along
the hard axis with the desired linear relation between
the magnetization and the magnetic field (Fig. 51.4).
In the case of the ternary alloys of FeCoNi an al-
loy composition that results in zero magnetostriction
is Fe13Co31Ni56, in which the nickel content is too high
to be a useful write-head material [51.7].

Alloys of FeAl (2% Al) [51.11] and FeTi (≈ 2%
Ti) [51.12] sputtered using a mixed N and Ar working
gas offer desirable magnetic properties, as shown in Ta-
ble 51.1, but have not replaced the electroplated alloys
because of increased costs of sputtering. A material of
interest for even higher values of saturation magnetiza-
tion is the α′′ phase of Fe16N2, which has a potential
of a saturation magnetization of 29 kG; however, this
phase is metastable [51.18]. The actual values of satura-
tion magnetization with this phase in thin-film form was
20 kG and required annealing at 200 ◦C [51.18].

To record on recording media with increased coer-
civity is not the only issue with the magnetic materials
used in write heads. It is also important that the write
heads have high efficiency. Efficiency (η) in this case is
defined as the ratio

η = Hgg

Nw I
, (51.6)

where Hg is the value of the magnetic field in the gap
of the write head and I is the amplitude of the write

current pulse. High efficiency is important to allow
write-current amplitudes that are easily supplied from in-
tegrated circuits. For high efficiency it is necessary that
a large percentage of the magnetomotive force (Nw I)
results in a magnetic field across the gap. However, the
permeability of the yoke influences the efficiency

η = g/Ag

g/Ag + lc/µr Ac
, (51.7)

where Ag and Ac are the area of the gap and core, respec-
tively; lc is the length of the core and µr is the relative
permeability of the core or yoke material. As shown
in Fig. 51.3, the relative permeability (µr) of nickel–
iron alloys drops for compositions different from the
Permalloy composition. This decrease in the permeabil-
ity of nickel–iron alloys with composition different from
that for Permalloy is the direct result of the increase in
crystalline anisotropy and magnetostriction, as shown
in Fig. 51.3. The lower permeability of the FeCoNi al-
loys can be obviated in a design of the write head in
which the high-magnetization films are used only in the
gap region in a design referred to as a stitched head.

The values of coercivity of the recording medium
(Hc) that can be recorded with recording heads with
the saturation magnetization of Permalloy [4πMs =
10 kG (Ms = 1 T)] and materials with saturation mag-
netization 2.5 times that for Permalloy [4πMs =
25 kG (Ms = 2.5 T)] are shown versus the magnetic
spacing (d) in Fig. 51.7. The magnetic spacing for re-
cent technology demonstrations has reached a value of
15 nm (carbon overcoat for head – 3 nm, pole tip reces-
sion tolerance – 3 nm, flying height – 5 nm, and media
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(MrT ) versus areal density in Gb/in2 for disk drives.
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carbon overcoat – 4 nm). The trend in coercivity (Hc) and
flux (Mrδ or MrT ) versus areal density in commercial
disk media is shown as Fig. 51.8 [51.17]. We will discuss
synthetic antiferromagnetic media (SAF) media later.

With the increased linear density associated with in-
creased areal density in disk drives and with increases
in the rotation speed of the disks, the rate at which data
are recorded (and read back) has increased over time.
This increase in data rate leads to a requirement that the
magnetic fields in the gap of a write head switch in ever
decreasing times. The switching time of thin magnetic
films as used in write heads is limited by three fac-
tors: first, the fundamental switching time resulting from
the fact that magnetic moments are always associated
with angular momentum that cannot be changed instan-
taneously; second, the eddy currents associated with the
changing magnetic fields both decrease the magnetic
fields and slow down the switching speed, and third the
inductance of the coil [51.21]. Data rates depend on the
form factor of the disks and with high-end 3.5-in drives
the data rates are larger than 50 Mb/s, while with 2.5-in
drives the data rates are roughly one-half as large.

51.1.3 Spin Valve Read Head

The technology that has evolved for sensing or read-
ing the flux emanating from transitions in thin-film disk
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Fig. 51.9 The magnetoresistance of three (Fe/Cr)n super-
lattices at 4.2 K. The thickness of the layers in angstroms
is shown. (After [51.19])

media is the spin valve. This technology is based on
the giant-magnetoresistive (GMR) effect discovered in
France and published in 1988 [51.19]. GMR results
when thin ferromagnetic films are coupled by an even
thinner spacer film of a nonmagnetic transition metal.
A curve of resistance normalized to that with no mag-
netic field applied versus magnetic field for arrays of
ferromagnetic films of Fe with thickness of 30 Å (3 nm)
coupled by Cr with thickness varying from 9–18 Å
(0.9–1.8 nm) is shown in Fig. 51.9 [51.19]. The num-
ber subscripted to the parenthesis characterizing the
magnetic and transition-metal films is the number of
such films, which are referred to as superlattices. With
no applied magnetic field, the two films were antifer-
romagnetically coupled; that is, the magnetizations in
the two films are equal in magnitude and oppositely
directed. The application of a large in-plane magnetic
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Fig. 51.10 (a) Comparison of GMR ratio (∆ρ/ρ) as a func-
tion of copper layer thickness in Co90Fe10 and Co films
(see text). (b) Coercivity as a function of Co90Fe10 layer
thickness in Ta (50 Å)/[Ni80Fe20/Co90Fe10] (75-Å) films.
(After [51.20])
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field rotated the magnetization of the coupled films to
a parallel configuration, reducing the resistance (to be
discussed). The current used to measure the magnetore-
sistance – the change in resistance with applied magnetic
field – is applied in the plane of the films. This orienta-
tion of current is referred to as current-in-plane (CIP).
Later we will discuss an alternative orientation of the
current – current-perpendicular-to-plane (CPP). The ini-
tial discovery of GMR was done with a temperature of
4.2 K and the magnetic fields applied were measured
in kOe (106/4πA/m). The large change in resistance
with magnetic field was in contrast to that observed in
the anisotropic magnetoresistance (AMR) effect, which
is the change in resistance observed when the magne-
tization in a single ferromagnetic film is rotated from
an easy toward a hard axis. This latter technology – for
which the resistance change with Permalloy was of the
order of 2–3% – was being used in read heads during the
time of research on the GMR effect. By the early 1990s
it was found possible to observe GMR in other film
materials with increased spacer film thickness at 300 K
and with magnetic fields of tens of Oersteds. For exam-
ple, the GMR ratio for two coupled films of an alloy of
cobalt and iron (Co90Fe10 for which the magnetostric-
tion constant is zero) with a variable thickness of the
spacing layer of copper is shown in Fig. 51.10a [51.20].
It is seen that the GMR ratio is considerably reduced
from that for the Fe/Cr superlattices at 4.2 K (Fig. 51.8)
but the ratio is larger than that for the AMR effect. The
discovery of the GMR effect led to the invention of the
spin valve read head, in which one of two ferromag-
netic films coupled by a thin transition-metal film is
maintained constant in direction (the pinned film) and
the orientation of the other film (the free film) is allowed
to rotate (in the plane of the magnetic film), resulting
in a decrease in resistance [51.22]. We will discuss the
technology of pinning later. By free, it is meant that the
magnetization in the film is easily rotated, e.g., by the
magnetic field arising from transitions in the recording
medium. It is surprising that cobalt is found to be use-
ful in this application since cobalt is magnetically hard
(pure cobalt metal has a high coercivity and is used in
recording surfaces) and one of the requirements for the
GMR effect is that the free film have high permeabil-
ity and high efficiency (51.6). The reason for this result
is shown in Fig. 51.10b, where the coercivity of a free
film consisting of two films: Ni80Fe20 [60 Å (6 nm)] and
Co90Fe10 is plotted versus the thickness of the Co90Fe10
film [51.20]. Even though the cobalt alloy would have
a large coercivity in the bulk, the coercivity for thin
films, together with the underlying Ni80Fe20 film, is low

for thicknesses less than about 60 Å. The advantage of
the cobalt–iron film is the increased GMR ratio over
Ni80Fe10. In order to increase the GMR ratio even more
it has been found advantageous to deposit an interfa-
cial nanolayer of cobalt metal on one or both sides of
the free film [51.23]. We will learn in a discussion of
the origin of GMR that cobalt has the potential for large
GMR ratios.

A schematic of the spin valve read head is shown
as Fig. 51.11 [51.22]. The magnetization of the free film
is shown rotated to an angle θ1 and the pinned layer is
shown with a fixed angle of θ2. The pinning effect is due
to the coupling of the pinned film to an underlying anti-
ferromagnetic film as we will discuss. The nonmagnetic
spacing layer separates the two ferromagnetic films. The
maximum output voltage for the spin valve with no ex-
ternal resistance (and no reduction in the flux due to
shielding (to be discussed) is

∆V = ηJWr∆ρ (1− sin ∆θ1) /2 , (51.8)

where η is the efficiency of the read head, which accounts
for the fact that the angle θ1 is not uniform over the
height of the free film, J is the density of the current
flowing through the films, Wr is the width of the read
head (always less than the width of the written track)
and ∆ρ is the change in resistivity of the stack of films
with a change of θ1 from −90◦ to +90◦, again with θ2
fixed. The factor of 2 in the denominator is the result of
the actual rotation of θ1 being limited to 0◦ to 90◦. The
device senses magnetic field in the plane of the free film
resulting from transitions in the recorded media (Hy,disk)

Free Layer  Pinned Layer

Lead

Exchange
layer

I

θ2θ1

M2

M1

A
y

A
x

Lead

 Spacer

Fig. 51.11 Schematic of spin valve read element. The magnetization
of the free layer is shown at an angle θ1 to the easy axis (and direction
of the current) and the magnetization of the pinned layer is fixed at
90◦ to this axis. (After [51.22])
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through the rotation of the magnetization in the free film

sin θ1 = Hy,disk

Hk
, (51.9)

where Hk is the anisotropy field of the free film
(see analysis of the hard-axis magnetization curve
in Sect. 51.1.1). In the absence of any other magnetic
fields, the magnetization will lie along the easy axis. The
hard axis is perpendicular to the easy axis. The voltage is
measured across the lead terminals using a sense current
and the width of the track is just the spacing between the
leads. A typical value of peak output voltage per unit of
track width for presently used spin valves is 15 mV/µm.
Spin valve read heads are shielded on each side of the
stack of films to realize a narrow pulse width. The to-
tal width between the shields is G and the thickness of
the stack of films comprising the spin valve is t. The
read pulse is characterized by the amplitude but also by
the width at one-half amplitude (PW50 in distance units)
(discussed in [51.4])

PW50 ≈
√

1

2

(
G2 + t2

)+4 (d +a + δ/2)2 ,

(51.10)

where G is the total spacing between the shields and δ

is the thickness of the recording layer.
The peak voltage amplitude with the shields with no

external resistance can be approximated by

VGMR(peak) = ηI∆Rmax Mrec
r δ

πtMGMR
s

(
(g + t)

g

)

× 2 tan−1 g

2(d +a)
,

I∆Rmax = JWread Rsquaretsv
∆Rmax

R0
, (51.11)

where η is the read efficiency, defined as the frac-
tion of the flux sensed by the head to the total flux,
Mrec

r is the magnetization of the recording layer, MGMR
s

the saturation magnetization of the free layer, g is the
half-gap between the shields, Rsquare is the resistance
per square of the stack of films comprising the spin
valve and tsv is the thickness of the free layer (modified
from [51.24]).

Pinning with an Antiferromagnetic Film
For a spin valve to function, the pinned ferromagnetic
film must have its magnetization perpendicular to the
recorded track, as shown in Fig. 51.11 (the vertical mag-
netic field from the transitions in the disk is in the
y-direction). This orientation of the magnetization in

Antiferro-
magnetic
film

Interface

Ferro-
magnetic
film

Hua

a)

b) H⊥

θ
Easy axis
(Ksin2θ)

Hua   H||

Ms

Fig. 51.12 (a) Schematic of the coupling of an antiferro-
magnetic to a ferromagnetic film. (b) Geometry of the
ferromagnetic film showing the induced easy-axis field,
Hua, the external magnetic fields H|| and H⊥ and the
magnetization of the film at an angle θ to the easy axis.
(After [51.4])

the pinned film is achieved by coupling the ferromag-
netic film to an antiferromagnetic film and the coupling
results from the layer of spins in the antiferromagnetic
film adjacent to the top layer of spins in the ferromag-
netic film and is characterized by a coupling or exchange
field of value Hua. The geometry for the coupling is
shown in Fig. 51.12a and the ferromagnetic film geom-
etry with a magnetic field along the easy axis (H||) and
the hard axis (H⊥) as Fig. 51.12b. The coupling results
in shifting the easy axis hysteresis curve (M||/Ms ver-
sus H||) of the ferromagnetic film by an amount Hua,
as shown in Fig. 51.13 [51.4]. The magnetization of the
pinned film is held constant at −Ms over the range of
magnetic fields from large negative fields to Hua + Hk.
Note that the magnetization could be held at +Ms by re-
versing the direction of the lower layer of spins in the
antiferromagnetic film. The coupling field depends on
the temperature and vanishes at the blocking tempera-
ture. The direction of the coupling is established during
an annealing step by heating the structure above the
blocking temperature, where the film is paramagnetic,
in the presence of a magnetic field and then cooling
the film below the blocking temperature. The choice of
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Hua + Hk

Fig. 51.13 Magnetization curve with the magnetic field
along the easy axis (M||/Ms versus H||) for coupled an-
tiferromagnetic and ferromagnetic films. (After [51.4])

antiferromagnetic films to be used in this application is
extensive as shown in Table 51.2 [51.25–28]. The param-
eters listed in Table 51.2 are the strength of the coupling
field (Hua), the blocking temperature and the suscepti-
bility of the antiferromagnetic and ferromagnetic films
to corrosion. Corrosion is of concern in recording heads
because of the mechanical lapping process used to form
the surface on the bottom of the slider on which the air-
bearing contour is etched [51.5]. One antiferromagnetic
film with particularly favorable corrosion susceptibility
is NiO. This film is typically used in a bottom spin valve
in which the antiferromagnetic film is closest to the sub-
strate. The other antiferromagnetic films are typically
formed on top of the stack of films. Another advanta-
geous film is the alloy of Pd30Pt20Mn50 [51.28]. This
ternary alloy has a favorable coupling strength Hua but
also a high blocking temperature (300 ◦C) and favorable

Table 51.2 Comparison of alternative antiferromagnetic films for transverse bias of Permalloy films

Property NiFe/FeMn
[51.25]

NiFe/NiMn
[51.25]

NiO/NiFe
[51.25]

CoNiO/NiFe
[51.26]

NiFe/IrMn
[51.26]

NiFe/CrMnPt
[51.27]

NiFe/Pd−Pt−Mn
[51.28]

Corrosion
resistance

Low High Very high Excellent Moderate Good High

Coupling field
HuaOe (kA/m)

≈ 77 (6.12) ≈ 206 (16.4) ≈ 46 (3.66) ≈ 45 (3.58) 60 (4.77) ≈ 350 (27.84) (Pd0.6Pt0.4)0.5Mn0.5
80 (6.36)

Coercivity Hua
Oe (kA/m)

≈ 6 (0.48) ≈ 116 (9.23) ≈ 35 (2.78) 11 (0.88) 8 (0.64) ≈ 23 (1.82) 16 (1.27)

Blocking tem-
perature (◦C)

≈ 150 ≥ 450 ≈ 200 150 250 320 300

Annealing Not required Required Not required Not required Not required Required Required

corrosion resistance. Pd30Pt20Mn50 does require anneal-
ing the stack at 220–240 ◦C. The advantage of using an
antiferromagnetic film for the pinning film instead of
a permanent magnetic film is that the antiferromagnetic
film does not itself respond to any external magnetic
field since the film has a zero net magnetization.

Synthetic Antiferromagnets
The magnetic coupling between magnetic films closely
spaced by certain nonmagnetic metal films oscillates
between antiferromagnetic and ferromagnetic coupling.
Using this fact, it is possible to design film struc-
tures that have a desired magnitude and sign of the
magnetic coupling [51.29]. A schematic of a structure
of films that exhibits this variable coupling is shown
in Fig. 51.14a. Here the strong antiferromagnetic cou-
pling of Co through Ru to soft Ni80Co20 is used to pin
the magnetization in the adjacent Ni80Co20 film (FI) to
the direction opposite to the Co film and the thickness
of the second layer of Ru can be adjusted to change
the sign of the coupling between the two soft-magnetic
films (FI and FII). Ruthenium is selected for the cou-
pling film since it has a strong and oscillating coupling
between Co, Ni80Fe20 and Ni80Co20. Ruthenium has
the hexagonal close-packed (hcp) crystal structure with
(a = 0.271 nm and c = 0.428 nm) while cobalt also has
the hcp structure with (a = 0.250 nm and c = 0.410 nm)
and therefore the two metals are expected to grow epi-
taxially. The experimental coupling constant (J12) for
this configuration of layers, where the soft-magnetic
film is Ni80Co20, is shown as Fig. 51.14b. The units
of the coupling constant are memu/cm2 (×10 A in SI
units) (coupling per unit of film area). The coupling
constant can be either antiferromagnetic (J12 < 0) or
ferromagnetic (J12 > 0) and can have a magnitude vary-
ing between +25 to −75 memu/cm2 (+250 to −750 A).
By varying the thickness of the Co layer it is possible to
adjust the total magnetic field at the layer FII to be zero.
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J12
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Ru spacer layer thickness (Å)
0

b)
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Ru
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FI
Ni50Co20

Fig. 51.14 (a) Geometry of ferromagnetic films coupled by
thin layers of ruthenium. (b) Magnetic coupling constant
per unit of film area between layers FI and FII of the films
shown in (a) versus the thickness of the ruthenium layer.
(After [51.29])

An overall spin valve consists of a sequence of
thin films such as: MnFe 21 Å/Co 30 Å/Ru 7 Å/Co
30 Å/Cu 25 Å/Co 30 Å/Ni80Fe20 28 Å, where the first
four films (MnFe/Co/Ru/Co) form a synthetic antifer-
romagnetic film since the final Co film of these four
films is pinned to a direction opposite to that for the
first Co film. This Co film then acts as a pinned film
in a spin valve together with the final three films
(Cu, Co, and Ni80Fe20). The thickness of ruthenium
listed in the sequence of films is optimum for antifer-
romagnetic coupling between the Co films. The last
Co film is a nanolayer, which increases the magne-
toresistive coefficient, as we have discussed [51.23].
The advantages of the synthetic antiferromagnet for
pinning the pinned film compared with just an anti-
ferromagnetic film (e.g., FeMn, NiO, NiMn or IrMn)
are

1. the pinning coupling field is an order-of-magnitude
larger, and

2. the magnetostatic coupling field from the pinned
layer to the free layer is reduced. The magnetostatic
coupling field is reduced since the two Co films in
the synthetic antiferromagnet are antiferromagneti-
cally coupled and hence their magnetostatic fields
at the free film cancel. The synthetic antiferromag-
net contributes to ensuring that the only magnetic
field at the free film is that from the transitions in the
recording medium.

One last requirement for the proper operation of the spin
valve is that there is abutted on the two ends of the struc-
ture a permanent magnetic film referred to as the hard
bias film (discussed in [51.4]). The permanent mag-
netic films are similar to the cobalt alloy magnetic films
used for disk recording surfaces (to be discussed). The
purpose of the hard bias is to reduce the presence of mag-
netic domains in the free film and to reduce Barkhausen
jumps of the domain walls in the presence of the exter-
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Fig. 51.15 Schematic of density of states curves for the fer-
romagnetic transition elements (Ni, Co and Fe). Both the 4s
and 3d bands are shown. The magnetization of the elements
is due to the difference between the spins in the spin-up and
spin-down bands and the bands are full of electrons to the
Fermi level (the shaded region). (After [51.30])
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nal magnetic fields from the transitions in the recording
medium.

The stack of films used in a spin valve has been dis-
cussed. The films used in Fig. 51.10, which we used
to illustrate the GMR effect in a Co90Fe10/Ni80Fe20
free film, was: Ta (50 Å)/Ni80Fe20 (60 Å)/Co90Fe10
(55 Å)/Cu (variable)/Co90Fe10 (55 Å)/FeMn (100 Å)/Ta
(70 Å) [51.20]. In this case the antiferromagnetic film
was FeMn (typically about 50%, 50%) and the Ta films
are used to protect the rest of the stack.

Origin of GMR
The physical origin of the GMR effect lies in the dif-
ferential scattering of electrons with spins in the same
direction as the local magnetization (spin-up electrons)
or opposite to this direction (spin-down electrons) at the
interfaces and in the bulk part of the thin films compris-
ing the GMR stack of films. The ferromagnetic transition
elements (Fe, Co and Ni) have different 3d band struc-
tures, as shown in Fig. 51.15 [51.30] and discussed
by [51.4]. This figure illustrates the energy of electrons in
the two half-bands for spin-up and spin-down electrons
versus the density of states D(E) (number of states per
unit energy per unit volume) in the 3d band for the ferro-
magnetic transition metals. The 4s bands are also shown.
Electrons in the 4s bands make only a small contribu-
tion to the net spin but, because of the larger mobility
(inversely proportional to the curvature of the bands),
they are largely responsible for the current. The bands
are filled to the Fermi energy at 0 K, and states above,
but close to, the Fermi level are occupied at room tem-
perature (illustrated by the shaded region in Fig. 51.15).
The conductivity of a metal is given by

σ = 1

3
e2v2

Fτ D(EF) ,

where e is the electron charge, vF is the velocity of
electrons at the Fermi energy, τ is the mean scattering
time and D(EF) is the density of states at the Fermi
energy [51.31]. If the mean scattering time (τ) is held
constant then it is seen that the conductivity increases
with the density of states at the Fermi energy; however,
the scattering of the 4s electrons with a given spin is large
when there are a large number of scattering centers and
empty states with the same spin in the 3d band, i. e., the
density of states at the Fermi energy D(EF) in the 3d
band is large. In the ferromagnetic transition metals this
is the larger effect and

ρ ∝ D(EF) .

The scattering is due to spin–spin scattering, and spin–
orbit scattering is believed to be small [51.32, 33]. The

D↓(E)

p↑

D↑(E)

p↓

E(a)

D↓(E)

p↑

D↑(E)

p↓

E
Nonmagnetic FerromagneticFerromagnetic

Fig. 51.16 Density of states curves for the spin valve struc-
ture in the ferromagnetic spin configuration (top figure)
and the antiferromagnetic spin configuration (bottom fig-
ure). The resistivities of the layers are shown on the bottom
part of the figures. (After [51.30])

magnetic moment per atom can be deduced as the dif-
ference in the number of electrons/atom with spin-up
(the majority) versus those with spin-down. For exam-
ple, the magnetic moment per atom for iron is 4.8−
2.6 = 2.2 Bohr magnetons per atom. From Fig. 51.15
we conclude that the differential scattering will be large
in cobalt since for this element the difference in the
density of states at the Fermi level is large [approxi-
mately 8–10 to 1 [51.30]]. A schematic of the density
of states versus energy for the three films comprising
the spin valve structure from the two extreme cases of
the orientation of the ferromagnetic films (ferromag-
netic configuration and antiferromagnetic configuration)
is shown in Fig. 51.16 [51.30, 34]. All films have the
same Fermi energy. Mathon described the GMR effect
by discussing the differential scattering of holes in the 3d
bands, but by concentrating on the scattering of electrons
from the 4s to the 3d band we can make the same conclu-
sions [51.32, 34]. It is assumed that the mean free path
for the electrons is large compared with the thickness of
any layer in the superlattice. Consider the ferromagnetic
configuration case (top of Fig. 51.16): here the majority
electrons have spin-up and the scattering of 4s electrons
is low in both ferromagnetic films since both have a low
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Fig. 51.17 Distributions of local resistivities for the spin-up
and spin-down electrons in the ferromagnetic and antifer-
romagnetic spin configurations. (After [51.30])

density of states at the Fermi level. The nonmagnetic
film has a larger density of states and will scatter elec-
trons regardless of the orientation of the ferromagnetic
films, which is why this film must be thin. Now consider
the antiferromagnetic configuration case in Fig. 51.16:
from the density of states at the Fermi level in the three
films it is seen that the scattering is large in the right-
hand ferromagnetic film for the electrons leaving the
left-hand ferromagnetic film with spin-up (top density-
of-states curve), resulting in large resistivity for this class
of electrons. Similarly, the scattering of spin-down elec-
trons is large for the left-hand ferromagnetic film. The
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Fig. 51.18 ∆R/R versus the thickness of the magnetic layer
(M) for a nonmagnetic layer thickness (N) of 10 Å for
a Co/Cu spin valve. (After [51.30])
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Fig. 51.19 ∆R/R versus the thickness of the nonmagnetic
layer (N) for a magnetic layer thickness (M) of 20 Å for
a Co/Cu spin valve. (After [51.30])

resistivity for the spin-up and spin-down electrons for
the three films [ferromagnetic (FM), nonmagnetic (NM)
and ferromagnetic (FM)] in the ferromagnetic and anti-
ferromagnetic orientation cases is shown as a schematic
in Fig. 51.17 [51.30] where it is shown that the ferro-
magnetic orientation of the ferromagnetic films has a
(relatively) low resistivity path for the spin-up electrons
while the resistivity for the antiferromagnetic orienta-
tion of the ferromagnetic films is high for both spin-up
and spin-down electrons.

The change in resistance of the spin valve structure
can be analyzed in terms of the different resis-
tivities for the ferromagnetic and antiferromagnetic
orientation of the two ferromagnetic films shown
in Fig. 51.16 [51.30]

∆Rmax

R0
= (α−β)2 / [

4
(
α+ tnonmagnetic/tmagnetic

)
×

(
β + tnonmagnetic/tmagnetic

)]
, (51.12)

where

α = ρH
M

ρs
, β = ρL

M

ρs
,

where tnonmagnetic is the thickness of the nonmagnetic
film and tmagnetic is the thickness of the magnetic
film.

Figure 51.18 shows the variation of ∆Rmax/R0 for
tnonmagnetic = 10 Å versus tmagnetic for assumed values of
α = 8.0 and β = 1.0, which is appropriate for a Co/Cu
superlattice [51.30]. For thicknesses of the magnetic
films beyond approximately 10 Å, the change in ∆R/R
decreases. Figure 51.19 shows the variation of ∆R/R
for tmagnetic = 20 Å versus tnonmagnetic. The decrease in
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∆R/R is rapid with increasing thickness of the nonmag-
netic layer. This combination of films is not used in spin
valves since the cobalt film is not magnetically soft; the
usual choice is Permalloy with a variety of nonmagnetic
transition metals and the resulting ∆R/R is lower.

51.1.4 Longitudinal Recording Media

Magnetic recording media used in modern disk drives
are all sputter-deposited thin films of cobalt alloys for
high coercivity and media flux (Mr × δ). Coercivities
of 4000–5000 Oe are used (2006) and are limited by
the ability of the write head to record on the media.
The alloys that have evolved are four- or five-element
alloys of CoPtCrX, where X is Ta or B or both. A typ-
ical atomic concentration of the four-element media is
Co64Cr24Pt8B4. It has been found necessary to form
a microstructure in the magnetic film that consists of
a phase of small magnetic grains isolated by a nonmag-
netic phase. The isolation of the magnetic grains results
in less exchange coupling between grains and reduced
noise – as we will discuss. Chemical segregation of
Co100−xCrx alloys forms a nonmagnetic phase (Cr-rich)
and a magnetic phase (Co-rich) and the nonmagnetic
phase forms at the grain boundaries. The microstructure
is controlled by undercoats that promote grain growth
with the axes of the grains in the plane of the film.
Platinum results in higher crystalline anisotropy and
boron promotes the formation of an amorphous alloy
of CoCrB, which grows at the grain boundaries, further

10 nm
10 nm

b)a)

Fig. 51.20a,b Plan-view electron microscope images [the upper image (a) is lower resolution and the lower (b) is higher
resolution] of the CoPtCrB magnetic alloy layer used in the 35-Gb/in2 demonstration by IBM. The amorphous grain
boundaries are seen as white and the c-axis stacking of the hcp grains can be seen within the grains in the higher-resolution
image. (After [51.35].) The images were taken by Kai Tsang of IBM

reducing the exchange coupling. Figure 51.20 shows the
microstructure for a magnetic recording surface, illus-
trating the separation of the grains by the amorphous
CoCr phase and, in the lower image, the c-axis stack-
ing of the hcp grains [51.35]. In five-element alloys
[CoCrPtBTa], Ta assists the segregation of Cr at the
grain boundaries [51.36]. Some recording media use as
many as three magnetic layers with the saturation mag-
netization increasing towards the read head, so that the
average saturation magnetization is reduced while the
magnetization nearest to the read head is increased. The
layer of films comprising a recording layer at the areal
densities for a 130-Gb/in2 demonstration were: NiP-
plated aluminium substrate with mechanical texturing
in the data-recording zone/Cr seed layer/a CrMoX (X =
grain-boundary segregation-enhancement element) un-
derlayer/a CoCrT intermediate layer/two ferromagnetic
layers (one with high Cr/low B concentration and the
second with low Cr/high B concentration) and a double-
layer amorphous carbon overcoat [51.37]. The substrate
used for the samples in Fig. 51.20 was glass. Glass sub-
strates have several advantages over aluminium with
electroless Ni(P) (for hardness) substrates, including
increased stiffness, which leads to reduced flutter, in-
creased hardness and reduced susceptibility to corrosion.
However, aluminium substrates continue to be used in
nonportable applications because of reduced cost. The
amorphous carbon is required to protect the magnetic
film and to give a mechanically rigid surface on which
the slider can fly at less than 25 nm.
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Media Noise
In modern digital recording systems the dominant noise
voltage which appears simultaneously with the desired
read signal at the terminals of the read head is that from
the recording media, assuming that the resistance from
the read head is not excessive. Noise in the read chan-
nel is caused by random variations in the location of the
recorded transitions. Transitions are not straight across
the recorded track, as we assumed in our discussion of
the transition parameter, but instead form zig-zag pat-
terns in order to reduce the large demagnetizing field and
demagnetizing energy associated with the longitudinal
transition (discussed in [51.4]). Transitions also tend to
follow the grain boundaries in the polycrystalline media.
To achieve low media noise, it is required to have a small
grain size so that the random nature of the grains is aver-
aged over the width of the read head (the track width). An
analysis of the signal-to-noise ratio, defined as the base-
to-peak signal voltage amplitude (S0) over the media
noise voltage amplitude (N) has been published [51.24](

S0

N

)2

= 0.31

(
B

a

)2 (
PW50

B

)
Wr

Wc
, (51.13)

Wr: width of read head,
PW50: width of the read pulse at 50% of the peak

amplitude,
Wc: cross-track correlation width, which has been ap-

proximated as the grain or cluster size of the
recording media. The grain size is a distribution
and Wc is the mean of the distribution,

a: transition parameter discussed above,
B: length between bits.

For a reliable low error rate the value of 20logS0/N
is required to be above 26–27 dB and this has required
an increasingly smaller grain size as the width of the
read head has decreased, resulting in higher track den-
sities. For a 10-Gb/in2 system the value of Wr was
0.505 µm and the required mean of the grain size was
12 nm [51.38]. The ratio B/a has been ≈ 3 to avoid
severe distortion of the transition across the track, re-
ferred to as percolation (discussed in [51.4]) and the
ratio PW50/B has been in the region 2.5–2.8 for the
type of detection channels used in present disk drives
[partial response maximum likelihood (PRML)]. There-
fore, to maintain constant S0/N the ratio of the track
width to the grain size must be kept constant and, with
the decreased track width, the grain size must decrease
in proportion.

Increased areal density has required decreased mean
grain size but, equally important, tighter distributions

Table 51.3 Comparison of 20- and 80-GB/platter disk char-
acteristics (after [51.17])

20 GB/
90 mm disk

80 GB/
90 mm disk

Hc (Oe) 2700 4200

Mrδ (memu/cm2) 0.46 0.32

Average grain size (nm) 10.8 9.1

Distribution sigma 0.41 0.24

Amplitude decay rate
(%/decade)

0.7 0.4

of grain size. The distributions are closely matched by
log-normal distributions of the form

y = 1

σZ
√

2π
exp

(
−

(
Z − Z

)2

2σ2
Z

)
, (51.14)

where Z is the log10 value of the grain diameter, Z
is the mean value of Z and σZ is the standard devia-
tion of Z. Grain size distributions are measured on foils
by tunneling electron microscopy (TEM). Figure 51.20
showed the microstructure of a typical recording sur-
face, emphasizing the segregation of the grains by the
nonmagnetic constituents of the alloy. The distribution
of the grain sizes in recording media for 20 GB/platter
(counting both sides of the platter) and the higher den-
sity 80 GB/platter are shown in Table 51.3 [51.17]. Both
the mean and standard deviation for the 80 GB/platter
are reduced from those of the 20 GB/platter media. We
will discuss the decay rates shown in Table 51.3 in the
next section. The trend in the mean grain size and grains
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Fig. 51.21 Grain size and grains/bit for sputtered cobalt al-
loys as a function of areal density in Gb/in2. (After [51.17])
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Fig. 51.22 Calculated energy of an isolated single-domain
particle at the center of an 80-nm-long dibit transition. The
properties of the particle are listed in Table 51.4. The ratio of
the barrier height to thermal energy is 43 (see text) and the
height 43 kBT is shown shaded. There is margin between
the top of the shaded region and E+

B and the particle is
stable for the time tx of 10 y. (After [51.39])

per bit for recording films versus areal density is shown
in Fig. 51.21 [51.17]. A serious problem with this trend
is the fact that the ratio of magnetic to nonmagnetic vol-
ume in the film is decreasing faster than the average
grain size, which results in the number of grains per bit
decreasing faster than the average grain size. The price
to be paid for the increasingly small grain size is the sta-
bility of the recorded data over time as we discuss in the

Table 51.4 Energy of single-domain particle in magnetic field of two transitions (after [51.39])

Parameter Value

B (dibit length) 80 nm

Ku (particle anisotropy energy, consisting of shape and crystalline anisotropy contributions) 1.5 × 106 erg/cm3 (1.5 × 105 J/m3)

Mrδ 0.39 memu/cm2 (3.9 mA)

MS 375 emu/cm3 (375 × 103 A/m)

D (grain or particle diameter) 15 nm

δ (media thickness) 13 nm

V (grain or particle volume) π × (D/2)2 × δ

Hd (demagnetizing field between transitions) 780 Oe (62 kA/m)

〈φ〉 (mean angle of field with respect to grain or particle axis) 21◦

next section. To investigate how far the areal density can
be extended with longitudinal recording use has been
made of the signal-to-noise ratio calculation to see if an
areal density of 200 Gb/in2 is feasible. To ensure that
the signal-to-noise ratio does not degrade when extend-
ing the areal density from 60 to 200 Gb/in2, it is required
that: (a) the transition parameter be reduced from 12.8 to
6.2 nm, to achieve which the coercive field (Hc) must be
increased from 4000 to 5000 Oe, and (b) the product of
the magnetization and thickness (Mrδ) be reduced from
0.32 to 0.2 memu/cm3. In addition, the head–medium
spacing must be reduced from 30 to 15 nm [51.17].

Superparamagnetic Effect
To maintain the growth in areal density as shown
in Fig. 51.1, it is necessary to reduce the physical di-
mensions of the recording-system components — and,
to maintain the signal-to-noise ratio at levels required
for satisfactory error rates, this includes reducing the
mean grain size of the recording media. However, at
some grain size the thermally driven fluctuations of
the orientation of the magnetization in the isolated
grains result in increased probability of the magneti-
zation being switched from the desired orientation, as
initially recorded, to the opposite direction. This insta-
bility of the magnetization is the superparamagnetic
effect. The magnetic energy in an isolated grain is KuV ,
where Ku is the uniaxial anisotropy consisting of crys-
talline, magnetostriction and shape contributions and
V is the volume of the particle or grain with diam-
eter D [π(D/2)2δ]. Thermal energy supplied from the
environment to the particle is kBT , where kB is the
Boltzmann constant (0.8619 × 10−4 eV/K). An analy-
sis of the superparamagnetic effect using an isolated
small single-domain asymmetrical particle is summa-
rized in Fig. 51.22 [51.39]. Here, the magnetic particle
is assumed to be in the center of two transitions and
the energy contour results from an analysis using only
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shape and crystalline anisotropy (combined into Ku) and
magnetostatic energy terms.

E(θ, φ) = KuV sin2 θ + HMs cos (θ −φ) . (51.15)

It is assumed in Fig. 51.22 that the angle φ has a mean
value 〈φ〉 = 21◦. The energy contour shown in Fig. 51.22
results from the application of (51.15) with the pa-
rameters listed in Table 51.4. The energy required to
switch the particle from the initially magnetized direc-
tion is shown as E+

B . In the absence of an external or
demagnetizing field, the energy barrier is

E+
B = KuV .

With a demagnetizing field (Hd) the switching field is
reduced since the field is in the direction of the switched
magnetization

E+
B = KuV

(
1− |Hd|

H0

)1/2

. (51.16)

With a random two-dimensional (2-D) system
H0 = 2Ku/Ms. The magnetization of the particle will
switch when H0 = Hd. When the magnetization of the
particle is switched, the new energy barrier is E−

B and
is increased in depth since the demagnetizing field is
now in the same direction as the magnetization. Using
the set of parameters listed in Table 51.4, the depth of
E+

B [with a demagnetizing field of 780 Oe (62 kA/m)]
is approximately 1.9 eV.

The time constant for the thermally driven switching
of the magnetic particle in the presence of a magnetic
field, which in the case under consideration is the de-
magnetizing field acting on the magnetic particle, can
be found using an Arrehenius–Néel model

τ = τ0 exp

(
−E+

B (H)

kBT

)
,

where τ0 = 1/ f0 and f0 is an attempt frequency, usually
taken as ≈ 109 Hz [51.39]. The energy barrier depends
on the thermal energy and the fraction x (0 < x < 1) of
the retained magnetization and the storage time tx

E+
B (H) = ln

(
tx f0

|ln x|
)

kBT ,

tx = |ln x| (τ0) exp

(
E+

B (H)

kBT

)
. (51.17)

As an example, if the required storage time is ≈ 108 s
(10y) and the percentage loss of data amplitude is 5%,
then x = 0.95 and | ln 0.95| = 0.05 and

EB(H)

kBT
∼= 43 .
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Fig. 51.23 Signal loss versus time at room temperature and
300 k flux changes per inch for three magnetic record-
ing surfaces: The first two (from the top) are SFM or
AFC media with layer thicknesses of: [12 nm/0.7 nm/4 nm]
(open square), [12 nm/1.4 nm/4 nm] (open circle). The
lower curve is for a 12-nm single layer (solid diamond).
(After [51.40])

The thermal energy kBT at 350 K (the assumed op-
erating temperature of a typical disk drive) is 0.03 eV,
43 × kBT ≈ 1.25 eV and the shaded region in Fig. 51.22
has this energy level. Since there is some margin be-
tween the thermally driven contribution to switching
and the top of the barrier, the particle is stable (over the -
10– year period). However, for smaller volumes (V ) the
value of E+

B decreases and the particle could become
unstable. For example, if the thickness of the record-
ing media is reduced from that assumed in Fig. 51.22
(13 nm) to 6 nm, the value of E+

B is reduced to ≈ 0.9 eV
and the thermal energy would easily switch the particle.

A dramatic loss of data over time is observed with
recording media with media flux (Mr ×δ) less than about
0.25 memu/cm2. Figure 51.23 shows amplitude loss
of recorded data for three different media at a linear
density of 300 kΛux changes per inch at room tem-
perature [51.40]. The three media are: a single-layer
of CoCrPtB (lowest curve with a thickness of 12 nm);
and two recording surfaces we will discuss in the next
section. The signal decay rate R is defined as

R (Hd, T ) = 100
A(t)
A(t0) −1

log(t/t0)
, (51.18)

where the signal amplitude of a square-wave pattern
is A(t). With t0 = 1 s, the decay rate per decade for
the media shown as the lower curve in Fig. 51.23 is
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found to be −7.19%. The decay rate for the other me-
dia will be discussed in the next section. The decay rates
for the two recording films shown in Table 51.3 are
−0.7%/decade and −0.4%/decade for the 20 GB/platter
and 80 GB/platter media, respectively. In a conventional
disk recording system this superparamagnetic effect was
judged to limit the areal density to somewhere in the
range 36–100 Gb/in2 (reviewed in [51.39]). The super-
paramagnetic effect and the requirement for low media
noise result in recording-system designers being caught
in two inconsistent requirements: first, a small grain
size for the recording media is required for adequate
signal-to-noise ratio, so that the number of grains per
bit remains constant (51.13), and second, a large grain
size is required for small data loss over time because of
the superparamagnetic effect [(51.16) and (51.17)]. The
requirement to reduce the thickness of the recording me-
dia can be deduced from the need for low values of Mrδ

for short transition lengths (51.5). The approach of in-
creasing the anisotropy of the grains to increase KuV to
resolving the superparamagnetic effect is limited by the
ability of write heads to record on the media with the
resulting increased media coercivity. The present val-
ues of areal density are approaching this limit. However,
as can be seen from Table 51.3, the decay rates ob-
served with the smaller grain size–higher density media
is actually smaller than that for the larger grain size–
lower density media. A possible explanation is that the
KuV values for the smaller grains are higher than for
the larger grains [51.17]. In the next section we discuss
a novel approach that has extended the progression in
areal density.

Antiferromagnetically Coupled (AFC)
or Synthetic Ferrimagnetic (SFM) Media
The invention of a new form of recording media which
has decreased the impact of the superparamagnetic
effect was accomplished simultaneously by teams of
researchers at the Fujitsu and IBM Almaden Research
Laboratories [51.41, 42]. The new form of recording
media consists of two ferromagnetic layers coupled by
a thin layer of ruthenium [antiferromagnetically cou-
pled (AFC) or synthetic ferromagnetic media (SFM)],
which results in an antiferromagnetic coupling of the
two films, similar to that used in the spin valve for a syn-
thetic antiferromagnet. In order for the coupling between
the two ferromagnetic layers to be antiferromagnetic,
the thickness of the ruthenium layer, referred to by
IBM as “pixie dust”, is required to be approximately
0.6 nm [51.42]. A schematic of the antiferromagnetic
coupled media and the resulting hysteresis curve is
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+
+
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Fig. 51.24 (top) Schematic of the antiferromagnetically
coupled (SFM or AFC) media showing the two ferromag-
netic layers coupled by a thin layer of ruthenium (‘pixie
dust’) and with a single magnetic transition for which the
magnetizations in the two layers are oppositely directed.
(bottom) Magnetic hysteresis curve for the SFM or AFC
media with remanent thickness products for the two ferro-
magnetic layers shown in the inset and measured at 350 K.
The filled triangles are the major hysteresis curve and the
filled circles are the remanence hysteresis curve. The ar-
rows show the directions of the magnetization in the two
films. (After [51.40])

shown as Fig. 51.24 [51.40]. The sharp reduction in the
remanent magnetization at ≈ 80 Oe is due to the switch-
ing of the thinner lower layer (Mrt2) and the lowered
value of the remanence is advantageous for reduced tran-
sition noise and transition length. The curve with solid
circles is a remanence hysteresis curve measured by sub-
jecting the sample to a negative reversing field and then
increasing the field in a positive direction to zero and
plotting the remanent magnetization. This measurement
is an attempt to simulate what happens when a record-
ing medium leaves the vicinity of the recording head.
By analyzing the read pulse from the transition in the
upper layer combined with the read pulse from the tran-
sition with reversed sign from the lower layer (the layers
are antiferromagnetically coupled), it can be shown that
no degradation of the resolution (PW50) of the system
results from having two as opposed to one recording
layer [51.42]. The advantage of the AFC or SFM con-
figuration is that the medium is in fact thicker than would
be required for the given recording density using a single
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layer and hence is less susceptible to the superparam-
agnetic effect (51.17). The effective volume is bounded
by

KuV1 < KuVeff < KuV1 + KuV2

and with tight coupling and alignment of the axes of
the grains the upper limit is approached. The effective
remanent magnetization × thickness product is close to

Mrt1 − Mrt2

and this reduces the pulse width over that a single-layer
recording medium (51.10).

Because of the antiferromagnetic coupling, an ex-
change magnetic field Hex,2 acts on the lower magnetic
film

Hex,2 = Jex,2

M2t2
and a typical value for the antiferromagnetic exchange
constant Jex,2 is 0.06 erg/cm3 (6 mJ/m3) [51.44]. For
the magnetization of the lower layer to assume the op-
posite direction to that of the top layer before the field H
is reduced to zero, it is required that Hex,2 > Hc2. The
antiferromagnetic exchange constant can be increased
by adding a thin layers of cobalt or cobalt alloys known
as E layers to both sides of the ruthenium layer [51.43].
The increase in the antiferromagnetic exchange con-
stant is rapid with thickness of the E layers and we
show in Table 51.5 a listing of Jex for several E lay-
ers [51.43]. The largest increase in Jex is with cobalt,
but this material suffers from significant degradation on
overwrite and poor signal-to-noise ratio compared with
cobalt alloys.

To illustrate that the AFM or SFM media configura-
tion actually results in reduced amplitude loss over time,
we show in Fig. 51.23 the amplitude loss with two SFM
media: 12/0.7/4 (open squares) and 12/1.4/4 (open cir-
cles), where the numbers are the thickness of the three
layers in nm and the value of EB/kBT is 38 [51.40]. The
signal decay rate is −4.14% per decade for the top curve
(open squares) and −6.45% per decade for the middle
curve (open circles) [51.40]. The coupling between the

Table 51.5 Comparison of materials for E layers: Jex values and degradation in overwrite and signal to media noise
(after [51.43])

Material for E layers (all 1 nm thick) Co Co–Cr Co–Cr–X

Jex (erg/cm2) 0.73 0.59 0.24

Degradation in overwrite (dB) with respect to SFM media without
E layers (negative values indicate improved overwrite)

10 ≈ 3 ≈ −6

Degradation in S/Nm (dB) with respect to SFM media without E layers ≈ 4.5 ≈ 1.6 ≈ 1.5

two magnetic films is antiferromagnetic for the top curve
and ferromagnetic for the middle curve and the lower
curve is a single magnetic layer. The AFM or SFM me-
dia clearly reduces the decay rate. The improvement is
even more significant with a larger value for EB/kBT
and values of R less than 1%/decade with Mrt values
lower than 0.2 memu/cm2 have been reported by IBM
researchers using static magnetization measurements
with a reversing magnetic field to mimic the demagne-
tizing field [51.42]. AFM media are being used in IBM
portable disk-drive applications [51.45]. Areal densities
larger than 100 Gb/in2 have been reported with longitu-
dinal recording using AFM media [51.46]. The magnetic
recording layers were alloys of CoCrPtB with an aver-
age grain size of 9.4 nm. The write head was trimmed on
the air-bearing surface to the final track width using a fo-
cused ion beam and the track density was 149 ktracks/in
and the bit density was 720 kbits/in [51.46].

The data shown in Table 51.3 also shows that
it is possible to achieve low decay rates with sin-
gle recording layers [51.17]. Analysis comparing SAF
and single-layer media has shown that the single-
layer media is preferred unless the media flux drops
below about 0.25 memu/cm2 with Hc values con-
strained below 4300 Oe. If recording heads are able
to record with adequate overwrite on media with co-
ercivity greater 4300 Oe, then the single-layer media is
preferred [51.47].

Dynamic Coercivity
Another manifestation of thermal effects on magnetic
properties is a change in coercivity with switching time.
With long periods of time the probability that a particle
will switch is increased by thermal excitation and with
short periods this probability is decreased – leading to
a change in the coercivity of the particle. An experimen-
tal study of this effect was done on a test stand in which
a stationary write head is driven by a current pulse of
variable duration over a previously magnetically satu-
rated recording medium. The current pulse records two
transitions (a dibit). The width of each transition is es-
sentially the gap of the write head and the length of
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Fig. 51.25 Dynamic coercivity HCR(t) for a series of
Co64Pt14Cr22 films with variable thickness. (After [51.39])

the reversed magnetization region varies with the pulse
width (tp). The dibit is read with a magnetoresistive sen-
sor moved across the recorded transitions resulting in
a dibit pulse. By measuring the amplitude of the dibit
signal as a function of the pulse width and varying the
magnitude of the reverse field and measuring Hhead (I)
it is possible to deduce the remanent coercivity (HCR)
as a function of tp. The resulting curves of HCR/HCR
(1 ns) are shown in Fig. 51.25 [51.39]. The experimental
slopes C increase as the thickness decreases. The inverse
slope parameter is given by

1

C
∼= KuV

kBT
,

which is the superparamagnetic stability parameter dis-
cussed above and it is observed that, even with a stability
factor larger than 51, for which the superparamagnetic
region is avoided, the coercivity increases significantly
for short switching times. This is the actual coercivity
that must be exceeded by the write-head magnetic fields
to switch a recording film.

51.1.5 Perpendicular Recording

The technology that is now starting to supplant
longitudinal recording is perpendicular recording. Per-
pendicular recording offers a way out of the conundrum
caused by the need for thinner recording media for
improvements in recording density and the need for
larger particles to reduce the impact of superparamag-
netism. In perpendicular recording the magnetization in
the recording media is held perpendicular to the surface

SUL

Fig. 51.26 Schematic of a perpendicular recording system.
(After [51.4])

of the recording media by a perpendicular anisotropy
large enough to overcome the large demagnetizing field
with this orientation of the magnetization. A schematic
of a perpendicular recording system including a probe
write element and a magnetically soft underlayer (SUL)
is shown as Fig. 51.26. It is also possible to have a per-
pendicular recording system with a ring write head and
a single-layer media, but this approach has not been
developed. In contrast to longitudinal magnetic record-
ing the SUL is required for a low-reluctance path for the
magnetic flux generated by the coil on the write element.
One advantage of perpendicular recording is that the
magnetic field for recording is larger than that for longi-
tudinal recording since the magnetic field from the write
pole is in the gap of the write head, in contrast to longitu-
dinal recording where the field leaks from the write gap.
A schematic of the total geometry for longitudinal and
perpendicular recording is shown in Fig. 51.27 [51.1].
Reading for perpendicular recording is accomplished
with a GMR sensor as with longitudinal recording. The
major difference in the write head is that it uses a single
pole to generate the perpendicular magnetic field with
a wider (to reduce the reluctance) return pole. The write
head for perpendicular recording is imaged in the SUL
and this results in an increase in the strength of the mag-
netic field by approximately a factor of two. In addition,
due to imaging effects, the effective number of turns
on the write head is doubled for perpendicular record-
ing. It is important for perpendicular recording that the
magnetization of the magnetic material for the SUL be
larger than that for the pole of the write head [51.48].
This is the case to prevent the SUL from saturating be-
fore the pole tip saturates, resulting in a decrease in
the gradient of the head field, which would result in an
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Fig. 51.27 Schematic of longitudinal and perpendicular recording systems. (After [51.1])

increased transition length (to be discussed). A large
magnetic field and gradient of magnetic field from the
write head can record media with a larger coercive field
than for longitudinal recording, which results in a re-
duced transition length. Perpendicular-recording media
can be made thicker than for longitudinal media for the
same areal density. The media thermal stability factor( KuV

kBT

)
is increased both by an increase in Ku by virtue

of the increased coercive field but also by the increase
in the volume (V ) with the thicker media. Reading of
the magnetic transitions with perpendicular recording
is done with a spin valve head as with longitudinal

recording – the difference being that with perpendic-
ular recording the response is a step instead of a pulse
(to be discussed).

A significant recent development for perpendicular
write heads is the addition of a trailing-edge shield to
the head that results in an improvement in the concen-
tration of the writing flux and an increase in the gradient
of the head field (dHy/dx), which reduces the transi-
tion length [51.49,50]. A schematic of a write head with
a trailing-edge shield is shown in Fig. 51.28 [51.51].
The shield connects to the larger return structure for
the head shown in Fig. 51.27. The particular geometry
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Fig. 51.28 Schematic of a perpendicular recording head in-
cluding the main pole and the front yoke or trailing-edge
shield. (After [51.51])

and saturation magnetization of the main pole and the
front yoke or trailing-edge shield were used in a two-
dimensional finite element model to calculate the head
fields and shape of the recorded transition [51.51]. Re-
sults of the simulation of transition shape are shown
in Fig. 51.29, where it is seen that the recorded transi-
tion is considerably sharper with the head with the front
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Fig. 51.29 Magnetic transitions in perpendicular recording
with and without the front yoke or trailing-edge shield.
(After [51.51])

yoke compared with the head without the shield, partic-
ularly with the higher coercivity media (Hc = 8000 Oe).
The perpendicular magnetic field has the amplitude re-
duced to one-half at a distance of 0.8d with the shield
and 1.3d without the shield (assuming that the spacing
of the shield is spaced by a distance d from the main
pole) [51.50]. The shield shunts some of the write flux,
reducing the amplitude of the write field, so it is im-
portant to keep the height of the shield short. Another
advantage of the trailing-edge shield is that a horizontal
component of the field is added. This field reduces the
field for switching since, if the angle of the field is θ, the
switching field is

Hswitch = Hk[
(cos θ)2/3 + (sin θ)2/3]3/2 ,

where Hk is the anisotropy field of the perpendicular
medium. The denominator of this equation is always
larger than one and hence the switching field is reduced
for angles θ larger than zero degrees.Note that this equa-
tion is the switching asteroid equation used to explain
the operation of the MRAM (to be discussed).

A significant advantage of perpendicular as com-
pared with longitudinal recording is the narrower
off-track read profile as shown in Fig. 51.30 [51.50]. This
improvement in read profile leads directly to increased
track density. There are limitations to the achievable
track density in disk drives where there is significant
skew of the head with respect to the track center line.
Head skew results from the fact that present disk drives

0.5

0

1.0

–200 –100 0 100 200

Perpendicular

Normalized signal amplitude

Offtrack position (nm)

Longitudinal

Fig. 51.30 Cross-track profile of the signal with perpendic-
ular and longitudinal recording. (After [51.50])
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Fig. 51.31 Magnetization and perpendicular anisotropy for
a perpendicular recording media. (After [51.4])

use rotary actuators and the angle of the written tran-
sition with respect to the track center line varies as the
actuator is rotated across the disk, being largest at the in-
side and outside diameters. With head skew it is possible
for the write element of the head to be placed over the
guard band or adjacent track of a selected track, resulting
in unwanted recording in these areas. This problem is
reduced by using trapezoidal poles [51.52]. Shields can
be added to the side of the head to reduce this erasure of
adjacent track information; however, the processing of
such shields is complex.

Media for Perpendicular Recording
The magnetization and anisotropy in a perpendicular
recording film is shown as Fig. 51.31. The energy of
the magnetization in the presence of the demagnetizing,
anisotropy and magnetostatic energies (cgs units) is

E = 1

2
4πM2

s cos2 θ + Ku sin2 θ − Hext Ms cos θ ,

(51.19)

where the demagnetizing factor for a thin film magne-
tized normal to the surface is 4π. The equilibrium angle
is given by the solution to

dE

dθ
= 4π

2
(−2 cos θ sin θ) M2

s +2Ku sin θ cos θ

+ Hext Ms sin θ = 0 . (51.20)

For stability

d2 E

dθ2
= −4π

(
cos2 θ − sin2 θ

)
M2

s

+2Ku

(
cos2 θ − sin2 θ

)
+Hext Ms cos θ>0 .

(51.21)

Table 51.6 Magnetic properties of selected materials for perpendicular recording (data from [51.53])

Material Hk (kOe) Ms (emu/cm3) Ku (erg/cm3×106) 2πM2
s (emu/cm3)2

Co–Cr 7 270 0.95 0.46

Co–Cr–Pt 10 280 1.45 0.49

Co/Pd 17 350 2.98 0.77

Fe/Pt 28 750 10.5 3.53

The solution is sin θ = 0 (θ = 0◦or180◦) and the stability
condition for Hext = 0 results in

Ku > 2πM2
s . (51.22)

Alloys under consideration for perpendicular recording
include those listed in Table 51.6 [51.53] and Table 51.7.
A review of work on perpendicular recording media was
published [51.54]. It is observed from this table that
these candidate materials satisfy the condition (51.22).
The critical magnetic field below which the θ = 0◦ solu-
tion is no longer stable is given by the solution to (51.21)
with Hext �= 0, resulting in

He,crit(θ = 0◦) = −
(
2Ku −4πM2

s

)
Ms

,

He,crit(θ = 180◦) =
(
2Ku −4πM2

s

)
Ms

. (51.23)

The solution to (51.21) with sin θ factored out is

−4πM2
s cos θ +2Ku cos θ + Hext Ms = 0 ,

Hext = cos θ(4πMs −2Ku/Ms) ,

M⊥/Ms = cos θ ,

M⊥/Ms = Hext

(4πMs −2Ku/Ms)
. (51.24)

This solution applies when the magnetization curve
is not saturated. He,crit is not the same as the coer-
cive field where M(Hext) = 0. The coercive field is
found from (51.20) by recognizing that the magnetic
field Hext = −|He,crit|− H ′, where H ′ is measured from
−|He,crit|. The coercive field is then

Hc = −2
∣∣He,crit

∣∣ .

The result for a Co–Cr–Pt alloy (Table 51.7) with the
following parameters: Ku = 1.45 × 106 erg/cm3, Ms =
280 emu/cm3 is as follows

He,crit(θ = 0◦) = −
(
2Ku −4πM2

s

)
Ms

,

He,crit(θ = 0◦) = − (2 × 1.45 × 106 −4π2802)

280
,

He,crit(θ = 0◦) = −6838 Oe ,

He,crit(θ = 180◦) = 6838 Oe .
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Table 51.7 Media for perpendicular recording

Media Hc
(kOe)

Mr
(emu/cm3)

α
(4πMr/Hc)

Hk
(kOe)

Magnetic
layer thick-
ness (nm)

Hn
(kOe)

Comments Ref.

CoCrNbPt/Ti 2–5 250–450 1.25 6 50 – Good SNR, poor
thermal stability

[51.55]

CoCrPt/Ti/CoZr 2–4 500 2.09 13 25 – Good SNR, poor
thermal stability

[51.56]

Co70.3Cr15Pt14.7/

Ti/CoZrNb
5.5 460 1.05 – – −1.7 Good thermal stabi-

lity, SNR = 25 dB
[51.57]

[Co/Pd]n 2–10 200–600 0.84 15–30 10–50 – Good thermal
stability, poor SNR

[51.58]

[Co/PdSi]13 3.2–5.4 160 1.35 – – – SNR improved [51.59]

FePt 2–5 800 2.87 > 30 10–50 – – [51.60]

CoCrPtB/

Ti–CoCrTa/
laminated SUL

2.5–3.0 400 1.83 12 – – Good SNR, poor
thermal stability

[51.61]

CoCrPtO/Ti–Ru/
laminated SUL

3.5 520 1.86 – – – Good thermal
stability, poor SNR

[51.62]

CoPtCr–SiO2 > 5 430 1.08 18.6 10–30 – Good thermal
stability, good SNR

[51.63]

Coupled/granular/
continuous
CoCrPt/Co–Pt

4–5 400 1.11 – – −1to−3 Good thermal
stability, good SNR

[51.64]

Coupled/granular/
continuous
CoCr18Pt12/

Co–Pt

4.02 395 1.23 – – −1.8 Good thermal
stability.
SNR = 31 dB

[51.65]
[51.66]
[51.67]

The magnetization curve for the second quadrant is:

M⊥/Ms = Hext

(4πMs −2Ku/Ms)
,

–30000 30000

1.5

1.0

0.5

0

–0.5

–1.0

–1.5
–20000 –10000 0 10000 20000

Mperp/Ms

H (Oe)

Fig. 51.32 Hysteresis curve for Co–Cr–Pt perpendicular
recording media using the analysis in the text

M⊥/Ms =
(
Hext +2 ×

∣∣He,crit
∣∣)∣∣He,crit

∣∣ ,

Hc = −2 ×
∣∣He,crit

∣∣ = −13.67 kOe .

The magnetization curve for the fourth quadrant is:

M⊥/Ms =
(
Hext −

∣∣He,crit
∣∣)∣∣He,crit

∣∣ −1 .

The magnetization curve is shown in Fig. 51.32 and ex-
hibits the desired large coercivity but the curve is sheared
due to the large demagnetizing field.

In general, the magnetic hysteresis curve (M ver-
sus Hext) for the recording medium is as illustrated
in Fig. 51.33 [51.53]. Here the slope parameter (α)
characterizes the slope of the magnetization curve at
H = −Hc,

α = 4π

(
dM

dH

)
H=−Hc

. (51.25)

Finite values of α result from variations in the direction
of the perpendicular magnetization, dispersion in the
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M

H

α

4πMs/α

–Hc

–Hn Ms–Hn

(4π–Nd)Ms

Fig. 51.33 Hysteresis curve with demagnetizing field
(4πMs/α) and a reduced demagnetizing factor Nd for a per-
pendicular recording film with loop slope parameter α.
(After [51.53])

perpendicular anisotropy and variations in the exchange
coupling between grains and clusters in the media. The
effective demagnetizing field is reduced from 4πM to
4πM/α. This reduction in demagnetizing field results
from the formation of a rectangular checkerboard pat-
tern of domains with high-density linear recording and
high track densities [51.53]. The effective anisotropy
energy, which assists in overcoming the thermal energy
and the superparamagnetic limit, is given in terms of the
nucleation field (H ′

n), at which field the magnetization
just starts to reverse, by

Keff = H ′
n Ms/2 .

For high areal density an estimate of the reduced demag-
netizing factor is

N ′
d = 0.5 × 4πMs

and the increase in the nucleation field Hn is

H ′
n = Hn + 4πMs

2
.

For high-density recording large values for α and Hc
are required; however, the value of Hc is limited by the
ability of the pole head to generate magnetic fields equal
to or greater than approximately 1.5 × Hc, the condition
that ensures adequate overwrite.

The transition parameter (a) for perpendicular
recording can be estimated using the same write-slope

Table 51.8 Parameters for evaluating transition parameters
for longitudinal and perpendicular recording

Parameter aL aP

d (nm) 26 26

t (nm) – 50

u (nm) – 0

S∗ 0.95 0.98

Mr (emu/cm3) 200 200

δ (nm) 14 –

Q 0.6 0.6

Hc,max (Oe) 3500 8000

criteria discussed for longitudinal recording [51.68].
Here,

dM

dx
= dM

dH

(
dHhead

dx
+ dHdemagnetizing

dx

)
. (51.26)

This equation is solved by assuming an arctangent tran-
sition shape and denoting the slope of the head field by
dHhead

dx = Q Hc/s, where s is the total spacing of the write
pole tip to the top of the SUL, consisting of the phys-
ical spacing (d), the thickness of the recording media
(δ) and the spacing between the SUL and the magnetic
recording film (u). Using the demagnetizing field for
a perpendicular transition [51.69]

a = a1 +
√(

a2
1 + (1− S∗) δs

πQ

)
,

a1 = 4Mrs

Q Hc
+ s (1− S∗)

πQ
− δ

4
, α =

4πMr
Hc

(1− S∗)
.

(51.27)

A comparison between the transition parameters for
longitudinal (aL) and perpendicular (aP) recording
from (51.5) and (51.27) with the parameters listed in Ta-
ble 51.8 is shown in Fig. 51.34 [(Hc) for longitudinal
recording is the dark line and (Hc) for perpendicu-
lar recording is dashed]. It is seen that the transition
parameter for perpendicular recording can be made
smaller than that for longitudinal recording if the co-
ercive field for perpendicular recording is larger than
6500 Oe. Note that the thickness of the recording media
for perpendicular recording is larger than that for lon-
gitudinal recording. The magnetic squareness (Mr/Ms)
for perpendicular recording media is larger than that for
longitudinal recording.

Gao and Bertram have shown a significant advantage
for perpendicular recording if the uniaxial anisotropy is
not aligned perpendicular to the surface, but oriented at

Part
E

5
1
.1



Magnetic Information-Storage Materials 51.1 Magnetic Recording Technology 1181
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Fig. 51.34 Comparison of transition parameters versus the
coercive field (Hc) for perpendicular (solid line) and longi-
tudinal (dashed line) recording. (After [51.68])

45◦ to the perpendicular [51.70]. The geometry for this
tilted perpendicular recording is shown as Fig. 51.35.
The crystallites comprising the media are still aligned
perpendicular but the crystalline anisotropy is assumed
to be at 45◦. No material system was disclosed that
exhibits this tilted anisotropy. With tilted perpendicu-
lar recording the crystalline anisotropy field (Hk) can
be made significantly larger than if the anisotropy is
perpendicular. An example is 15 000 Oe for perpendic-
ular recording and 28 000 Oe for tilted perpendicular
recording [51.70]. Some of the advantages of tilted per-
pendicular recording are: reduced switching field and
reduced average grain diameter, resulting in increased
signal-to-noise ratio since the number of grains per bit
is increased.

The requirements for media for ultra-high-density
perpendicular recording have been analyzed [51.71].
Table 51.9 summarizes the results for media parame-
ters for areal densities of 100–1000 Gb/in2. Several key
media parameters are the grains per bit (N) and the co-
ercivity (Hc). An estimate of the signal-to-noise (SNR)
ratio using the Poisson statistics of additive noise for the
magnetic grains is

SNR = −10 log10 (N) ,

where N is the number of magnetic grains per bit [51.71].
There are two approaches to realizing recording me-
dia with a large perpendicular anisotropy and that can
approach the parameters in Table 51.9: granular media
typified by CoCr alloys and continuous multilayer media
typified by [Co–Pd]n multilayers. CoCr alloys exhibit
good SNR but insufficient Hc for ultra-high recording

Anisotropy
direction

a) 320nm

120nm

Cross track direction

SUL

Medium

60nm

b)

300nm

Down track direction

SUL

Medium

Anisotropy
direction

Fig. 51.35 Typical geometry of tilted perpendicular record-
ing. The medium anisotropy directions and not the medium
grains are tilted in the cross-track direction. (After [51.70])

densities, while the multilayers have not exhibited suf-
ficient SNR. Recent results for multilayers of Co/PdSi
where the Pd layer is doped with silicon have shown
an improvement in the SNR [51.59]. The technology
demonstration of 50+Gb/in2 (to be discussed) used
a granular CoCr alloy. Table 51.7 is a listing of some
metal alloy candidates for perpendicular recording. In
general, Pt plays a significant role in determining the
magnetic anisotropy and Cr, Ta, Nb and B reduce the
exchange coupling, resulting in reduced noise. Another
alternative for perpendicular recording media is oxide
media, e.g., CoCrPtO or CoCrPt–SiO2 [51.63, 72, 73].
A recent study has shown that the oxide media has im-
proved coercivity and a negative nucleation field (Hn),
reduced pulse width and reduced signal decay compared
to CoCrPtB media [51.74]. An issue with the oxide me-
dia is the nonuniformity of the coercivity and oxygen
content in the disk surface due to the high gas pressure
and oxygen-gas reactive sputtering [51.74]. The last two
listings are for a coupled granular/continuous (CGC)
medium that combines the best properties of the continu-
ous media (high Hc and good thermal stability) and gran-
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Table 51.9 Requirements for perpendicular recording media for ultrahigh recording densities (after [51.71])

Areal density (Gb/in2) 100 250 500 1000

Flying height d (nm) 8 7 6 5

Signal-to-noise ratio (RMS signal/RMS noise) 18 17 16 15

Grains per bit N 63 50 40 32

Average grain diameter D (nm) 9 7 5 4

S∗ 1 1 1 1

Media thickness δ (nm) 18 20 22 24

Perpendicular anisotropy constant Ku(×106 erg/cm3) 2 3 4 6

Saturation magnetization Ms (emu/cm3) 400 550 700 875

Coercivity Hc (Oe) 8500 11000 12500 14300

C (5 nm)

Pt Co
Pt buffer

CoCr18Pt12

Ti (18 nm)

NiAl (40 nm)

Glass substrate

Continuous
layer

Granular
layer

Fig. 51.36 Schematic representation for coupled granu-
lar/continuous (CGC) media. (After [51.64])

ular media (good SNR) [51.64, 65, 75]. A cross section
of the CGC media is shown in Fig. 51.36 [51.64]. The
continuous layer causes an exchange coupling which sta-
bilizes the granular medium; this exchange field is large
(≈ 200 kOe) and can result in considerable improvement
in thermal stability [51.75]. The initial results for CGC
media were encouraging from the standpoint of thermal
stability but the high-density SNR was 2 dB less than
for the granular media alone. Further optimization of the
CGC media using [Co–Pt]n multilayers coupled through
a Pt buffer layer to a CoCrPt granular layer has shown an
improvement in SNR over the granular media alone by
3–5 dB [51.75]. The improvement in SNR is believed to
be due to the fact that magnetic recording transitions in
the continuous layer are in the form of narrow domain
walls and the magnetic interaction between the two lay-
ers may result in breaking up the magnetic clusters that
form the transitions in the granular medium [51.75].

Magnetic materials used for the soft underlayer
(SUL) for a perpendicular recording media must be
magnetically soft for low reluctance but also must not
exhibit magnetic domains, which can contribute noise to
the read signal. The SUL must have a magnetic moment
that is larger than that for the pole tip of the write element
so that the SUL saturates after the pole tip saturates. This
condition assures that there is no excess reluctance di-
rectly under the pole tip. The SUL must also be thick
enough that the reluctance of the path through which
the flux travels allows the maximum magnetic field un-
der the gap. Decreasing the reluctance of the flux path
also increases the gradient of the magnetic field from
the pole, which reduces the length of the transition pa-
rameter (51.20) [51.48]. A guide for selecting the SUL
thickness (TSUL) is

TSUL ≈ Apole tip

Cpole tip

Mpole tip

MSUL
, (51.28)

where Apole tip and Cpole tip are the area and the cir-
cumference of the pole tip, respectively, and Mpole tip
and MSUL are the saturation magnetizations of the
pole tip of the write head and soft underlayer, respec-
tively [51.48]. The effects of changing the thickness of
the SUL on the recording parameters of a probe head
are shown in Table 51.10 [51.48], where it is seen that
the thickness and hence reluctance are key to head per-
formance. Candidate materials for the SUL are listed

Table 51.10 Effect of the thickness of the FeAlN soft under-
layer (SUL) on recording head parameters (after [51.48])

Thickness of FeAlN
SUL (4πMs = 20 kG)

0.1 µm 0.3 µm

Maximum magnetic field (kOe) at
recording layer at saturation current
(mA) (in parentheses)

16.3 (90) 17.7 (70)

Maximum head field gradient
(Oe/nm)

175 550
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Table 51.11 Magnetic materials for soft underlayers (SUL)

Material Bs (kG)
(T × 10−1)

Relative
Permeability

Comments Reference

Ni80Fe20 (Permalloy) 10 1500–2000 Insufficient magnetic moment for SUL. Field gradient
decreases at maximum field

[51.48]

Sendust (FeSiAl) 10 8000 Insufficient magnetic moment for SUL [51.4]

FeAlN 20 2000 Sensitive to process conditions; believed to be less useful
than FeCoB

[51.48]

FeCoB 20–24 200–240 Annealed to reduce stress [51.76,77]

CoZrNb 14 Lower magnetostriction than FeCoB [51.77]

NiFe17Mo4 [51.78]

[Ni–Fe/Si]n Multilayers [51.79]

IrMn/CoZrNb 14 IrMn antiferromagnetic film to reduce spike noise due to
domain walls

[51.80]

Table 51.12 Parameters for perpendicular recording demonstrations

Demonstration 52.5 Gb/in2 ≈ 100 Gb/in2

media

Type CoCrPt CoCrPt

Ms (emu/cm3) 250 330

Hc (kOe) 2.6 4.94

Ku (erg/cm3) Hk = 10 kOe 1.82 × 106

S 0.98 0.92

〈D〉 (nm) – 11.9

Underlayer FeTaC (16 kG) 400 nm –

Head

Turns – 1

Fly height (nm) 6.4

Magnetic spacing (nm) 20 –

Pole material FeNi (16 kG) –

Pole width (nm) 250 105

Pole thickness (nm) 400 105

Write width (nm) ≈ 250 180

Shield–shield spacing (nm) 80 70

Read width (nm) 200 100

Component performance

Sensitivity (mV/µm) 3 25

PW50 70

Channel performance

Channel type Simulator (code rate = 32/33) Software (code rate = 16/17)

Bit density (kb/in) 590 650

Track density (ktr/in) 88.9 143

Areal density (user/channel) (Gb/in2) 52.5 (user) 84 (user) 93 (channel)

On-track bit error rate 10−5 6.7 × 10−5

in Table 51.11. A major issue with the soft underlayer
is the motion of domain walls driven by the magnetic
field from the write head which can lead to spike noise.

The last entry in Table 51.11 is for an antiferromag-
netic pinning layer to prevent the motion of such domain
walls.
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Auxiliary pole/Upper shield

MainPole Coil Bottom shield

GMR sensor

Fig. 51.37 Cross-sectional view of a perpendicular head
with a GMR sensor including the bottom and upper shields.
The upper shield also serves as the auxiliary pole. (Af-
ter [51.81])

Perpendicular Recording Demonstrations
Perpendicular recording has now been used in commer-
cial disk drives. The first was the Toshiba 40 GB, 1.8 inch
disk drive with an areal density of approximately
75 Gb/in2, while more recently the capacity has been
increased to 80 GB and the areal density to 133 Gb/in2

(Toshiba 2006). Seagate has shipped 2.5 inch notebook
drives with a capacity of up to 160 GB and an areal den-
sity of 132 Gb/in2 (Seagate 2006).An earlier technology
demonstration with an areal density of 52.5 Gb/in2 was
reported in 2001 [51.81] and one for approximately
100 Gb/in2 in 2003 [51.82]. Recently, Hitachi Global
Storage Technologies has reported an areal density of
230 Gb/in2 using perpendicular magnetic recording and
a tunneling current-perpendicular-to-the-plane (CPP)
GMR read head (to be discussed) [51.83]. We show
in Table 51.12 the parameters used for the two areal
density demonstrations. In both cases a pole write head
and a spin valve read head were used. The parameters
for the ≈ 100 Gb/in2 demonstration are close to those
required for the ultra-high densities (> 100 Gb/in2) as
described in Table 51.9, except that the coercivity is
about one half that specified. A cross section of the
write and read elements for the perpendicular recording
head used in the 52.5-Gb/in2 demonstration is shown
in Fig. 51.37 [51.81]. The pole of the write head is iden-
tified as the “main pole” and the thick return pole and
upper shield of the GMR sensor are identified as the
“auxiliary pole/upper shield”. The read signal versus
density (roll-off curve) for the 52.5-Gb/in2 demon-

Normalized output

Linear density (kb/in)
0 1000100

1.00

0.10

0.01

20 kb/in

200 kb/in

ELF = 620µVp–p

Fig. 51.38 Normalized voltage amplitude for a sequence of
read signals from a perpendicular recording system versus
linear density in kb/in. (After [51.81])

stration is shown in Fig. 51.38 and results from the
increasing interference of positive and negative step
pulses in a long string of transitions. At low densities
a step response is observed in perpendicular recording
since the GMR sensor detects the vertical component
of the stray magnetization that reverses at the transition
and at higher densities the response appears as a sinu-
soid. The decay in the signal at the low-density response
is due to the insufficient bandwidth of the preamplifier.
The read signal for isolated transitions can be described
by the response function

h(t) = A tanh

(
ln 3

T50
t

)
, (51.29)

where A is one half of the signal amplitude and T50 is
the time for the signal to rise from −A/2 to A/2. The
step signals can be detected either by differentiating the
signal to produce pulses, as with longitudinal recording,
or with equalizer circuits that directly handle the step
response. The channel performance as realized with sim-
ulator channels is listed in Table 51.12 and approximates
the requirements of a practical system.

Seagate technology reported an areal density of
100 Gb/in2 in November 2002 [51.84]. The linear
density was 700 kb/in and the track density was
143 ktracks/in. Seagate has also reported an areal den-
sity of 170 Gb/in2. The linear density was 1050 kb/in
and the track density was 161 ktracks/in with a data rate
of 483 Mb/s. However, in neither case was this areal
density reported in a disk-drive product but rather was
measured using a single disk and single head [51.85].
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51.2 Magnetic Random-Access Memory

The application of the giant-magnetoresistive effect to
recording heads that we have discussed assumed that the
sense current is in the plane of the recording film. This
is not the only possibility and devices with the current
perpendicular to the plane (CPP) have been proposed
both for magnetic recording read heads but also for fast
magnetic random-access memory (MRAM). The CPP
technology that shows the most promise for both the
magnetic recording and memory application is the mag-
netic tunnel junction (MTJ). The MTJ involves a pinned
and a free ferromagnetic film spaced by a thin insulating
film, usually Al2O3. Figure 51.39 shows the schematic
of an MTJ used for the MRAM application, including
orthogonal bit and word or digit lines and the stack of
films comprising a basic MTJ [51.86, 87]. Figure 51.40
shows a more detailed stack of films for an MTJ, includ-
ing synthetic antiferromagnetic films, antiferromagnetic
pinning films and the free film. A typical MTJ has the
following thickness values for the key films: antiferro-
magnet: 300 Å, Co90Fe10 ferromagnet: 20 Å, ruthenium:
8 Å, Al2O3: 10–15 Å, Co90Fe10 ferromagnet: 20 Å. As
for the spin valve, the use of Co90Fe10 films for the free
layer enhances ∆R/R [51.20]. Figure 51.40 also shows
∆R/R for a typical MTJ (for a bit area of 0.6 × 1.2 µm)
versus magnetic field with the multiple curves being
taken over a 6-inch wafer: the maximum change is
greater than 48% [51.87]. The change in resistance with
orientation of the free layer relative to the pinned layer is
significantly larger than for GMR technology, but a thin
insulating layer between the ferromagnetic films is re-
quired. The memory architecture that has evolved has
a single MOS transistor coupled to the MTJ and the word
line. The current in the word line supplies the magnetic
field along the easy axis of the free film and is insulated
from the MTJ (Fig. 51.39). Switching of a soft-magnetic
film with a magnetic field applied along the direction of
an induced uniaxial anisotropy (the easy axis) and si-
multaneously along a direction orthogonal to the easy
axis (the hard axis) has been discussed (e.g., [51.4]). The
switching is described by a switching asteroid given by
the following equation and shown in Fig. 51.41 (in the
figure the easy and hard magnetic fields are normalized
with respect to the anisotropy field Hk).

(Heasy)2/3 + (Hhard)2/3 = (Hk)2/3

Hk = 2
Ku

M
Switching of the state of the magnetization will occur
whenever the combination of easy- and hard-axis fields

is on the outside of the asteroid. The switching field can
be significantly reduced if magnetic fields are applied
along both the easy- and hard-axis directions and an op-
timum is to have the fields equal. The bit line is used
to supply the hard-axis magnetic field and the word line
the easy-axis field. For writing a bit the sense transistor
is turned off and current pulses are applied along both
orthogonal conductors, generating a magnetic field at
the free film sufficient in amplitude to switch the mag-
netization of the free film. For reading a bit, the sense
transistor is turned on by the word line and pulses of
current are driven along the bit line (with the amplitude
of the magnetic field insufficient to switch the free film)
and the current is either high when the ∆R is low, corre-
sponding to say a 1 or the current amplitude is low when
∆R is high, corresponding to a 0. Without the sense tran-
sistor there would be many sneak paths for the current
through other MTJs, reducing the available current for
reading the selected bit. The MTJ memory technology
shows considerable promise for replacing semiconduc-
tor SRAM and DRAM memories, primarily because of
the nonvolatility of the memory in the MRAM technol-
ogy. The speed for reading data is comparable to that of
SRAM and the density is comparable to that for DRAM.

The physics of the MTJ is different from that for
GMR [51.88]. Ferromagnetic films have two types of

D2

B2

D1 D3

B1

W2W1 W3

Fig. 51.39 Schematic of MRAM cross-point architecture with bits
between orthogonal conductors and each cell defined by one MTJ
and one transistor. The top lines in contact with the top electrode
of the bits provides hard-axis fields, while the bottom lines are
isolated and provide easy-axis fields. Turning on the transistor pro-
vides a current path so that the corresponding bit can be sensed.
(After [51.86])
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Ta electrode
Co90Fe10 free layer →←
Al2O3 tunneling layer
Co90Fe10 pinned layer →
Ru
Co90Fe10

Mn55Fe45 antiferromagnet
Seed layer
Ta electrode

Bit line

Word line

I

Isense

0.6 x 1.2MR (%)

Field (Oe)
100–100

a)

b)
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Fig. 51.40 (a) Stack of films comprising a typical MTJ.
The arrows show the direction of the magnetizations in
the two coupled films. (b) Hysteresis curves of ∆R/R ver-
sus magnetic field for 0.6 × 1.2 µm bits on a 6-in wafer.
(After [51.87])

electrons: those polarized parallel to the magnetization
(↑) and those polarized antiparallel to the magnetization
(↓). A polarization ratio (P) for a ferromagnetic material
can be defined as

P = D(EF)↑ − D(EF)↓

D(EF)↑ + D(EF)↓
,

where D(EF)↑ and D(EF)↓ are the densities of states for
electrons at the Fermi energy for the spin-up and spin-
down electrons, respectively. The magnetoresistance
ratio of two films coupled by an insulator is [51.89]

∆R

R
= Ra − Rp

Rp
= 2P1 P2

1− P1 P2
, (51.30)

1.0

0.8

0.6

0.4

0.2

0

–0.2

–0.4

–0.6

–0.8

–1.0
1.0–1.0 0.80.60.40.20–0.2–0.4–0.6–0.8

Hard axis hh

Easy axis he

Fig. 51.41 Switching asteroid plotted with magnetic fields
normalized to the induced anisotropy field (2Ku/M). The
ferromagnetic film will switch for any combination of easy-
and hard-axis fields on the outside of the asteroid

where Ra and Rp are the resistances of the coupled
films in the antiparallel and parallel configurations,
respectively, and the spin polarizations are P1 and
P2 for the two ferromagnetic films. Values of the
spin polarization ratio are: PCo ≈ 0.35, PFe ≈ 0.44 and
PPermalloy ≈ 0.3 [51.88]. With cobalt used as one elec-
trode and Permalloy for the other electrode, the predicted
value for ∆R/R is 24%. Conduction through the insulat-
ing film is by quantum-mechanical tunneling, described
by a transmission coefficient (T )

T = |ψtransmitted(x)|2
|ψincident(x)|2 ,

where ψ(x) is the wavefunction for the electron plane
wave and |ψ(x)|2 is the probability of finding an elec-
tron at the position x. The transmission coefficient is
a measure of the resistance of the barrier. The transmis-
sion coefficient for electrons with energy E tunneling
through an insulating film of thickness a with amplitude
of the barrier height of V0 is given by

T = T0 e−2αa ,

where

T0 = 16E (V0 − E)

V 2
0

,
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Table 51.13 Parameters for Permalloy (Ni80Fe20)

Ms (T) K1
(J/m3)

A (exchange
constant)
(10−12 J/m)

Critical length
ls (nm)

1.0 500 13 5.7

and

α2 = 2m (V0 − E)

�2
.

This result applies when αa > 1. A barrier height of
10 eV applies for CoO. The exponential dependence of
the transmission coefficient on the thickness of the bar-
rier shows the requirement for a thin barrier. A typical
value of the thickness of an Al2O3 layer is 10 Å and the
resistance changes by a factor of 100 million in changing
the thickness from 0 to 10 Å. The reason that the MTJ
is more attractive than a spin valve for the memory ap-
plication is that the MTJ can be made with a resistance
of many ohms, while the spin valve is nearly a short
circuit. The use of the synthetic antiferromagnet for the
MTJ also helps to avoid the superparamagnetic limit
for this device, since the films comprising the synthetic
antiferromagnet are thicker than the single antiferromag-
netic film that was used to pin one of the ferromagnetic
electrodes.

A significant problem with the MTJ is the different
magnetic states that can be found depending on the size
and shape of the bit. A review of an analysis of the states
for a rectangular-shaped bit has been published [51.90]
and we will quote some of their results to illustrate the
problem. The analysis uses finite element analysis to
solve the equation of motion for the magnetization (M)
with Gilbert damping in the presence of an effective
magnetic field (Heff)

dM
dt

= γ (M × Heff)− α

M

(
M × Ṁ

)
. (51.31)

a) b) c)

Fig. 51.42a–c Configurations for spins in a Permalloy sample described in Tables 51.13 and 51.14. Figure (a) is an S-state, (b) is
a C-state and (c) is an off-center vortex state. (After [51.90])

The effective magnetic field can be derived from the
magnetic free-enthalpy density

Heff = −δg/δM

and the magnetic free enthalpy per unit volume is given
by the sum of terms

g = gexchange + ganisotropy + gdemagnetizing-field

+ gexternal-field .

An example of this analysis is a rectangular film of
thickness 20 nm, length 1 µm, width 1 µm with magnetic
properties shown in Table 51.13. The exchange constant
is A = s2a2 Jex Nv/2, where s is the spin of the atom, a the
lattice constant and Nv is the number of nearest-neighbor
atoms per unit volume. The critical length determines
the maximum size of the mesh used in the finite ele-
ment analysis. Figure 51.42 shows three of the six states
of the magnetization in the sample. The first two are
high-remanence states referred to as S-type and C-type
and can be formed if the starting conditions are a single-
domain state. The last state shown is a low-remanence
state with an off-center vortex. The last state is formed
when the initial conditions are two domains along the
long axis of the film. The total energies for the three
states are shown in Table 51.14 and it is seen that the
lowest energy is the low-remanence state. An issue with
the MRAM is the possibility of exciting the different
states in the storage cell that can then result in a different
switching asteroid. Thin films with low-aspect-ratio bit
shapes have been predicted to result in reduced propen-
sity to excite the vortex structures [51.91]. Changing the
shape of the bit may also assist in minimizing the vor-
tex structures. Software for analyzing these problems
is the LLG Micromagnetics SimulatorTM developed by
M. R. Scheinfein (llg@dancris.com).

A recent development in MRAM architecture is to
pass the write current through the MTJ to heat the el-
ement and to lower the threshold for writing [51.92].
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Table 51.14 Total energies for different spin configurations
in the Permalloy film (described in the text and Table 51.13)
(after [51.90])

Structure G (10−18 J)

S-state 169 897

C-state 169 890

Shifted vortex state 79 616

This is accomplished by turning on the selection tran-
sistor (Fig. 51.39) during the write operation. The
advantages of this modification to the MRAM archi-
tecture are:

1. since the selection at write is controlled by the
temperature, selection errors are reduced,

2. the write threshold is reduced,
3. thermal instability limits are increased by using ma-

terials with larger switching fields at the operating
temperature [51.92].

51.2.1 Tunneling Magnetoresistive Heads

Tunneling magnetoresistance (TMR) can be used in
a magnetic recording read-head application. These TMR
heads use the CPP orientation of the sense current and,
as with the MRAM, the tunneling is done through a thin
insulating barrier. A schematic at the air-bearing sur-
face in the simplest form of such a TMR head is shown
as Fig. 51.43 [51.93]. The insulating barrier (again usu-
ally fabricated from Al2O3 films) is shown on edge and
the current flow is in the plane of the paper. Longitudi-
nal bias to put the ferromagnetic TMR electrode films
in a single-domain state and the top and bottom shields
are shown. The GMR ratio with the TMR effect is large
but the resistance × area (RA) product, which is the
resistivity times the film thickness, may also be large,
resulting in excessive shot noise. Shot noise is intrinsic
to tunneling with the direct-current (DC) bias current
required for GMR head operation and is the dominant
noise source in the TMR head. Figure 51.44 is a plot
of the TMR ratio in % versus the RA product for three
different TMR structures all made from the basic struc-
ture: buffer/PtMn/CoFe/Ru/CoFe/AlOx/CoFe/NiFe/
cap [51.93]. The PtMn is an antiferromagnet,
CoFe/Ru/CoFe is a synthetic antiferromagnet, AlOx
is the insulating barrier (prepared by in situ oxidation)
and CoFe/NiFe is the second electrode. The data points
for TMR versus RA for this structure are labeled “Conv-
btm” (conventional bottom) and the data points for the
“Smooth-top” structure is for the PtMn layer on top

Top shield

TMR

Metal Gap

Longitudinal
Bias

Longitudinal
Bias

Bottom shield

InsulatorInsulator

InsulatorInsulator

Al2O3

Fig. 51.43 Schematic drawing of the air-bearing surface
view of a tunneling magnetoresistive (TMR) head. (Af-
ter [51.93])

instead of the bottom, while the “Smooth-btm” data
points are for a head made with smoother interfaces.
The TMR % remains constant at ≈ 20% until a knee,
below which the TMR % drops due to pinholes and
incomplete insulation coverage. The stack of films is
ion-milled and the stripe height is defined by lapping.
Magnetic recording results showed the expected large
signal (Vpeak-to-peak = 42 mV/µm) with a biasing cur-
rent of 1 mA but the SNR was only 23.4 dB and was
not deemed sufficient to demonstrate the required low
error rate [51.93]. A significant problem with the TMR
head is that there is a large resistance in parallel with the

25

20

15

10

5

0
706050403020100

TMR ratio (%)

RA (Ωµm2)

Smooth-top
Conv-bottom
Smooth-bottom

Fig. 51.44 Correlation between TMR ratio and resistance
area product (RA) in three structures: top- and bottom-type
MTJ with smoother interfaces and bottom-type MTJ with
conventional stacking that has relatively rough interfaces.
(After [51.93])

Part
E

5
1
.2



Magnetic Information-Storage Materials References 1189

large capacitance resulting from the tunneling barrier.
This combination results in a low-pass filter and care
is required to limit the capacitance. In the example dis-
cussed here the cut off linear density is near 580 kfc/in.

Because of the significantly larger value of ∆R for the
CPP as opposed to the CIP technology, it is possible
that CPP may become the dominant technology for read
heads in the future.

51.3 Extraordinary Magnetoresistance (EMR)
An interesting development in read head technology is
the discovery that narrow band gap and hence high-
mobility semiconductors can be made to function as
detectors of magnetic field [51.94]. The concept is
based on the Lorentz force exerted on charge carriers
by a megnetic field

F = qν̄ × B̄ ,

here q is the charge, ν̄ is the velocity of the charge
carrier and B̄ is the magnetic flux density acting on
the charge. Electrons have the highest mobility as com-
pared to holes and are the carriers used. The electrons
are driven by an external source similar to the sense
current in GMR sensors in a high mobility semicon-
ductor and are deflected by the external magnetic field

into a trajector and the voltage drop in the semicon-
ductor at low locations is used to sense the magnetic
field. The III–IV semiconductor InSb was chosen for
the initial work on EMS because of the high mobil-
ity of electrons of 60 000 cm2/V s. However, a major
limitation was the ability to maintain the high mobility
in thin films (< 100 nm) required for read head appli-
cations and this was addressed by forming a thin-film
quantum well heterostructure [51.94]. An advantage of
such sensors is the lack of any magnetic noise since
there are no magnetic materials involved in the head
structure. No experimental results of such structures in
read head applications has been reported. a review of
EMR as magnetic field nanosensors has been reported
by S. Solin [51.95].

51.4 Summary

It was the purpose of this chapter to review the cur-
rent status of the technology of magnetic recording as
used in disk drives. The emphasis was on the magnetic
materials used in the application and on some of the
technical problems that may limit the increase in areal
density of the devices. The new technology of MRAM,
which has evolved from the magnetic recording appli-
cation, was also reviewed. It was found that a wide
range of magnetic materials is essential for the advance
of magnetic recording and the MRAM technology, in-
cluding high-magnetization soft-magnetic materials for
write heads, new antiferromagnetic alloys with high

blocking temperatures and low susceptibility to corro-
sion for pinning films in giant-magnetoresistive sensors
and new ferromagnetic alloys with large values of giant
magnetoresistance. A significant limitation to magnetic
recording was found to be the superparamagnetic ef-
fect and new advances in multilayer ferromagnetic films
to reduce the impact of the effect, but also to allow
high-density recording, were discussed. Perpendicular
recording as an alternative to longitudinal recording
was reviewed and it was concluded that this technol-
ogy will be the dominant recording technology in the
future.
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