Chapter(4). Ferromagneti smand Magnetic Recordi ng.

(4.1) Introduction.

The nagnetization density, M in nost materials at room

tenperatures is proportional to the magnetic field, H

M=cC H (4.1)

The factor of proportionality, C, is called the nagnetic
susceptibility. Since M and H have the sane units (Anps/neter) the
magneti c susceptibility has no di nensions. Typical values of the
susceptibility at roomtenperatures for sone conmon substances are
listed in Table(4.1). It is clear fromthis Table that for such non-
magneti c substances the nmagnetization per unit volune is negligible
conpared with values of the inpressed nmagnetic field, H The
situation is quite different for ferromagnetic substances such as
iron, nickel, or cobalt. In a ferromagnet the nmagnetic nonents are
hel d parallel by very strong forces called exchange forces. The
magneti zation per unit volune, M;, is very large and essentially

i ndependent of applied magnetic field at tenperatures | ow conpared
with a critical tenperature called the Curie Tenperature. The Curie
tenperature, T, is that tenperature at which the nagnetization in
zero applied magnetic field goes to zero. The Curie tenperature is
mat eri al dependent. The Curie tenperatures for iron,nickel and cobalt

are 1044, 631, and 1393 K respectively.
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Tabl e(4.1). The magnetic susceptibility at roomtenperatures for sone

conmon non-nagneti ¢ substances. (corrected 20/ 06/ 2002)

Subst ance Susceptibility

inunits of 10-6

Al +20. 7
Cu -9. 68
Au -34.6
Si -4.0
SO -16. 3
HO -9.05

The magnetization varies slowy with tenperature at | ow
tenperatures. The tenperature dependence of the nmagnetization in iron
is depicted in fig.(4.1). The tenperature dependence of My, for other
ferromagnets is very simlar.

If acylindrical rod of iron were to be uniformy nagneti zed
along its length the nagnetic field strength near its end surfaces
woul d be very large, see egn.(3.35) and fig.(3.11). The field just
outside an end face and near the cylinder axis is given by B;,= mpMy/ 2
for a cylinder whose length, Lg, is nuch greater than its radius, R
For iron at roomtenperature this field is approxinmately 1 Tesla. It
i's, however, common experience that the fields around a | ength of
iron rod are very weak, of the order of 0.01 Teslas or |ess. The

field outside the rod is weak because the nagneti zation is broken up



. 08 ~
o I ]
~ L \ ]
2“’ 0.6
= \
~ o4
- I i
= o2f

ok

0 0.2 0.4 0.6 0.8 1

T/ T
c

Fig.(4.1) The variation with tenperature of the reduced magneti zation
for pure iron. The Curie tenperature Tc= 1044 K, and the
magnetization at 0 Kis M(0)= 22.1 kCe = 1.76x107
Anps/ et er .

into a very large nunber of small domains. Each domain carries a

| arge magnetization, M, but the direction of the magnetization
changes fromdomain to donmain in such a way that the average
magneti zation density is very nearly zero. It can be shown that the

energy due to a magnetization distribution can be cal cul ated from



Un= "2  OH, dt (4.2)
space

where Hphis the magnetic field generated by the magnetic charge
density rp= - divM It follows that in the absence of an applied
external field the donmain nmagnetization vectors will attenpt to
orient their nmagnetization vectors so as to make divM as nearly zero
as possible. This tendency is called " the nagnetic pol e avoi dance
principle". The size of the magnetic domains in the absence of an
appl i ed magnetic field depends very strongly on the structure of the
mat eri al (whether the specinen is a polycrystal or a single crystal),
upon the concentration of inpurities, and upon the presence of
internal stresses. The domai n di nensions in an anneal ed

pol ycrystalline iron bar are of the order of 1/10 mmon a side. The
domai ns are therefore very large conpared with atom c di nensions, but
are small on a nmacroscopic scale. In very perfect single crystalline
prisms of iron in which the cubic iron axes are accurately parallel
with the edges of the specinmen the domains may be as long as a cm or

nore: see fig.(4.2).

(4.2) B, H Curves.

The nmagnetic properties of ferromagnets at a fixed tenperature
are often described by curves of magnetic induction B vs. H see
fig.(4.3). His the internal magnetic field: its sources include
rve divMin the magnetic body as well as an externally applied

magnetic field generated by a systemof coils outside the nmagnetic
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Fig.(4.2) The domain structure at roomtenperature in a perfect iron
single crystal in which the edges of the crystal are
accurately parallel with the crystalline axes. The
magneti zation is uniformalong the z-direction (out of the
paper). Sinple domain structures are observed only in

single crystalline speci nens.

body. B= np(H+M, and in the sinplest case the three vectors B, H and
Mare all parallel. Starting fromthe fully demagnetized state (H=0,
M=0) the magneti zation increases with H and B foll ows the curve

| abel ed "virgin curve". In the virgin state with H=0, an equal nunber
of domai ns have positive magnetization as have negative magneti zation

so that the net nmagnetization is zero. As H increases those donains
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havi ng a nmagneti zation oriented along the applied field direction
grow in volune at the expense of domains having a magneti zation
oriented opposite to the applied field direction. Eventually those
domai ns havi ng a conponent of magnetizati on opposed to the direction

of H have been elimnated (at the point nmarked A in
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Fig.(4.3). A hysteresis loop for a polycrystalline specimen of pure
iron. The details of the B-H |oop are specinen sensitive.
The saturation nagnetization at roomtenperature is 2.14
Teslas. The renmanent field is B,= 1.22 T, and the coercive

field is H= 79 Anps/m

fig.(4.3)). However, iron has a cubic crystal structure and exhibits

the property that the magnetization strongly prefers to orient itself
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along a direction corresponding to one of the three equival ent cubic
axes. In a polycrystalline material at a field corresponding to point
Ain fig.(4.3) the domain nagneti zations, each having a strength M
per unit volune, are oriented at angles with respect to the applied
field ranging fromO to x90°. As H increases these domain

magneti zations gradually rotate into the applied field direction:
during this portion of the B-H loop the curve is reversible.
Utimately, the nmagnetization reaches the saturation value, M, and

t he magneti zation density beconmes uniformthroughout the specinen.
The field necessary to achieve the saturated state in iron, ~2x10°
Anps/m is very |large because of the | arge nagnetocrystalline

ani sotropy energy that resists the rotation of the nagnetizati on away
froma cubic axis. Very soft magnetic materials such as Supermal | oy
(79% N, 16% Fe, and 5% Mo, see Tabl e(4.2)) have conpositions
corresponding to a relatively small magnetocrystalline anisotropy.
The approach to saturation in such materials occurs at much | ower
applied fields than for iron, see fig.(4.4). It is also worth
mentioning that a pure single crystal of iron for which the domain
magneti zations are oriented along the cubic axes, fig.(4.2), exhibits
a very |large maxi mumeffective perneability, see Table(4.2), and can
be saturated in fields |l ess than H= 100 Anps/ m However,

pol ycrystalline iron is cheap and is therefore used extensively in

the construction of electromagnets and | arge generators.
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Fig.(4.4). The hysteresis loop for the soft ferromagnet 4-79
Permal loy (79% N, 17% Fe, 4% Md). The maxi num ef fective
permeability is 0.14 (nMg= 1.1x10%), and Hc = 2.45 Anps/m

The saturation field is Bg= 0.87 Tesl as.

At saturation the magnetic domai ns have been elimnated so that
t he magneti zation density is uniformthroughout the body and has the
value M. But B= mp(HtM so after saturation the B-field continues to
increase with H although the rate of increase of B with H becones
negligibly slow conpared with the rate of increase leading up to
saturation so that the variation of B is inperceptible on the scale
of fig.(4.3). Upon reducing the field H after having increased it to

val ues | arger than that corresponding to point Ain fig.(4.3), B



follows the upper curve in fig.(4.3) and when H=0 the magnetic
i nduction reaches the remanent field value B= B,. B gradually falls
as domains with a reversed nagnetization orientation gradually reform
in the body. As His further reduced B continues to follow the upper
curve and eventually B reaches zero at a negative value of H called
the coercive field, Hc Continued reduction of Hultinmately leads to
magnetic saturation in the negative direction with uniform
magnet i zation having the value -My. As His increased fromapplied
field values nore negative than the field corresponding to point Ain
the third quadrant the B-field increases along the | ower curve, the
magnet i zati on becones | ess negative as the nunber of domains having a
positive magnetization increases, and ultinmately B becones positive.
At the coercive field Hc the magnetic induction is zero; B=0. At
sufficiently | arge values of the nmagnetic field the speci nen once
agai n becones saturated with a uni form nmagnetization having the val ue
My. For fields larger than 500 Anps/m or for fields | ess than -500
Anps/m the curve of Bvs. His reversible. The | oop defined by the
upper and lower curves in fig.(4.3) is called a major hysteresis
| oop. Two questions arise inmediately: (1) Wat happens if His
decreased before point Ais reached? and (2) How can the virgin state
with H=0, M0, and B=0 be attai ned?

If His reduced before the reversible part of the B-H | oop has
been attained the B-field decreases along a m nor hysteresis | oop
such as those shown in fig.(4.5). If a sinusoidal driving field is

appl i ed having an anplitude sufficient to drive the specinen into the
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Fig.(4.5). Exanples of two mnor hysteresis |loops in 4-79 Pernall oy
(see fig.(4.4). For the lowest mnor loop the field was reduced after
having partially traversed the virgin magneti zati on curve. For the
upper mnor loop the field was reduced after having traversed the

maj or hysteresis curve cycle at |east once.

reversible part of the hysteresis |loop the nagnetic state is carried
around the hysteresis |l oop fromone extreme in the plus direction to
an extreme in the negative direction nmany tinmes per second. If now
the anplitude of the driving field is slowy reduced to zero the
hysteresis curve col |l apses to zero symmetrically around the origin.

The specinen will be left in the virgin state in which B=M=H=0.
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| mportant paraneters associated with the hysteresis |oop are (1)
the remanent field, By, (2) the coercive field, Hg, and (3) the
maxi mum ef fective perneability defined by the nmaxi mum sl ope of the
straight line joining the origin to a point on the virgin
magneti zation curve as shown in figs.(4.3, 4.4). There are two ngj or
cl asses of ferromagnetic nmaterials: soft ferromagnets and hard
ferromagnets. Soft magnetic materials are characterized by very snal
val ues of the coercive field, see Table(4.2). For such materials the
dependence of B on His alnost linear for Bk He, and as a reasonabl e
approxi mation one can wite B=mf H It is useful to express the

effective perneability as a di mensi onl ess nunber

Meef = MR, (4.3)

Pure polycrystalline iron is a soft ferromagnet characterized by Hc =
60 Amps/ m and mpf= 0.013, or NRE 10, 000. There are a nunber of

al | oys that behave very nearly like perfectly soft ferromagnets, see
Tabl e(4. 2).

Hard magnetic materials are characterized by |arge val ues of the
coercive field and remanent field Br, see Table(4.3). Very hard
ferromagnets such as SnmCo al |l oys, NdFeB al |l oys, and Strontium
ferrites can be better described in terns of Mvs. H The variation
of magnetization with internal magnetic field, H is show for a
commercial Bariumferrite in fig.(4.6); only negative interna
fields, H, are shown because this portion of the magnetization curve
is the one required for practical applications. The hysteresis | oop

is very nearly rectangular, meaning that to a good approxi mati on the
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magneti zation is i ndependent of the Hfield until it flips 180° at,
or near, the coercive field. For very hard materials such as those
listed in Table(4.3) the concept of a perneability is not very

usef ul .
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Fig.(4.6). The variation with internal nmagnetic field, H of the
magneti zation at roomtenperature for a comerci al

StrontiumFerrite. The coercive field is 2.59x105 Anps/ m
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War ni ng! Commercial hysteresis |oops are usually displayed using CGS
units (see Appendi x(1B). In the CGS systemthe fields B,MH all have
the sane units, although for historical reasons the units of B,Mare
call ed Gauss whereas the units of H are called Cersteds. The
conversion fromCGS to MKS units is relatively sinple:

1 Tesl a= 10, 000 Gauss.

79.6 Anmps/ m = 1 Cersted.

Min Amps/m = [4pMin CGauss)]x79. 6.

In the CGS system B =H+ 4pM

The relative perneability is the sanme for both systens.

Tabl e(4.2). Magnetic properties of sone soft nmagnetic material s.

Mat eri al Sat uration Curie Coercive Field Maxi mum Eff.
Field, Bs Tenp. (O Perneability
kGauss Tesl as Cerst. Anps/m nk M £ =MHNRK
l ron 21.4 2.14 770 1.0 79 6600 0. 0083
(Fig.(4.3)
Single 21.4 2.14 770 0.01 0.8 1.2x106 1.51

crystal Fe

Permalloy 10.8 1.08 600 0. 05 4 100,000 0.13
(78.5 N
21.5 Fe)
Supermalloy 7.5 0.75 400 0.002 0.16 106 1.26

(79 Ni, 16 Fe
5 M)
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Tabl e(4.3). Magnetic properties of sone commercial hard nagnet

materials. (See, for exanple, ww.dextermag.comnm

Mat eri al Resi dual Magneti c Curie Coercive Field
Field at 300C Tenp. at 300C

kGauss  Tesl as Cersted Anps/m

Sr Ferrite 3.9 0. 39 450 3250  2.59x10°

Samari um 10.7 1.07 820 18000 1. 43x106

Cobal t

Sintered 12.9 1.29 310 12900 1.03x106

NdFeB

(4.3) Measuring the B-H Loop

It is relatively easy to neasure the nmagnetic flux density, B, in
a specinen. It is only necessary to wwnd a fewturns of wire closely
around a specinen and to neasure the enf devel oped across the coi
termnals as an external field Bg is changed with tinme, see
fig.(4.7). The enf across the coil termnals is given by Faraday's
| aw:

V(t) = NA (dB/dt), (4. 4)
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where N is the nunber of turns on the coil and Ais the cross-
sectional area of the specinmen in n?. Upon integration of the voltage
signal starting froma known initial condition (B=0 at t=0 say) one
obtains B inside the specinen corresponding to a particul ar val ue of
the applied field Hy= Bo/my. In this way one can trace out the
hysteresis | oop of B vs By as the specinen is saturated first in one
direction and then in the other direction. Unfortunately the
hysteresis | oop so obtained is not what is wanted: it depends nore on
the geonetry of the specinmen than on its intrinsic nmagnetic

properties.

N turns

Area A

Fig.(4.7). Device for neasuring the nagnetization density B inside a
cylinder having a cross-sectional area A. A coil of N

turns is connected to a voltneter V.
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Fig.(4.8). Aplot of Binside a long iron rod vs the externally
applied magnetic field Hy= Bo/np. The length to di aneter

ratio is 25 corresponding to a denmagneti zi ng coefficient

Nz,= 0. 00467.

What is wanted is the variation of B inside the cylinder with the
value of Hinside the cylinder. But Hinside the cylinder is the sum
of the applied field Hyp= Bo/ My plus the contribution generated by the
magnetic pole density distribution ry - divM This pole field very
nearly cancels out the applied field Hp in a material having a | arge
pernmeability. The net result is that the curve of B vs Hy nmeasures an

ef fective demagneti zing coefficient for the body under test, and does
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not provide a satisfactory neasure of an intrinsic magnetic property
of the material of the test body. In order to see how this cones
about consider a particular exanple: consider a cylindrical bar whose
length is 25 tinmes its dianmeter (25 cmlong by 1 cmin diameter, for
exanple). Let this bar be characterized by the hysteresis | oop shown
infig.(4.3). The pole field inside this bar can be approxi mated by
H= - N:M where N, is the demagneti zing factor for an ellipsoid of
revol ution having the sane length to dianeter ratio as the cylinder;
Mis the magnetization density in the bar. The demagneti zati on factor
for an ellipsoid of revolution having a Iength to dianeter ratio of
25 is N,=0.00467; see fig.(2.18). Inside the rod one has B/ my= HM
G ven the co-ordinates of a point on the B-H | oop one can cal cul ate
t he magneti zation, M Consider the point in fig.(4.3) B=1.0 Tesla and
H=110 Anps/m For this point B/ nmp= 1.0/ (4px10-7)= 0. 796x106 Anps/ m
Thus His negligible and M= 0. 796x106 Anps/m The resulting pole
fieldis H= -NNM= - 3.72x103 Anps/m In order to obtain a net val ue
H= +110 Anps/mit is necessary to apply a field Hy = 3.72x103+110
Anps/ mfor a total field Hy= 3.83x103 Anps/m In this sane way one
can calculate Bvs Hy for all of the points on the hysteresis | oop.
The results of such a calculation are shown in fig.(4.8). The nost
obvious result is that Bis nearly a linear function of the applied
field H for Hy I ess than 5800 Anps/m the slope of the |ine
corresponds to a relative perneability mg= 212 (NB. 1/ N,= 214).

Mor eover, the hysteretic behavi our has been reduced to a very snal
val ue: approximately 0.05 Tesla in B. It is easy to showthat if the

material properties are such that B= npynkH then for | arge Nk one has
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B= myHo/ N;; ie. a straight line having a sl ope corresponding to

M= 1/ N,. The argunent runs as foll ows:

B=nmMH=m(H+ M,

m
— H=(H+ M,
m H=(H+M
SO M= (kR - 1)H
Since the pole fieldis Hh = - N,M the applied field nust overcone

this pole field and supply an additional H Therefore

Ho = Ny(NR - 1)H + H

or

H = Fo
[N(R - 1) + 1] °

and
MyNMkHy

5 Z (k- 1) + 1]

Upon dividing through by Nk, and taking the limt such that nMk>>1/ N,

one obt ai ns

B = myHy/ N;. (4.5)

The point is that in order to neasure the intrinsic response of a
soft magnetic nmaterial it is necessary to avoid spatial variations in
t he magneti zation that give rise to magnetic pole fields. This can be
done by using a specinmen having the topology of a ring, fig.(4.9).

This ring can be wound with a uniformy wound prinary coil of Ny
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turns used to generate the applied field, Hy, plus a secondary coi

of Ns turns used to neasure the flux density in the speci men. There

Primary

Fig.(4.9). Aring shaped specinen used to nmeasure the intrinsic
magnetic properties of a soft magnetic material. The
primary winding of Ny turns is used to generate the field
H. The secondary coil of Ns turns is used to neasure the

field Bin the ring.

are no magnetic poles if Mis uniformaround the ring, therefore the
field in the material is just H= Npl/L, where | is the prinmary coi

current in Anps and L is the length in neters neasured al ong the
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centerline of the ring. The B-field can be cal culated fromthe enf
devel oped across the secondary windings as the primary current is

changed; according to Faraday's |aw

V = NsA (dB/ dt)

where A is the cross-sectional area of the ring.

(4.4) Digital Magnetic Recording.

A magnetic hard disc for use as a nagnetic nmenory storage device
for a conputer consists of a very snmooth circular substrate upon
whi ch has been deposited a very thin coating of a nagnetic cobalt
alloy 50 nmor less thick. This disc is rotated at a very high rate.
The remanent magnetization of this magnetic thin filmis
approximately Bg= 1/2 Tesla, and the coercive field is approxi nately
10° Anps/ m The nmagnetization lies in the plane of the disc and
contains many snmall, oblong regions in which the nmagnetization is
oriented either parallel or antiparallel to the disc velocity. These
magneti zation regions are witten into the disc magnetization by
means of a wite head: an extrenely sinplified drawing of a wite
head is shown in fig.(4.10). The wite head is basically an
el ectromagnet constructed of a soft magnetic permall oy yoke (the
saturation field is 1 Tesla and the coercive field is H= 4 Amps/n).
This el ectromagnet is driven by the current through a single turn.
The yoke contains a narrow gap, g, approximately 50 nmw de. The

wite head "flies" over the surface of the disc at an altitude of
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approximately 25 nm and the magnetic filmon the disc is magnetized
by the fringing field produced at the nagnet gap. A field of
approximately 3 tines the coercive field is used to wite
magneti zation regions into the disc magnetic filmthat are either
parallel or antiparallel to the disc velocity. The spati al
dependences of the fringing field conponents near the gap are given
in the Karl qvist approximtion by:

Tan 1] X24y2- (ggzl 2) 1. (4. 6a)

H"nbp

(x-9/2)2 + y2
[ (x+g/2)2 + y2 ] (4.6b)

where By is the B-field in the mddle of the gap region, and g is the
gap width: the co-ordinate axes are shown in fig.(4.10b). Bits of
information are stored as nagnetization reversals (also called flux
reversals). It is only at those places where the nmagnetizations are
directed opposite to one another that the fringing field is large
enough to be detected by the read head. This is illustrated in
fig.(4.11). The absence of a flux reversal is taken to be a zero; the
presence of a flux reversal is taken to be a 1. The nagneti zation
profile for a typical run of data mght | ook |ike that shown in
fig.(4.12). In practice, each data byte of input is stored using a
conpl ex code that uses nore than the nomnal 8 bits per byte in order

to build in the capability to detect and correct errors.
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Fig.(4.10) Schematic representation of a hard disc drive wite head.
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- —=4-9--0

distance

Fig.(4.12). Exanple of encoded data bits on a hard disc drive.
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Modern read heads use a conplicated structure of thin filnms. The
magnetic field due to a nmagneti zati on change on the hard disc is
detected by neans of a change in resistance of a nagnetoresitance
element. Wite and read heads are conbined in a single wite/read
unit. A description of these units, as well as a description of the
magnet oresi stive elenment that is at the heart of the read head is
contained on the IBMwebb site at

www. st or age. i bm conl oem t ech/ er aheads. ht m

As of Novenber 1999 I BM has denonstrated a hard disc drive having the
capability to store 3.5x1010 bits per square inch using 522,000 bits
per inch and 67,300 tracks per inch. This nmeans that each
magneti zation cell is only 49 nmlong by 377 nmw de. The di sc spins
at 10,000 revolutions per mnute, the seek tine is 4.9 nsecs, and
information is read in and out at the rate of 18x106 bytes per
second. The uncorrected error rate is 1:108; after correction this

error rate decreases to less than 1:1012
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Appendi x( 4A) .

The field in the gap of an el ectronagnet.

— -— Gap g

Ferromagnetic

Yoke \

N Turns

Current |

Fig. (4A.1). An el ectronagnet consisting of a soft ferronagnetic yoke
wound with N turns of wire and containing a gap of width
g neters. The length of the ferromagnetic yoke along its

center lineis L neters.
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Consi der the el ectromagnet shown in fig.(Al). As a first
approximation let the B-field in the ferromagneti c yoke be uniform
with the sane val ue B Tesl as everywhere. The field in the gap
nmeasured along the centerline will also be B to a good approxi mati on.
This follows fromthe Maxwel | equation divB=0 which requires the
normal conponent of B to be continuous across a materi al
discontinuity. If the gap field is Bthen the Hfield in the gap is
Hy= B/My. The perneability of free space, mp= 4px10-7, is a snall
nunber therefore Hy will be quite large: if B=1.0 Tesla then
Hy= 7.96x105 Anps/m This Hfield is much larger than Hwithin the
soft ferromagnetic yoke material. For exanple, iniron the field H
cannot exceed 100 Anmps/mif B= 1.0 Tesla, see fig.(4.3). According to

anot her Maxwel | equation for the static nmagnetic field

curlH = J,

OI
H- —_ (‘) . A 4A.

from St okes' theoremwhere the Area of the surface integration is
bounded by the curve C. Apply egn.(4A. 1) to the closed |ine running

along the centerline of the nmagnet. The line integral becones
LH+gHy = NI

where L is the length of the path in the ferromagnetic yoke. Gven a

value for the B-field one can | ook up the correspondi ng val ue of the
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Hfield fromthe ferromagnetic hysteresis |oop. Then the current

required to produce that B-field is

| :%[LH+gB/m)]. (4A. 2)

In this way one can construct a graph of B vs. | corresponding to
various points on the B-H loop. It should be noted that this sinple
construction fails when the ferromagnet approaches magnetic

sat ur ati on.



