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ABSTRACT

The work described in this thesis is concerned
with the temperature dependence of the magnetocrystalline
anisotropy of nickel and gadolinium and with certain
related magnetic properties such as domain structure and
magnetostriction., The anisotropy measurements on nickel
permitted the determination of both the first (Kl) and
second (K2) anisotropy constants,

The most difficult measurement was that of the
second anisotropy constant - at room temperature existing
measurements of K2 differed even as to sign and no attempt
had previously been made to determine its variation with
temperature. The magnitude of K2 was obtained directly by
measuring the torque on a disc-shaped single-crystal specimen
oriented parallel to a (11l) plane. Kl does not contribute
to the torque in this plane and the contribution from K2 is
itself small, even with a relatively large specimen. ‘
Spurious torques arising from inadequacies in the torque
measuring system can therefore be important and they were
overcome only after a novel form of torque meter had been
developed. Measurements of K2 and Kl for nickel and
gadolinium were made within the temperature range 92°K to
347°K.

The data obtained for nickel revealed an unexpected
variation of torque with inverse field at low temperatures.
This necessitated a detailed and original calculation of the



magnetirzation process (including the effect of the specimen
demaznetizing factor) and led to a modification to the usual

extrapolation procecdure for determining anisotropy constants.

The agreement between calculation and experiment
was 8o good that predictions could be made about a related
magnetic phenomenon. namely magnetostriction, and these
predictions were verified by further experimental

measurements.

Finally, the apparatus and measuring techniques
were employed to investigate the anisotropy of gadolinium in
the interesting temperature range in which the directions of
eagy magnetization lie on the surface of a cone surrounding
the hexagonal axis. These measurements are fully described
together with some related observations of domains on this

material,
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ChAPTER ONE.

INTRODUCTTION

The work described in this thesis is concerned
with the temperature dependence of the magnetocrystalline
anisotropy of nickel and gadolinium, and with certain
related magnetic properties such as domain structures and
nagnetostriction., The anisotropy measurements on nickel
permitted the determination of both the first (Kl) and

second (K2) anisotropy constants.

Prior to the present investigation thore wes little
agrecement between nrevious mensurements of the second
anisotropy constant of nickel, 1In fact different workors
rcported values of diffcring signs and the accurcte
mecsursient of this constant is only achieved with
difficulty., Thc most reliable method of determining
anisotropy constants is by measurement of the torgue on a
single crystal disc of the netal when it is subjected to a
saturating magnetic field. If, as is customary, the disc
is chosen to have its surfsce parellel to a (11C) vlane,
then both Kl and X

2
mezsurements, However th:s contribution to the torque from

may be obtzined from one set of

K2 is at lesst an order of magnitude smaller than that from
Kl and it may in fact be smaller than the experiuental
uncertainties involved, so that such deteorininstions of Ké
are unrsliable., A specimen with a (111) plrne marallel to
the disc surface may, howsver, be uscd to measure Ké zlone,
and although K

1 .
plane, the contribution from K2 is itsclf small, even with a

does not contribute to the torgue in this

relatively large specimen, Spurious torgues arising from
inadequacies in the torgue measuring system are therefore

imnortant and they were overcome only after 2 novel form



of torque meter had been developed.

To obtain the anisotropy constant from the torque
measurenents, the normal procedure is to plot the torgue
amplitude zgainst the reciprocal of the field. Extrapolation
to tie intercept 1 = O then zives the torque anplitude at
infinite field, i which is required since only then is the
direction of the wagnetization coincident with the applied
field direction, Under these circumstonces the aaisotropy
constants xay be easily extracted from the torgue data,

Measurements of K2 and K, for nicksl and gzdolinium were umsde

1
within the temperzture range 92°K to 347°K.

The d2tz cbtained for nickel revezled zn uneznected
vericotion of torgue witlh inverse field a2t low teapuratures.
This necessitated a detailed and original calculction of the

magnetization process (including the ¢ffect of the specinmen

2]

Gemagnetizing factor) and led to a modification to the usuzl

extrapolation procedure for determining anisotropy constants,

The agreement between calculation and axneriment was
580 good th=t nredictions could be made about z related
magnetic phenomenon, namely mapnetostriction, 2nd these

=)

predictions were verified by further exverimental measurements,

Jowever, before the details of these anisotropy cond
magnetostriction neasurements are dezlt with, the background
theory is presented in this chapter., Pirst, the intrinsic
2nd technical magnetization of ferromssncts are considered
in 8 1.1 =na 8 1.2 @and, secondly, thcse considerations are
extended to include existing theories of anisotropy znd
magnetostriction in § 1.3 to § 1.5, '



§l.l Intrinsic Magnetigation.

Magnetic phenomena in ferromagnetic metzls arise
from the orbital motion and spin of the electrons within

the m-terial, A circulation of cherge is eguivelent to a

current loop =nd therefore to 2z magnetic dipole, and it

maybe shown clasically that the poenstic moment of this
dipole is

y_e=-g_é_e_ d (1.1)
fanal me

where j is the angular momentum of the electron,

Here g is a factor that depends on the details
of the electronic rnotion: it is eauel to two if the
angular nomentum of the electron is due to its spin
alone, z2nd is unity when thsre is only orbitzl motion,
The magnetic properties of a materizl thus stem from the

ansular momentum of its electrons.

From the Pauli exclusion principle, it may be
shown that complete elecctron shells of a free atom have
no overall zsngular momentum and so it mirht be thought that
these electrons could not contribute to the mxgnetic moment
of the atoms, In fect, however, t“e orbital motion of
each individual electron causes it to precess in =z
magnetic field 2nd this precession rives rise to a very

small magnetic moment directed in opJosition to the applied



field. All the electrons on the atom contribute to this
effect, which is known &s dimmagnctism, regardless of their
electronic confisur=tion, However, the diamzonetic

woment is very small and is therefore only noticeble ‘hen

the atom has no incouplete electiron shells and therefore

no overall angular momentum, or when there are unfilled

shells with paired electron spins. ‘/hen there are unfilled
electron shells with unpszired electron svins (each withlpk,given
by equation I.I) the resultant magnetic moment on the atom

masks the diamzonetic moment, Such electronic confipurations
occur in the transition elements; for example, iron, cohzlt

and nickel hszve respvectively L, 3 =nd

[AS]

unpaired 3d -
electrons per free =2tom. The rare-ezrth metal gadolinium,
which is also ferromagnetic 2t room teamperature, has 7

unpsired Lf-electrons per free atom.

In the solid, the outer electron shells of eaoch
atom interact so that, for instzace in iron, cobalt and
nickel, the outer electrons =2re¢ no longer bound but
become conduction electrons and the average nuiber of
unpaired spins per stom is then no longef an intener,
Further, the orbital uotion of the electrons in a solid
is found to be frozen in, or 'guenched' by the internal
electric field produced by the atoms, Hence the orbital
magnetic moments of the unpaired electrons can not rotate

under the influence of en apnlied megnetic field znd their

overall masnetic uvioment becomes st@tistically almost zero.
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This fact is confirmed by experiments which measure the
g-factor (eguation 1,1), and which give gx 1,9 for iron,
cobalt and nickel showing thzt the megnetic moment arises

predominently from the spin angular momentum in these

metels. The megnetic moment of each atom m2y thus be

considered to be due just to the unpaired spins on that

stom, while the orbitzl magnetic moments may be ignored.

At high temperztures and with zero apnlied
field, the thermal agitation causes the spin vector g,
and hence the magnetic moment g, of each atom to be
oriented randomly with respect to its neighbour and no
resultant mzgnetic moment ensues., If & field is applied
the average spin distribution of the atoms is modified
since each spin experiences a torque tending to turn it
towards the field direction znd a magnetic moment may be
induced., Below the Curie point, the disordering thermal

energy is less important so that the spins tend to align

and an overall magnetic moment zrises even with no

applied field. The interaction energy between 2 spin

and its neighbours may be represented by the energy of

a spin in a very powerful internal magnetic field (known
2s the moleculer field) proportional to the meegnetization
of the materizl, This is a reasonéble approximation

since a molecular field represents the result of a
co-operative interaction of the spins and the megnetization

measures the extent of this co-~operation,



Weiss (1907), Tirst postulated the existance of

a Tolecular field and showed that, under suitabdle
conditions, this could lead to the production of =2
spontaneous magnetization, The molecular field theory
which will now be considered, follows Weiss, but is

modified to accomodate the requirements of quentum

mechanics,

§1l.1.1., Molecular Field Theory.,

It is assumed that the electrons responsible for
ferromagnetism are bound to esach atom os though the atoms
were isolz=ted. The influence of neighbouring a2toms on
the behaviour of the electrons is then 2llowed for by
zpzuning theat lMaxwell-Poltzmann statistics =2re obeyed,
and by introducing the Weiss molecular field. Thus no
specific interaction hetween neighbouring spins is
introduced although the collective effect of such an

interaction is employed,

The w=zgnetic moment g, of =zv atom may he written
uw = -z Mg g (1.2)
1
where uﬁ = eR/2mc, g is given by

J(J+1) + S(8+1) - L(L+1)
2J(J+1)

g =1+
( 1.3)

where S, L znd J z=rc the spin, orbit and total anszulzr

nomentum quantum numbsrs of the stow measured in units

11
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of . It is essuamed thot Russell~Saunders coupling occurs

so that J = L +S. On an licction of 7 as

[l

in the z direction, th: m-zaustic »wotential energy of the

L]

atowr duc to the m:snetic uoment of the electron is ,iven

by
B o= "'Eo H . (l‘L{.)

—

The nnesular momentum vector J »recesses about the z ~xis

and os a result of sprtiszl quoantisction it may only have
positions in space such thzt its coaponent zlong the 2z
direction has one of (2J + 1) discrete vslues, namely
JZ=J,J-1’ 00.0--'0-.,"J+:).,"'J+1,-J,
(1.5)

so thrt the potential energy meoy hrve one of (2J + 1)
vzlues -~iven by

E = gug HJ, (1.6)

If 20w e »roblen is simplified by -ssuaming that
the orbitcl angulnr momeutwi does not contribute sisnificantly
to the totzl magnetic woment of {he electron, so that L = 0,
and we toke J = § = },(since this is the simnlest case),

then g = 2 =nd JZ may take only the velues = %, lecding to

two energy states E and E 2 wiven, Trom (1.8), by

+2z
E+z =+ “ﬁ H
E.__Z = - “ﬁ H . . (1.7)

If it is further assumed that the rlexwell-3o0ltzmann

statistics are obeyed for a collection of these atoms, then the



rumber of =ztoms per unit volume N+z , with energy E+Z ’

will be ziven by

-u H/kT
N =ae Hp 4 (1.8)
+2
and similarly,
+uﬁH/kT
N—Z = ae (1.9)
and since N+z + N_Z = N, the total number of atoms per

unit volume, the constant a is given vy

N
- T
Jtou ﬁH/kT+e uﬁH/

a =

(1.10)

and the asverage magnetic moment along the z axis,<p£>

will be given by

< g >

1
. F {N_m (-ug) + W_, (+uﬁ)}

. B/kT -y H
e i3 Ho /kT

e - e

Hg ot upg/kT+ e Mg H/kT

uH
Hg tanh (k-%-). (1.11)

]

The megnetic moment per unit volunme Is is thus given by
"
I =1 tamh (82, (1.12)
KT
where Io = Vuﬁ.

For the more general case with 8 #£ %, LAO gso that g A2,

the magnetization becomes



Y 14
3 +& pgd, H/kT
I~ 8ugly ©
8 N gu.J H/KT
} e “P z /

T (1.13)

s o J (1.14)

where I = Iigpﬁ J, is tho magnetizatvion at 29sd0lute zero,
o

By (x) is the 3rillodin function siven by

\ ) 3 1 p'4
B, (x)= (_%g;_1)coth: @%3:;._&._) - 55 coth (),

n

(1.15)

x=(gu§m)

kT
Since nothing has yet heen introduced into the working

which zllows for the effect of the ihtersction energy
between spins, equation 1,14 is appropriate to varam=cnetic
meterizls. Thus, in accordence with the correspondence
principle, it can be seen that equation 1,14 reverts to

the classicsl Langevin solution for paramapgnetic materianls
in the limit of very large J. For mzterials which are
ferromagnetic ot room tempersture, 22d which thus h:rve =
non-zero or sonteneous mepgnetization eveu in zero avnlisd
field, the above theory is clearly inadequate (except at
high temperatures above the Curie point). The co-operstive

effect of the interactioa between spins 1s introduced, zs
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indicated above, by postulating 2n internal molecular

field, whose magnitude is proportional to the mz:snetizction.
Thus, the applied field H, is replaced by H +A.Is, where A
is the molecular field pmarzmeter, ‘'hen this is done, the
megnetization is still given by ecuztion 1.1lh4 but the

variable x is now

x = SpBJ (A,Is + H)
KT (1.17)

Lquations 1,14 &nd 1,17 are two simultaneous
equations forx that can be solved to give Is as a
function of temperature, Solutions in normalised form,
taken from Bozorth (1951), are shown in fisure 1.1 together
with experimentzl curves for iron, nickel and cobalt. In
these solutions H has been neglected in comparison with
Is and J has been t:cken equal to S. From figure 1.1 it
can be seen that experimental points for aickel, iron and
cobalt zgree well with the theoreticzl curves for J = % or
1, while for gadolinium the exwerimental data co-incides
more nearly with the curve for J = %,(Nigh , Leecvold,
Spedding, 1963 )in agreement with the expected vs=lues for
J in these metals., The curve J =« , which is the classical
limit of the quantum mechanical modification to the Weiss
theory, does not in general agree very well with the

experimental data,

The Curie temperature Tc, may be obtained by eruating
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. 5 = L il
the slones of th: two curves given by eeurtions 1,1% ond
1,17 (with J = 8) =t x = o, The Jrilloin function Bs(x)

sprrozim~tes, for small =, to

. 1 )
3, (x) = S8+ 3)x
S 3S N
° (lnl’u)
56 thrt
a2 2 o
v = Mgy S5(s+1)A  _ Y
31 (1,19)
and it caun he seesn thest tle Curie temperature is proportionsl

to tue wolecular fiesld persmeter,A .

Abowe ihe Curie trmper.ture ferromarnetic
mitericls becosme percoucgnstic ~ad the suscentibility

s Wy Dbe obiliined frosa tes ecu-tion

(1.70)

or apvroximstely, Zor swall x,

I ~ I (8 + 1x.
s e]
38 (1.”1)

Rewritinzy equrtion 1,21 usinez 1,17 with J = 3 gives

C (H +A1)
S
T

Isg

(1.22)

or, witi 1,1¢, the Curie- eis: law

c (1.23)

In vroctice the susceptibility »lotted aeinst 1 ~ives a
T
substentislly strzivht line which on extrazvoliation

17



18

intersccts the T axis et T = TC , & value slizhtly rsr:zter
thon Tc, the tompersiture ot which the wusnaciz-tion dis-
smniars., An zxplaznation for tie sli ht curve of 1/ x

versus T near the Curie noint was ziveun by Weiss in

(1948) on the basis of the formriion of »nrallel spin
clusters, In the above theory it is assuned thrt the
molecul:sr ficld is proportionsl to the sversre uzguetization
throush A, but in practice it is more 1likely thrt the
molecular field 2t a riven point srises only from nearby
spins so that the dsgnetic noment of the electron will

~

line up with neishbouring spins if this is differant

fe
.

from the diresction of th

&

aver

2

ge na-netization, Clusters

of psrallel spins then find it energetlicslly wore
f:vour-ble to devinte frou the averapge mc netlizstion
direction and the Curie »oint is lowersd. It con he

seen thrt this is reczovohle since the s=snetizsztion

dirzction of exch prrallel sprin cluster will still he

7

deflected from the avernre megnetization direction by the
thermal zgitation, hut now the co-owerztive interaction
must operate between neizhbourinz clusters ~nd therzfore
must operste over lonser distnnces, The cooper=iive
interaction is known to e & short-renge ef‘ect o that

the interactior energy betws n clusters will oe recduced

and tiie Curie point will be lowered. As thce t .o peroture

'l

te

n

increases abova the Curie point the clu ~s Qlszvnresr wad

1 .
the = versus T plot approaches the stroicht 1i:
X
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the original theory.

§l.l.°. The Jeisenbery oxchrnce Integral,

The guoatum mechrnic 1 exnlsartion of tie moleculsr

5 . L C ad amal I a8
field nostulotzd by Weies woe given by Eelsenberi in 1920,

in terws oF the eacrpy of exXcarige

W:—?_ J S.S,

A 1j =i*=] oh
1> J J J (1.'_ l‘)

between twa electrons i and j with spin vectors §§ znd éj
respectively, Here Jij’ the guantum-mechznical exchange
integral between the two spins, is related to the overlap
between the two charpe distributions and is riven by the
overlzp integral

>

g () g (@) Hapy () ¥y (xp) drgds,

|
PR

(1.25)

[3¥]

where ¢y . and wj re thne state wave functions describing
i

the electrons (numbered 1 + 2) in positions by and r

while A

o . . 2
90 1s toe ianteraction Hamiltonian =

Ire~ T

=1 =e.

a mininuvn for stabhility,

Since the exchunce energy aust be
the 8pins «ill, from (1.24), line um narrllel or enti-

parallel depending on whether J.. is positive or nerative

respectively, Calculations of the excnanse integral show

that this mechenism is capable of pivi

[
I
-
2
]

large enoursh

interaction energy between spins to exnlzin ferroma-netism.

(Ordinary electrostatic 2nd magznetic interactions hetween
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spins give =n interzction energy waich is many crders
of mroenitude too small, This mechanism thus explains

the l-orge values ofAneceded in e.7. eouation 1,19 &nd

today it is occnernlly sccented as correct,

Heisenbers usad feitler~London tyve wave
functions for the -d electirons loc=lised =zround the
crystal :toms thus zssuming thet the 5d electrons were
tishtly bound to their resvective stoms. Aporoximzte
calculations »y Bethe (1933) showed how the exchange
interaction demends on the interatomic dist:xnce, J

heing necutive for sm=ll sepzrations »od giviag rise

(ny

to antiferrouaznetism, w»ositive for greater atomic
seprr-tions leasding to ferromagnetism, ~nd becoming

very small for diztantés of 2 or 3 times the normal
nearest~neighbour separstion in crystals, The variation
of the exchenge interaction energy or energy of magnet-
ization with the ratio of the interastomic disteonce in
the crystal to the diameter of the 3d orbit is shown

in figure 1.2 (Hozelitz 1952). 4n alternstive approach

to the problem of ferromagnetism in metals was initiated

by Slater (196 =, b) and by Stoner (1933, 1938) =nd was

bzsed on wnzt is known as the free, itinersnt or

collective electron model,

§1l.1.5 Collective flectron ilodel

Slater =2ad 3toner's calculations reguired a
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knowledse of the zlectuoanic band structure for the
metzl concerned. Slater oririnslly extrapolated the
dats then ovoilzble for copner to obtain an 2 roxinm:te
result Tor aickel, Bletcr cnd Stouner followed leiss by
zszumine thot thz exchaave intersction could be
reprecsented by a molecul~r field proportionz2l to the
mzeeztizztion which nmenmnt that the two energy bands,

d

W

representing the energzy distribution of tiae
electrons with wositive 21d negemtive spins, were
displaced by an energy proportionzl to the difrerence
in the number of electrons in the two bands, The
assumption was also made that the shape of the bands at
the high energy end was parabolic in form. Stoner obtained
I T
the reduced wmagnetization curve of TE agzinst T; s shown
o)
in figures 1.3 by finding the distribution of electrous
with minimum total energy =t any given tempsrature. In
the figure k © ' is the measure of the ex-change energy,
while % is the energy level of the top of the unfilled
>d band when the exchange energy is zero. The curves on
the right-hznd side of the fisurs zive the variztion of
the reciprocal susceptibility versus reduced temperature,
and exhibit a slight curvature near the Curie point, as
is observed experimentelly, Further 2dvances using this
model, in some cases modified to take into =ccount the
mutual repulsion of the electrons, have been mzde by

Slater (1959), Stoner (1951), Wohlfarth (1953, 1958),

Friedel (1955, 1958), aand others. The theories require
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initizlly & knowledsge of the bend structure of the metal
concerned c-nd Callaway (1958) has reviewed the appropriate

calculations.

1.1.4 Swvin-'zve Theory.

pan 1A

An 2lternr-tive =2noro-ch te the mechsnism of ferro-

t low temperatures was mede by Bloch (1832) znd

=
Ty
5
=
©
o
.
¢}
iz
W

1

by Holstein and Primakof? (13%4C) with the introduction of
soin-wave theory. Here the correct eixchange counling is
used rather than the wmolecular field coupling =z2nd spin
deviztions are assumed to be propogated through the
crystal. The theory may e understood from a classical
standpoint by imagining the total electronic spin on each
aton of = ferromsgnetic crystal to me perfectly aligned
nerallel with its neighbours, If a reversed spin is then
introduced zad the constraint on it subsecuently removed,
the spin will not remain in the wnosition that it is

plzced, but will be nropogeted throurh the crystal lattice
owing to the eichzuze ccupling between it zad its
neighbours. The initial disturbance therzfore travels
throughh the crystal by svwin deviztions znd forms what is
known £s =z spin-wave, or more correctly a spin wave-vacket,
Clearly, however, swin-waves do not obey classical laws

of supervosition since two spin-wave reversaflson the same

ztom will produce a normzl spin and not & reversal of

cdouble magnitude, In general spin-waves interact &and
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scatter one anothzr, so thzt such svin-wave theories

only z7vly tc low spin-wave concentrations, and hence to
temverstures aear ahsolute zero. Van Kranendonk (1950

a, b) introduced ¢ modified s»in-wove theory, (known zs
the spin-ceviction tueory) which zllows for the fzct thst
the svin-w-ves scotier one 2nother, ~ud he was thus z3le

to extend the rone of s»min-.nve theory to hi her

teanerstures. Criwinclly, Sloch aczumed th-t the exchange

o

counling wrs isocvrowic, howeover, Holstein and Primakoff
incroduced znisotrowic counling which devended on the
directions of the t.o syins §i and éj with resvpect to

the line Joininz taem. Clasicelly t':e woinetic svin-spin
interaction is ~ivea by the dinolar term

Y dij 35850 = 3. x.5) 8..ozy.) }

. i" =j =i —=3ij

is>i 2

T. .

13
(1.26)

vhere
DY = g2;1 2
ij B s

ij (1.27)

and whare rij is the vector connecting th: =atoms i snd jJ.

In practice thie interaction is nonclassicalj it

arises indirszetly from svin-orb®it counling (Van Vleck .

!
nt Dij must be replaced by a much lrrger

)]

19%7) =nd the const

1]

term, D, known as the pseudopolar couvling constent., For

[N
[N

atomic spins with S>j2, pseudoguadrupolar and anigher terns
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rust be introduced. 3Bloch (1932) znd Holstein and

Primakoff (1940) used cuentum-mechanical theory based on
the use of creation end annihilation operators, while a
semi~classical apnroach has hezn developed by Heller &nd

Kramers (1934) and Klein end Smith (1950),

One important result of the spin-wave theory is

Bloch's B 3/2 law which describes the variztion of the

magnetization, I, near absolute zero, namely
3/2
) T
L= Io{l v 0(=5) }, (1.28)

where Io is the megnetization 2t a2bsolute zero, J is the
exchange integral and C is a constant equal to 0,1174 for
a sinmple cubic structure, 0,0587 for a body-centred cube
structure, and 0.0294 for 2 face-centred cubic lattice,

It is found that experimental measurements of the magnet-
ization 2t low temperatures 2re in fairly good agreement
with Bloch's law (e.g., Rode and Herrman, 1964), At first
sight, because the spin wave theory assumed the Heitler-
London or Heisenberg model of localised spins at regularly
spaced lattice sites, it wmizht be thought that the results
of the theory applied only to nonconducting ferrim agnots
end antiferromagnets, However, Herring and Kittel (1951)
have shown that it may be applied to conducting ferromagnets

as well,

There are at present numerous different theories
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on the role that the 34 electrons play in the magnetic
properties of the transition metals, which ore founded on
the bhzsic concepts of the free or itinerant, and the bound,
%d electrons, The present state of the wmeny theories has

been dealt with by Herring (1960).

§l.2 Technical Hapnetization.

eiss, in 1907, postulzted the existence of
magnstic domasins to explain the f=c¢t that while iron, for
instance, hes as intrinsic or svontaneous magnetization of
1,700 geuss, it is apprrently unot normally magnetized., He
sugyested that the jiegnetization within a domain should
hzve the saturstion value, but that there should be equal
numbers of these domains lying in opnosite directions so
that no totsl magnetic moment arose., The existence of
domains was first confirmed experimentally by Bitter (1931)
using the powder pnottern tecanicue, The direction in which
the spins prefer to lie with respect of the crystal lattice
depends on the position of the minime in the anisotrovy
energy density surface for the perticular meterial concerned,
In iron the easy directions, that is the directions in which
the material is most easily megnetized, are along the <1CO>
crystallographic directions. In nickel the ¢ 111> directions
are easy directions, while in cobalt the hexagonal axis is

the preferred axis, In gadolinium, just below the Curie

point, the hexagonal axis is the easy direction, but at
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lower temperztures the direction of easy magnetization
lies on the surface of a cone about the hexagonal axis,

and the semiengle of the cone varies with temperature.

The shape of the magnetizztion curves observed
experimentally thus denends on the direction in which the
nagnetizing field is applied, and the over=all behaviour of
the curve of negnetizotion versus field can be exnlained
in terms of domain wall movements at lower fields, followed
by the spin directions turningz towards the apnlied field
direction for high fields, Typicel wmgnetization curves
are shown in figures 1lla and b for three 35.85% silicon-iron
single crystals (Williams 1937) with the regions of different
magnetization processes merked. The crystals were cut in
the form of picture frames so tast for a particular ’
specimen 211 four sides of the frame lay parallel to the
sauwe type of crystallograrhic direction. Coils were then
wound round the sides of the frome so that the meacnetization
could he measured by the szme method as is commonly used for
ring cores of polycrystalline nmaterial, RegionA is known
as the region of intial permeability and here the magneti-
zation changes by reversible 180° domzin wall movements.

In this region the domain walls are considered as being
pinned by impurities or dislocations so that when the ap»lied
field is removed the walls return to their former positions.

In region B, the magnetization proceeds by irreversible
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180°%and 900 domein well movenent znd 1T is in this resion
that 3Barkhousen noise 1is umost notice2ble since it is
caused by sudden flux changes due to domain walls

jumping from one stzble nosition to 2znother. In rezion

C the moterizl is in 2 siaple domzin statej that is with
all domzsins lyiny wnarsllel to the easy dircciion nearest
to the direction of the sonlisd field, The rnaxnziization
may then only increscse »ny the rotation of the deomnins
towards ths apnlied {ield, For single crystsl waterials

the variztion of the mzenetization, I, with the apilied

jab]

field, &, ( e.g. see fig, 1.2 a, b) in rezion .C, may

Tairly easily “e celculzted for the vrincipal crystsl-
lozranhic diresctions if tie deme~netizing energy of the

speciner is ignored.

Let H and IS neke sagles QO and A a#ith the easy

direction [100] in zn iron sin-le crystzl, Then the torcue

due to the field on the Is vector sust exsctly balauce the

restorin~ torgue on I_ due to ihe zunisotiropy energy EC,
2

and if I elways lies in the same plane as the[lCO] iirzction

aad H chen,

<

B I_sin (6 -4) = 4., (1.29)
dA

hen H is parallel to a < 11C>direction, Go = % , end from
the expression for the cubic zuisotropy energy density

(eog,'- élq?}, eqn. 1033)
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dEc = Kl (1 )
-a—é-' 5= sin & A, .50

So that the two equations may be obtained

q Kl sin L4 A

= 2T sin (g =4A) (1.31)
5 N

I = Io cos (E-A).

from which the I versus H curve may be plotted with &
as a parameter, In order to obtain the field necessary to
magnetize the single crystal to saturation in the <110>

direction, A must be vut equal to @ , which zgives

2K
B .= — . (1.32)
IS

The appropriate equstions (e.g. Stoner 1550) for the case
of H aprlied in a <111> direction and for the corresponding
directions in Nickel may be derived using similar arguments

to those apnlied in the case just considered,

Neel (1944 a2, b) and indevendently Lawton and
Stewart (1948) drew attention to the important influence
that the demagnetizing energy of a specimen has, in general,
on the magnetization processes below saturation. They
assumed that the domain magnetization vectors always lie
along the direction of the lowest energy minimum. The
vosition of the minimum is determined by the anisotropy

of the crystal and the applied and demagnetizing field
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enercies. This neans th-t the statec of naznetization
for = ~iven aw:ilied field is deterwmiuned by minimising the
energy of the svecimen with reswnict to both the ma-netization

direciions of the dom:iinz =2-d toe volume (number) of the

dom2ins in z given dircctiion,

For example, sunnoze thtt = sp3ll external field
is apnlied 1. =2 direction which is sli<htly closer to one
of two easy dirsctions (s.g. let H lie in = { 100} plane
near a <110> direction in a {lOOZ disc of iron so thst
H lies almost midway Dbetween the two nearest< 100> essy

directions)., All the dow=ins do aot then lie parallel

to tne easy direction clocest to the apwlied field direction

3

since the demsznetlzing energy of the sgpecimen would hecome

J

16N Is2 (where N is the demssnetizins fzctor). This
contribution to the energy of the specimen is reduced if
there 2re still 2 rumber of domzins in tize other
(apparently) less favourable easy direction s¢ thst the
demagnetizing energy is just %N 12 where I is the resultant
nernetizaiion vector (I Is). Clearly the way in waich

the total volume of the domeins is divided betwsen the

two easy dirsctions depends not only on tihe magnitude =and
direction of the apnlied ficld »ut also on the shape of

the specimen.

This exaigple illustraztes the hasic processes thot

1,
!

occur: in larger fields, of course, thes directions of the
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domains =lso rotate towards the efiective field dirzction.

=

leel zud Lawcon and Stewart showed th. t, in
ceneral, -s tue a2plied field incroescs frou zero, the
mesnotization of 2 single-crystel sreciien 1111 go through
& numder of distianct »nhases, distinzuished by the number
of different vectors that srs uneceded to specify the
nzgnetization diructions of tie domnins. Thus ar iron-
like swnecimen will zo througsh four distinet regions: a
six-vector region (domeins along the <l00> easy dirzctions)
for # = 0, and three- -, two- =©nd one-vector regilons for
H> G, correspondinz to domeins lying in, or near to, the
taree, two awd one nearest easy diractions fo the fi=ld

direction,

rroa figure 1.5, taken from Lawton and 3tewart

(19485), it can se seen thet agrecement Detween the experi-
mental points =nd their theory is zood., The experimental
points (from Honda =nd Kaya 1926) sare for the components

of the magnetizztion parallel (Ib) znd normal (In) to the
aplied field in an oblete spheroid of iron with 2 {1c0}
equatorial plane, The field was apnlied =zt a2n 2ngle of

20° to the [100] direction, the demegnetizing factor wes

N = 0,184 and Lawton and Stewart assumed thst K, = 4.2 x 107

1

, two- &nd one- .

erg ci 2 and IS = 1720 gauss. The three-
vector recions are indiceted resnectively by ox, xy and yz.

It coan ve seen thott the experimental points follow =z curve
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that is wore rounded thin the curve predicted by tae

theory, -nd it is pronable c¢hst thim discrepancy is .
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(3toner 195C),

1.3 4Anisotropy,

It is intended briefly toc review those less recent
and now well established theories of magnetic anisotropy
which are applicable to metals, as opposed to insulating
magnetic materials, In fact the treatment of znisotropy
in insulators has received somewhat more attention,
probably because there is less uncertainty involved in
determining the electronic configuration of each atom
since all the clectrons must be bound. In conductors,
the outer shells of electrons of the isolated atom
disappear in the metal to become conduction clectrons.,

The cxact extent to which the electron is responsible

for the mngnetization of the materizl znd is also involved
in conduction has proved difficult to determine.
Nevertheless this work is primarily concerned with metals,
50 that this section has been limited to the consideration

of just those theories which are apnlicable,

The magnetic free energy of ferromagnetic single-
crystal materials is found to vary with the direction of
the magnetization vector: the part that veries is known as

the magnetocrystalline anisotropy energy and is commonly
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described by the phenomenological expressions
2 2 2 2 2 2 5 2 D

- _ o,
By = Ko+ Ky (o 0y 4o, 0y vag a) + Koy a) a)be,
- (1.33)
for the crystals with cubic symmetry and,
. t 1 .2 1 oL
.'bh—-Ko'i'Kl Sin ﬁ"'l{a S1n ﬁ‘*‘. s o g9
(1.54)

for crystzls with hexecconsl symmetry., Here the K!'s are
the anisotrowy constants, while £ or thea 's describe the

dircction of tue ;netization relotive to the crystal-

lographic ax&s. The form of these ecuntions is determined
pursly by the crystal symmetry involved., From the
theorsticzl stondpoint, 2nisotropy is believed to zrise
from what is known &s spin-orbit coupling, The rnormal
Heisenberg exchinge emergy vetween two atoms with spins

S 5 and S i is discusszd in section 1.1 ~nd is given by

- 2

I3 85 85, (1.35)

It cannot leed to nny ~nisotropy since ths expression is
indenendent of the dirsction of th: cryst-llographic axes.
In the derivztion of ecquation 1,35, Heisenberg assumed th-t
the contribution of tie orhital anrular nomentum to the
total augul-r momentum is guenched, and although the
mechonism by which this occurs is 2ot fully understood,

the cuenching may be confirmed by meesurement of the

#-factor, (the spectroscopic splitting fzctor). For
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complete quenching of the orbital wmoment, g = 2 2nd it is
in fact close to this figure for most ferromagnetic metalss
for example, in nickel g= 1,9, This indicates that
cuenching is very nearly, but not guite, complete, so
that there cen still be sbme interaction between the
orbitzl angulzar momentum vectors of two adjacent atoms,
This interaction will be znisotropic in nature since it
gg; depend upon the anzles that the orbital momentum
vectors mzke with the line joining the two atoms, znd
hence in general it will depend on the direction of the
vector with respect to the crystal lattice, Interaction
of the spin of the electron with its orbital angular
momentum (spin~orbit coupling) will then lead to an
anisotropic exchanée coupling between the spins of the
two 2djecent atoms., Mathemetically this appears as zn
anisotropic variation of J, the exchange integral, which
represents the degree of overlap between the wave functicns
of the two spins, Before the importance of spin-orbit
coupling was appreciated, early efforts (iMehajani 1926)
were directed towards the purely clessical interaction
between the magnetic dipole moments of the spinning
electrons and it wes found that =lthough a cubic array

of dipoles aligned parzllel could not <ive rise to aay
anisotropy (although a hexzgonal array could) a similarly
aligned cubic array of mrcgnetic quadrupoles could yield

gome anisotropy, The evaluction of the anisotropy constants
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zsve ¢ value for K. which wes too smcll by ~ factor of
10°. Van Vlicek (1937, 19556, 1952), wno culirged séme
earlicr ideas of 2loch =nd Gentile (19%1), cbtoinad the
first cderiveotion for t anisotrony constants using the
concent of spin-orbit ccupling. IHe counsidered the pos=ibdle
contributions to iths zaisotrony cnergy from the divole-
disole, gundruvole- cusdrupols, snd hich order couwnliags,

The classical votzntial energy between two spinning electrons,

ziven by the following

<

with spin vectors éi 2nd $., is

J
expression renresenting dipole-dipole counling,

2 2 )
T3P Ry By - e myy 8y Ty (1.35)
ij 2
i
wqurc;u’ls thre Bohr mo-ucion, and Eij is tue vector joining

ctoms i 22d j. Von Vleck founa thct using cuontum-mzchonics

he could owtrin the snme forwm of coupling between the two

not eruel to

.

spins, but with a difrerent constent, D,

ij?
the clzsszic:l coastrat, Similnrly, hisher order coupling
could be represented by en exnression similzr in form to

o simple type of qundropole-quadrunole coupling energy,

thus
Q. . ( (s., r. ) (s .. r..)aw. (1.:7)
iy | =t R4 250 2157
Here D, . =nd ", . are kaoown os the nseudo-dipolar =z2ud the
1] 13

pseudo-cuadrupolar coupling coanstrnts. Van Vleck showed

that there could e no pseudoquadrunole ccunling unless
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which is tne sare ord.r of maznitude 73 tie contribution
to Kl from qurdrunele-gusdrupole coudlinz, In nroctice
these estiantes sive good zgreement with experimentally
observed volues, TFor the casc of 2 material with heXagonal

symmetry, dinole-dipole couprling is not disallowzd ao

=7 ~ ~ 2
.Lxl’v Dij ~ J(g - ?) 3 (1-41)

which gives 2 volue for Kl ~bout S0 times too lairge in

the cas< of cobalt,

Van Vleck!s theory zives = definite prediction
for the sign of Kl for crystals of cubic symnctry only
if the pscudodipolar coupling is used to <xplain the
anisotropy. This is bzcruse Dij is raised to the¢ second
power in the sccond-order divpole-dipol. couplinz, so that,
although he 1s unnbhle to determine the sign of the
constants Dij and Qij’ this cannot effect the sisn of
the estimzte for Kl. He found thot K1 should be positive

for the simple cubic structures -nd negative for body-centred
cubic or face-centred cubic structures., This would be accep-
table for nickel with & negative Kl since only second order
pseudo~dipolar coupling is expected, For iron, with a positive

K the pseudo-dipolar couvnling is not exvected to be the main

1’
cause of anisotropy, 2nd since the sign of quadrupole-
guadrupole coupling is unknown, the cXnirimental

evidence could still fit the focts, Vaan Vleck did not

seriously attenpt to determine the moagnitude of K2 since



the choicz of ths ordsr of coupling =2nd the perturb-tion
order of the counling chosen is wuch less restricted than
it is for Kl. Secouse 6F the difficulty in determining
the conscants D, . and Q. ., it was not poszidle to

ij ij
obtain morsz i an i ordier of mapunitude value Tor Kl.
However Van Vleck did obtein exnressions for tne
temperzture vzriction of Kl in terms cof the temver=ture

varistion of the wa-astiz=tion, =nc this is further

Giscussed in tre next szction.

To try to overcome the poroblem of solving
feisenberg's mony electron sodel ricorously, Brooks
(194+C), atiempted tc solve the problem of snisotropy
using tie itinersnt electron model of 3toner ond Slater,
It sinould be noted that this mocel is not such a =ood
aprroximztion to the state of the tightly bound 3d
electrons as 1is the Heisenbere model, Brooks used a
spin orbit intersction with the itinerant electron model
to obtain the correct siin cnd estimete of the mzgnitude
of Kl for hoth nickel and iron =2t or near the zbsolute
zero of temper=ture, but cgain owing to the complexity
of the theory he was unzble to obtzin results at
temper-tures other thau absolute zero, Fletcher (1954)
cxtended the cclculations of Brooks by removing the major
aporoximations involved, and by using the calculated form
of the energy distribution of the d electrons in nickel,

Mletcher obtcined a value for Kl in nickel of - 5 % lO7
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-rg., cm ° 2t obsolute zero which is probably still some-

what too great.

Joenk (1993) ¢xtended tue calcul-tions of Ven
Visck, ~ftur modifyins thew with s»in-wive tiacory, to
obtzain volues for ¥, ~t 2bsslute ziro. Jocank's calculotions
arz discussed Turther in caantir six.

1.4 The Tomvoersture Devencence of inenctocrystclline
Anisotropy in Cubic Crystals,

It is gensrally bslieved (ikulov 193¢, Van Vleck
1937, Keffer 1955, Zener 1954, Brenncr 1957, Carr 1958e)
thot the greater prrt of the temperrture varistion of
the anisotropy constonts Kl and KE’

describing the mrgnetocrystalline znisoftropy cnergy

used in the equrtion

d.nsity, arises froxm therusl fluctuntions of the noigh-
bouring anisotropically counl:d spins frow their positions
at the absoluts zero of tump.r-turs. Fisure 1.6 shous
the varistion of Kl for iron, nickel =2nd cobzlt, coumnrred

with the voriation of the reduced marnetizstion with

temperature, Akulov showed thrt if 211 the individual
spins were essumcd to »¢ eligned prrallel to one another,
but were allowsd to collectively devinte from the direction
of the applied magnetic field and to precess round this
field direction, then the law

K, (T)
1 _ 1(T
R:TOT = RG (1.42)
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would hold whers I(T) is the bulk magnevization =t
temperzture T, and n = 10, The rather drastic assumption

thzt 211 the spins were zlirned »arallel can only nold

sear absolute zero,

The veriotion of =anisciropy with mosnetizotion is
of direct intersst when the tempersoture varisotion of
anisotropy is under considerstion, since the varistion
of megnetization vwith temperzture is well known znd
understood. Hence, a study of the variation of suisotropy
with mssnetization determines in principle the regquired
variation of anisotropy wuith temperature, aand at the same

time facilitotes theoretical manipulztion.

Tor some time it was thousht th:t the exverimental
date for iron obeyed this law with n = 10, with consid-
erahble accuracy. dowever, tie racent ¢nd careful
mersuremcnts of CGraham (1958), who used somewhrot hi-her
measurin. fields thaw earlier workers, with correspondingly
creater cccuracy, indicrste = vower lsw with n = & for iron
for tenperztures lying %elow room tewmperature, Craham
also notes thzt some measurements made by Bozorth in 1952,
but then unpublished, also indicate that ns 5 for iron,
For nickel, exverimental me>surements had for some time
been widely misguoted 2s ~iving a power law variation of
about n= 20, In any case, heccuse K, for nickel changes

1

sign ebove room tumz-reture, Before finally disappesring
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at tre Curie teuperature, 2 vpower law cannot exactly fit the
experimentel datz. However a nower lew with n = 50 is 2 much
better approximation to the avniloble data for low temperatures
than n = 20, os was first pointsd out by Corr (1958), and subse-

quently confirmed by Keffer =nd Oguchi (1960).

Van Vleck, usinz the concept of the f‘eiss
moleculszr ficld, wns able to obtain the tenmperature
varistion of the contribution to the first anisotropy
constant from pszudodipole and pseudoguadrupole coupling
separately., His results were given in the foru of
nunerical tables., Figure 1.7, is taken from Keffer's paper
in which he exvresses Van Vleck's results in the form of
equation 1.4?, The graphs show the variction of n, the
power of the reduced necnetization, against the reduced
magnetization itself, It can be seen thot the curve (C),
which is derived from the tempsrature variztion of the
pseudoquadrupole interaction, leads to a power law
(equation 1.42) with an exponent lying between 5 and &,
Keffer pointed out thot this should represent the behaviour
of the anisotropy at high tempcratures near Tc where there
ir less correl-tion between neirhbouring spins. Curve (B)
represents the sanme pseudogquadrupole contribution calculated
by Van Vleck by treating the interaction betwsen a pair of
atoms rigorously, but using a molecular field to represent

the interaction between the pair of atoms and the rest
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of the crystal. It can be seen that at low temperatures,
where there is expected to be considerable correlation
between the spins on adjscent atoms, the exponent n
approaches 10, The contridution due to dipole-dipole
coupling is shown by curve (D) and &s coan be seen, this
contribution becomes smaller =s the temperature is lowered;
this is hecause it zrises from a second-order effect or
thermal perturbztion of the spins from parallel aligznment.
Keffer showed that the spin wave model of Holstein z2nd
Primakoff produces tie szme type of variztion of n from 10
at low temperstures to O a2t hizher temperatures as obtzined
by Van Vleck, =zlthough, of course, spin wave theory does
not strictly hold at temperstures other than near absolute
ZEero.

Zener derived the tenpersture variation of the
anisotropy constznts using a2 purely classical model with
two basic assumptions, namely that the stomic coupling
constants were independent of temper:zture 2ad that over the
whole range of temperatures for which the theory was
expected to hold, thszre was short-rznge porrelation between
spins. The second assumption is realistic since neutron
defraction studies (Shull 1955) indicate thet there is still
a relztively large correletion over small regions even at
the Curie point. It is thus suppdsed that small resions
of undefined volume exist in which the megnetization has

the saturation value appropriate to the absolute zero of
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temperature, but with tae direction randomly deflected
from tha:t of the swontoneous bulk magnetization, ithin each
small rezion the =pins are supposed to ne aligned exactly
warallel, The nnisotropy energy of esch rezion is taken

to ¢ riven by

-2
+ k. (a. « oo e e . (1.L3)

where the direction cosines,® , refer to the direction
of 2 local megnetization, and k; = K (0) and k, = K, (0),

and are the values of Kl and K, in equation 1,42 for T = 0,

2

that is k1 and k2 are not suppesed to vary with temperature,

Zener expresses the anisotropy equation 1,43 in
the form

E = Z En Sn (alaZaB), . (1.4%)

n

where Sn is a surface harmonic of degree n. Birss (1964 3)
enumerates, in detail, the relationships that exist between
the anisotropy constants of equations 1,33 and 1l.34, and
the constants employed in this t&pe of renresentztion of
the anisotropy energy. In particular it should bhe noted
that > 1

SL}=(ala2+a2 Ct3+a3 “q = 3) (1.45)

and 2 2 22 2 2
_ 1 (o o, +a 004, + @, a. ) +
S6 =0y a, a3 - 3T 1 2 273 371

(1.46)

2__
231
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Zener then assumes thst the local magnetization vector

( %y Qn c%) undergoes random fluctuations, described by

a rzndom walk function, froa the average direction G:q

o &3 of the bulk magnetization. The average anisotropy

7

energy renresented by ecuation 1.4%, which may »e written
" =/ b G 1.1_:_ )
B =, mn(T) S, (gl, %5 ij)’ (1.57

and vaich is appropriate to the bulk meognetization, may
then he obtained by averasing equation 1,44 with respect
to the random walk function., His first step was to

express the surface harmonics Sn(al, LY a3) in terms of

m
sphericel harmonics Y , thus,
n
e
- !
S, Z C, Yo 8y ) . (1.48)
m=-n

where 6 and ¢ represent the polar co-ordinztes of the local
magnetization vectors (al, Py a3) with respect to the
bulk &f—t=2e magnetization (gl, x5 s 33). Then because
the random walk function is symmetrical about (&l’ 7% 33),
he averaged out theyterms znd reurote the avercsed function

< Sn> in terms of Legendre nolynomials Pn (cos ©), thus,

<8 > = C, P, (cos @) (1.%9)

and showed thet Co =8 (gl & 23) by considering the

particular case © = 0, Zener then averaged Pn (cos @)
with respect to the random walk function 2nd found that
this averagzed function, written-<Pn (cos €)> ., was

[T

given by



_ =n{n+l)7.
<P (cos ©)> xy <€ (1.50)

The psrameter 7.was eliminzted by obteining the equation

IS(T) - <Pl (coS Q) b ]
-I:Z-O—y s (1-51)

which takes zccount of the fact thst the magnitude of the
bulk magnetization at a tempersture T must depend on the
average angle between the IS(O) direction ‘and the Is(T)

direction., Thus

I (T) 4
[ 5 <cos 6> (1.52)
[] .
ISZOS
measured
so that
I (T)
s ~27
= e (lu53)
Isi05
Hence

I (T) n(n+l)
P < (cos €)X - ={-—-—-——-—-I: (O)] 2

4

(1.54)

and finally

T (T) n(n+l)
<S8 > = { s ] 2 S (o, a,, ;).
n ™ IS (O) n -1 -2 —3
(1.55)
From (1.55) it can be seen that

. n(n+l)
By () ={IS(T)} =, (1.56)
En 0 IS(O5

and this leads to the tenth vower law for Kl since [ Birss

(1964 )],

46
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(1.57

B (T) K__L(T) + 57 K(T) K () ,
(

4 s
E, 0y <= (C) + 1 L (c) (0)
RO L 5

R Ké <<Kl. It slso leads to a 21lst power law for KZ‘

for 13

Brenner (1957) and Carr (1958a)nointed out that it
is somewhzt artificial tc choose = random walk function
for the statistical veriation in the direction of the loczl
megnetization vector zund that a Bolizmann distribuiion
might %e considered more satisfactory. Following Carr,

it can be seen from Zener's theory outlined above that

-E-L:ro—)- = <PI+ (COS Q)> (1'58)

The averaging of Pq(cos ©) may now szlternatively be done
with resrect ot a Boltzmann distribution in a molecular

field =s indic:ted below;

. 7
= g
P (. )y . %cos . v
< Pq(cos g)> - ‘/0 p-Cost 7 e siné 48
- O cos 8
/ e sin 6 ae _
© (1,59)

where &(T) 5 ~iven by

I

x(T) =y 75 , (1,60)

)

and h is = counstont demendin~ on the moleculsr Tield merameter

~nd the averare mornetiz=tion of the snins. Corr then showed

th=t

P, (c038) = 1+35 - 10 + __5_{ I (T) } (1,61)
o2 o 3L 1,(0)
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and, when « is obtained from tie neasured values of
Eg(T) using tihe eguztion:
I (0)
s
{IS(T)} - cotha o1,
§ o
IS(L)jmeasured (1.22)

Carr found that-<P4(cos 0)> agreed very closesly with Zener's
tenth power law, This is in contrast to the work of 3renner,
I (T)
S
I_(C)
s

theoretical Langevin-’eiss temperature varintion of

obtoined from the standard

2>

who used tie valuss o

magnetization, and whose values did not agree with Zener's
tenth nower law, By assuming 2 Soltzmann distribution for
the spin directions, Birss (19¢4 ) has shown thet even if
no correlation exists between spins, the tenth power law

still holds for Kl at temperatures near absolute zero,

As has zlrendy been indicated, there is consideranle

~

discrzpancy between the vower laws aad the eupsrimsntal data
for both iron and nickel., The most obvious reasons for the
discrepency epnesr to lie in the assumption that the k's in

equation 1.%% are inderpendent of temperzture, It was

assumed that they hed the values Kl(O), K2(C) etc,, but in

fact it is unlikely that the Xk
n

. . .
ature since they must be functions of the spin~-orbit

#re independent of temper-

coupling which is itself probably a function of temverature.
In fact, 4if kl for nickel is assumed to %e a linear function
of the reduced temperature (Carr 1958a), the theoretical

variation of K1 may he fitted to the expsrimental data with
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some success., However, there oopears to be, as yet, no

thzoretical justification for this assumption.

Another reason for tle Cisagreement between theory
and experiment m2y arise from the fzct thet the avera:ring
processes followed in deriving equstion 1,56 =zre only
applicable if the moterisl is under constant strain., In
practice, the cxpzriuncntel datz is obtained under conditions
of conztant stress, so thast both the isotropic volume change
due to thermsl expension, =nd the anisotropic voluume chenge
due to magnetostriction must »e talen into account. Brenner
(1957) hzs investigated the eflect of thermal expansion
zlone, which ne found did not adecuetely exploin the dis-
crewancy. Birsz (1964) - has shown how the theory must be
modified to tzke zccount pf the effect of hoth the isotropic
@and anisotropic volume changes, The subject is discussed

furtner in the next section,

g 1.5 lepgnetostriction in Fferromascnetic Sinele Crystal Materials

Meesnetostriction may be defined somewhat loosley as
the voriction in the dimensions of a sample arising due to
changes in tae technical mzsnetization, In fact thais
definition includes two othsr swmall but distinct effects,
more accurately described undzr the he~din+s of tie Torced
maznetostriction znd the form effect, which will also be

dealt with further in this section,
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S3ince a ferromzgnetic sauple, below iis Curie
point, normally consists of a nuuber of domsins within winich
the acgnetization has its saturation value Is’ the magneto-

striction nmust »e associanted with on saisotropic strein of

each domain, This beins so, it is more fundamental, and
also somewnat easier, to deal with the megnetostriction in
single crystal materials, since in principle the marnsto-
striction can be obirined for polycrystslline specimens by

a sultsble averasing process.

It can be quite easily seen in a gualitative manner
how mzgnetostriction may =rise when the magnetocrystalline
anisotropy energy is a function of the state of stroin of
the crystal lattice, Under these conditions the specimen
may be expected to defori: to lower the znisotropy energy
50 thzt the observed masnetostriction will be the strain
for which the sum of the zanisoirovic £nd el=stic energies

is 2 mininmum,

A pvhenomenolozicel eguetion has “een developed
(Akulov 1928, 1930, Gans and Von Harlem 1933, Vautier 1954)
wiaich describes the devendence of the saturation magneto-
striction on the direction of the masnetization vector
(al, LY a3), and measuring direction Q?l,pz,ﬂB). The
form of such 22 equation is determined solely by the
requirenents of the crystal symmetry involved, TFor cubig

crystals the expression may be written
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A=Ayt f‘ls(“iﬁi) + Ay Slaqay B By)
. .22 b 2
+ Aj S(a1a2) + Ay S(alﬁl) + A5 S(ala2a3ﬁlﬁ2)
6 2 353
+ Ag S(alﬁl) *+ Ao S(“l"‘zﬁlﬁz)
4 222
+ Ag S(‘ﬁaza;ﬁlﬁg) Ay qo %G (1.63)

where the A are constoncs end where the operator S ( )
stends for the sum of the three terms given by the cyclic
permutation of the suffixes on the term within the brackets.
Egquztion 1.63 describes the magnetostriction at saturation
and, because of the experimentsl difficulty of exactly
reproducing the ideal demagnetized state, measurmments are
normally made between different ssturated states, Equation
1.563 may be manipulcted so that the constants An can he
determined from these measurements and this is done in
chapter 2 for the crystal orientstions which cre nore
commonly used., From & theoretical point of view, the
constants An, nust be functions of the elastic constants
of the wmaterizl =nd must zlso be functions of the rate of
chenge of tine magznetocrystalline anisotrovy with strain,
The latter may be expressed as a pover series in (al, a2’a3)’
2nd when this is done the coeffiicients of the series
are known as the magneto-elastic coupling constants,
Purthermore, it is then clear thast, in principle, the
constants An’ must be related to the fundamental interatomic

forces which give rise to the anisotropy energy. However,
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in prectice this wmay only e done i =u cdecuste theory

of anisotiropy exists,and, =s nhas bdeen seen in section 1.3,
this is as yet not the case. It is thersfore not surprising
that theoreticzl calculsr tions (Vonsovsky 1940, Katayama 19%1,
Cusev 1954, Flecher 1955) of iae An have not proved
particulerly successful, The saturation mesgnetostriction
constants m=y, however, be writcen in terms of tle magento-
elestic constants (Birss 195¢), which themselves may be

empirically detcriined and in order for these reneral

¥

derivations to hold it is necessary that the nagnstization,
the megnetic field within the test swpecimen and the strain
components should be uniform throushout the volume of the
specimen, It is found in practice that these rother special
recuirements sre met if the svecimen is saturated as a
single domain by 2 uniform externzl field snd with the
specimen in the fors of 2n ellipsoid , 1If this is done

the internal field and hence the demagnetizing field will
be uniform, The strain components will not be exactly
uniform owing to & small contribution Trom the form effect,
which will now De exemined, The form effect arises from
the interzction of the demaznciizing field energy with che

elestic and ueznretic enerries of the sample, In practice,

[}

because tihe for: 2iTect and the spontaneous uazn:tostriction
are both small, they are trezited indenendently of one

another so thst tie form effsct is counsidered as arising

just froz: the interaction of the demasnetizing energy and
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the elastic energy., Since the magnitude of the
demagnetizing field is a function of the shape of the
sample, a strain will occur in such a way as to lower

the demagnetizing field and hence the associated energy,
and this deformation will be opposed by the eleastic
restoring forces in the sample, The equilibrium deform-
ation may then, in principle, be calculated by minimizing
the sum of the elastic and demagretizing energies, if the

components of strain are uniform throughout the sample.

However, Brown (1953) showed that the form effect
could be considered as being due to tractions everywhere
normal to the surface, a condition which cannot, in
general, give rise to a uniform distribution of strain.
Gersdorf (1961) has made calculations of the form effect

for single-crystal spheroids.

In the region well below technical saturation
where the magnetization of the specimen is in a multi-
domain state, a single vector can no longer bec used to
describe the direction of the magnetization, so that the
theoretical interpretation of the magnetostriction below
technical saturation involves the evaluation of the
contributions to the total magnetostriction of a number
of differently oriented domains, Birss and Lee (1961)

extended the work of Akulov (1929) and Heisenberg (1931)
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who calculated the magnetostriction for iron crystals as
a function of the reduced magnetization in the three
principal crystalographic directions. Birss and Lee
assumed that the magnetostriction of cach domain could

be described by an equation of the form 1.63, but
terminated after the first two terms. They assumed that
the strains of each of the individual domains could be
added algebraically after multiplication by a weighting
factor proportional to the volume of the domains, to

give the total magnetostriction. The case of an {001
oblate spheroid was considered, with the external applied
field and measuring directions making arbitrary angles
with the <1l®>direction in the {100} plane. The magneto-
striction was calculated over a range of fields from
saturation down to the point where the two vectors
disappeared, that is the region where the magnetization
vectors of all the domains lie parallel with either of
the two easy directions lying nearest to the field
direction, The relative volumes of domains lying in
these two directions was calculated from the theory of
Lawton and Stewart (1948) who showed that these volumes
must be distributed in a way such as to keep the internal
field parallel with the <110> dircction, It was shown
that their theory was in a reasonable agreement with

the experimental variation of the magnetostriction below
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saturation.

In applied fields well a2bove saturation, it is
found that = small strain occurs, th-t is proportional
to the applied field and this hns been called the forced
magnetostriction., The experimentol measurements[(Von
Auwers (1933), Kornetzki (1934), Calhourn and Carr (1955)],
have shown that although in iron for instance, the effect
is predominantly ' a volume change, the effect exhibits a
small amount of anisotropy, and a phenomenological
equation m2y be readily developed from equation 1.63, by
assuming the constants, An, to be linear functions of the
applied field. (Carr 1958a,Birss 1959). The forced
magnetostriction is believed to arise as a dircct conse-
quence of forced magnetization, an effect that occurs
when the z2ppliecd field is large enough to be comparable
with the e¢ffective molecular field arising from the
exchange coupling between spins. The applied field may
then increase the degree of alignment of the spins and
hence increase the magnetization. The effect is found
in practice to be large only near the Curie point, in

agreement with the above ideas,

It was expected (Kittel, 1959) that the variation
of the saturation magnetostriction with tempernture might

be treated in an analogous way to the theoretical
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treatment of the temperature variation of anisotrobpy,
dealt with in section (1.,4), 1In that theory, for
reasons of expediegcy, the variction of Kl with mognet-
ization, rather than with temper-ture, was calculated
theoretically and it can be seen thnt this was sufficient
since the variation of magnetization with temperature is
well known. Thus Kittel and Van Vleck (1960), showed
that in the same way, the mhgneto-elastic constants
might be cnlculoted as functions of the reduced magnet-
ization, by the extension of the general theory (Van
Vleck, 1959) for the variation of the anisotropy

constant K1 with tempernture,

Specifically, if the magneto-eleastic constants

are defined by

[ see e.g, Birss (1959) ],

© oo “12 + 1, alL* + Ly a22 a32
V;=I»O+I_’1 % +L2az£ +L3a§a12
R L

U, T g oty My g

o= aga + i, “§a3a1

V% =N aa, + M, a§a1a2 ’ (1.64)
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their predicted temperature dependence is given by;

Ly (T) = [L,(0)+6L,(0)*+1L,(0)] &’ - [6L,()*3L,(0) 15"
1 1 72 73 72 73

L, (1) =[5,(0)1z"°

Ly (1) = [L(0)]z '

MO(T) = [M0 (0) + % My (0)] 43 - %[Ml (o)]a:,lO

My (T) =[y (0) 1™

(1.65)
where & is the reduced mognetization. It should be
pointed out that the calculation of Kittel and Van Vleck
is appropriate to constant lattice strain, whereas the
reduced magnetization refers to constant stress. The
state of strain of 2 crystalline lattice at temperature
T differs from that at T = O partly because of thermal
expansion and partly because of nagnetostriction. The
normal thermal expansion is supplemented by & change in
magnetostriction with temperature to give a deformation
of the lattice which is principally an isotropic volume
strain, ® = @(T), but is partly an anisotropic deformation
that depends on the direction of the magnetiztion, Since,
however, it is observed experimentally thot, for the ferro-

magnetic metals at least (See Callen and Callen 1960), the



magnitude of the saturation magnetization depends on o
but not on the direction of the magnetization relative
to the crystal lattice, it is possible to express the
spontaneous magnetization IS(T,w), at temperature T and

volume strain o, approximately in the form
bIS(T,w)

I (T,w) = I (T,0) + o (1.66)

wherey (0) = O. The quantity observed experimentally,
g = I,(T,0)/1_(0,0), (1.67)
should therefore be replaced in equations (85) by either

IS(T,w)/IS(O,w) or IS(T,O)/IS(O,O),
(1.68)

that is by
1 aIS(T,w)
Z’l :é-' o e (1069)
IS(O,O) 9w

Similar cslculations of the temperature dependence
of the magneto-~elastic coupling constants for hexagonal
materials have been performed by Birss and Wallis (1963)

and these are included as appendix A1,
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Chapter Two

THE MAGHLTIZATION PROCESS.

§ 2.1 Anisotropy.

The general stages through which the magnetization
of a ferro-magnetic material passes as an external magnetic
field is =zpplied have been described in the introduction,
The exact process by which the magnetization vector is
turned from an easy direction towards the field direction
in high fields is of interest and will now be considered in

more detsil,

g§2.1.1 In general terms the exact direction in which the

magnetization vector lies is depehdenf on a balance between
the coupling of the electron spins with the atomic lattice
and with the applied and demagnetizing magnetic fields,

The energy density due to the spin-~lattice coupling mey he
expressed at saturation by a power series in the direction
cosines ( o, 02.(13) specifying the mapgnetization vector I_,
The form of the power series mey be obtained by considering
the crystal symmetry involved [Akulov (1928, 1930), Gans

and Von Harlem (1933)] . For crystals with cubic symmetry,

terms in odd powers of a; may not be included since the
direction specified by ., is equivalent in the crystal to
that specified by -0 . Similarly, since the three cubic
axies are eguivalent, the terms of the power series must be
invarient with the interchange of any two of the'ai's.
Further, since ‘&2 + a22 +<132 = 1, the second order tern

is isotopic so that the series must start with the fourth

order tern
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2 2 2
a 14 + aau +a 34 =1 -2 ( a12 a22 + a22 a3 +a3 a, ).

(Further rel=tionships of this type, used in deriving this
end higher order terms arz listed by Birss 1964), Thus the
magneto-crysta%}he anisotropy energy density, E, for a

ferromagnetic material with cubic symmetry is given by

2 2 22 22 2 2 2
BE=ky v Ky (0 oy a0y 0405 Q)+ K (g 4 o)+ .oveee
(2.1)

where Kl' KE’ etc. are the cubic anisotropy constants ,

In the case of a hexagonal crystal, similer
considerations lead to the following expression for the

anisotropy energy density, (Mason 1954),

E=K(; +K'l sinaxs +1€2 sinL‘;é+K3' sin6b

+ KL' sin6 © cos 60 + ..., (2,2)

where § and ©, cre the anzles that Is makes respectively
with the c-axis 2nd between the vrojection of Is and an
a-axis in the basal vlane, ond Ki R Ké , etc. 2re the

hexagonal anisotropy constants,

The coupling energy, E hetween the electron

H!
spins and the mognetic field, H, is given by
Br= -H. I (2.3)

The energy, per unit volume, Ed, due to the demagnetiZing

field depends on the particular shape considered. For an
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ellirsoid, chosen because the internal field and magnetiZation

are uniform in a uniform apnlied field,

, 2 2
Eg = (Nl% N, TS+ NID)

where Ni, N2, N3 and Il'

factors and the magnetization comvonents along the three

12’ and I3, are the demagneti®ing

principal ellipsoid axes, The equilibrium position that
the Isvector takes up is such &s to minimise the total

free energy, Ef, of .the -crystal, given by

Ef =E +EH+E(1’ (2.5)

and the direction of the Is vector is thus 2 function of
the anisotropy constants, the magnitude of the saturation
megnetization, the apnlied field and the specimen
demegnetizing. factors. The last of these four factors
depends entirely on the shape of the specimen ~nd if tais
closely ap»roximetes to, or is exactly, a surface of the
second degree, the demagnetizing factors are well known
[e.g. Stoner (1945), =nd Osborne (1945)]. The magnitude
of the saturation magnetization is amubstantially constant
with applied field =nd its variation with temperature is
usually well-known from standard magneti%ation measurements.,
The anisotropy constants which are again, in general, a
function of temperature, may be measured by 2 number of
tecnniques, the most important of whibh is direct toraque

mezasurements,

For cubic ferromagnetic single crystal materials,
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such =s iron and nickel, samples oriented in the three
principal crystalographic planes [i.e. the (100), (110),
and the (111) planes ] are important, since in these plones
the mzgnetization processes may be specified by relatively
simple expressionss For torque measurenents, samples usually
take the form of oblate spheroids with the two major axes
in the chosen princinal plane., A surface of the second
degree is desirable to ensure that at saturation the
magnetization is uniform over the whole velume of the
sample., In practice 2 thin disc is often used, which
approximates fairly well to a thin oblate spheroid when
the diameter is more than ten times the thickness. TFor a
specimen oriented in the (100) plane =2nd in a high enough
field so that the mrgnetization is in a single domain
regime, it can be seen from equation 2,1 that

E=-K coshy 2,6)

8

where ¢ is measured in the (1C0) plane from a [ 001 ] direction
to the IS vector, If a magnetic field H is aprlied in a

direction making an angle P' with a 001] direction then,
2= - .
2y IH cos ( A - ¢) (2.7)

and,

I° N, (2.8)

where N is the demcgnetizing factor in the plane of the disc.
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9B
The torque, L, on I  is given by -__F , so that
al

L = - 3K, sinky + HI sin(g' - ¢) (2.9)

ond to minimise the total energy for equilibrium L = O,
when ¢ is determined by equ-tion 2.9. The torque, I' , on

the specimen is given by + 9E so that,

o
I = 4K,sinky = HI_ sin(8' - ¢) (2.10)

By measuring T, the anisotropy constant Kl can, in principle,
be found at any ficld zbove thot needed to provide saturation,
and in general =2 graphical solution of ecuation 2,10 first
suggested by Bosorth and 7illiams (1941) may be used, Then

for very large fields ¢ =g ! so that

T = 2K, sinkg' (2.11)

A procedure often used to obtain K1 from experimental data

is to plot the sin 4B ' component of the torgue curve

(r versus g ) ngainst 1 ond then to extrapol:te-the curve

to the origin to obtainche effective volue of Kl at infinite

field., Altcrnatively a first order corruction may be made to

the torque curve at large but finite fields so that it approx-
imates to the curve at an infinite field (Bozorth 1954), The

procedure involves displacing points on the torque curve parallel

to the B - axis by amounts T « A similar theoretical analysis

HI
to that given above may be applied to a (110) disc to obtain

the torque on the specimen as & function of both Kl and K2 at
high fields, Thus from equation 2,1 and 2,5,at very large

fields,
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T =(-a-f) = % (2 sin 2B + 3 sin B ")
d
=p'
+ K2 (sin 28" + bk sinjg' - 3 sin 6B8') (2.12)
Bl

where © andf ' are measured in the (110) plane from an
[001] direction. The graphical solution used by Bozorth
and Willizms (1941), for lower fields may be used in the
(110) »plane but the problem is somewhat more complicated
since the megnetization in this plane is the resultant
of two symmetrically directed IS vectors lying on either

side of the (110) plane.

The case of a disc 6riented in a (111) plane, is
somevhat more complicated than the two foregoing cases
since even at high fields the magnetization vector does
not lie in the (111) plane and its direction must be

specified by two variables, Nevertheless, for very large

fields

T = (5%)033' = ;% sin 6f (2.13)

where @ and £' are measured in the (111) plahe from an

[ 110] direction,

It hes been shown that in general the position of
the magnetization vector at high fields may be determined
if the anisotropy constants are known, and the methods by
which these constants 2re obtained from torque measurements

have bezn outlined, For nickel the first anisotropy
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constant Kl, hes been measured many times eud its value is
vell-known [LBozorth (1951} For the second anisotropy
constz=nt K,, however many widely different values have
been obtrined in the past (see table,Chapter 6.) presumably
owing to the difficult experimental techniques required.
However, the (111) plane is eminently suitable for
measuring this constant, since, as indicated above, the
torgue curves at very large fields depend only on K2 3ut
it is found, in practice, that sufficiently larze fields
may not ne oLtained s0 that some understanding of the
megnetization process for this orientation, at high

fields is desirable., This is =ttempted in section 2.2.
§2.1.2, The magnetization processes that occur in
gadolinium azre of interest since it h-s been reported
[Corner, Roe & Taylor (1962) znd Graham (1962) (1963),
(196k)] that, over a substential temperature ranse below
the Curie point, the enasy directions lie on the surface of
& cone surrounding the hexcgonal axis. The way in which
the cone =a7le varies with the temperature wmey most easily
be iavestigated with 2 single crystal disc of tie material
orientated so th:t the hexagonal =2xis lies in the plane of
the disc. Using the anisotropy energy density given by
equation 2,2 rnd ignorins terms involving constants hi~her
than KZ" the torque on the specimen for infinite fields

becomes

I =08 = K sin2p +K, (sin2f - % sin 4p). (2.14)
¢
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The torque is of course¢, zero in the two perpendicular

- : . )
dircctions = 0, 2nd £ = “72, 317/2. However, if XK, and K2
arc of opnosite signs cnd ]Kl'i <]2K§| s then the torque

-is 2lso zero when 0 = ﬂE’ where

cos8 EbE A= Kl' * Ké'
5’ (2,15)

and ﬂE is the semi-zngle of the conc of e¢ssy magnetization
dircections, In the experimcnts which were made on
gadolinium, it was found to be inconvenient to measure full
torque curves, although it wzs possible to measure the slope
of the torque curve ncar the position of zero torque, The
reasons for th. method of measurement adoptud zre declt with
in Chaptsr 4, sc¢ction L,3, The slope of the torque curve at

positions of zuro torque is given by

a = 2K (at ¢ =0) (2.16)
ap - :

and by
ar

% ~2K! 2 ) (at ¢ = 7/2) (2.17)

Hence by measuring the slope of the torque curves
a2t these two positions for high fieclds 2nd sxtrapolating to
infinite fields the effcctive values of Kl' and K2' may be
obtzined., The cone angle ﬂE can similarly be obtainud by
measuring the angular position of the appropricte torque
zero for high ficlds and agein extrapolating tb infinite

ficlds, In practicc, howsver, thesc measurewcnts vory
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appreciably with the apvplied field, even szt hizh fields,

so0 thot the extrapolation is unrelizsble.

2.2 The (111) vlane for Nickel,

Ais indicated in section 2.1.1, the (111) pnlane

is the most favourable plane in which to measure torcue
curves to obtain the second anisotropy consiant K2, since
in this plane, at very high fields, there should be no
contribution to the measured torque from Kl' In the

(10C) 2nd (110) plecnes the measured torque depends only
weakly on K2 so that even smell exverimental uncertainties
in the measurements lead to cuite large errors in K2.

It is for this reason, that the orientation of the plane
must be chosen to eliminate =ny contributions from Kl‘

In section 7.1.1 it was 2lso indicated that if the apn~lied
field is not infinitely leorge the magnetization does no*,
in veneral, lie in the (111) plane so that further
analysis is desirable in order that the experimental
torcue curves may be properly interpreted, To this end
the free energy, sivern by ecuetion 2.5, is Tirst obtained
in terms of the znisotropy, demrsnetizing, and field
eaerries, The equilibrium position of the magnetization

vector is then determined by minimising the free energy.

The energy equation 2.1 for E refers the

direction cosinesq 11 %o a3, to three rectzngular

]
cartesian axes x , y', 2' porallel to the cubic
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crysiallographic arxes, It is more convenpient to re-zrrange
these axes as shown in figure 2,1 so that the new axes x,
¥, z, coincide resvectively with [ 1T0], (112}, [111]
crystalographic directioﬁs. If the Is vector is then
specified by the polar and azimuthal angles @ znd ©
respectively, such thet £ is measured from the 1ol
direction to the projection of'Is in the plane, while ©

is measured from the [ 111 ] direction to I,, then the

direction cosines ﬂl, a2’(13' become,

@, = [V3 sin © cos # + sin O sin P +/ 2 cos 6]

@5 [ V3 5in @ cos @ + sin @ sin B +V2 cos 0 ]

N N

L =xﬁé[ - 23in6 sin g +V2 cos 0 ], (2.18)

and it may essily be shown that ;

E= K+ f% [12 -3 sin*0 - 6 8in%20 - 6v2 sinZ6
3
5in20 sin 38 ]
K L .. b . 6 . 2
+ 2 [4 - 3% 5in© - sin'© cos 60 -6sin"26
108

= 6 v2 5in°6 sin 26 sin 3% + 6 5in°20 sin° 8
+ 32 5in’0 sin 26 sin 36 +2/ 2 sin’26 sin 381,
(2.,19)
The marnetic field energy EH is
Ey =T§{hfﬁ +a. B, +a3% ) (2.20)
where B! , Bé . ﬁ% , are the direction cosines of the wa-netic

field in the [111] plane and are ~iven by ecustions 2,10 with
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Figure 2.1
POSITICN OF AXES FOR (III) THEORY
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g =£ Y and @ =7/2, Thus

Ly = -I_H sin 6 cos % - ). (2.21)
Further, the demagnetizing energy Ed’ for an oblate
spheroid with demagnetizing factor N in the nl=ane of an
equivalent disc, is given by
2 a2

oy g2 2
nd—%Is[Nx a, * I\Tyy + N a z]

(2.22)
where G 1 ay,ctz are the direction cosines of IB relzative

to axes x, ¥y, z. Then, since Ni = Ny w N from the symmetry

of the oblate spheroid, nnd N = (b7 - 2N),

ol FA 2 » o 2

Bg =% Is [N+ (b7 - 3H) cos“@} . (2.23)
The free energy of the system is given by eguation 2,5 and
the direction of the magnetization vector will be such as

to minimize E, so0 that © and € are determined by the

simultaneous ecuations,

(OB OE
E_ﬁ?gﬁ = 0 and aF))Q =0 , (2.24)

To simplify the solution of these two equations when H is

large but finite, the following substitution may be mzde;

2

;8' -A’ (2025)

and

0

/2 +a, (2.26)

s0 that @ and A are small anzles, If it is assumed that «

and & are s0 small thet



sinnd = nd
sinne€ = no
cos
cos ne = sk nh =1,

for n $ 6, then equations 2,24 may be written in the form

(h + kl)a + ko A+ k3A +k = 0 (2.27)
k5a + k6 al + (k7 -h)a + k8 =0, (2.,28)
where
h=HI,
k) = - Ky, + Kp cos 81 + I2 (b7 - 3M),
x 9 18
k, = _2 sin 64!,
3
ky = 2 (K1 + E%) cos 387",
k) = V2 (K, + Eg ) sin 3P ,
3 6
Ry = V2 (Kl+_K_§)cos}'3',
k. = 3/2 (K, + 52) sin A
6 =2
K
k, = - _2 cos 6f! ,
4 3
- X
ko = + 2 sin 68! , 2.2
8 5 (2.29)

Solving equations 2,27 and 2.28 simultaneously for A gives

=-k8 (h+k1)+k‘+k5

A (2.30)

(k7 - h) (h + k._L) - k3k5 - ko + I kg

which, usin- equstions 2,29, mey be written in the form

K 1 (K +K )2
i% sin 68! =~ 3 K1 2 sin 6"
A= (h+ k) (2.31)

k
h - -
{1 + ?12 1 (kg + Xk kaké} .
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Jf the terms of the order % in the square brackets in the

denominator are neglected in favour of unity, then the

fin=1, high-field, solution for 4 is

1 K
LH = = 2 -1 + K. 2
%1 . e')
h + kl

It should be noted that k)~ «~K, + IB2 (4w - 3N), since

} sin 68°'. (2.32)

the term in Is2 is an order of magnitude greater than K1
for the specimen form used in the experiments and the terms

. . <K..
in K2 may therefore be neglected since K2 Kl

The torque on I_, in the (111) plane, is given
3E
by -2% ond at equilibrium this is equal to + ~ 4 5

thzt the torgque about the axis of the dise,l , is siven
¢E
by either + 98 or - £ It may therefore be seen from

eguztion 2.21 that the torque on the specimen is simply

+ hA.

As a2 better apnroximation than K<< 1, the
h
denominator of eguation 2,30 may be expznded binomially,

so that it is only necessary to assume X < 1. If this is
h
done the followins equation may be obtained after some

manipulation

X (K1 + K, 42
A 1) 2 - 1 2) 2
= h { 18 3 -Ef:~;§"— } { 1+ K2 } sin £P!
Ky 108h (h+k1)

+§:terms of order K } sin 12p' + . . . .
h - (2.33)
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Inspection of equastions 2,29 shows that k1 oontains a
. -1
small term,KZ cos é8', However if % (1+ El) is
18 h _
expanded binomially as before, it mey be seen that this
term can only give rise to a small correction with an

angular dependence of 12f', Hence the expression 2.33

may be rewritten in the form

Ah:l" = P6Sin6p' +r Sinl?ﬁ"" » o v a o

12
(2.3k)
) 2
where 1"6 = g{% -1 (Kl '%K?)z]{ 1+ KZ ' }
3 éIT 108 h(h+k1‘5
(2.35)
and k! =k, - ;% cos Gp'. (2.36)

To facilitate comparison of exprescion 2,%5 with
experimental measurements, the measured torgue velues may
be subjected to Fourier analysis, so that the 6B' component

may be compared directly with P6'

The angle @, vich measures the extent to which
the I_ vector lies out of the (111) plane, may be found from
the simultaneous equations 2.27 and 2,28, in the same way

as ford , £o be,

. Ve (g +2) L X2 cos? 30
3 h+ ki 3 sin !
h + Ke cos 68!
? (2.37)
At high fields, this ecuation becoumes
- Ka
® = ‘/-g- K+ 8 sinmpr . (2,38)

h+ k
1
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It will be shown in chepter 4, that in fact eguation
2.32, which predictss , can only be fitted to the experimental
data zbove aprlied fields of the order of 6 koe, Hence it
is reazsonsble to sunnose thatae , given by equation 2,38,
will also be 2 good approximation only above this field
value, However, the experimental mezasurements give A
directly since the nmeasured torque is just hA. Hence if

the experiwmental torgue is represented by a Fourier series

= ¥ & in 2np ! (2.39)
I‘expt - ;_ on Bin 2nf . -
n=1
50 that the &3' component of A hecomes Ag Bin !
———— e ims ¥
h

equation 2.27 bhecomes, when KEA is ignored in compsrison

with (h + kl),

ay = =% (& +1%p) [1 - 26 cos®3p'] sin 3p'
: 6 h

h o+ k, - (2.40)

and equation 2.28 becomes, when k6A is ignored in

couparison with k 59

K K
- 2 +A, (1 -2 cos 6p) sin 3B!
“2 = "f{‘g ¢ s ]

T
&1 ‘%Kz)

LY

(2.41)

Clearly neither ecuation 2.40 nor 2.4l exactly
represent abelow 6 kOe, since the A which simultzneously
satisfies equations 2.27 and 2.28 is different from the
equilibrium A measured directly from experiment, However,

in the absence of a better expression fora below 5 kOe,
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eguations 2,40 and 2,01 give a reasonable indication of

the expected variation ofg .

The foreroing analysis for g and A 1s only
strictly correct at very high fields, =nd in fact the
aprroximations msde wey be expected to hold well for
ap.slied fields ir excess of 5 k Oe, At lower fields,
the weasured values of 4 , 2ad the estim-ted values ofa ,
become large enourh so0 that the a2yproximations sin nb = nf,
and cosnd = 1 , . arc no lonzer sufficiently good
for tie hirher values of n used (i.e. n = 6), To test
whether these approximations will expl-in the disagreemnent
of tiheory and experiment below about 6 kOe the enalysis has

heen extended tc hizgher wpovwers of a and A , by writing
2.2
n 6

cos n@ =1 - 5 .

Accordingly the sinmulianeous equations 2,27 and
2.23 now “ecome;

2 2. h 2
% -3, A-—
a k9+cr,(h+k1)+cA k2 2+Ak3+A klo
+k, = 0 (2.k2)
2 2 Ah
a, kll + ¢ r + ks + ah k6 + A (k,? '—h)

2
+ A klZ + kg =0 (2443)

& 2
where terms in dd 2nd GA° have deen ignored except when

they are multiplied by h, The constants kl to k8 are

given .by equations 2.29 while

ko= - A2 (K, +K,) sin 3@ , (2.45)

z=
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Ky, = - _16_K2 sinég",
k,, =~ K, sin6g'. (2.44)

It is convenient to consider equations 2,42 and 2,43 in the

forn

I
o

2
+
a a1 ab1 + c1

2
aa, + ab, + ¢

) 2 0,

2

so thnt upon solving these simultaneous equstions separately
for @ znd equating the two solutions, it may easily be shown

thzt the following expression is obeyed ;

2 -~
(ay0p = aye0)"+ (ayby = asb,)(bye,- boe,) = O
#limination of a from eaustions 2,42 and 2,43 thus gives an

equation of the form

2% 4 me = 0, (2.45)

where 4, B, and C zare the following functions of 5

R ) ST

_ 2
B—[k9][k5+Ak6]—(k11+ézb_)[—%h+Ak2+h+k1 1,

6=[x *tk b0k, O+Ak3+kh]-[-a_:hmk2+(h+k ) Mgtk ,+806=h) 1o

It may be seen that at high fields, A2 << 3C, so that C = O,
since B # O, Then treating C as a quadratic in A

yields the following equ=ationj



7
2 2
8% -9 (K, + 1K) 1§hk}jn6'
{% g +3628 ?

+A{-_1_%§K§—(h+k1)(k7-h)}

2 .
] (K, + 1K) - (h+k)1K}sin 68' =C o0, (2.46)
b {+31 Z 2 155 2

The solution for A is then 2pproximately

. . 1(1{1 + 11{2)2 1(K + 2)2 2
= ginbf'r 1 -3 1 { 6 -1
h [18 h"l" 1 K2 kq 1-8K2 -000.]
+.=(h+k ) (2.47)

Evaluetlon of the third term in equation 2.47 at 92°K,
shows thrt for H = 2 X lO3 oersted, the estimnted A is reduced
by only 2.55% from the value obtained from equotion 2.%2., This
correction term may therefore be neglected for fields of

2 x lO3 oersteds upwards so that equation 2,46 becones

C = Ah (h+k)+{1(x+11§2) -(h+k)1K}sin6ﬁ'.

Then from equntion 2.4

1(K + 1K2) ] 5 (
A=11+1K - 3 6 sin6p' - A 2.48)
h[18 2 1 btk B(h + k,) :

The experimental values of 4 may be used to evaluate the

term A numerically. It is of the order of 0,3 x
B(h + k,)

lO3 dyn, cms, at 92 °k for a fleld of 2 x lO3 oersted, so that
this correction is also negligible at these fields, It is

thus cleor thst the approximation used in the original

theory (first order in @ and A )‘éppearsto hold quite well
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doun to 2 x 102mrsted, so that the cause of the ohserved
divergence of ths theory cnd experiment at hirher fields

nay not he exnlained in this way.

§ 2,5 Mapnetostriction.

The phenomenological equation (1,75) apnroprizte
to a material with cubic symmetry referred to in section

1.5, may be replaced by an eguestion terminating after the

6th term,

_ 2 .2
A= Bo + Bl S(al ﬁl) + 32 S(ccl azﬁlﬁa)
(2.14‘9)
2 2 L 2 2
+ By s(d of) + B, 5(a 51> + 35 8lay a,az B B, ),
which is generally believed (3irss 1952) to be consistent

vith the experimental data., An even shorter equation

“ 2
h=Cy+ Gy “’(‘%ﬂ 1) Gy 8luy 8, 8,P )
(2.50)

may be used to represent the experimental data for nickel.

These equations revresent the seturstion dz=formction,
A, frou an unmagnetized (or non maznetic) reference state
which is found to be, in practice, zn unsatisfactory
reference state from wihich to mazke messurements since to
unna:-netize the specimen its teaperature muzt be raised
above the Curie point., To overcosme thisz difficulty, the

constant, A (Eo or Co)’ which is isotropic, nay he

Q.

mneasured incespendently of the constants An (e.z. by
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measuring the deformation of the specimen as the teuper-iure
p:sses throush the Curie point);the constants A mey then be
obtained by moking wmeasurements betweecn two saturated
states, It should ve noted that, contrary to uuch p st
wractice, the demagnetized state (that is the state when
there is no overall wuarnetization owing to the wrez:nce

of equzl numbers of dom>ins in opnosite easy directions)
is not a satisfactory reference siate either, since tre
distribucion of domains in this state msay azpend on the
method of demagnetization used (Lee 1955), and hence it
caniot be a unicue state comaon to different measurements

and specimens.,

To obtain the szturation magnetostriction
corresponaing to a demagnetized speciimen, it is usually
aszumed turt there are equel nuab:rs of domains in each
gasy dircction, nd this state 1s anown as the ideal
demarnetized . state. If the assuaption is made that
the magnetostrictive stroins of the individual domains
may be added tosetner zlgebroically, after multiplication

by e frctor vproportional to their volumes, the delormction

li of an ideelly demagnetized swnecimen bhecones

- 1 x
A i = B0 + 3 Bl + 3 34
for iron and -
1 1 (20.71)
: 1
. = B = B = =
A i o + 3 B + 3 B5 + 5 34

for nickel,
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The megnetostrictive strain, A, (=1 =) i) referred
tc the ideal demapgnetized state, may then be obtained by
subtracting equations 2,51 from equation 2.,.5. The
resulting equation for [V:is more often guoted in the form
first given by Becker and Ddring (1939) where B., B,

2

(B3 -3 Bq), Bys By are replzced by hy, 2 hy, bz, hy and

l!
2 h5 respectivzly.

If equation 2.50, is used for fhe evaluation of
measurexsents between different saturated states, the
saturation masnetostriction may be written in a particularly

simple form, (Birss 1959);

Ay =M, =a (e28 20 - 1) + 2r sin 2B sin 26,
(2.52)

vhich apnlies, when the magnetization znd measuring
direction both lie in one of the three principél crystal-
lographic planes., For convenience the three planes used
are the (001), (110), or (1I1) planes where B is the angle
that the ieasuring direction mckes from a [ 110] direction,
and 9 is the augle between the aeasuring dirzction and the
magnetizoation vector., The sign of these aun-les is such
that B and © are positive when measured in a direction from
the (110) direction towards [ 1I0], [001] and [122]
directions in the (001), (1I0) a2nd (1I1) planes respec.ively.
The functions q (B) 2ad r (B) 2re different in the three

planes and are given by
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(001) 8q = (2 Cy +Cy) - (2Cy - C,) cos 4B ,

pizne

) 8r = (2 ¢, - C,) cos 2B,

(110) 32q = (6 cl+5c2)-(2 Cl"cz) (2 cos B - 3 cos 4ﬁ)?
plane

2r = (26, - C,) (1 - 3 cos 2g),

(1I1) 6q

(c, +C
plane 1

2)'
r = 0. (2053)

From equation 2,52 it cen be seen that two

measurements are usually enough to determine C, =2nd C

1° 2
if it is assumed that equation 2.50 is exact, a5 opposed
to being the first three terms of a series. For example,
in the (001) plene, with p = 0, x =’%, A=A =-%C,
and ifp =F with x =’-§- yA, =M = -C;. In the (111)

vlane equation 2.57 becomes

Ny A g = 1t %) (cos 2x - 1)
6 (2.54)
so that it is not possible to measure Cl and 02 separately

in this plane, The detsiled behzviour of the magnetifation

processes that occur in the (111) plane, at high fields

will now be considered.

B2.4 Megnetostriction in the (111) plane for Hickel,

In section 2.2 equations were developed that gave
the dependence ol the dirsction of the saturation magnetizetion
vector on the field for hi-h fields in the (lll)plane. The

information may be used to predict the high field varintion
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of the magnetostriction with field in the sanme plane.

The saturation m-enetostriction for nickel mzy be
represented by eguation 2.50, ana the direction cosines
oy oy o~ e = - 3 2
(a1,@2, m3) of the magnetization vector sre riven by
aquations 2.lu, The dirsction cosines ([31, BZ, 93) of
s . . 0 L
the neasurins direction are given by ecustiors 2,10, with

$ =3,0 =@ and are thus;
2

(V3 cosB + sinB)

e #e

P
o~ (=¥3 cos B + sinp)

_ (2.55)
‘33—;[%' (~2 8inp )

where 3 is the angle between the measuring direction znd
the [110] direction in the (111) plane, Substitution of

equations 2,18 and 2.55 into equation 2.50 gives

_ c . 2
A= C_+ 7% [2 + sin™ @ cos 2 (8 - B)

#/2 3in 2 @ sin(2p + ¢)]

+ %2 {1-3cos” 8+ 2 sin® 6 cos 2(¢p -8 )

12
-Y2 sin 2 @ sin (2B+6)].
(2,56)
The substitutions © = g +a, 2nd 4 =[3' <A may be

2
made withpg ' representins the angle between the [110]

direction and H, and the approximation that at high
fields bothq and A are small may be applied. If this
is done and if all terms other than the first order in

and A are neglected, equation 2,56 becomes
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A =C° +%_:_|_.[2+ cos 2 (' "ﬁ)"‘ZASin?.(p'_p)

- 2V2asin (2p + BN} + ?3 [1 -2 cos 2(g* =P
12
+ Asin2( @ -p) + 2/2a sin (2B8+B )]

and this may be reszrouped to collect terms independent

of, 2and dependent on Gandd , Thus,

L6 46 L1
A=C 1+ + % (€, + C,) cos 2(B'-2)
o -3— 12 [ 1 2
+1(C; +0,)a sin2 (B'-B) - V2 (¢ - %2 )a sin(@'+ )
3 3 2

(2.58)

Measurements of the variation of the magnetostriction with
field for high fields mar thus be interpreted in &rms of
the varistion ofa and &, the aagles specifying the
dircction of the Is vector, which should be in agreement

with the results from torgue measurenents,

Further deductions mzy bde m=de from ecustion 2,58
to find the most profitable measuring =2nd field directiouns
for experimental measurements of G and A from the -magneto-
striction. It viould, of course, be desirable to mezsure
the contributicns to the saturation magnetostriction from «
and A separately, aud inswncction of equition 2,58 will
yield thas conditions under vhich thiz may be done. First,
however it is hel»ful to rewrite @ ~2nd A in 2 form thet
tzlkkes zccount of their ansular depeancence as determined

by egu-tions 2,32 and 2,38, ananmely,
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A = AA sin 6B!

a= A_ sin Zﬁ ', (2.59)

Then, to measure tie contribution due to A alone, the
followine conditions must apply

B! =m - @, but B £ B 4p (2.60)

or

oot
S

mw
ng, but ﬁ';é—g,
where n = 0O il, -2, =3, & s o o etc, Similarly, to

measure q alone,

B! -m—;-+p‘out Bt £ nm - 2F

1}

(2.61)

or me nn

p! -_--—ébut {‘,';é-—g ’
are the conditions that must be complied with, To
illustrzte these conditions, the anrul=r dependence in
the field direcction, &f the lsst two terms of equation
2.5% have been plotted in figures 2,2 a, b, ¢ forg= 705°,

150, 30°, It can then be seen at a glance that forp

o N} X .
15" end 307, only the terms in a may “e mezsured alone,
while for g = 7.5% there zre positions of p ' where the

terms ing and A may be wmeasured alone,

The varistion with field of equstion 7,53 is smzll
and may ve partially masked by thez forced magnetostriction
[ Carr (1958) and Birss (1955)] which arises from vari-=tion

of taes wrpgnevostriction constants wich field, 2nd by the

magnetocaloric heating effect which ~ives rise to o

o
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transient deformation when thes applied field maganitude

is changed.

It is customary to assume th=t the magnctostriction
constonts vary linearly with field so thet, for instance,

nlace k ] % Y 3 s f
Cl may bhe replaced by C1 + Cl H, where Cl is the forced

magnetostriction constant, The chanze in the saturation

megnetostriction 6M , that arises frow a change in fi€ll

SER AL

§H (= H, - Hl) is then given by

2
2 =5H[Co' + 10" + 1 C,0 + 1 (Cy" +Cyf) cos 2@ ' -p)
3 12
+ % (Cy +C,) 84 :min2(p' -p) + % (it +¢C,')
@, H, -A 4 H)) sin2(p' @)

-\_/_'% (Cl - _12_02 Sa sin(p! + 2 B) ~ _{%(Cl' - }”:CZ')

(@i H, - a, H )sin(B' + ?ﬁ)]
22 v (2.£2)

where A =A -A]_ and 8¢ =a _ ~ 0., Then if the values

2 2 1
of the mapnetostriction ‘or values of B' nivern By g = 300,
o o ...0 o
307 + 457, Z0° + 90", are denoted by KBO’ X75 and %.120,
when g = 30°,
> o = L - .= - '

1 * 02)6A - % (cl' + 02') (A2 Hé ~ by Hl)

(2.63)
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_%__ (cl' + cz')sH + )[_% ¢y - ¥, )6
+ _[% €' -#e,') @ H, - o H)
(2.64)

SM o “8M 3 =

In »rinciple, equations 2.635 and 2,&L encble the fouced

maznetostriction constants Cl' and CZ' to be determined.

However, in practice, the last terms of both ecqustion

2.5% and 2,0k are ne-licibdle so thot it is only possible
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Chapter Thres

DESIGN OF APPARATUS AND SPECIMEN PREPARATION

8§31 The Torque Meters

The method chosen to determine the magnetocrystalline
anisotropy constants of nickel involved the measurement of
small torques developed about the symmetry axis of a disc~shaped
specimen (described in 3.3) when 2 uniform magnetic field was
applied in the plane of the disce. A number of different torque
meters or torque magnetometers, all of which may be used for such
measurements, have been described in the literature. A common
type (Sato and Chandrasekhar 1956), consisting of specimen holder
with mirror attached, torsion suspension and torsion head, suffers
from certain disadvantages. For stable measurement of a complete
torque curve, the elastic constant of the suspension must be greater
vhan a limiting value determined by the volume of the specimen and
the slope of the torque curve (Harrison 1955). The maximum
sensitivity is therefore limited for stable operation. Although
this system is basically simple, it would appear that considerable

care and patience are needod to obtain accurate resultse.

These difficulties are reduced, although not eliminated,
in a somewhat different type of apparatus first described by Craft,
Donahoe and Love (1955) and subsequently modified and improved by
others including Penoyer (1956) and Pearson (1957 , 1959). The
specimen is suspendod from the coil of a moving-coil galvanomcter
and the torque developed in the specimen is balanced by passing a
curreat through the galvanometer coile. Automatic balancing is
achieved by the use of feedback and the sensitivity of this type
of instrument appears to be about one centimeter of deflection of
the indicating instrument per dyme—cm. The same principle (of
balancing torque against electromagnetic force) is used, with a
mucih higher sensitivity, to measure the anisotropy of thin

films (Humphrey and Johnston 1963), but the system is necessarily
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complex and the apparatus is cumbersome.

In another type of torque magnetometer (Miller 1950),
the specimen 1s supported by an axle mounted in bearings. A
phosphor bronze strip, wrapped once round the axle and kept
under tension, converts the torque on the axle to a tangential
force on the strip, which is directly measured with a commercial
force-measuring device that operates on the strain gauge principle.
The maximum sensitiviiy is of the order of 10 3 centimeters pex
dyne-cmne Friction in the bearing;s limits the sensitivity, and an
error is present due fto the rotation of the specimen when torque
is applied. The torque magnetometer described by Aldenkamp, Marks
and Zijlstra (1960) avoids bearing friction by the use of a special
torsion suspension incorporating three phosphor dbronze sirips
between two discs. This arrangement makes the suspension rolatively
rigid to lateral displacements. A differential transformer and
commercial displacement meter are used to measure the relative
rotation between the two discs. It is claimed that there is a
negligible rotation of the pecimen and that the maximum sensitivity

. -2
is about 6 x 10 = centimeters per dyne-cm.

On considering these varinus arrangemsnts it become
apparent that a more convenient torque meter might be developed
uging the principle employed in resistance strain gauges. Such a
development is attracitive because it allows a particularly simple
experimental arrangement in which thc fractional resistance change
resulting from a torgue developed in the specimen, may bo moasured
easily and accurately with a Wheatstone bridge. No feedback network
is necessary for stable operation; nor is there a limit in this
respect, to the maximum working sensitivity. The configuration of
resistance wires adopted in this torque meter gives a number of

desirable features, namely:
(1) positive location of tie specimen in the
magnetic field, with negligible rotation

on application of torque,
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(2) insensivity to unwanted translational .

Torces and torques;

(3) insensitivity to small changos in ambient

temperature and pressure;

(4) ease of temperature control and stabilization
due to the small volume of the torque meter
(about 12 cm3);

(5) absence of friction o.g. from supporting
bearings, (since support is entirely by

elastic means)s

(6) linearity between the output from the Wheatsione

bridge and the torque to be measured.

The uss of semi-conductor strain-gauge elements was
considered because they exhibit a much greater resistance change
for the same strain. However, the sensing element in the torque
meter has to measure stress rather than strain, and high sensitivity
is achisved with a small area of cross—section, so that a large
strain, and hence a large resistance change, accompanies a given
stress. Semiconducting materials are generally stiffer than wire
so that for a given cross scction and siress there is less strain.
Marther factors favouring the use of sirain gauge wires are that they
are readily available, that they ars much easier to manipulate than
scmiconductor elements of the same cross—section, and that the
magneto— resistance of these wires is small when compared with

galvanomagnetic effects in semiconductors.

B3.1.1. Considerations in the Design of the Torgue Meter.

The basic construction of the torque mater is shown in
figure 3.1l. The prestressed resistance wires ABCD and EFE form

two adjacent arms of a Wheatstone bridge. A torque about the axis
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of the disc, transmitted by the two cenitral supports 94
(CF and BG) increases the stress in one arm and decreases

‘the stress in the other. Since the resistance of the two

arms varies linearly with the stress provided the elastic

limit of the wire is not exceeded, small torques produce a
proportional out-of-balance current in the galvancmeter Ge
Inspection of figure 3.1 shows that if a translational force
were apolied parallel to the direction AB then sections AB

and CH would be increased in length and sections CD and IF
would be decreased in length. There would thus be no

overall change in the length of either arm ABCD or cf arm
BFGH, and consequently no change in the bridge balance point
would occcure A translational force perpendicular to AB would
increase the length of all four sections by the same amount,
again leading to no change in the balance point of the bridge.
Further inspection shows that torques about the two diameters
of tlhe disc parallel and perpendicular to the direction of the
resistance wires also leave the balance point of the bridge
unaltered. This design also compensates automatically for
changes in resistance due to the magnetoresistance of the wires

in a magnetic field and due to small changes of temperature.

Consider a wire of length & and resistance R. If
its volume and resistivity romein constant and its length is

increased by A2, it can easily Dbe showm that

AR/R = 2 AB/L. (3.1)

In practice, neither of these conditions is satisfied: since

the volume does not remain constant and the resistivity of the
wire changes with deformation; the factor 2 must be replaced

by a number, G, called the gauge factor, which is usually ncarer

2.2,. If a force F is apnlied to a wire of cross section wur”
then, P = 7r°B AL/D ,

where & is Youngs modulus, and

[R/R = @/ mc°B,

(3.2)
Now consider the configuration of fizure 3.1 and let a force
F in eaclh of the four wires counteract a torque L developed

in the spccimene If the separation of the two central sunvorts



is 2d, then L = 4Fd and
AR/R = GL/4mr2d (3.3)

Purthermore, it can be showm that for a bridge with bridge
current 2i, galvanometer resistance RG and each arm of

resistance R, the galvanometier current is

i, = iR/2(R +Ry) (3.4)
where AR is a small change of resistance in one of the
bridge arms such that & R << R« In the present case both
arms change by & R but in oprposite senses, giving an
effective change of 24 R in one érm, whence

i = 1RGL/AR + RG)ﬂrzEd (3.5)
Under these conditions, the galvanometer current i, is

therefore proportionzl to the torques

The upper and lower limits to the torque that
can be measured, depend respeciively on the breaking
strain or elastic limit of the wire and on the smallest
value of galvanometer current that can be measured in
practices The upper limit thus depends on the type of
wire available. The wire used was Nichrome wire with a

diameter of about 0.0027 cm, a Youngs modulus of 18 x 107

-2
dyne—cml'2 and an estimated elastic limit of 2 x 109dyne-cm

(corresponding to a fractional change of the resistance
of 2.4 x 103). The lower limit of AR is more difficult

to estimate, since it depends on the amount of amplification

that can, in practice, be applied to the out-of-balance
signal from the Wheatstone bridges. ILlectrostatic and
electromagnetic pick-up and electrical noise originating
from temperature instability, electrical contacts, thermal
e«mefo!s and mechanical vibration, limit the maximum
sensitivity. A conservaitive estimate of the lower limits
of %Bfor a normal bridge circuii wit%complicated
auxiliary apparatus would be about 10 ~, although this
1limit could be extended, probably by one or two orders of

magnitude, depending on the amount of care taken in

95
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reducing noise and the efficiency of the amplifying

enguipment used.

It may be seen from equation 3.3 that these
practical limits (of 10-'3 and 10-6) bhetween which %?
may be measured, define upper and lower limits of torque,
depending on the factor, d, which is half the separation
of the support wires, The value of d, used in the torque
meter was 0.2 centimeters, so that the approximate range
of torque that could be measured was from ! x lO3 to &4
ayne~-cms., Because of obvious geomatrical and methanical
limitations the factor 4, cannot be reduced by more than
about one order of magnitude, although it could be
increased in size to a limit determined only by the maximum
desirably size of the apparetus, The lower limit of torqgue
that could be measured with ‘the strain gauge wire used was

therefore between about 10-1'and 1072 dyne-cms,

For the bridge circuit used, in which R = 609,
Rg = 40Q and i = 10 mA., equation 3,4 gives the galvanometer

currents corresponding to the upper and lower limits of

torfque as 6 g 4, and 6 x 10"3 #A, The galvanometer used
was a Tinsley type 4500 LS, for which these currents give
deflections at 2 meters of 1300 centimeters and 1.3
centimeters respectively (this corresponds to an overall
sensitivity of about 3 dyne-cms. per centimeter deflection),
In practice, a galvanometer amplifier with almost full
negative feedback is inserfeé between the Briége and the
galvanometer so0 that the sensitivity can easily be varied.
A simple calculation using equations 3,1 and 3,2 indicates
that when the elastic limit of the wires is approached, say
at 10° dyne-cms._e, then %%-3‘ 5 x 107% Since ¢ ~ 0,5 cns
andAf > 2,5 x 107 cms, the meximum rotation of the

specimen is then about 10~ radians, that is about 3 mins.
of arc,
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For unwanted torques and translational forces
to L.ve no effect on the balance of the bridge, it is
important that the wires should be parallel and of the
same length, resistance and elasticity. These conditions
can never be perfectly fulfilled in practice but careful
construction does reduce unwanted effects to a tolerable
level. In particular it was found to be important that
the two parallel planes containing the resistance wires
LB CD and EFGH (figure 3.1) should be as close together
as possible, If this is not done, more torque is transmitted
to the arm ZIFGH, nearer to the specimen, due to the
flexibility of the specimen support wires. For the same

reason, under these circumstances the proper compensation
¢f unwanted effects is not achieved either,

§3m12 The Mechanical Lay-out of the Torque Meters,

The mechanical layout of the first torque moater that
was made is shown in figure 3.,2. The second torque meter,
which was basically the same but which was modified to
facilitate calibration under working conditions, is shown
in fipure %.3. Since a wire cannot be compressed by
pressure on its ends, 2ll four wires have to be prestressed,
ideally to half the elastic limit, This was done by forcing
the two i:alves of clsmp A =part with the differential screw
so that the support wires B were made to flex from their
bases. The torque from the specimen H in the specimen
holder C, was then transmitted via the specimen support
wires D to produce a strain in the resistance wires E. When
not in use the clamp A was closed, removing the stress
from the resistance wires and clamping the wires D
supporting the specimen holder so that, for instance, the
specimen could be changed without risk of demage occurring.

In the first model the phosphor bronze suspension wire J
attached between the calibration head F and the specimen

holder C.was of circular section and was used for calibration

purposes. A photograph, one centimeter in diameter, of a

circular protractor was cemented centrally on to the top of
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‘MECHANICAL LAYOUT OF FIRST TORQUE METER

(4) Clamp jaws, (B)(D) Support wires, (¢) Specimen holder, (E) Resistance
wires, (F)Torque head, (G) Main body of torque meter, (E) Specimen.
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MECHANICAL LAYOUT OF SECOND TORQUE METER

(a)Clamp jaws, (B,D§Suppoft wires, (C)Specimen holder, (E)Resistance
wires, (J)Phosphor bronze filament, (K)Filament clamp, (L)Silver
ligament, (¥)Calibration coil, (N)Brass rod, (P)Soldering post,

QQ)Threaded stud.
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the torque heade Thus the angular rotation of the head could

be measured accurately with the aid of a microscope. A thin
coating of Araldite on the support wires B and D insulated them
from the resistance wires Ee The ends of these resistance wires
were terminated mechanically ut the tops of the support wires B
by wrapping them once round the support wires and then coating
then with Durafiz. Soldering tags, which were spot-~welded to
the ends of the resistance wires I prior to assembly, were then
soldered to copper soldering posts (not shown in the diagram for
the sake of clarity). The soldering posts were let into the
clamp jaws A and were insulated from them by Paxolin bushes.
Electrical commections from the Wheatstone bridge were made to
these soldering postse A port was provided in the main body

G of the instrument, so that the phosphor bronze suspension
could be unsoldered and replaceds To gain access to the-
specimen H, the specimen holder G was mads in two halves. In
overction these wero secured with smears of Durofix which

could be readily dissolved in acotone when the specimen was to
be changed. Within the specimen holder, the specimen was
mounted on a thin rubber pad to provide a small degree of

flexcibility in the plane of the specimen.

The method of calibration used in this model
proved quite satisfactory for measurements near room
tomperatures However, at other tempsratures the variation
of the modulus of rigidity of the torsion filament with
temperature must be found by a separate oxperiment and a
rather inconveonient temperature control sct up would be
roquired for calibration purposes since the torque head
would have to be rotated at the calibration temperaturs.

In the second torque meter, the confizuration of the strain
gauge wires, specimen holder and clamp jaws was not modified
in principlee. However, the method of applying a lmown torque
to calibrate the meter was changed. Because measurements
were always made in a large wniform magnetic field, it was

feasibla to comnect a rectangular coil rigidly to the
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specimen holder C (figure 3.3) and to use the torque

developed in the coil when it carried a current in the
magnetic field to calibrate the torque meter directly.
Bscause this calibration technique was used, it was
important that the flux through the coil from the
demagnetiging field of the specimen should be negligible
compared with the applied magnetic field. The lower end
of the coil and the specimen holder were therefore connected
by a massive brass rod some 9mms longe The top end of the
coil was connected to a flattened phosphor bronze filament
J which acted both as a suspension and as an electrical
connection to the coils The other electrical connection
to the coil was made by a silver ligament: this was
situated at the top of the coil and was connscted between
the coil and an insulated solder poste The dimensions of
these ligaments were chosen so that they would cause a
negligible error in the measurement of the torque, bearing

in mind the small, but finite, rotation of the specimen.

A modification was also made to the method of
terminating the strain sensing resistance wires at the outer
support posts Be Originally the posts were insulated with
a thin layer of Araldite and the resistance wire was wound
around them and anchored with Durafix. Dlectrical
connections were then made separately to the free unstressed
end of the resistance wire. This method had the advantage
that the state of stress of the wire could not effect the
contact resistance of the electrical connection, but it
required a fairly substantial length of non-active resistance
wire. This led to a raduction in sensitivity and also to
rather clumsy arrangements for connection of the lesads to the
Wheatstone bridge. The modification was to use enamelled
constantan wire (22 seweg.) for the support posts, so that
there was no electrical connection between them and the body of
the torgque meter. The strain sensing resistance wirse could tien

be soldered directly to the support posts, conncctions fram the solder
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posts at the top of the torque meter being made to the

othe: free projecting ends of the support posts. In
practice it was found that with carefully soldered joints
the effect of strain on tue contact resistance at the

joint was not troublesome, The same method of changing

the specimen was used as before. The clamp jaws were
contracted by the differentinl screw, relieving the stress
in the resistance wires ¥ and c¢lamping the supvort wires D,
The nase of the specimen holder with the specimen attached,
together with coil and suspension filaments, could then be
withdrawn through the port in the body of the torque meter,
after the clamp K has been loosened to free the support
filament E.

§5.2 The Apparatus for Temperature Control and
Auxiliary Apparatus,

The earlier measurements were carried out with
a 4" Newport water-cooled electromagnet (with cylindrical
pole pieces) mounted on a turntable. To facilitate access
to the experimental equipment, the magnet and turntable
were placed on a trolley and rails as shown in figure 3,4.
The design of the pair of wheels on one side of the trolley
and the corresponding rail permitted the magnet to be
withdrawn from the experimental equipment and replaged
accurately after withdrawal., This arrangement permitted
small translational adjustments of the position of the
magnet relative to the remaining experimental equipment
and parallel to the direction of the rails. Horizontal
translational motion perpendicular to this direction was
accomplished with the aid of a slide supvorting the
temperature control equipment, winile the three suprorting
adjustmznt screws mllowed vertical movem.nt and alignment
of the temperature control equipment, Later experiments

were conducted with the aid of a 7" Newnort water-cooled
electromagnet with conical pole tips, again .mounted on a

turntables Tho same troalloy was usod as bodr s, hut. a slide

which promiti.d cantrdl of lat ».1 dlapluc ment
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ovar about 2% was inserted bstween the trolley and the

mognet turntable, The wprovision of two degrees of
translational freedom thus ensured that the magnet and
turat-ble could be sccuratcly positioned with respect
to the remaininc apparatus,vwhile the provision for
vertical moveuent and alignmsnt w2s wrovided on the
temperzture control equipment by a similar arrangment

to that used with the L mognet,

Preliminary measureiments made with the smaller
magnet used a temperature control system based on
thermoelectric coolingz modules. These weres mznufzctured
by De La Rue under the trade name of Trigistors and were
constructed from n- ~ad n=type semi-conducting bismuth
telluride, The smallest wmodule available conzisted of &
couples, znd it was claimed that it vwould -chiecve a
temperaturs differcnce of ¢2°C vetween tie ot ard cold
Junctions .itu no hurt »nuapec, or .ould pum 3.5 watts
of :zai for zzro temperature difference “etween the
Junctions., These figures are basec ou the assumption th-~t the
hot junctions are held at 27°C with a current of 1% =nps

and a voltage of about O.4 volts =zcross the device,

The preliminary experimentszl set up, snown in
firure 5.5, euployed two thermoelectric coolinz stages
opercted in cascade, The hot junctions of the first-stage
modules were thus cooled by the cold junctions of the second

stace modules. The hot junctions of the sscond staze were
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then water cooled. Because Joule heat is generated

within the thermocouple, it can be seen that even with

no heat pumped and therefore with the maximum temperature
difference realised across the first-stage modules, the
second stage must still pump a substantial quantity of
heat, In order to achieve a reasonable temperature
difference across the second stage, the heat pumped per
module must be kept low, and the ratio of second to first
stage modules should ideally bve large. A ratio of 5:1 was
chosen in the preliminary equipment as being a reasonable
compromise between expense and efficiency and as giving an

overall theoretical mazximum tenperature differsnce of about

90°C for no heat pumped., TFrom figure 3.5 it can be seen
that the two stages are clamped together via the interstage

heat conductor, between the water-cooled secondmstage heat
sink and the copper specimen housing., Nylon bolts were
used to reduce heat losses by conduction, Heat losses were
further reduced by the use of the dewar surrounding the
specimen housing and by lagging the remaining exposed
surfaces with expanded polystyrene. A& polythene envelope
was found to be necessary to reduce condensation., A

platinum resistance thermometer located in the specimen
housing was connected, in series with an adjustable

resistancey in one arm of an a.c, Wheatstone bridge circuit,
as indicated in figure 3,6, The out-of-balance a.cy signal
from the bridge was amplified and used continuously to control
a direct current power supply to the thermoelectric cooling

devices, The full circuit for this bridge amplifier and
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d.c., supply is shown in appendiz 8. The valua of the
resistance in series with the »latinuam resistance
thermomefer determined the teaperzture at which the sysien
stobilized, zad this varticular configuration had the
advantize that the output impedance of the vridge ~t or
nesr balznce did not vary with temperature., dowever, the
sensitivity of tias bridge to chnuges in temvnerature
decrenssed with tenperature and hence the resistance of

the platinum thermometer was reduced. Nevertheless this
type of system was found to be capable of holdinz the
temperature of the specimen housing constant to within zbout
1/50th to 1/20th of a degree centigrade over a range from
room temperature to liquid-zir temperzature, The lowest
temnerature at wiich measureuents were made witli this
equipnent was, however, only anout 40°%, Lower
teperatures could »e obtained, but this took 2 long

time and excessive condensotion was troublesonme.
Torperztures above the amdient could be ohtained by
reverzin- the curreut through the Frizistors and thon an
upper limit of sbout 100°C wzs set by the welting point

of the solder used in their construction.

The modified temneraturs control syst:m shown

i e = “e g B ti vl
in Tigure >,7, hed about three times thie heat nuinping

capacity of tue first model zrd thiz reduced the time

reguired to rench thermal equilidriuws,. The whole 3ystenm

et

#ns e closed in an evacunted owvelone (p) winich eli-iuated
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condensation and reduced heat losses. By the use of
liquid air or water cooling for the second-stage hot
Junctions (e), the temperature range was extended from

+ 100°C down to liquid-air temperatures. From figure

3¢7 it can be seen that the same cascade principle of
operation was used as before, except that the three
identical units wers symmetrically arranged round the
central copper specimen housing (c). Nylon bolts were
used only to clamp the second stage module {b) in
position. Paths by which heat could be conducied

across the modules were eliminated in the first stage

by bolting the three units to the two brass rings (f)

to foree the three first stage modules (a) inwvards against
the hexagonal faces of the torque meter housing (c).

The ratio of the numbers of modules in the first and
second stages was changed %o 136 to increase the

maximum temperature difisrence across the second stage
modules. The only paths by which stray heat could be
conducted to the first stage were then via leads to

the measvring equipment in the specimen housing, the
leads to the platinum resistance”thermometer (Located in
drill hole (k) and thermocouple, and the polythene tube
(3)e Heat transfer by the leads was kept small by reducing
their diameters as far as was practicable. The polythene
tube (3j) was used to control the atmosphere within the
specinen housing to improve heat transfer. Heat transfer

by radiation from the first stage was reduced as much as

110
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possible by periodically cleaninz the copper specimen

housing in chromic zcid, to ersure low surfcce emissivity.

Eeat trausfer

by evzcuating

by convection was reduced, as alrezdy mentioned,

the polished brass vacuua vessel surrounding the

Iy -
temperature control unit to between 10 and 10 5 mm. of mercury.

A conventionnl system comprising
and Penning gauge was employed to
vacuum, “ater or liquid air was

stape hent conductors within the

nolythene tubes (k).

diffusion and hacking pumps
produce and measure this
circulnted to the second-

vacuur vessel vie three

Conventionsl rubber O-ring vacuum

seals were used at the entry of the molythene tubes to the

vacuunm vessel.,

To prevent the breakdown of these seals when

liguid air was in use, electrical neaters (w) dissgpating

zoout 15 watis ench were used,

The teumperature control circuit wazs the same

es that described for tie orelininary avparatus excent

that the countrolled d.c. nower was supnhlied to

Tirst stzpe thermoelectiric coolinz nmodules. A

sup»?ly of d.c. wower to the second stage could

menually.

only the
sevarate

ne conitrolled

The liguid eir supvly to the anvaratus operzted

in a

semi-continuous manner hecause the 5izes of the three

reservoirs attached tc tue secoad-stape hot junction

conductors (e in tue fi-ure) were small.

concucted by 2 transfer tube iroa a larpe25 litre storscs

Liquic¢ air,



dewar, was introduced into the three reservoirs, by
1/8th in. bore copper tubes penetrating via the
polythene tubes (k) almost to the lower ends of the
reservoirs. The threc open ends of the polythene tubes
were thus left free for the efflux of boil-off gas. A
thermooouple, located near the top of one of the three
reservoirs, controlled tho liquid-air level in the
following way. The output from a conventional

potentiometer that measured the thermocouple eemefs

operated a Cambridge spot galvanometer. A phototransistor,

attached to the galvanometer scale at a position
appropriate to the temperature of liquid airy, controlled
the air pressure inside tho large storage dewar by means

of a relay and compressed-air valve.

§3.3 Preparation of the Nickel Spscimen.

The sample of pure nickel, from which the (111)
specimen was to bo cut, was in the form of a thin
slightly irrogular slab, about 1.5 x 15 x 0.3 cus.

It was beleived to bo substantially a single crystal with
a (111) plane aporoximately parallel to the surface of
the slabe A rough orientation had been carried out at
the Mullard's Research Laboratories (Salford), where a
small flat had been ground oa the surface of the slab to
within 1% of the (111) plane. The specimen was rsquired
in the form of a disc with the symmetry axis coincident

with a (111) direction. To this end, the nickel slab was

112



first etched to reveal the prescence of any grain
toundaries and then oriented by means of X-~rays so

that a flat surface could be ground and polished to
within 15 minutes of a true (111) plane. A second
surface was then ground on the back of the slab parallel
to within 6 minutes of the first surface. Finally a disc

was spark-cut from the slab to give the required specimen.

83e3e1le X-Ray Orientation.

X-rays emitted from a coppsr target were
available for purposes of orienﬁation and, because the
crystal was about 0.3 cms thick, only back reflection
could be usede A Laue back-reflection camera was
employed on a Phillips—type camera mount. The film
size was 16 x 12 cms. and the working distance betwecn
the crystal and the film plane was 3 cms. The camera
holder contained a horizontal turntable with goniometer
head frez to rotate about two perpendicular horizontal
azes and translate along #wo perpendicular horizontal

directions. There were also wo arms rotating coaxially

with tho turntable and supporting respectively an illuminated

113

slit with collimator, and a telescope with cross hairs. Finally

thore were mountings for the film-holder and X-ray collimator.

The normal proceedure for setiting up the apparatus was to
rotate the telescope until it was coaxial with the X-ray
collimator when the telescope was locked in this position.

The crystal was mounted with plasticine on the goniometer
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Lead which was ad&justed uniil 2n image of the sliv in

tae collinmzter, refl;ctg@ from the surface of the crystal
that w2s beins inspected, coincidod with the crosshairs in the
toloscopo, whon the collimator and tho tolescope woxe 90°
apart. At the some time, tihe coniometer was adjusted
both to mnake 2 reference edge of the crystal parallel to
the wertical cross-heir in the telescope and to nake the
surface of the crystal coincide with the intersection of
the crosshairs in the telescowne while also coinciding
with the axis of rotation of the turntable., After
rotziion of tue turntavle by 1350, the equipment was

set up 25 reguired with tae cryscal surface pernsadiculzsr

to the H{e-ray heam =2nd cms fros the film vlane, After

A~

exposure, the resulting negatives (an example of wihich

is siown in nlate B.l)were anglysed in the follouins vay.
The circular ring was intermrsted as being duz to
diffraction of tho coppor Ka { A = 1.542 %) 1lina by tho
ra-dozly oriented surface crystallites created during
erindinz operations. The vlane of the recivrocal latcice
saown in figure 3.8 was drawn out to scale, together witg
a circle repnresenting the cross section of the spﬁ;re of
refleciion with 2 diemeter for coprer Ka radiation of
wavelengih 1.5428 1t was found to nass exactly throurh

.. . . . ~0 .
551 moiut uaich requires an artle of 22°0' between

0

incicent 2nd reflected heams and agrees well with the
anzle subltended by the diffraction rinz, The discrete

s0.s on the nesative were then icdentified by comparing
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the messured angles with those possible as reflections
due to refraction of white radiation aw(ll3)znd (33I) type
planes, as indiczted om tsc plate. The exact anvle vetween
the i~rzy beam (aund hence the crystel surfece) could then
bz obtained gravdhically in the following way, The origin
of the recinrocal latticz was imagined at the centre of ¢
sphare, radius 7, with a [111] Girection as a diemeter.
Supvose the three symetrically vlaced 331 points on the
recinrocal lattice subtend anzles © wita the [111l] directiom
%t tie origin and let the three measured argles hevween the
331 s»ots on the plate and the I-ray heam be @1 @2 @3

Then circles drawn ou the surface of the sphere with

centres at tae 231 ©» dizneters subtendin~ half

2 2 s . iy
- —§ intersect to sive ihu

oi
e red A ¢
the .easured ancles _1

nosicion of tue L-razy beam, To ma.e 2 .ravhiczl soluiion

rossible, thes sltereorraviic Projection of the sphere oznto

the equziorial »lane was used as shown in Ticure 3,0.

Circles and zrcs are projected as such, although their
angles

centres wove, end

Hh

of interseciion hetween =sreat
circles are renproduced as angles between straight lines

oir tus projection nlane, The position of tlhe centre of 2

wrojected circle was founcd using the fcrnulce:

sy = R [tan(3e "'i@i) + tan(36 -%'{)i)] ,
2

wnere s, ues tne cisisnce of c.e cenire of = rojected
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circle from the centre of the sphere, and R was the radius of

the sphere. The radius, wr,, of a projected circle was taon

i

Given by
r. = R [tan(30 + 28,) - tan($6 - }&.)].
1 3 1 i

The point of intersection of the three arcs then
gave the position of the X—ray beam relative to the [111]
direction, and it only remained 4o measure the separation
between these two points on the graphical solution and convert
this to the error angle. The direction of thé error relative
to the reference direciion on the crystal was easily found by
diract comparison of the graphical solution with the origzinal

negative.

§3-3.2 Grinding and Orientation Procedures

The jig showm in figure 3.10 was devised so that
grinding and polishing could be done by hand. In use the speciman
was mounted in shellac’ in the brass spacimen cup (ﬁ) which was
attached to the central sliding »od (b) via a universal ball
joint (i). The sliding rod was locked in position with the
crystal surface slightly proud of the jig face (e)e. The jiz
face and the crystal were then sjround sirmltaneously on abrasive
paper supported on a flat platz of glass (f). The jig face thus
defined the grinding pla;e and the following technigue was used
to orient tha crystal relative to this plane before grinding

cormenceds The jig, with spscimen; was supported with its



L

i L

Pigure 3.10
GRINDING JIG

(a) Ball joint, () Sliding rod, (c¢) Specimen,(d) Specimea cup,
(e) Jig face. ~
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axis horizontal on a spectrometer turntables The collimator and

talescopz of the spectrometer wsre dgosigned to have an apjerture
large enouzgh for light from an illuminated pin hole in the
collimator to fall on both the crystal plane under observation
end the polished surface of ths jig face. With the collimator
adjusted to give a parallel beam of light, and the telescope
focused at infinity, two images of the pin hole could be scen

in the teclescope field of view reflescted from the specimen and
the jiz faces The spacimen cup could then be adjusted on its
universal ball joint and locked in the reguired position to

give the correction to the plane, as indicated by the Z-ray
diffraction analysise. In order that small corrections could

be achisved accurataly, the turntable was rotated by a micrometer
gscrew bearing on an arm conuacted to the turntable. In practice
dampened grade 0000 abrasive paper was found to permit quive
high grinding speeds while giving a good reflecting surface

on both the nickel specinen surface and the steel jig face.

In order to grind the back face of the crystal
parallel with the front face, already aligned, ths central
sliding rod of the jiz was replaced by onc with a flat end.

This end was then ground until its plane wos psrallel with the
jiz face. The crystal was then attached with shellac, with ihe
aligned fuce in contact with the e=nd of the rod, and srinding was
continued until the erystal was of the required thiclmesses The

error in alignnent betweszn the back and front faces of the
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of the cry;£al ﬁas measured opticnlly on the x-ray camera
tolder and was found to be less.than 6 minutes of arc.

The diffraction photographs gave the orientation,
rel-tive to a reference edge on the crystal, of the [112 ]
directions lying in the (111) plrone, Hence it wos possidle,
before the specimen disc was cut from the crystal, to
inscribe on the (111) plane, a line giving the [112]
direction., This was done by mounting the crystal in Shellac at
the centre of the turntable, A travelling microscope was
mounted in such a2 way thot it bridged the turntzable and
could be used to troaverse the crystal face, By first rotating
the tcble so thot the microscope objective traversed along
the reference edge of the crystal, and then rotating the
turntnble by the angle given by the X-ray data the objective
could be n=de to traverse the crystal face parallel to a 112
direction, The objective lens was then replnced by a brass
blank carrying o scribe, and the traverse across the crystal
face was made to give the reference line. 4 spork-cutting
machine with a hollow c¢ylindrical copper tool of the correct
internal dismeter was used to cut the disc from the prepared
nickel slab, because this method leaves the specimen
substantially free from strain, The area from which the disc
was cut was selected after o number of X-ray pvhotographs over
the whole surface had been inspected to find the least
disturbed area. The weight ~nd dimensions of the diszc were :
“leight 0,7662 gras, dicmeter 1.006 cm., snd thickness 0,1110

Cli,



§3.4 Preparation of the Gadolinium Specimen. 123

A single crystal specimen of gadolinium was made
available by K.J. Touer and A. Marottz and was in the form of
a roughly rectangular thin porallel sided slab with two some-
what rounded corners (see plate 3.,2). The plone in which the
parallel faces lay was perpendicular to a [1120] direction,
vhile the c-axis wos perpendicular to one of the slab edges,
The specimen was subjected to a prelimincry etch to revezl
the position of unwanted crystallites, The etchant used was
Nital (1% HNO3 (specific gravity 1l.42) in ebsolute alcohol)
and was one of o number recomuended by Spedding and Danne
(1961), The crystal surface was swoabbed with this etchant
until the grain boundaries shown in plate 3,2 were observed,
Subsequently a reference line was Scribed on the crystol
surfoce, parallel to o reference edge, ond a disc was spark-
cut as indicoted by the broken circle superimposed on the
photogrzaph, The techniques ygsed for inccxibing the ruferencs lins
and for spork cutting were the some ns those described for
the corresponding operations on the (1l1ll) nickel single
crystalz(section 3,3.3). Thg' disc was subsequently used for
torque wmeasurerients while the detached corner, maried (2) on
the plete, was further prep-red for domain observations which
required a well polished surfzce free from any surface layers
that might prohibit the obhservation of domains, Electro-
polishing was investigated since this operation has been used
successfully in the preparntion of surfaces on cobalt, iron
and nickel for domnin observation ond hos besn used on

gadolinium for shnping purroses (Coraner, Roe ond Taylor 1962),
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-

However, none of the methods tried for electro-polishing
poAcitinium for the observation of domains was considered
satisfactory and the apperatus shown in figure >.1l1l was
therefore set up for ion-bombardment of the specimen held in
the jaws of a copper specimen clomp, A vocuum of 20-30
microns was maintcined within the bell-jor, while argon gas
was permitted to leak slowly into the system, The specimen
and clomp were held at a neghtive potential of 2 Kv, relative
to earth, with 2 current flowing of between 0,1 2nd 0,2 nk,
per squcre centimeter of cothode, Henat was removed from the
specimen by a thick copper conductor z2nd external fins, A
test specimen of pure polycrystalline gadolinium was first
polished by hand with 2 dizmond paste having o paraffin type
base, Subsequently the specimen was ion-bombarded for about
k hours in the apparatus under the conditions just described,
Ingpection under a microscope then revenled the grain
boundaries shown in plate 3,3, indic~ting thot the process
had hod the required effect., The single crystal specimen
was subsequently prepared in a similar menner, On removal
from the vacuum system, it was imwediztely placed under
{ylene to avoid deterioration of the surface,

3 3.5 Preparation of thz Mognetic Colloid,

It was found that colloids prepared with the normal
base e.g., water (Bitter 1931, Elmore 1938, Bozorth.1951 Craiks
Griffiths1956,Garrcod 1962 ) ond with acetone (Gustard 1964)
attacked the prepared surfnce of the specimen and were thus
unsuitable, However, the technique used by Gustard for

preparation of colloids in acetone vas modified by replacing
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acetone with Xylene and was used with some success, The

colleid was made in the following way from solutions of 2,78

grms. of FeSC,, 5,40 grms of FoCl

b 3
each in 50cc of distilled water. To 16 cc. of boiling KOH

and 5,20 grms of KOCH,

solution, 12 c¢c. of a 1:1 mixture of the FeCI.3 and FeSO4
solutions was added. Boiling was continued with frequent
stirring for 45 minutes (Garrood 1962) in a magnetic field of
~bout 1600 oe., The resulting precipitate was then filtered,
washed in distilled water, in ethyl alconhol and in Xyiszsne,
and finally dispersed in 2 50 milli-molar concentration of
ferosol 0.T. (020 H37 07 SHa) in Xylene. After ultrasonic
agitation, the colloid was separated from the remaining

precipitate to be used for domaoin observations.
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Chapter Four

EXPERIVENTAL ITRASURETITS AUD RISULTS.

§4.1 Proliminary and Other Chooks on Performance of Apparatus.

Before roliable measurements of znisotropy or
magnetostriction could be made, it was necessary to carry oﬁt
a number of preliminary and other checks on the performance of
the apparatus involved. These are discussed here before the

details of tho measuring procedure are described..

84s1.1 The Torque Meter.

Anisotropy measurcrnents covld only be made if the
torque meter was deemad to be satisfactory in respect of fhe
configuration of the strain gauge wires, the method of mounting
the specimen, the method of predicting the sensc of the torque,
the calibration techniques and their rdliability, and the
overall pzrformance of the toraue meter. It is convenient to

consider theso desiderata ssparatoly.

84elelel Preliminary tests on the originel torque meter wore
first porformed to verify tho theoretical analysis of the
performance of the configuration of the strain gauge wire.
This analysis predicted (ecuation 3.5) that the fractional
charze in resistance,A R , of the reéistance wires should

vary lineally with the apolisd torque I' « To tost this, the
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torque head (F in figure 3+2) was rotated to apply a torque to
tae strain-sensing resistance wires via the torsion suspension
and specimen holders. A photozraph, 1 cme in diameter, of a .
circular protractor was cemented centrally onto the torque head,
so that the angles throuzh which the torque head had been rotated
could be accurately measured with the aid of a low—power
microscove. The applied torque caused a deflection on the
Wheatstone bridge output galvanometere This deflection was
cancelled by adjustment of one of the two extermal bridge arm
resistances (R in fizure 4.4) from which the fractional changze
in resistance was obitained. The dependence of A%% on the
rotation of the torque head was found to be linear as shown in
ficure 4.1s The elastic constants of the torsion suspension
were found by measurin: the psviod of small oscillations of a
body of knowm moment of inertia supporited by a kmowm length of
the susnension. Hence the torque meter could ba calibrated
without rolying on the strict validity of equation 3.5. The
oporation of the torque meter depen@ad on the prestressing of
the strain-sensing resisiance wires, which was accomplished by
the use of the differantial screw between the two clamp jaws

(A) in figures 3.2 and 3+3). The two halves of the differontial
screw in the original torque meter were threaded with 10 and 11
Bals dies, so that the relative movement of the clamp jaws
depended on the diffsronce in pitch of these two thread sizes.
In the modified torque meter the two thread sizes were changed

to T and 8 BeA« To presitreoss the wires the clamp jaws were then
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opened until the resistance wires were seen to be strained. The
operation of the torque meter was not particularly sensitive to
the amount of stress applied by the clamp jaws as long as this
was in excess of the stress in the resistance wires caused by the

torque being measured by the systems

It was important to kmow the amount of rotation of the
specimen holder that occurred in practice when a torgque was applied.
A small mirror, with a radius of curvature of one meter, was
therecfore temporarily attached to the specimen holder so that small
angular mcvements could be measured. It was found that a torque 9f
350 dyne~cms. which corresponds with a typical torque measurement,

gave a rotation of the order of 0.l minutes of arcs

§ 4+1.1¢2+ Calibration tests on tho modified torque meter were
congsrned with detecting any variation of the sensitivity of the
torque meter with the'magnitude and dirsction of the apnlied
magnetic fielde The calibration procedurs, described in section
44201 was followed to obtain calibration curves of the current
through the calibration coil (M in figure 3.3) versus output
galvanometer deflection. This was done for different fields over
the same range as that for which torque curves wers usually
measured. However, before plotting the points the values for the
calibration coil currents corresponding to different magnetic
fielgs were normalised to give values corresponding to the field
of 4,865 oersteds usually used for calibration purposes. This

was done by multiplying the calibration coil ocurrent by the ratio
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of ths flux meter readings for the field in gquestion and the

rnormal calibration field of 4,865 oersteds. All the ourves
vhus obtained were found to coincide, showing that there was

no measurabie variation of the torque meter sensitivity with
fislde To check that the measuremenis were valid for other
field directions, the above procedurs was repeated with different
magnet positionse. This meant that the flux through the
calibraticn coil was nov no longer maximised. However, the
procedure was otherwise the -same as before, the magnet being
furned exactly 90o from the positicon at which the flux was
measured to the position at which the calibration measuremsnts
wore madee. No variation of the sensitivity of the torque meter

with fiseld could be found for different field directions.

§4elele3s It was important to know in which direction the output
zalvanometer would be deflected for a given dircction of torque
on the specimen holders The simplest method of obtaining.this
information was +to immerse the torque meter in a cylinder of
siliconeoil (NS 550) and to note the output galvanometer
deflection when the cylinder was rotateds The viscosity of the
0il used was such as to give satisfactory results when the
cylinder was rotated by hand. The result of this test could
be verified by checking the geometry and connections of the
torque meter, and noting the output zalvanometer deflection when
the resistance of the external arms of the Wheatstone-bridse

wvas altered.
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8 4.1.1a4. The specimen was mounted with Durafix in the torque

moter specimen holder on a pad of asbestos paper, thus avoiding
any undesirable restrictions on the specimen. To check that the
asbastos peper and Durafix cement did in fact reduce the consiraints
on the specimen to an acceptable level, an alternative method of
mounting was tested. The specimen was cemented centrally on a
slander brass peg (a diameter of about 2 mms.) to reduce the clamped
volume of the specimen to a minimum. However, no difference in the
torque curves obtained was detected so that the original method of

mounting was adonted.

4elele5s To tzst the porformancs of the torque meter, preliminary
measurements were made of the second magneto-crystalline anisotropy
constant K, of nickel, using the single crystal disc oriented
parallel %o a (111) plane (section 3.3). For this orientation, even
with the relatively largze specimen, the torque is small and it may
easily be masked by unwanted torques due to inadequacies in the

measuring apparatus and from other sources.

The measurements weve made using a similar measuring
procedure and bridge circuit to those described in 4.2.1. The
torque expected should have consisted of an almost pure sinb®
variation. However, it was found that the sinf® component was
small compared with unwanted 26 and 40 components (Sato and
Chandrasckhar 1956). These may nave arisen from a number of
sourcese Those attributed princinally to the spscimen ares

(i) misalismment of the disc surfaces relative to the
(111) plane. This can occur during the preparation
of the disc and should give rise to terms, which

depend on K in 8in20, cos2®, sind@, and cos4l.

(ii) misalignment of t:c disc (and hence the (111) »lans),
relative to the magnetic field. This can occur during
the asgembly of the apparatus and azain should give
rise to terms u» to sind® and cos4@ (Tarasov and
Bitter 1937).
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(iii} any dev%ation in the shape of the specimen from that
assumed, e.ge variation in thiclmess or deviation from
circular profile.

(iv) any included grains of different orientation within
the orystal disc, together with internal stresses and
consequent additional anisotropy.

Only the first item contains a~contribution from

the torque-measuring apparatus. However, there may be other

contributions due to the malfunctioning of the torque measuring

device. In practice it was found that careful aligmment of ths
torgue meter in the magnetic fisld was important in reducing

the unwanted 20 and 40 variations. Contribution (ii), given

above, was, of course, reduced by this careful alignment. It

was also found that cancellation of contributions cue to unwanted

translational forces and torques was not quite complete. Thus
careful alignment played an imporiant role in reducing the forces
and torques which arose due to the slight non-unifornity of the
magnetic field. After the strain-s-nsing resistance wires hag

been reWwound to obtain the prover compensation (section 3-11),

carsful aligmment was no lonzer found to be so critical. Figure

4«2 shows a torque curve obtained at room temperature without

careful alignment and before effecis of unwanted forces and

torques wers being properly cancelled. For comparison a torgue
curve obtained by Sato and Chandraseékhar 'is superimposeds Tha

broken curve gives the 80 componsnt of both these curves. A

fairly typical torque curve, obtained at a temperature of 9°5°C
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aftsr careful aligmment and with full compensation for

unwanted effects, is shown in Figure 4e3.

§41+2 The Strain leasuring Apparatus.

The temperature control and auziliary equipment used for
magnotostriotion measurements have boon described in detai} in
section 3.2. No modifications were made to t:is equipment,
but the torque meter used for anisot;opy measurenents was
replaced by a copper specimen holder, which is shown inset

in Tfigure 37

Before the magnetostriction measurments could be made
it was necesscry to ensurc that the strain measuring equipment
was functioning properly. Since the strain gauges were
comiercial types that had been extensively used for similar
measurnents it was noit necessary to test the operation of the
gauges themselves. However, a mumber of special precamutions
were taken in their use and these will be considered separately

below.

§4.1.2.1. Type 6J strain gauges Onanufactured by Tinsley and
Cos Ltd.) were usoed to measure the magnetostrictive sitrains.
4 pauge was mounted on the free surface of fhe specimen with
Durafix in the manner recormended by the manufacturers. It was
important to know the orientation of the gauge with respect to

the refercnce line scribed on the specimens Accordingly the
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specinen was mounted, face upwards in plasticine, at the centre
of a spectrometer turntable. A microscope was mounted vertically
above the turntable and a cross hair in the microscope eyepicce
was then aligned parallel to the reference line on the specimen
and the turntable scale was reads The strain gauge was then
affixed and the turntable rotated so that the microscope cross
hair was parallel with the strain gauge wires which were visible
through the paper strain gauge mounting and which represented

the dircction of measurement of strain. After again resding the
turntable scale, the orienfation of the sirain gauge relative to

the reference direction, and hence to the crystal axies, Wes Himm.

§ 4e1e2s2¢  An identical strain gauge, Inown as the.’dummy' was
placed as close as possible to the first, or active, strain gauge
with their measuring directions alizned as nearly parallel as
possible. The two gauges were then connected in the two arms of
the same Wheatstone bridge circuit that was used for anisotropy
neasurements (figs 4+4), so that the change in resistance of the
gauzoes could be measured. The purpose of the dummy gauge was to
balance out the change in resistance of the gauges with
tamperature and with fields Although changes in resistivity with
temperature are compensated thereby, the thermal expansion, per
degree centigrade was of the order of 10—5, while the fractional
change in length due to the magnetostriction was of the order
10—6. Serious drifting; of the output galvanometer of the

Wheatstone bridge thus resulted from very small temperature
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changes and to overcome this difficulty the dummy gauge was

cemented to a dummy specimens Since there are no suitable
metals with a coefficient of expansion closs to that of nickel,
a hi-metallic disc was constructed from copper and aluninium
strips, stuck together with Araldite. The thickness of the two
strins was adjusted until the effsctive thermal expansion on
the outer surface of the conper strip was equal to that of
nickel znd this was found to zreatly improve the temperaturs

stability of the system.

3 4elela3e The (111) disc was mounted with Durafix at the
end of the specimen holders An asbestos pad was insertsd
betwecn the disc and the specimen holder to ensure that the

specimen was not unduly sirained by its mounting ( c.f.:g 4.1.1.4)

8 4.2 Masnetocrystalline Anisotropy Constants X, and Ké
for Wickel. -

The first and second anisotropy constants were
obtained by measurinzg torque curves on the (111)
single-crystal disc , the preparation of which was described
in section 3«3 The way in which the torque on the (111)
specimen was expected to vary with field was discussed in
section 2.2. The theoretical torgue curves were therefore
fitted to the tgrque curves obtained experimentally by adjusting
the values of KT and Kyo Subsequently the values of Ki were
checked by measuring torque curves on & (110) single-crystal

disce The torque meter described in section 3.1 was used for
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all torque measurements, in conjunction with the temperature
control and auxiliary apparatus described in section 3.2. 4
nunber of preliminary tests werc peformed on the original and on
the modified versions of the torque meter to ensure that they

were functioning satisfactorily.

§4.2.1 Measurements and Measuring Technigues.

Before torque measurements were taken, the torque
meter and temperature control cpparatus were aligned as accurately
as possible in the centre of the magnet pole gap with the aid of
the positioning equipment desoribed in.chapter 3« For the earlier
experinents using the 4" electromagnet, the relatively large gap
used, gave rise to a reduction in the uniformity of the field.

[ For the smaller magnet the field gradient at a point 0.5 cm. from
the centre of the pole gap was apvroximately twice that of the
larger nagnet with the same pole gap and field so that corrvect
aligmaent was found to be fairly criticall Use of tho TW
magnet, wit: a correspondingly more uniform field, reduced these
difificultiess The original unmodified torque meter was used for
proliminary measuremants at or near room temperature with the
first temmorature control apyparatus described in chapter 3.

The purpose of these measurnents was o test the principle

of operation and to ensure that the system was worldng correctlys
Meoasurenents at other than room temperatures yielded somewhat
uncertain results owing to the difficulities of calibration.

The methods of calibration and the experiments made with this

torque meter have besn described in section 4el.le.
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The strain-sensing resistance wires in ‘the torque meter,

described in chapter 3, Tormed two arms of a Wheatstone bridge;
the full circuit actually used for torque measurements is shown
in fizure 4.4. Before measurcients wers made, thz bridge current
was always standardised by comnaring the e.m.f. across ihe
standard 500 resistance wit: that of thz standard cell.

Tenporary drifiing of the balance point often occured after the
bridge was initially balanced. Small changes in the balance
point could bhe made to compensate for th effect by adjusting
the variable reistance R. The atienuator circuit, between the
Tinsley galvanometer-amplifier and the output galvanometer G,

20
[%

was taen used to adjust the overall sensitivity of the circuit

that the deflections to be measured on G were of convenient
size relative to full-scale defleciions The modified torque
meter was calibrated by generating a Ymown torque in the calibration
coil attachad to the specimen holders The flux throu h the coil was
Tirst mazimised by rotating ithe slectromagnet on its turntable wntil
no deflection was observed at tho output galvanometer G when current
was passed throusgh the calibration coil. The current supjly to the
coil was then temporarily renlaced by a Flux meter and the flux was
measured by reversing the current supyly to the electromagnete The
magnet was then rotated throush exactly 90o to give the position of
zero flux through the calibration coil. After reconnsciion of the
calibration current sunilys the deflection of {lie outrut galvanometer
(@) for different calibration currents was recorded. A large-scale

granh of these measurenents was used for calibration purposes.
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The torgueTl on the celibration coil was given by

I' =FL dyne-cnme (k1)
20

whare 1 was the calibration current in amperes and F was the

nat flux ochange in maxwell turns through the coils.”

Toraue measurements ware then made by notiny the output
calvanomater deflaction for a siven megnet position and using
the calibration curve =ind ecuation 4.1 to obtain the corresponding
torque. The procedure used in making torque measurements was to
rotate the magnet through 180° in steps of 50. In oxrder to
avoid ulie effect of drift in measurensnts above room temveraiure,
wvhere the torque to be measured was small, tae output galvanometer
re2ding was taken at the 0° position betweszn each 5°step. The
average of successive o° galvanometer readings was then subtracted
fro: the intervening reading to give the corrected reading, frec
fron drift. At lowver tomparciures Crift was not troublesome and

. o . o .
it was found to be sufiieiently accurate to repeat the 07 reading

only at the end of the 180° run.

A Fourier analysis .as derformed on thes torque curves
for tho (111) specimgn to obtain the sin6® and cos 6@ components
(sin26 cos 20, and sin 40, cos 48 Tor the (110) svecimen) from
the arbitrary origin corresponding to 0° on the maznet scale
(where © was the angle given by tho magnet scale)e The sine and
cosine ambplitudes wera ﬁhgn coilbined to give the resultant éﬂ'

amplitude and true orizin (or 9'and 4F' veriation) where



144

B'was the true angle of the field from a <110» direction . It
then.only remained to determine the sign of this amplitude. A
test, described in section 4.1.1,; was applieq to find the sign

of the deflection on the gzalvanometer output scale corresponding
to a torque developed by the specimen in the direction of pg!
increasing on the magnet turntable scale. 4 torque daveloped by
the specimen in the direction off' increasing on the magnet scale
corresponded to a negative galvanometer deflection. The procedurs
for torque measurements just described was repeated at a given
temperature for a number of diffgrent fielqs up to the maxirum
field obtainable with +the maznet, pole gap, and power supnly usede
T%e ranges of fielé at which measurements“Were madeuwere from
1,400 cersted to 7,100 ccrsted and from 1,400 to 14,700 tersted
for the 4" and the 7" magnets respectively. All these measurements
were repeated at different temperatures over a range from + 70°C

to ~196°C.

After these measurements had been made, the torque
meter was partially dismantled so that the direction of the
reference line on the crystal could be found relative to the
magnet turntable scale. It was found that the magnet field was
parallel with the reference line (a-<112:>direction in the crystal)
when © on the magnet turntable scale was 20°. This angle
corresponded to a posticn of zero torque ( gt = 30°)

with a negative slope on the torque curve.
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84.2.2 Resultss

The resulis of tho measurenents described in 4.2.1
are shown in Ffigurcsd.5 and 4°6. Figure 4.5 shows the variztion
of the amplitude of the 65' comnonent of the torque curves with
field and with ftenmperaiture. The results are presented in a more

detailed nmunerical form in habier He

The theoreticel field dependence of the torgue
curves at high fields was obtained in section 2.2. DLquation
2432 gave the field dependence ofh , but it was also shown in

that section that the torque on the specimen was given by hd

so that
Lo . 2 . .
r= 1K, - 1(K + 1K) sinép (4.2)
18 3 6° - '
h' + k1
The amplitude of the curves obtained from equation 4.2 when the

correct values of IS, T and N were inserted was made to Tit the
xperinmental points on Tigure 4.5 by adjusting the maznitude of
K1 and Ké. The curves representing equation 4.2, adjusted for
best fit, are shown in figure 4.5 as unbroken curves. The final
values of Ki and Ké used in the equetion are plotted on figure
4e6 against temperature as unbrokgn lines. The broken curve on
figure 446 is the variation of K,, with sign changed, taken from
Bozorth's boolze It may be seen from equation 4.2 that, since the
sign of K4 is negative, tte theoretical squation appropriate to
low temneratures may only be fitted to the experimental points

when Ké is negative.
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The relation usvall:- sivan (Bozorth 1951, Brailsford

oO Stoner 1050) or the anisotrony torcue in hizh fields is
ad
r =_ 9
ag (4.3)
where 5 1is the anisotropy casryy density. T is the ioxque

exerted on the crystal psr unit volwie of the crystal and g

is the angle (in the nlane of which the nasznetization rotates)
batwesn the dircciion of maznevization and a fixed direction

in the crystale Since the differeantiation is performed

relative to axes Tixed with wesnezct to the crystal whilsi the
orientation of the masnetization direction veries relative to

the crystal axtes, it migh® reascnably be sudposed that equation
4.3 sives the torque on the crystel, im the direction of 4
incroasing, when g is measured from a fixed direction in the
crystal to the direction of nesnetization. Suc: optinism would,
however,be misplaced for, with this interpretation of the symbols,

the torque must be yiven by

T = 4+ Qi

a# (4.4)

must be in such a direction as to bring an easy

bacause it
dirsction into coincidence with: the fisld direction when the
easy direction makes a small axzls with the magnstization.

In fact, equation 4.3 jives the torque on ithe maznetization
when the crystal is fixecd vhilst 4.4 gsives the torque on the
crystal when the magnetization is fixed (by the direction .of the

-

field)é The reason +ho% %he distinciion betwean 4.3 and 4.4
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is of%en not inportant is that thie torque usually containsg
a (1eading) tern involving Ki, the sign of vhich may, of
course, be predicted in advancs from the lmown position of the

easy direciions. In tie (111) nlane, hovever,

T = + e +i\;2_ 8in 6[.))' (4.5)

where ﬁ is the angle wmade by the magnetization in the (111)

plane with a «110> direction. The sign of Ké can not therefore
be determined correctly by using equation 4.3 and it is thought
that_both the direct determinations of K (Sato and Chandraselkhar
1956, end appendix A 3 ‘') made at room temperature are in error
for this reason. The sign of the torque was known (as explained
in8 4.2.1). Further, the correct origin of the sin 68" component
was found by inspection of the slone of the torque cufve for the
value of g' for which the field was parallel to the reference
direction.on the specimen. The siga of K, vias thus easily
verified from the experimental measursnents with the aid of

equation 4.4

The experimesntal points on figure 4.6 are the values
of Kl teken from torque measurements on the (110) crystal. These
values of Ki were obtained by Fourier analysis of the torque
curves for 2@' and 48' components as explained inB 4.2.1. From
the theoretiéal exgréssion for %he torque in a (110) plane above

saturation, namely,

T = —1K1(£sin2ﬁ’ + 3sin4ﬁ')‘+ j_Ké (.sinZﬁ.i - Lsinkfi' - jsinéﬁr),i
8 | el (4.6)
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it can be seen that, if A, and A, are the amplitudes of the

4

278 tnd 457 variations, Kl is given by

Kl = 8"&2 - 3."3.4

(47)

Pl

The effsctive values of Kl’ found in this way for three
different fields, were »nlotted against 1 and the resulting

H
straight line exirapolated to 1 = O to obtain the value of
K1 approvriate to indinite fizld. he procedure described for
determining the sign of K, was, however, repeated for these
measurements which confirmed that Ki was negative, in

agreement with ths kmowm directions of the easy magnetization.

§ de3 Forced Lasmetostriction in nickel in itae j;ll) nlanes

At high fields the saturation magnetostriction in the
(111) plane will be a function of the variation with field of
both cand A (section 2.4). The forced magnetostriction will
also produce a variation of the magnetostriction with field
and this contribution has zlso been considered in seo?ion 244,
Since both o andA have bean determined experimentally, the
equations derived in scction 2.4 may be used to provide
. [ ] )
) 7

information about C; and C2

constants. The results of such measurenents will now be

the forced magnetostriction

considered.
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§4.3.1 Heasuranents and Heasurins Techniques.

The measuraments wore directsd towards observing the
small change in magnitude of the saturation magnetostriction
with the change in the apnlied field., Since this change was
expected to be small compared with the saturaiion magnestostriciion
itself, measurements were made from a reference state at a fixed

field large enough to saturato the spocimens

To teke a set of measurements, the procedure was first
to achieve temperature stability, which was indicated by a
reduction in the dfift of the output galvanometer of the
Wheatstone bridges The magnetic field was then applied in the
required direction and the output galvanometer deflections were )
nqteq as the field magnitude was changed in a measuring sequence,
Ay By Ay, Gy A, Dy A ov.s, measuremant A representing the
neasurenant of the magneiostriciion of the reference state. It
was found that changing the magnetic field rapddly caused slight
heaving of the specimen with a consequent short term drift
sunerimposed on the stesdy background drift. Tho decay time of
this thermal fluctuation thet occurréd with each field change
was about 15 seconds. To ovorcome this effedt, the successive
measurensnts were made at intervals of time with a period betwesn
measurements of about 1 minute and this was long enough to ensure
that the transient drift was negligible. The steady baclground
drift could then be allowed for from the successive measurenents

of the relerence state A.
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The fractional changs in resistance,A_R, of the active
gauge due to the fractional change in length, A¢, of the
&
specinen was obtained from the deflections of the output
galvanometer by using an identical calibration teciniqus to
that described in saction 4.2.1. The fractional change in
langth of the specimen duc $o e magnetostriciion was then

given by

£= GAR | (4+8)

where G was the gauge facior.

In order to find the orisntation of the apnlied field relative
to the strain zauge and specimen, it was merely necessary to observe
the saturation maznetostriction as the magnet was rotated. Then as
can be seen from equation 2.58 (remgmbering that & andA are small)
there will be a meximum when § = B'; that is when the measuring
direction is parallel with the applied field, and a minimm for g = B

+

z

2
The measurements wore wade with the active gauge stuck to the

crystal so that § = 30°.i 1°, This -orientation was chosen for a number

of reasons. Firét, although choosing B = 30° does not allow the

contributions of both « andA to he meaéu?ed Separately, (see figure

2.2 ¢) it is possible to measure o alone, at g! = 300, and the sum

of o and A may then be neasured at g! = 750, so that A may be

determineds Secondly, at g* = 120° both o and A are zero so that

any variation of the magnetostriction constants due to forced
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magnetostriction may be determined. Thirdly, it will be noted
that these four measuring positicns coincide with the exiremal
and zero points of t:e overall magnetostriction given by
asquation 2.58. Hencz %he ease wilth which the applikd field
may be accurately alingzed with the snecimen was very much

improved, which is an important »oint in view of the ranid

angular variation oI the wmagnetostriction due to « andd

§4‘3o2- ResultSo

Heasurments were made in the fdur field directions for
extromal and zero overall magnetostriction. A typical sct of
curves of the variation of the strain of the sample with fisld
measured at 213°K are shown in fige 4«7+ The four curves ars
superimposed so that the points corresponding to the reference
measuring field coincide. Curves a and b represent A}O and

A120 respectively while curves ¢ and d represent A30 1.45

( 0.f, section 2.4). Iquations 2.63'and 2.64 cen in principle be
used to evaluate the forced magnetostriction constantis. However,
it was found that the last iterm of both equations was negligidble
when compared with the remaining parts so that it was only

possible to measure the sunm Clj + 0213

The values of a and A used in equations 2.63 and 2.64 ars
shown in figure 4¢8.%2,The values shownhere of A were obtained
directly from the torque curves (figures 4.2 and 4.3) since the

torque is given by HI A (see section 2+3)s The valuss of a
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siown in figures 4.8 wers calculated using equations 2.40 and
K.A
2.41. Thz correction tcrms (proportional toﬁﬁé and §%45 in

h
these two equations were neglactad.

The effective gzuge factor and the resistance of

the strain gauses change with temperaiure, but these quantities

must he Imown for czlibration wurvoses. To obtain this

information the quantity Mg - A12O was measured. From equation
~

2,56 it can be seen that

b

Mo = Mg = 3 (& * Cy), , (4.9)

when § = 30° and when t:e small terms multiplied byaand & are
negleéted. Comparison of the measured values of A3O - A120 with
knovm values of C1 and C2 (Birssand Lee 1960)thu: gave the cffective

multiplicative factor needed for calibration purposes.

The results of the measurements of the forced
magnetostriction are shown in table 4.1. The tvo columns give .
the values of 01’ + 02‘ obtained using the two differsnt equaticns,
2.63 and 2.64. Only neasuroments wmade above 8X0e. 7ore used in
evaluating these constants o ensure that the values of o used
would ba correct. (Since the predicted values of A berin to diverge
from the experimental values around & KOm. the values of &«
nredicted by the same theory may be considered unreliable below
this field magnitude). To indicate the ezﬁent of agreement of the
theory with the measurenents below & KDe., values of da and 84

were estimated from the magnctostriction measurements, using the
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TABIE L,1
(o3 +0})
Temperature From Eqr. From Egne
o 2.6 2,64
x10*° x10™°
___......»,r......<., ———— .-
213 ~-1+25 =0,52
131 -1,18 0,33

(For further deteils see table 5.12)
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1 1
values of C1 + 02' obtained above 8 KOo. These points were
plotted against H and then superimposod, for the purpose .of gomparison,

onto the curves of a and A shown in figurc 4.8.

As the tsmperature was lovered, the magnetoresistance

of the sitrain gauge became very large so that very carcful

alignment of the active and dusry gauges was required. THven so

it was found that it was not possible to obiain complete cancellation
1 1

of this effect, and it is believed that the values for C1 + G in

the two colurms of table 4.1 z2re different for this reason. The

explenation of this difficulty may lie in the fact that althoug

it is possible to exactly match the resistance of the active and

durmy gauges, the magnetoresistance of the gauges will not, in

general, be matched thereby because of the variable amounts of

impurities in the resistance wire.

§4.4 Torque Heasurements on Gadolinium.

The (11?0) specimen of gadolinium, the preparation of which
was doscribad in snction 3.4, pormitiod-torquo moasurcments to. bo

'
made to determine the first and sascond anisciropy constants Kl
1
and K, for gadolinium. Unfortunately the torque meter had

been designed with fixed sensitivity, large enough to facilitate
accurate measursments on the (111) niclkel disc, and this proved
too zreat to permit the measurenent of complete torque curves on
the gadolimium crystal without damage to the device. However

mecsurenents of the slope ofithe ftorque curve could gtill be .
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made at or near zero torque using otherwise the same general

measuring and calibration tefhniques as described in section
4delde It was possible to calculate the anizotropy consitanis
rorl theso neasurenants as hos becn shown in section 2.1,
Bguations 2.16 and 2.17 zive the dependence of the slope of

. ' !

the torque curves on K;© and K~ at # = o and x/,. A cone of

’ 3
easy magnetisation exists whoen ]Kl } <2 lKé‘: and equation
2415 zives the dependence of {the semianzle of the cone of
o) ns
easy directions) on the anisotropy constants. It was possible

¢

to measure “ E directly by finding the positions in which the
field excried no torque on the crystal. From symmetry; two
such positions are parallzl and »nerpendicular to the hexagonal_
axis, but over the temperzture range for which the cone exisis,
there are another two positions of zero torque making angles

d ¢E with the hexasonal aiis. Since the torque metér was
limited in the magnitude of ths torques that it could accept,
such positions were found in practice by graduvally increasing
the field and simultaneously adjusting ite angular position in
the plane of the disc so as to kKezp tie torque small or zero.
(A similar procedure is necessary when ths fisld is reduoed).
The values of Kif and Kzf obtained from the measured slopes
were plotted against }_, and the curves obtained were
extrapolated to give tue sffective values of Ki' and Kér at

infinite field. These values have been plotted against

temperature on figure 4.%9. The variation of the effective values
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of Kl' and KZ' ageinst 1 was not linear, so although a
maximum field of 14,700 oersteds was used, there may be
some error on the values estimated for infinite field.

The values obtained compare well, however, with those of
Corner, Roc znd Taylor (1962) and Graham (1962). Figures
£,10 and 4,11 giffe the variztion of the semi-angle ¢E of
the easy cone of magnetigation with % and with temperature
respectively. Detailed numerical results for all these
measurements on the gadolinium specimen are civen in

chapter 5.

As alrezdy indicated, it was not possible to obtain
complete torque curves so chat measurements were limited to
the determination of torque slopes., This was 2 disadvantave
since to obtain the maximum information the Fourier
components of the complete torque curve should he analysed.
This is particularly important for gadelinium since there is
evidence (Corner Roe and Maylor 1962) thnt the contribution
to the torque from K3' and possibly higher anisotropy
constauts is not negligible, Further, the variac.ion of ihe
2' with

that the maximum field available from the 7" Newport magnet

]
effective values of K1 and K is not linear so

1
H

did not permit the accurate extrapolation of these curves to
% = 0. In view of ithese difficulties it was decided not to
pursue these torque measurements as part of the present

investigation,
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§L4.5 Domaip Observations on Gadolinium,

Dowain observations were mace on a small piece of
nadolinium single crystal using the well known magnetic
colloid or Bitter figure technique, first discovered by
Bitter (1931) end independently by Hamos and Thiessen
(1931). Gadolinium reacts fairly readily with water so
that the usual colloid preparations based on this solvent
could not be used. Xylene was therefore chiosen because
there can be only a very small percentage of water
dissolved in it. No reaction was detected bhetween the
xylene~based c¢colloid, prepared as described in section
3.t,2, and the gadolinium svecimen, Refore douains could
be observed the surface of the gadolinium had to be
prepared by ion bombardment, as described in section 3,%.1.
It is beleived that this process removed a surf:ce layer of
polycrystalline gadolinium created during mechanical
polishing, and probably also non-magnetic surface
impurities which may have been created due to the reaction
of the gadolinium with water in the atmosphere, To observe
domains the vprepared specimen was placed in the special
microscope stage shown in fisure 4,12, The sweciman lax
in the brass cup in a recess machined accurately to the
shape of the specimen. The magnetic field was applied in
such a way that there was a small component of force on
the specimen downwards, thus holding tﬁe specimen in the
recess and hence preventing any lateral displacenent. A4

cover slip placed on top of the cup then permitted a thin
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layer of colloid to be introduced between the cover slip
and the specimen without evaporation of the colloid
occuring. The temperzturz of the brass cup was countrolled
by a2 single 13 amp, 4-couple frigistor unit (similar to
those described in section 5,2) wit: water-cooled hot
junctions. The e.u.f. across a copwer-constaintan thermo-
couple embedded in the brass srecimen cup was mezsured by a
potentiometer whose output was displayed on a Cambridge
spot-galvanometer, A vhoto-transistor attezched to the
galvanometer scale operated a relay to control the current
suptly to the frigistor. .The temperature of the microscope
stage could thus be maintained constant to 21%¢c at any
required temperature down to about -20%., To prevent
atmosvheric condensation the cover slip was covered with
glycerine,

The domains shown in plate 4,13 were observed at -SOC.
It can hbe seen from figure 4.9 that this temperature is in
the region where K1 is large and positive, with Ké very
suall, so0 that the domains might be expected to be similar
of those seen on cohalt and this is in fact the case. However,
the magnetigation for gadolinium is small&t-soc due to the close
proximity of the G urie point (+15°C.) so that Bitter patterns
do not form very readily. On application of 2 magnetic field
the domzin walls moved in the expected manner, that is the
domains with their magnetization in the direction of the
applied field grew in width at the exvense of those domains

whose magnetigation lay in the reverse direction. It was






169

not found possible, with the techniques =znd colloid
described, to obtzin Bitter fi;ures in the interestiang
region below ahout -1500. where & cone of easy magnetization
exXists.

In view of the low temmeratures =2t which it would
be desirable to make donsin observations on tais material,
it was not thourht to ne worth vursuing further the present

ohservations by the Bitter figure technique,
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Chapter Five

NUMERICAL RESULTS

85,1 Anisotropy Messurements, (111) Nickel,

The torque developed in the (111) 8 pecimen gave 2
reading on the outpuf galvonometer of the measuring systen
(see 83,2 ~nd §4,2). These rezGings were not linearly
dependent on torque since there was some distortion introduced
by the zalvanometer amplifier, They were converted to further
nunbers which were directly proportional to torque by the use
of calibration grazphs, These latter numbers are listed in
tables 5.1 - 5.6 for different temperatures, field magnitudes
(#), =nd field directions (@), The 68' components were obtained
from these numbers by Fourier analysis in the following way,
Let the range (O, 2r ) be divided into p equal varts numbered

l, 2, ssee s I‘, secsecece Do Then if xr = 27TI‘ and the V?.lue of

the function at X, is Tps then P
&
ag = % 2_; ¥y, cos 6xr, 5.1)
r=
and P
by = % EL: y, sin 6xr (5.2)

r=1

where a, and b, are the sin 68! and cos 65! components,

From the tables it will be seen thst the ranre zctually
mecsured was (0, T) and that p = 36, so that X, = gg « The
)

numbers in the tables therefore represent Tpe For convenience

ecuations 5,1 and 5.2 were rewritten in the following way,
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ag 1 [ A +\[2 B + ¥%C] (5.,3)
i3 2
and
b, = 1 [D +V3E + $BTF] (5.4)
6" 13 5
since the angles 6xr were multiples of 300.
The constants A, B, C, D, E and F are given by
A= ~¥g *¥12 Y18 oy ~¥20 V36
B =4y -¥5 =¥, 1y *Vi3 Y17 V19 Vo3 *Va5 Va9 V3 is
€ =4y, =¥y, =Yg 1o Wiy Vi Voo Vo2 *Vop Vo8 V32 *Vzy
SRS 9 *¥15 Va1 Fag 33

=
il

¥, *Yy, <¥g “Vio Vi Vi Yoo Vo2 *Vog Yo Y32 Vi
F=4y) ¥¥5 ¥y =¥13 *V13 Wiy Tig9 Vo3 Was5 Va9 ¥z V35

The rows of numbers lnbelled A6’ which revpresent the
amplitude of the 63 component, in the tables 1 - 5 were then

ohtained from

PR ) 2'
Ag = Y 862- + by ’

and were convertad to torague in dyn-cmé per cm3 by the use of
the multiplication factors given (the significance of th:ese
factors is discussed in the next parpgrapyh). This datz, plotted

ageinst 1/H, is showa in ficure 4.5,

The first factor which converts the numbers in the
tables to calibration coil current was introduced for
convenience in plotting the colibration granhs and is of
no other physical siznificance. The second frctor,

converting calibr=ation coil current to torgue in dyn-cms,.
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per cm3., was obtained by using equation %.1 and dividing by
the vulume of the specimen, The maximum flux through the coil
remcined almost constant as the tempersture was changed, and a
typical value wos 25,90 x 104 maxwell turns, (The volume of

the specimen was 0,08509 ¢ u 3).

The anisotropy constants were obtained by fitting
equation 4,2 to the curves siown in figure 4,5, The
demagnetizing factor, N, had the value 0,955 which was 'obtained
by measuring the ratios of the diameter to thé thickness and
by then using the data given by Bozorth(1951). The valucsobtained
for K1 and K2 were plotted against temperature in figure 4,6

and are also given in table 5.7, together with the values of

Is used in the calculations (Bozorth 1951).

§2.2 Anisotrovy Heasureuents, (110) Hickel,

Nunbers derived from the output galvanometer readinrs
of the toroue mensuring system =2re given in table 5,8, A5 in
the case for the (111l) Nickel specimen, these figures are as
read from calibration graphs and are directly proportionzl to
the torque, The 28' and 4g' components were obtained by
Fourier analysis of the nuwbers, with the aid of the following
expressions derived from equations corresponding to 5.1 and
5,2 in 2 similar way to the expressions obtained for 6f!

analysis. Let
(1,00004 + 0,93973 + 0.7560C + 0,5000D + 0,1735E)

1
9

b, =1 (0,3420F + 0,6428G¢ + 0,8660H + 0.9848J) (5.3)
9
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= % (1.0000L + 0,9397M + 0,7660N + 0,5000P + 0,17364)
b, = i (0,3420R + 0,5L28S + 0,8660T + 0,9848U) ~ (5.6)
9

where the constants A to U are given by
A= R g b *J9 V18
B =4y =¥g =¥y0 Wiy M=V, V5 <Tyz Yy

C =4y, ~¥p V3 g N =4y +¥g V0 *Vy9

D=+¥3 -¥g V15 *¥5 P =¥z -¥g -¥ip 15

=1
|

SV V5 Yy Wy Q= 4, T g

For b2 or For bq

!
ll

Wy g Yo iy R T, V5 iz Wy
G =4y +¥; =¥yy Vg S =y Vg Vo Ty
H =%y +¥g =¥1p ~Vy5 T =%z =¥g *¥1p ~¥35
J =4y, ¥y <¥yz Yy U= Yy <¥n Wy Vg

The rows of numbers, A, and A4 (representing the 283!

2
and 4B amplitudes) at the bottom of table 5,8 were then

obtained from,

e —

2 2 )~ st
A, = v 2y + b and A, = a,  + by

The conversion factors used to change the readings to
dyn cms per ¢ n’? are also given., These were obtained in the
same way as those for the (111) specimen, (The volume of

the (110) svecimen was 0,00880 cmz).

From equation 2,12, it can be seen that, for very

large fields,
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K‘_L - 8A2 - BAI_*. (5-7)

5
The effective values of Kl given by equation 5.3 were plotted
agzinst 1/H and extrapolated to 1/H = O (H == ). The values of
K1 that were obtained, and which were appropriate to infinite
field, are given on the botiom line of tabdle 5.0, These values

of K1 are also plotted against temperature in figure 4.6,

§5.32 Anisotropy Mecsureuents on Gadolinium,

Anisotropy measurements on gadolinium were made by
measuring the slope of the torgue curve =t positions of zero
torque, The whole torque curve was not meaaured, for reasons
discussed in Chepter L4, TFortunately, owing to the symmetry of
the specimen (113b), there were two directions of zero torgue
which were exactly 90o apart (parallel and perpendicular to the
¢~axis). This meant that the calibration procedure described
in chepter 4 could still be followed, although the flux could
no longer be maximised through the coil. It can be seen that
equation 4,1 still holds so long as the magnet is turned tlhrough
exactly 90o between measuring the flux and generazting a

callbration torque in the coil,

Since the torques measured on the gsdolinium specimen
were much larger than those for the nickel specimen, it was
possible to adjust the galvanometer amplifier snd attenuator
circﬁif (described in chapté; 3) in such a way 2s to make the
galvanometer output exactly provortional to torgue, It was thus

not necessary to process e.ch separate galvanometer reading to
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eliminate the distortion which was encountered in the
enicotropy measurements on nickel.

Table 5.9 gives the slopes of the torque curves tnat

were messured for the two mutually verpendicular cngular
positions of the magnet & and 3, which gove zero torgue =nd
the slopes are given in divisions of the output go2lvsnometer
scale vper degree of rotation of the magnet. The readings were
plotted against 1/H znd the curves that were obtained were
extrapolated to 1/H = O, (H = ), The values that were
obtained in this way have been listed intable 5,10, They

were converted first to units of m.A. per degree by use of the
calibr-tion scole factor, also listed in table 5.,10. These
numbers were then converted to dyn~cms per radicn wzr gram with
the aid of equation 4,1, 2nd by dividing the torques obtsined

by the weight of the specimen (C,4567 grms.).

The positions A 2nd B were identified as vwositions
such thal the field was parallel and perpendicular ?espeotively
with the hexagona2l axis, so that the slope of the torcue curve
2t these vnoints was given by equations 2,16 and 2,17. The
values of Kl' and KE' obtained using these equations :ave been
listed in table 5,10 and are also plotted against tempercture
in figure 4,9, The direction of the coue of easy magnetization
was found directly by observing the anguler position of the
magnet for zero torque, relative to the direction of the c-axis
of the specimen, The semi-angle of the cone of easy directions
that was found in this way, has been plotted =2gainst 1/% for

variousiemperatmes infigures 4,10 ~nd 4,11, The curve lebelled



176
H = in figure 4,11l was obtained by extravolating the curves
of ¢E verses 1/H to 1/H = O to obtain ¢Ew’ the cone seni-zngle

appropriate to infinite field.

§5.4 Magnetostriction Meesurements on (111) Nickel.

The figures given in the second, third snd fourth
columns of table 5.11 respresent the change in the output
galvanometer deflection with field (the reference field was
5400 oe), for the three different magnet positions corresponding
to P = 300, 75° and 1200. Because of random fluctuations and
thermal drift it was not feasible to allow the deflection due
to the change in the magnetostriction to occuny more then a
small vart of the gslvznometer scale, Under these circumstances
the small amount of distortion due to the galvanometer amplifier
was negligible so that, as in the measurements on gadolinium, it
was not necessary to process each seperate galvanometer reading.

The figures in table 5.11 were therefore directly provortiocnal

)
to AZO’SA o5 2nd A 120 (see 8 2.4),

The two columns in table 5,11 labelled I znd Y were

found directly from the preceeding three columns using

X = 28 3% B _8A
2 120 30 75
and
Y = BAlao "SA 7)0 .

X and ¥ were then plotted zgainst H so that their values at
H = 8 koe and 14 koe could be determined sccurately, The
difference in X andY between these two field values are

given in table 5,12,
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The exact strain that these numbers represent was found

five: by converting them to the change in resistance of the
gauge, and then by using the resistance of the gauge and the
gague factor to obtain the strain, The conversion factor which
gave the change in resistance of the gauge per division of the
output galvanometer scale, was found by calibrating the bridge
(seef 4,2), This factor was constant over the range of
temperatures at which measurements were made and had the value

4,00 x 1072 Q per division,

The resistzance and gauge factor of the gauges at room
temperature was 99.8 nand 2,05 respectively. However, both
these gquantities thange with temperature aﬁd in order to
determine the effect of this variation, the magnetostriction
between B! = 30° and 120° was measured, Then from equation
2,54 (which neglects the very small contributions from the
forced magnetostriction)it can be seen that iA30 "A'lzoi
(Cl + 02). The appropriate values for C, and C

¢ 3
taken from Bires and Lee (1960), were then used to find the
effedtive value of the gauge factor. (It was assumed that the
resistance of the gauge was constant at 1009 ) so thzt the

variation of the effective gzuge factor included the effeoct

of the change in resistance of the gauge with temperature).

It was felt that'the pfocedure outlined above was
preferable to mercly accepting the data &f Birss and Lee on
temperature dependence of gauge factor since both the gauge
factor and its variation with temperature is liable to differ

between batches, and from gauge to gauge, and to depend on
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the exact conditions under which the gauges are fixed to the
specimen and subsequantly used, The values of the effective
gauge factor that were obtained are tabulated against

temperature in table 5,12.

Equations 2.63% and 2.6L4 were then used to obtain the
values of (Cl' + C, ') given in table 5,12, using the values
of (Cl + 02), (C1 - %Cz),a , and A given in the same table,
In evaluating C,' + C,! it was found that the last terms of

1 2

both equations 2,63 and 2.6L4 were negligible so that C,' and

Ca' could not be determined separately,

Finally equations 2.63 and 2,64 were used to obtain
the effective values of @ and A using the values of (Cl"+ Gé')
already determined. These values for @ and Aare tabulated in
the last two columns of table 5,11, and have been plotted
against I, znd superimposed on the theoretical curves of @
and Ain figure 4,8 so that the theoretical values of ®and A

may be compared with those values found from these experiments

below 8 kOe,
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TABLE 5,1.
Temperature 92°K
(Ee) 1;l+l+o : 1,820 3,100 4,050
o 0-90 |95-180] 0-90] 95-180] 0-90 195-18010-90 |g5_180
0 36,30 | - |38.95{ - [40,25 | -  |40.35
5 |95 |33,60 14,90 i35,40}11,50 | 36.50 }11.65 | 37.1% 12,30
|10 paoo |29.10{18.85 130,20 15.55 31,45 15,90 | 31.79 16.35
15 [ 405 | 25,25 | 23,30 | oL,30] 23,15 | 2%.50 |22.95 | 25,15 22.75
.20 [ 110 | 19.40 | 27.60 | 16.75] 30.85 | 17.95 {30.20 | 17,55 29.55
25| 115 | 15.10 | 31.45 13,15 34,90 | 12.30 |34.35 | 11,85 33,65
30| 120 | 12,60 32.75 1 09,85 34.50 { 09.05 | 3k.45 | 08,75 33.75
35| 125 | 14.75 | 30435 | 10,25 31.00 | 09.90 | 31,20 | 10,00 30.85
4O | 130 | 19,50 | 26.35 115,70 26,25 | 15.060 |25.85 | 15.60 25.35
45| 135 | 24.15| 21,80 | pk,45! 21,05 | 24,20 | 20,15 | 23.75! 19.30
50| 140 [ 29.15| 17.45 | 22,751 15,85 | 31.95 | 14,10, 31.25! 13,15
55! 145 | 33,50 ] 14,15 | 379,10]11.60 | 36.85 | 09.75 | 36,15 09.00
60| 150 | 35,00 12.95 [ 37,15 09.45 | $7.55 | 08.25 |57.35| 07.95
65| 155 | 32.90] 16,20 |34 ,20|11,40 | 35.10 110,95 |34.90| 11.35!
70 | 160 {28.90] 21435 29,65 18,40 | 30.15 }18,65 {30.00 19.2—3
75| 165 {2k.75| 26.10 j24,75(27.90 |2k.75 127,95 j2k.55, 28,10
80| 190 120,15 31.25 119,75{35.55 |18.95 |36.05 |18.90| 35.85
__.Egj 175 [£6.25| 35.25 {14,65]39.35 | 14,30 | 40,25 |1k.55; 40,25
90 180 113.55; 3%.15 111,30 38,85 |11.60 |%0,35 111,90 40,95
Ag 10,2k 13,43 14,00 13,90
(aivs) .
i__ 1 division = 6,325 m.a., = 1,882 x 10° dyn-cm per cc,
| Ex10°7 19.27 25427 26,35 26,16
dyn-cm b . .
pex cCs) .




TABLE 5.1 (Continued).

180

Temperature 92°K

5,700

8,650

14,000

0-90 |95-180

0-90

95-180

0-90

95-180

5 195
10{100
15105
201110
251115
30(120
35{125
401130
451135
50 {140
55 1145
60 {150
65 1155
70 1160
75 {165
80 170
i 85 1175
i 90 180

40,55

37,40
32.65
25,40
18,05
12.25
09,55
10.65
15,65
23,05
29.95
34,50
36,00
>k,15
29,95
2Lk, 75
19,70
15,45
13,05

H

|

13.55
16.50
22,25

| 28,80

32,30
32,40
29.65
24,40
18.35
12,40
08.85
08.35
11,95
19.45
28.60
35.95
40,50
41,15

40,10

37435
32.25
25,30
19.25
15,95
10.75
11.95
16,25
22455
28.70
32.70
34455
32,95
29.75
25430
20,75
17.15
15.10

r

15.35
17.45
21,85
27.55
30,45
50,45
27.75
23.00
17,45
12,25
09,30
09,35
13,05
20,70
28,65
35.85
40,00
40,45

38,65

36,35
32,00
26,15
20,25
15,55
12,60
13,60
17,20
22,15
27.15
31,00
32425
31,35
28.90 {21,75
25.70 129.25
22,14 135,65
19.55 {39.45
17.75 |39.90

17.55
8,75
21.95
26.45
28.55
28,15
25.75
21.h45
16,85
12,65
10,40
11.05
14,95

(divs)

b
'

13,14

11.68

9.79

3

|

1l division =

6.325 MaZe =

1,882 x lO3 dyn-cm per cc.)

|

1
A6 x1 C)-3 ‘! 214‘073
(dyn-cm
per cc.)

21,98

i

18,43

3
%

4
L3



TABLE 5,1 (Continued).
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Temperature 92°K

H
(oe)

7y

250

10,780

e

0-90

95-180

0-90

95--180

0

5

10
15
20
25
30
35
Lo
L5
50
55
60
65
70
75
80
85
90

95
100

105
110
115
120
125
130
120
140
145
150
155
160
165
170
175
180

40,80

37450
32,85
25.75
19.35
13.35
10,70
11,85
16.80
23.05
29.75
34,15
35.85
34,25
30,65
25.75
20.75
16.40
14,85

14,65
17.45
22,50
28,60
31.65
31,80
29,15
23,95
18,35
12,90
09,50
09,45
15.30
20,85
29,05
36,45
40,90
41,35

439-50

36.75
32.15
26,45
19,85
14,70
11,95
13,05
16,85
22.25
28.15
32.25
33465
32.35
29,40

{25.65

21.75
18.65
16,65

16,65

18.30
22,15
27.15
29.75
29.65
27.00
22.40
17.45
12.75
10,65
10,55
14,50
21,55
29,30
36,10
4,00
Lo, 45

Ag

(divs)

12.38

10,72

1 division = 6,325 m.a., = 1,882 x 10° dyn-cm per cc.

A6X10-3

(dyn-cms |
per cc.)

25430

R

20,17

?
!
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TABLE 5,2
Temperature 131°K
H 1,440 1,820 3,100 4,050
(oe)
P 0-90 95~180| 0-90 |95-180| 0-90 | 95~180} 0~-90 95-18¢
0 36,35 38,00 39.15 10, 30
5 |95 [|32.75 09,40 |[34,45 r08.75 36,05 | 09,30 {36.85 | 09.55; .
10| 100 {27.75 |13,80 {29.00 {13,25 |29.95 |13.30 |30,35 | 1355
15| 105 {21.90 |21,15 22,15 |21,15 |22,00 |20,30 {22,60 ;20,45;
20| 110 ;16.20 [28,30 [15.65 {28,60 {1k.75 [27,50 {1k,85 | 27,30
251115 110,95 |32.40 |09.,80 |32.85 |08.45 |31,95 |08.50 | 31,50
301 120 107.85 |32,40 {06,55 |32.90 {05,50 |32.35 05,50 | 31,90
25 | 125 108,75 [29.50 {07,.80 {29.75 [07.15 {29.25 [07.15 | 28.85
Lol 130 |14,35 |24,60 {13.70 (24,75 113.35 {23.85 |13.45 | 23.20
45 | 135 22,55 119,60 |22,50 [19.00 [21.65 {17,25 {21.,25 | 16,75
50 | 140 | 30.%45 | 14,35 [30.95 {13.25 |30.00 {10,95 {29:5¢ | 10,40
55 | 145 | 34,75 |10.35 |35.50 {08,70 {35.80 |06,60 |34.40 } 06,10
60 | 150 | 35.05 | 08,55 |36,05 |07.05 |36.25 05,65 {36.20 | 05,60
65 {155 | 32.35 {10.95 {33.30 [10.00 {33,85 {09,30 {34,000 | 09.7q
70 {160 | 27.85 [17,85 [28.50 {17.15 {28.95 {17.35 (29,46 | 17,95
76 [ 165 | 23.10 | 25,90 {22,80 26,45 }22.85 126,45 123.45 | 27,0
80 | 170 | 17,50 | 33.05 |17,35 [34,20 {17.00 {34,25 (17,05 | 34,75
85 {175 | 12,55 | 36.75 |11,55 |38.35 |11.65 {39,10 112,50 | 39,70
90 {180 | 09.30 | 36.45 08,60 |38.15 | 8,35 {39,65 {09,45 | 40,75
i . i
¢ 13.23 1k,22 14,78 14,68
(divs)
1 division = 3,975 m,a, = 1,183 x 10° dyn-cm/cc.

.tx6x1o"3

(dyn-cm 15,65 16,81 17.48 17,36

per cc, . %




TABIE 5,2 (continued)

183

Temperature 1310K

{oe)

5,700

8,650

14,000

0-90

95-180

0-~90

95-1380

0-90

95-160

0-90 |

95~130

90

95
100

105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

4O, L45

37,05
31,20
23,30
15.50
09.00
0&.30
07.85
13,45
20,95
28.50
33.35
35.25
33.85
29.45
323-75
.18.05
13,30
10,45

11.45
14,00
20.10
26.45
30.35
30.75
27.70
22,05
15.85
09,70
05495
06,05
10,25
18,55
27.50
35.055
40,15
b1,45

k0,55

37.75
31,80
24,85
16,85
10,70
07.60
08.85
13,75
20,50
27,45
32,20
33,85
32.80
29.15
24,50
19.50
15.75
13,60

13,00
15.25
20,05
25,65
28.90
29.05
26,35
21.15
15.20
09.50
06,40
06,85
11,60
19.70
28,k0
35.46
Lko,10
L, b5

39,90

36,75
32,50
25.05
17.95
12,20
08.85
09.90
14,15
19.75
25,50
29.95
31.95
31.05
28.55
24,60
20,55
17.65
15,75

15.15

15,85
19,30
24,15
26,75
26.55
23.85
19,00
13,85
09.05
06..60
07.75
12,60
20.10
28,35
35.15
39,65
k1,05

Ag

(divs)

4

13.73

12,72

11,10

!

1 division = 3,975 m.,a, = 1,183 x 103 dyn-cm per cc.

Ag x1 0~>

(dyn-cm
per cc.)

16,24

15,04

!

13,13




TABLE 5,3
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Temperature 171°K

i
(oe)

1,440

1,820

3,100

k,050

é

0490 3 95.180

.0=90

95-180

0-90

95-180

0r90

95-180

0
?

10
15
20
25
30
35
40
b5
50
55
60
65
20
75
80
85
90

95

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

37.60

3475
30,35
25,25
20,30
16,50
14,05
15.10
18,55
24,95
31.25
34,95
35.40
33,30
29.60
25430
20,85
16,65
14,20

14,50
18,10
23490
29,35
32,50
32,75
30450
26475
22,55
18,30
15,20
14,20
16,50
21,85
28.30
34,15
37.05
36.85

38,05

35.25
30,40
24,60
18.80
14,35
12,15
13.45
18,35
25,00
31.50
35,40
36.25
34,35
30,50
25,75
20,80
16,50
13,85

14,30
18,05
23,85
29,00
31.70
33.05
30.85
26,65
22,05
17.45
14,05
13,25
16,15
22,00
28.80
34,85
38.35
38.25

39.50

36.60
31.75
24,85
18.45
13,55
11.50
13,05
18.15
2k,65
31.05
35.35
36.85
35,20
31.25
26,15
21.05
16.50
14,15

i

14,55
17.80
23.50
28.85
32,40
22.95
30,75
26,30
21,15
16,05
12.80
12,60
16,05
22,20
29,20
35.70
39.25
39,70

40,05
37.75
32.05
25,35
16,60
13,40
11.25
12.85
17.80
2h,15
30.85
35.00
36.75
35.45
31.60
26,75
21.75
17.35
14,75

14,95
17.75
23,05
28.65
32.00
32,60
30.25
25.70
20.50
15,50
12.35
12,50
16,15
22,65
29.95
36,15
39.85
ko,50

Ag

(divs)

10,48

11,33

11,88

11,88

1 division = 3,062 m.a, = 0,9108 x lO3 dyn-cm per cci

A6X10—3
(dyn-cm
yer cc, )

9543

10,32

10,82

10,82




TABLE 5,3 (continued)

Temperature 17l°K

H
(ce)

5,700

§,650

14,000

[

0-~90

95-180

0-90 | 95-180

0-90 {95-180

0

519

10| 100
15 105
20 | 110
251|115
i 30! 120
351 125
Lo} 130
L5y 135
50 | 140
55| 145
60| 150
65| 155
70{ 160
75| 165
| 80| 170
851 175
90! 180

40,55

37.65
32.85
25,65
19,00
13.75
11.55
13,10
17.50
23,90
30,10
3k, 35
36,45
35.15
31.75
27,15
22,55
18.85
16.10

15,90
18.10
23.25
28.25
31.25
31,65
29,30
24,90
19,80
15,00
12.25
12,75
16,75
23.25
30,40
36.85
Lo, k45

41. 15

40,90

17.40
18,50
22.95
27 .45
30.15
30,35
28,05
23.70
19,00
14,50
12.35
12.350
17.35
22.75
31.15
37.30
Lo.70
k1,75

38,50
33.25
26,95
20,00
14,60
12,20
13.55
17.75
23.55
29.50
33.45
35435
34,70
51,80
27495
23.70
20,60
17.95

40,85

38.50
33.70
27.65
20,65
15.35
12,95
14,15
17.85
22.75
28.20
32,30
34,50
34,05
31.85
28.60
25.25
22,45
20,50

19.15
19.10
22.75
26,75
28.90
28.90
26,65
22,60
18.25
1k,k0
12,65
14,00
13.25
25.15
31.75
37.50
k1,00
k2,00

Ag
(divs)

11,43

10,65

9.63

1l division =

3.06

2 m,a, = ,9108

x 1O3 dyn-cm per cz,

-3
A6 x10

(dyn-cms

__per co.)

10,41

9.699

8.777




TABLE 5,k

186

Temperature 233°K

(oce)

1,440

1,820

3,100

4,050

0-90

95-180

0-90

95-180

0-90

95-180

0-90

95-180

10
15
20
25
30
35
Lo
Ls
50
25
60
65
70
75
30
85
90

100
105
110
115
120
125
130
135
140
145
150
155
160
165
170
175
180

+16,10

+18,00
+16.85
+13,15
+08,10
+03,20
~00,85
~02,60
~01.60
+01.95
+07.75
+13,65
+17,45
+18.25
+16,40
+12,30
+06,85
+01.85
~02,20

-0k,05
-02,60
+01,70
+08,00
+1k,15
+18,25
+19,.25
+17.25
+15.,20
+07.95
+02,25
-02. 4o
-0k, 70
-0k, 00
-00.25
+05,25

311,85

+16,70

+17,05

+19,00
+17.85
+14,15
+08,75
+035.20
-01,10
~-02,95
-01,95
+02,00
+07.90
+13,80
+17,.80
+19,05
+17.720
+12,80
+07.20
+01,70
-02,65

-0k, 50
-02,85
+01,60
+07,90
+14,55
+18,70
+19,90
+17.85
+13,45
+07,45
+01,55
~03425
-05.55
-0k, 60
~-00, 60
+05,55
+12,15
+17.45

+17, 65

+19.90
+18,75
+14,75
+08,85
+03.10
-01,50
-03.40
-02,30
+02,05
+07.95
+14,00
+18,50
+19,80
+17.95
+13,45
+07.25
+01,35
~03.20

~05.05
-03.25
+01,50
+08,10
+14,25
+18,90
+20,40
+18 .10
+13.35
+07.00
+00.,60
-0k, 60
-06,65
-05,30
-00,80
+05,40
+12,.60
+17.80

+200 65

+23.15
+22,20
+18,10
+12,65
+06.75
+01.80
~00,15
+01.05
+05.15
+11.05
+17.20
+21,85
+254350
+21,35
+17.05
+10,80
+04, 35
-00,05

~-01.75
~-00.15
+0k, 60
+11,20
+17.70
+22,20
+25.70
+21.45
+16.85
+10.05
+03,55
~01.60
~03,55
~-0~2.10
+02,30
+08,90
+16.25
+21,15

l

{(divs)

11,19

11,82

12,53

12.64L

1 division

= 1 m,a., = 0.,3007 x 103 dyn-cm per cc.

i

A x10”
6

(dyn~c

per cc);
!

4

|

34555

3.766

3.801




TABLE 5.4 (continued)

187

Temperature 233°K

| (§e> 5,700 8,650 10,780 14,000
P 0-90 | 95-180 | 0-90 95-180 | 0-90 | 95-180! 0-90  |95-180

2] +20, 35 +20425 +20,00 +19,80 ‘
5 B5 423,00 |-01.45 [+423,00 |=00,70 [4+22,85 {=00,35 |+22.,75 [-00.25.
10 [100{+22,20 [+00,15 : 422635 | +0Ly20 {422+65 | +01.25 | +22.45 |+01.60
15 1105{+17.50 +405.05 | +18.85 | +05.85 |+19,20 |{+06,50 | +19.,15 }|+06,30
20 |110{+12,80 |+11,70 | 413,50 | 412,25 |+13.,85 | +12.25 } +14,%0 |+12,65
251115{+07,10 |+17.95 |.+07,90 | +18,30 | +08.45 | 418,25 | +08.70 | +18.15
301204 +02.45 | +22.25 | +03,25 | +22.80 | +03.60 | +22,45 | +O4,05 | +22,25
35(125{+00,25 | +23,60 | +01,25 | +23,65 | +01.90 | +23,50 | +02,10 | +23,30
40{130|+01,40 | +21,40 | +02,25 | +21,45 | +02,60 | +21,00 | +02,.90 | +20.75
45(135] +05,50.] +16.55 | +06,05 | +16.55 | +06,50 | +16,20 | +06.60 | +16.,15
50{140f +11.45 | +10,10 | +11,80 | +10.20 { +12.20 | +10,40 | +12,10 | +09.85
551145 +17,55 | +03,35 | +17.85 | +03,95 | +17.90 | +03,95 +17.75 | +04,20
60150{+21,85 | -01,40 | +22.,05 | -00,90 | +22,05 | -00.65 | +22.00 | -00.60
6511551+23,35 | -03.75 | +23,50 | -02,80 {+23.45 | -02,45 |+23,35 |-02.20
70{160|+21.55 | -01,85 | +21.65 | -01.25 |+21.75 | -01.15 {+21.35 |-00.80
75165(+17,15 | +02,75 | +17,00 | +03.25 |+17.40 | +03,55 |+17,20 |+03,70
801170{+11,00 | +09.,00 | +10,95 | +09,50 |+11,30 | +09,65 |+11.35 |+09.80
85 |175{+04,85 | +16,00 | +05,00 | +16,25 |+05,40 | +16.45 +05,05 [+16.45
0 1180{+00,15 | +21,20 +00.90 | +21,15 [+01.05 |+21,35 |+01,20 {+21,35
Ag

(divs) 12,48 12,10 11.89 11,68

1l division = 1 m.2, = 0,3007 x lO3 dyn~cm per cc.

Ag

(dyn-cm |
per cc.) 3.753 3,639 2,576 2.5k i
x 1077 4



TABLE 5. 5

188

Temperaoture

277°k

H
(oe)

1,440

1,820

5,100

L, 050

0-90 95-180

0-90 95-180

0-90 |95-130

0-90

95-180

5 195.

10 ]100

151105
201110
251115
301120
35{125
401130
451135
50{140
55]145
601150
651155
70] 160

80{ 170

851175
90} 130

27.90

29,65 (10,15
28.60 [11.65
25,20 {16,10
21,00 21,65
156,60 {26.80
13,15 {30.15
12,05 | 30.90
13.15 [ 28,98
16.75 | 24.95
21.45 | 19,60
26,25 | 1k,h5
29.50 | 10,45
30,10 8.55
28.25 | 9,40
24,40 { 12,75
19.20 { 17.85
14,70 { 23,50
11,30 | 27,75

28,20

30,15 | 8.90
29.10 [10.60
25.70 |15.15
20,70 }20,75
15,90 [26,20
12.45 129,85
11,20 30,65
12,50 {28.75
16,15 | 24,35
21,40 | 18,55
26,35 {12,85
23,85 | 8.k0
30.65 | 6.70
28,70 | 7.65
24,60 | 11,30
19,20 { 15.95
13,80 | 23,05
10,35 {27.95

27470
30.00 | 7.85
29.15 | 9.h40
25.55 {13.55
20,25 119,70
15.40 [ 25,15
11,45 [29.20
10,25 | 30,20
12,00 {28.10
15,50 | 23,50
21.55 116.85
26,60 | 11,05
30.35 | 05.65
31.15 | 04,20
29,25 | 06,20
24,60 } 10,40
19.30 | 16,20
13.30 ; 22,50
09.25 | 27.70

27.40
29.85
29,10
25.50
20,40
15.55
11,60
10,35
11,80
15,80
21,60
27,05
20,70
51455
29.55
25.15
19.15
13,30
09.25

07.75
09,20

13,65
19.20
24,85
28.95
29,95
27.75
23,05
1E,75
10.65
05,65
ok, 40
05,80
10.05
15.95
22,50
27.50

9,988

10,80

11,41

11.51

1 division = 0,5000 m,a, = 0,1502 % 107> dyn-cms per

ce.

(dyn-cm
per cce.

x 1072

) 1.501 ,
i
|

1,623

1,715

1.729




PLBLE 5.5 (continued)

189

Tempsrature 277°K

5,700

8,650

10,780

14,000

0-90

95-180

0-90

95-180

0-90

95-180

0-90

95-180

5 195

100
105
- 110
115
120
125
130
135
140
145
150
155
160
165
110
175
180

30

27,10
29.65
29.10C

25,85
20,85

12,05
10,80
12.35
16,30
22,00
2735
31,15
32,15
30,05
25,65
19.70
13,80
09,45

15:75 7

07.90
09.40
13.75
19.30
25,05
28.85
29,85
27.45
22.85
16.35
10,25
05.70
ok,15
05,65
09.95
16,10
22,70
27.45

26.90

29,55
29.25
26,10
21.35
16.35
12,70
11,45
13,00
17.00
22,70
27.80
31455
32,60
50.55
25.80
19.80
13,80
09.45

07.85
09.35
13,55
19.05
24,70
29425
29.40
27.00
22.40
15,90
09.85
05,30
03,85
05.35
09.65
15.55
22.25
26,95

26450

29.25
28.95
26,00
21.50
16.40
12.70
11.45

1300

16.85
22455
27.85
31455
32,45
30.50
25,65
19,50
13.50
09.05

07.50
08.85
13.25
18,75
24,05
28.00
28.90
26.55
21.75
15,65
09.45
05,00
03,45
05.05
09.20
15,15
21,75
26,55

25,99
29495
28.75
25,80
21,30
16.45
12,80
11.50
12.95
16,95
22.90
27.95
31,60
32.40
30635
25.45
19,30
15.25
08.75

07,70
18,70
12,95
18,50
24,00
27,65
28,55
26,00
21,05
15,05
09.05
ok, 55
03,10
ok,75
08,85
1k, 75
21,60
26,35

11.43

11,43

11,38

11.43

1 division = 0.,5000 m.a, = 0,1502 x 10

3

dyn~-cm per ccC,

(dyn-cn

per cc. )

x 10~

1,718

1,718

1,711

1,718




TLBLE 5.6

190

Temperature 3479K

)34
(oe)

1,464

1,963

3,154

5-90 | 95-180

5-90 | 95-180

5-90

95-180

5 |95

15 {105
20110
2515
30-1120
35~:125
Za 130
5. | ¥B5
5Q | 1%0
55 {145
60 {150
65. 1155
70 160
75 |165
80 {170
85 {175
90 {180

-00,95 }+20,20

00|+01,10 }+16,55
+05,30 :{+10,55"

+10,35 '} +03,80
+15,255| -01,80
+18,05 | -04.75
+17.,90 | -03.90
+14,85 | +00,47
+09,95 |+06,70
+04,10 | +13,.80
-01,10 {+20,10
04,00 ! +24,55
-03-60 |+26,25
-00,25 |+24,05
+05,60 | +19,45
+12,30 | .12,55
+17,30 {+06.05
+20,25 1+01,80

-00,65 | +21,40
+01.85 | +17.05
+06,95, +09.95
+12,40 | +02,.25
+17.35 | -05.90
+20,35 | =06, 70
+20,45 | =05,50
+17,25 | =01.50
+11,65 | +05,10
+05,10 | +12.,90
-00,28 | +19.55
-05,35 | +24. 40
-0%,20 | +25.60
+00,40 | +23%.25
+06,10 1 +18.40
+12,75 | +11.65
+18,45 | +05,65
+21,50 | +01,75

1

+00,30
+03,50
+09, 40
+15,55
+21,20
+24,60
+24,40
+20,65
+14,55
+07.25
+01,30
-02,45
=02 ,35
+00,30
+05,80
+12,15
+17.30
+21,20

+20.70
+16 .00
+09,00
+01,20
-05.15
~-08,75
-08.40
~03.55
+02.,90
+10.95
+17.30
+22,10
+23.35
+20,55
+15,65
+09.,75
+02430
+01.20

12,31

12,47

12,66

1 division = 0,1250 m,2. = 33.05 dyn-cms per cc,

he
(dyn-cmi

per cc,)

x 107 |

0.4069

o,4122

0.4187




TABLE 5,6 (continued)

Teuperature 379K

H
(oe)

4865

7085

5-90 95-180

5-90

95-~-180

5 95

10 100
15 105
20 110
25 115
30 120
35 125
Lo 130
ks 135
50 140
55 145
60 150
€5 155
70 160
75 1&5
80 170
85 175
9 180

+00,65 |[+16.25
+0h4,60 |+14,15
+10.40 |+07,55
+17,.,4C |+00,00
+23,35 |-06,35
+26,85 |-10,50
+26,50 |-10.,15
#22,45 | #05,70
+15,95 | +01,15
+08,15 | +09,00
+01,65 | +15,85
~02,60 {+19,70
-05420 | +21,00
-00,45 | +18,50
+04,60 | +15,60
+10.45 | +07.75
+15.,95 | +02,95
+13,45 14+00,30

+01,00
+05.25
+11,90
+19435
+25430
+28.95
+28,65
+24 ,60
+17,85
+09,70
+02,60
-02,75
-05.,95
-01,40
+0%,90
+09.55
+14,70
+17,50

+17.10
+13,10
+06,95
+01,00
=08 .40
~12,00
«11,50
+~07.05
+00,00
+07.,70
+1L4,25
+18,50
+19,50
+17.,15
+12.75
+06 480
+02,00
-00.35

15.32

]

13,60

1 division = 0,1250 m.,a, = 33,05 dyn-cm PeEY CC,

(dyn-cm !
per cc.)

x 10-3 ‘

0. 1"402

0, khok

191



TABLE 5,7

T I 1K

s | -1 | -1g°
ox x 105 x 10:5

erg en™> erg cm

92 507 5,28 8.k2
131 | 503 3,62 7.9%
171 | 499 2.47 6.23
233 | L9l 0,85k | 3.19
277 | 483 0,307 | 1.65
3L L7 - 0530

192



TABL: 5,8

]

92°x

131°K

H(Qe)

4925

8650

14000

k925

8650 |

14000

90

100
110
120
130
140
150
16C
170
180

15.55
S5k, 84
L%,90
43,00
38,00
31.70
25.15
20,10
13,05
21,90
29,95
33.55
31.50
26,40
19.95
15,05
07.40
05.95
15.30

17,00
32,60
k2,65
h3,95
39435
32.15
25,05
19,30
17.75
22,05
29.30
33435
31,75
26,45
13,75
11,00
05,60
06,65
17.05

15,20
31.75
41,85
bl 45
10,20
32,70
24,75
19,05
17.75
22,05
29,25
33.35
32,15
26.35
18,20
10,C0
05.15
07.70
18.25

17.95
2k b5
bl.75
k5415
4o,20
33.25
26,00
20,60
18,75
23.05
31.15
35.05
33,05
27475
20,25
13,00
07.50
07.55
17.65

18.95
%3410
43,35
k5,70
k1,35
33 .85
25.70
19,85
18,50
22,95
30,50
34,75
33.45
27.45
19,35
11.33
06435
06,35
18,90

19.45
32,55
42,75
46,05
42,05
34,25
25.70
19.70
18,55
22,15
30,50
34,95
33475
27,60
18,95
10,45
05,05

109,15

19.35

1
13
Il
|
$

a2

07.35

07.81

07.99

07.59

07.93

08.C9

i
i

Al

1320

Nele

320 113,50 113.5
1=5,870=17,18 x o§

dyn~cm/cm

13460

13.81

N Y - R

113,89 ____
1 = §,150 = 12,17 x 10

dyn~cm/cm”

{
!
b

4

Kl(erg cm-% 5,34 x 107

3.67 x 107




TABLE 5,8 (continued)

169°K

233°K

H(oe)| k925

8650

14000

Lg25

8650 | 14000

0 |z1.45
10 [35.70
20 |{46,00
30 (47,75
Lo 43,15
50 |35.65
60 {28,05
70 [22.45
80 {20.85
S0 |25,30
100{33,05

110}137.35

120;35,70
130{29,85
140{22,05
150]14,50
1460} 09,560
170{11,10
180}{20,85

19.40
32,55
k2,45
45,55
h,h4s
33475
25,75
19,65
18,40
23,00
30,40
34,95
33.65
27.50
19,00
10,95
0L.45
09.355
19.45

19,95
32,00
42,10
k5,75
k2,20
3k,15
25,50
19,25
18.30
23.15
30,45
34,95
33,80
27,60
18,85
10.15
0.515
09,70
19,50

19,60
33425
44,30
48,15
k3,95
35.15
25,70
18.95
17.90
23,50
32,05
37425
35465
28.40
18,70
05.15
ok,35
07.85
19,00

18,75 | 17.70
32.25 | 31,05
42,10 | 42.30
47,65 146,85
k3,75 43,25
34,50 | 34,00
24,75 123,70
17.75 | 16.55
17,00 | 15,85
22,80 {21.75
31,25 | 30.30
36,60 | 35,75
35.45 | 34,55
28,15 |27.55
17,65 {16.35
08,05 |05.95
03,50 {01.95
07455 06,25
18,55 |17.55

A2 | 7.60

7.81

7496

8,587

8,524 8,821

Ak 113,81

13,67

13,83

15.53

15,70 |16,01

1 =2.750 = 8.0k x 10°
3
dyn-cn/cm

.6

1=1.065 = 3,12  10°
My dyn-cm/cm3

erg

K4 cm > 2,42 x 107

0,960

b4 1O5

194



195

TABLE 5,9
H (0e) 1440 1820 3100 4050 5700 8650 1400
Tk | A +0,230 +0,306 +0,518 +0,712 +1.003 +1,402 +1.886
288 B -0.,220 -=0.337 -0,591 -0,816 =-1,077 =-1.633 =2.170
& a1.710 41,921 42,168 +2.360 +2.515 +2.700 +2,820
273 | 3 4,050 -4.000 =3.,716 =3.,550 =3.475 -3,458 -3,408
A $2.200 32,085 2,780 +2.860 +2.080 +2.9k5 +2,790
253 | B .3.716 -k,775. 4,608 4,375 -4,116 =3,850 =3,500
A -2,040 +2,325 +2,530 +2,590 +2,595 +2.515 +2.265
2b3 | 5 w2,708 4,008 -L,058 -3.891 -3,683 -3,416 -3,066
228 A +1,528 +1,793 +1,90% +1,884 41,812 +1,631 +1,281
B -.891 2,981 3,001 «3,033 -«2,891 --2.666 -2.325
a1l A +0,687 +0.,868 +0,896 +0.809 +0,593 +0,321 0,115
B -1,08 -<1,92 ~-2,12- .22,07 ., <1,985 -1,830 -1,540
188 A -0.462 -1,250 -1,759 -2,010 =2,375 =2,845 -3,440
B -0,115 -0,670 -0.905 -0,910 -0,885 -0,810 =0.610
oo | E 07RO 20280 3,575 -hah20 775 -5.325 -5.925
B -0,045 -0,360 -0,580 -0,510 -0,625 =0.585 =0.,450
148 A -1,083 -3,066 -7,100 -7,600 -8,056 -8,800 -0,483
B -0,040 -0.310 -0.765 =0,(50 =0,930 =0,990 =0.950
123 A -0,816 -2,716 -9,750 -11,08 -11,66 -12.01 -12.96
B -0,040 -0,540 =-2,035 -2,365 -2,610 -2,840 -2,945
o8 A <0,600 -2,420 11,02 -13,00 -13,25 «13.62 -1k b7 |
B -0.075 =-0.580 =-5,100 =6,062 =6.650 -5.975 5,850
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TABLE 5,10
T A B K'y Ko
ox In?e?c?pt In?e?c?pt z Fac?or -5 -5
(divisions (divisions | (ma/div.){ x 10 x 10
pver degree) per degree) (dyn-cm (dyn-cm
per czram)| per gram)
288 | +3.04 -3.70 7,07 +0,337 +0,037
273 | +2.75 <3450 6,67 +0,287 +0,039
2531 +2.20 ~-3.00 6,67 +0,230 +0, 02
243 | +1.78 ~2450 6,80 +0.190 +0,041
228 | +0.66 -1,60 6,80 +0,071 +0,050
214 | -0,65 -1,00 6.75 -0.069 +0,087
188 | -k,15 -0.35 6.50 -0.423 +0,230
161} -6.65 ~-0.25 6.25 -0,652 +04338
148 | -10,25 -0.80 5.85 -0,941 +0,507
123 | ~14,70 -3.00 5480 =1.337 +0,805
98 | -15,70 -7.00 5.80 -1,428 +1,032
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TASLy 5,11
Tempe;éture 213°K
B . o o o | oH 8 Sa
3(5:}\ 00 757 12001 X T lx 1072 x103]  x10)

1300 | -2.78 +0.55 42,55 |=2.98 |+0,23| =4.10 | -7,07 | ~-5.09
1900 | =2.83 -0,05 +2,28 [=2.35 |+0.55} =3.50 | =5.25 | =7.47
3000 | =1.70 ~0,33 +1,48 {-2.04 {+0,22| 2,40 | -4,9% | -3.90
4150 | -0,88 -C.25 +0.,88 |-0.63 | O 1,25 | =0,87 | -1.29
5400 | © 0 0 0 0 0 0 0
6650 | +0,50 +0,28 +0.58 |+0.49 |+0,18] +1.25 | +0,41 | <0,22
8350 | +0,85 +0,57 +1,30 |+0.95 | +0,55| +2.95 | +0.,87 | =2.21
9250 | +0.95 +40.75 +1.45 |+0,95 | +0,50| +3.85 | +0,07 | -0.82
10650 | +1.12 40,85 +1,90 [+1l.44k | +0,78| +5.,25 | +0.72 | =2.31
11950 | +1.32 +1.25 +2.45 |+1.76 | +1,13| +6.55 | +0.6k 4,0k
13500 | +1.50 +1.55 +2.82 !+2,13 |+1.32| +8,10 | +1,00 | -%,72

14000 +1.45 +l.45 +3%,05 +2.,40 {+1,60) +8.50 +1.47 -G.60
Readings in these 3
columng propnl.to 83, i

o ok, 30

Temperzature = 1310K
t

3(6:351 30° 75° 120° % x Y ix fg'3 x12§ xig3
1300 §+o.4z +5,15 =1,35 |=7.38 | =1,77{ =k,10 | -22,6 | +14,3
1900 :-1,48 +2,92 -1,38 |-4.25|+0.,10{ =3,50 | ~12.1 | ~2.79
3000 |-1.40 +0,97 -1.10 [~1.92 | +0.30}| -2.40 | -4,78 | 2,66
4750 {~0.68 +0,30 -0,68 {-1.481{ © -1.25 {~3.,94 | -0,85
5400 | C 0 0 0 0 0 0 0
6650 |+0.42 +0,05 +0,60 |+0,64 [+0,18| +1.,25 |+1,06 |{-0,81
350 1+0,77 +0,17 +0.,92 1+0.82 [+0,15| +7,95 140,59 | -0.20
9250 |+0,80 +1.,00 +1.50 [+0,85 |+0,70 | +3.85 | © -k, 26

10650 |41,05 +0.42 +1,82 [+1.48 40,57 | +5.25 |+1.34 |-7.45

11950 |[+1.17 +0,67 2,25 {+2,12 |[+1,08 | +6.55 |+2,49 |=6.41

13500 |+1.25 +0,92 +2,72 [+2.,48 }|+1.37 | +8.10 |+2.9C |-8,47

14000 |{+Ll.42 +0,97 +2,77 [+2,47 {+1,35 | 48,60 [+2.,49 |-7,98




(from Eqn, 2,54)

TABLE 5,11 (continued) 198
Temperature 92°K
=7 Hx .1 . X 4
H((b\ 30°  75° 120° X Y | 1073 8807| 80100
1300 {+2.55 +8,20 =2,95 |-13.90| =5,50} =4.10 | k7,9 |+54.97
1900 [-0.30 +4,65 =0,90 | =7,35 |- =0.60|- =3.,50 |-=2k,7 | «$8.18
3000 |-1,10 +1,57? -1,08 | -4.84 |-+0,02!..=2,40{-+1611 1} -0,92
4150 |-0,65 +0,52 =0,65] «2.97 0 -1,25 -9,9 | -0.04
54LCO | © 0 0 0 0 0 0 0
6650 {+0,32 40,25 +0,65 | +0.56 [+0,33% |+1,25 |=%1;24 | «2.92
8350 |+0,95 +0,40 +1,10] +0,77 |+0.,15 |+2.,95 | +1,34 | -0.68
9250 |+1.17 +0,32 +1,82 | +1,82 |[+0.65 |+3.85 | ¥4.80 | -6.09
10650 |+1,55 +0.85 +2.,27 | +1.78 [+0.72 |+5.25 | +3.86 | 5,83
11950 {+1,85 +1,k2 +2,85 | +1,93 |+1.00 {+6,55 | +3.70 | -8.28
13500 [+2,15 +1.60 +3.,401{ +2.42 |+1,25 |+8.,10 +4,92 | 10,48
14000 1+2,22 +1.82 +3,65| +2.53 |+1.b2 |+8,50 | +5,02 =l2,09
TALLE 5,12
Temperature %% 213 151 92
offective
gauge factor 2,22 2,09 1,98
(¢, +C,) x 10° 159,0  -167.h  -169.5
(cl - mz) X 106 '45050 '45.?5 -b'zloo
5X14 - 6X9 +1,6 +1,8 +1,7
8Y14 - 6Y8 +1,1 +1,2 +1,1
Ba,, - d2g -0,00kk  -0,0084  -0,0111
(radians)
804y, - 8bg
(radiDnS) +OOOOO‘?3 +0.0019’+ +0.00293
(¢! + c,") x 1080 | -1.25 1,18 ~0.80
(from Zgn. 2.63)
(cl' + 02') x 1010 ~0.,52 0,33 0,17
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Chapter Bix .

DISCUSSICN. CF _RESULYS _AND CONCLUSIONS

8 6,1 The Anisotropy Measurements,

The measurenents of the first anisotropy constant,
Kl' using the (110) nickel specimen were undertnken to verify
by comparison with existing data that the modified version of
the torque meter, together with the temperature control
apparctus, was functioning correctly., From figure 4,6 it
will be seen that in fact the present results for Kl’ lie
within the range of existing measurements so that it may be

concluded thrt the apparatus was working satisfactorily,

The primery purpose of the anisotropy measurementis on
the (111) nickel specimen was the nccurzte determination of
the second anisotropy constont K2. This was =ccomplished,
but only after an 2dequnte theory for the magnetization
process in high fields had been developed, The values for K2
obtnined by previous investigntors that existed when the

present work was started are sumnarised in the tnble below,

K, x 1Q:h Tenmp. HMethod Reference
(efg cn™”)
+ 543 Roonm MC ¥cKeehan (1937),
Hondn, et 21, (1935).
+ 1,09 Room MC. Nakamura (1955)
- 3.6 ZOO e
ks 0.5 .29 M Reich (1956)
- 6,06 20% Ml Barlow and Standley
o o (1958)
I 3123 $7o§ } T Sato and Chandrasekhar
(1958)

(}MC, from measurements of magnetization curves; M7, from
microwave resonance technique; T, from torque curves,)



200
This table reveals considerable disagreement between

previous measurements and it was therefore thought to be
desirable to make the present measurements of K2. One
explanation put forward (Pearson 1960, Anderson and Donovan
1959) for the discrepancies between the values of K2 given in
the table was that experiments by static ond »y microwave
resonance technigues do not, in fact, measure anisotropy
constants under the same conditions, and that the former
correspond to constant stress ond the latter to constant
strain., However, it is possible to calculeote the differcnce
between the effective value of K2 at zero stress ond 2t
constont strain, and this has been done in appendix A3 where
it was found thotAK, was 0.57 x 1OLP erg em™, It is there-
fore unlikely that this explanation of the discrepancies
exhibhited in the table is correct, 2nd it might be expected
thot the dnta obtained from direct torque measurements would
be more reliable. In fact the magnitude for K2 obtained by
Sato z2nd Chandrasekhar, using direct torque measuremznts,
agrees well with the present measurements at room temperature,
cnd it is believed, for the reasons stated in Chapter 4, that

an error in sign was made in Sato znd Chandrasekhar's

measurenents,

After the publication of the present results (Birss
and Wallis 1964, Apnendix AL), further direct torque
measurements over a wide range of temperatures were reported
by Hofmann (1964a), who used a conventional torque measuring

systent in conjunction with 2 single crystal nickel sphere,



However, he obtzined (Hofmann 1964b)the expression 201

2

81K1)

1
I'¢= i3 % - 72~ 75 (6.1)

for the amplitude of the sin 63 ' component of the torgque
curve, by mcking the incorrect assumption that the
magnetization vector always moves in za plane containing the
easy direction oand the field direction, Comparison of the
above expression with equation 2,35 shows the extent by which
his analysis was in error. Hofmann's results nevertheless
agree in sign and order of magnitude with the present work,

A microwzve study of the variation of Kl and K2 with
temperature has also recently been reported by Rodbell (1964)
who used single crystal whiskers and platelets of nickel., He
obtained results which zgreed in order of magnitude cond sign

with the present measurements.

From figure 4,6 it caon be seen thaot the varintion with
temperature of K2 obtained in the present work becomes
progressively more rapid as the temperature is lowered, but
that at o temperzfure of about 100%K this trend is reversed
and the variation begins to decrease again, This feature is
exhibited even more strongly in the results of Hofmann, where
K2 is actually found to reach a2 maximum value a2t about l}OoK.
(It shouléd be born in mind, however, that these latter results
must be to some extent incorrect owing to the method of
analysis used), It is thus clear that the variation with
temperature of K2 caninot be explained by assuming thot it
is proportionzl to some power (e,g. the 215%) of the

reduced magnetisation, as has becn described in ghanter 1,

—
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pmust be found. Such an explonation might be thot the second
anisotropy constant arises from a pseudomultipole interzction
which depends for its existence on the non-alignuent of the
spins. Such interactions would de similar to the pseudo-
dipol-r internction suggested by Van Vlieck (1937) for K; in
nicke}, He pointed out thatbec~use nickel has cubic symmetry,
pseudodipolar interactions cannot lead to any anisotropy when
the spins 2are perfectly aligned., (He =lso showed thnt the
pseudoquadrupoiaf and ﬂ;ghef order interactions are not allowed
unless 8 > 1, so that in nickel, where S o %, these interactions
may not exist either). ‘7ithout perfect alignment of the spins
he showed thot 2o second-order pseudodipolar contribution to Ki,
m2y appenr which is of the same order of magnitude ns that due
to o pseudogqusndrupolar interzction, However, by implic-tion
the second-order pseudodipolar anisotropy must presumably
decrease as the tempasrzture appro-~ches absolute zero -nd the
spins hecome more nexrly aligned, Although no corresponding
decrease in Kl' has been observed ns the temperature aprrozches
absolute zero, 2 similzor srgument might still be fruitful in
explaining any decrease in K2 with decreasing temperczcture,
Joenk (1963), using the original Van Vleck theory,
amended by spin wave analysis, h2s evaluated the contributions
to Kl(o) and KZ(O) from pseudodipolar, quadrupolsr end dipole-
quadrupolar interactions . He did not attempt to determine the

temipercture voristion of the anisotropy constnnts, but found thot
K = .
1€0) = K,;(0) + K, (0) + K10 ,(0) + K p,(0) + K, (0)  (6.2)

K,(0) = Kypo(0) + Ky (0) + K, (0) (6.3)
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where the subscripts D and Q indicate the pseudodipolar or
pserdoquadrupolar origin of the terms, while the dash indicates
‘a second-vrder interaction, Jcenk assumed thot 8 = ¥% for
nickel, which meant that all quadropole~like terms were zero,
and he was then able to obtain two eguations in D (the

pseudodipolar coupling constant which is proportional to Di'

J
in Van Vleck's 1937 theory) nemely

K (0) = Kk (0) + K, pi (0]

2 2
= -« % MNM°D n{l + 0,222 A )Q
g 23 { Gsz2-ny &

\O

. D(Bnl6 - 70 - 42313)}
23 (282 - 1) 2

(e.4)
and
K5(0) = Kyp00)
=-2m® 0 (226 + sksa)
2J(252 = 1)2
(6.5)

where for f.c.c., nickel the various constants have the following
valuesn = 0,9793, A = 1,0 W = 2107 = %, Qog = = %?, 2 = 12,
and JS = 2,5 x 10"14 ergs, Joenk extrapolated the known values
of Ky (T) to obtain Kl(O) = - 8,5 x 10° erg cn™ and wes thus
able to obtain a value for D from equation 6.4, He chose the
negative sign for D (by inspection of equation 6.5) since the
best experimental evidence (Sato aznd Chandrasekhar) indicated
that K2(O) was positive., He then used this value of D in
equation 6.5 to obtain the magnitude of K, (0)= 0.271 x 10°

3

erg cm ~ and concluded that this was not in good agreement with

experiment , which indicated at that time that K2(O)a: b x 10°
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3

erg cm ~,
From the present measurements of K2 by torgue methods
it is clear that the sign of D, obtained by Joenk, must be
changed, TFurther inspection of equation 6.4t shows that the
second order term in D3 is very small so that the magnitude
of D = 5.84 x 10'15 erg will be approximately unchanged, and
that K2(0):; - 0,271 x 10° erg cm-3. Inspection of fig. 4.6
shows that this may now be in fairly good ngreement with

experiment but that clearly further low temperature

measurements are desirzble before such an assertion can be

made with certainty, especizlly since the change in trend of
the varintion of K2 with temperature only just becomes
apparent at the lowest temperatures at which measurements

have been m~ode so far,

%6,2 The Theory for the Magnetization Process in a (111) Plane.
In8 2,2, equctions were derived that specified the

behaviour of the magnetization vector as a function of the

‘ apnlied field, The calculations are appropriate to the high

field or 'single-vector! region, that is the region where the

specimen is magnetized as 2 single domain., In order that the

equations could be solved analytically it was necessary to

introduce a number of apyroximations which were only valid for

large apnlied fields =~nd it was shown in8 2,2 thot at rirst sight

these aphroximations appear to start to break down at fields

of about 6 koe. However, more detziled analysis showed,

in fact,that the aporoximations introduced very little error

down to 2 koe. There is thus a discrepancy between the
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theoretical znd experimental torgque curves which in fact
diverge at apolied fields between 5 and 7 koe, It wust be
emphasised, at this point, that there is no rezson to believe
that the theory is incorrect at higher fields since experiment

and theory agree very well there.

The various possible reasons for the divergence of the

theory from experiment will now be discussed separatsly,

§6.2.1. At first sight, the most likely possibility
eprears to be that the aproroximations used in the theory =are
not valid, As alrezdy stated, it hss been shown that the
approximztions made should not introduce substantinl errors
until the field is r=duced to 2bout 2koe . However, che
analysis is fairly complicated so that cnother method of
estim>tion is desirable to confirm that these calcul~tions are
correct, esnecially since it appears that the apwroximations
themselves become invalid =t about the field magnitude where
theory and experiment diverge, Full numericzl solution, by
computer, of the equations thot define the position of the

I_ vector (equations 2.24) would fulfill this need,

6.2.2, The onset of 2 multidomsin state 2t a particuler

field (e.g. 6koe .) would invalidate th= theory below this field

magnitud. However, the field ot which the specimen becomes

saturated may easily be estimcted, zlthough the estimate
depends on the direction of the =zpwlied field, H., If H is
along a <11l2> direction, saturntion will occur when H~ 200

3

oe, assuming Kl = 5x 105 erg cm ~. The demagnetizing field
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of the specimen has not been taoken into account here but it

cannct alter,by the order of magnitude required,the Yield that
must be avplied extornally to obtain saturstion. Hence there
can he no question of the onset of a general multidomein state
which would involidate the theory ot fields &5 high as &koe.
This statement must be quszlified, because the shape of the
specimen was not ideal, An ellipsoidal surfoace is required
for tie nmegnetization to he uniform within the specimen, but
the specinmen was actually a2 thin disc, which approximates
closely to the required shape. Nevertheless there is a
possibility of closure domains persisting in the 'corners' of
the disc 2t fields higher than those estimated for saturation,
However the volume involved would be very small so thzot this

can only be 2 minute contributory cause of the discrepancy.

§Le2s3, The possibility that the torgue measuring
equipment was not functioning properly must be ruled cut as
demonstrated by the measurements of Kl' values of which fell
within the range of =ccepted v-lues to be found in the
liter~ture, In particulsr, any variztion of the sensitivity
of the torque-meter with field coulé be import-nt., However
this point was carefully checked z2nd no change in sensitivity

could he detected,

§6.2.k, iny error in the orientation of the (111)
vlane relative to the surface of the specimen misht mean thet
the field was not a2pplied in the correct plane and

consequently that the theory would not apply. Careful X-rayr
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analysis over a large area of the surface of the disc
(chazker 3) showed that the (111) plane was within 15 minutes
of the surface, although internal twinning or other
irregularities would not be detected by X-ray analysis owing
to the very small panetration depth of the X-rays, It is,
however, unlikely that 2 good 68' torque curve such as that
shown in fig, 4.3 would have been obtained, had such
irrezularities been present. It must therefore he concluded
that neither the present specimen nor the torque meter could

be the cause of the observed discrepancy.

§ €+3_ The Magnetosiriction lMessurements on Nickel,

These measurements were made in the (111) plane so that
the theoretical calculations developed to describe the movement
of the megnetization vector in high fields could be employed.
These calculations enabled the saturation mognetostriction to
be predicted, and the difference between the measured and
predicted values of the saturation mdgnetostriction then
vermnitted the forced magnetostriction to be deduced. In
principle it is possible to measure both the first and second
forced mognetostriction constants separately, however in the
(111) plane it was only possible to measure the sum Cit + Cyte
Only measurements between 8 and lbhkoe were employed to ensure
that the theory used was applicable, It was found that the
two methods used to determine Cl' + CZ' were not entirely
consistent, and it was concluded that the cause of the

inconsistencies was the inability to match exactly the active

and dummy strain gauges. This difficulty arose because
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although it was possible to matech the pauges so that changes

in resistance arising from temperature changes were exactly
cancelled, it was still not gererally possible to
simultaneously match the gauges for magnetoresistance, This
is presumably beczuse of th: prescence of variable amounts of
impurity in the strain gzuge wire. The difficulty was
aggravoted at the lower temperatures since the magneto-
resistance of the gauges become lezrge and very careful

anguler alignment of the dummy =nd active gnupges was necessary.

From the results it ¢zn be ssen that the forced

mecgnetostriction decreases with decrease in temperature,
as is expected, since it arises from the degree of disalign-
ment of the spins, which will decrease s the temperature is
lowered, The magnitude and sign of these results are also
in reasonable agreement wiih the recently published results
of Lourens =nd Alberts (1964), who measured the first znd
second forced magnetostriction constants of nickel at room
10 -1

oe

temperature and found hy' = C ' = -0,84 % 10~
10

= 021 = 0,33 x 10~ oe'l, Their value of Cla + CZ' is
10

thu% - 1,50 = 10” oe-jandznay be compsred with the results

and h,!

piven in Chapter 4 (and in Chapter 5) namely Cy' + Gyt =~
-1

-1 x 100056 ot 213%,

Usinpg the values of Cl' + 02' obtained in the field
range 8 to 14 koe,A 2ndg (the in-plane zud out-of-plane
angles specifying Is relative to E) were estimoted for

fields from 8 koe down to 1,5 koe SO theat the extent of

the agreement with vzlues obtained theoretically couvld be
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inspected., From figures 4.8,1 and 4,8,2 it can be seen that

the azreement in this field range is better for Athan fora
which roflects the fact that A (theoretical) is determined
directly from the torque measurements, while a (theoretical)
is found from the theory which itself is not particularly
relizable below 6. koe. Clearly, if the magnetostriction
measurenents could be improved it should be possible to use
then to wmeasure o directly but it is doubtful if this could be

done using a strain-gauge technique,

§?.@ The Anisotropy Measurements on GCadolinium,

The anisotropy measurements on the gadolinium
specimen werz of a tentative mature, They were undertaken
because the specimen was available and the torque measuring
apparatus, which was already being used for successful
measurenents on nickel, was also available. Such mecsurements
as could ensily be acde were therefore carried out, ond in
fact the first and second anisotropy constants, Kl' and K2'
were obptained from torque curve slopes around zero torque
over & range of temperatures from the Curie point down to
??OK. rieasurements of the angle of the easy~-cone of
nagnetization were also made and these measurements agree well
with those of Corner Roe and Taylor (1962) aznd Graham (1963:,

1964), However, two features of these experiments were not

entirely staisfsctory and taese will now be discussed.

First, the sensitivity of the torque meter was
suitcble for measurements on nickel. The volume of the

nickel specimen was roughly the same as that of the
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gadolinium specimen so thazt the torques developed on the

latter would have been too large for the torque meter. Hence
it was only poscible to make measurements in field directions
where the torque was nearly zero and this only permitted the
measurement of the slope of the torque curve and the semi-
angle of the eosy cone of mognetization. Hore comprehensive
measurements of the complete torgue curve would have nmnde it
possible to extract the maximum information from the
experiments by the use of Fourier analysis, This would also
enable the higher-order anisotropy constant to be measured
which would be desircble since there is some evidence (Rodbell
and Moore 1964) that these higher order constants may not be

insignificant,

Secondly, the maximum field available was only 14 koe .
The anisotropy .. constants were found by extrapolating the
results obtailned to infinite field by plotting them against
1/H and extrapolating to find the interecpt at 1/H = 0, In
the case of gadolinium this procedure was unreliable since
the variation of the torque slope against 1/H was not linear
and this could lead to fairly substantial uncertainties in
the intereept at 1/H = O, This difficulty 2ppears to arise
from the large vaoriation with field of the daturation
magnetization over a wide temperature range (Nigh Legvold
and Spedding 1963) and mey clenrly ohly be resolved by wmalking

mezsurenents in much higher fields.

For the two reasons just discussed, and because
Graham (1964) had already made adequate torque measurements

on zadolinium at fields up to 20.koe , it was not considered
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expedient to continue with these particular measurements of

anisrtropy.

§6.5 The Domain Observations on Gadolinium,

Domain observotions were made by a colloid technique
on a single-crystal gadolinium specimen which was prepared at
the scme time as the single crystal disc used for anisotropy
measurements, Both the preparation of the colloid and the
preparation of the surface of the specimen were found to be
critical for success. The colloid used has a Xylene base and
was prepared in a similar manner to that used by Gustard
(196L4) for the preparation of acetone based colloids except
that the dispersant used to keep the colloid in suspension
was Aerosol 0.T. (diethylhexyl sulphosuccinate), The surface
was prepared by careful polishing and then by ion bombardient,
Domains were observed in the region tetween 273°K and the
freezing point of the colloid, and they were similcr in form
to those seen on cobalt, This was to be expected since both
cobalt and gadolinium have (inthie temperature range) a large
uniaxial anisotropy. Domrnins on gadolinium were, however,
much harder to observe than on cobalt owing to the proximity
of the Curie point, which meant that the saturation
magnetization was small., In order to increase the sensitivity
of the colloid, the particle size was increased with a
consequent reduction in detail and this explains the very poor
definition shown in figure 4,13, Clearly it would be of
interest to make domain observotions in ths rcgion where

there is an easy cone of wmagnetization, However, such
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observztions were not possible owing to the high freezing
point of the colloid used and owing to difficulties of
atmospheric condensation on the specimen, These difficulties
would ne mbst easily overcome if the domains were observed
by the Kerr-rotation technique althouph again difficulty may
be experienced near the Curie point where the magnetization

is small,

8 6.5 Proposals for Further Research.

4 number of ways in which the measurements described
here may be extended have been indicated in the forezoing
discussion, These will now be summarised and 2 further

sug-estion for a connectedlonger~term experiment will be made,

§5.6.1, The torque measurements on the (111) nickel
specimen should be extended to lower (liguid-helium)
temperatures, This would establish the low~tempersture
behaviour of K2 cnd also allow a reasonable estim:te of Ka(O)
to ve mzde for comparison with the estimated theoretical
velue (Joenk 1963)., Such zn extension of the present
measurenents would require the production of somewhat hirher
apnlied fields (possibly by the use of a superconducting
solenoid) than are currently zvailable, because th:re is,

at 77°K, only a small high-field range over which K2 may bhe
determined from torque curve amplitudes, This range decreases
as Kl increases and since Kl will he much larger a2t Q.ROK,
than at 77°K, it will be difficult to aeasure K2 accurately

here unless the maximum ap-lied field avsilable is increased,
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§€.6.2. Improvement ~nd extension of the mngneto-
striction messureucnts on the (111) specinen depends or
the mazthod of zecsuring strnin ~und the wire strain
gauges used for this purpose were found to be not
entirely satisfzctory. Extension of the present nmensure-
rients must therefore nwoit the introduction of a more
satisfactory means of measuring the very smzll strzins

involved,

§6.6.3. There is clearly scope for improving both
the ~nisoiropy measurements z2nd the domain observations
on gadolinium, The former menmsurements zgain reguire
much higher fields thon are availsble =2t present, to
2llow the =ccurate extrzpolcotion of the effective
2nisotropy const~nts to infinite f{ield, Wnen adequately
large oppliad fields become 2vailnble the torque nessure-
ments rmight be usefully extended to lower tenmperatures

(ecgo Li'-aok)n

The domnin observotions should bhe extended at
lezst to 2 tempernture where there is 2 cone of easy
dirsctions, so thrt the effect of this type of mognet-
ization on the domnin structure may be studied, It
night prove to be nossible to obt-in the cone zngle from
the domnin configurntions to provide confirmztion of the cone
engle obteined indiresctly from the present torque

nezsurements, To do this o new colloid must bhe developed
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since Xylene freezes nt-0°C, a temperature which is
too high., Alternotively the magnetic Kerr effect night
conveniently be used for domain observcotions, (Roberts

~nd Bean 1954),

§6.6k The torque neter described in this work wss
originally designed so that onisotropy mersurenents might
be m~de ot high pressures. The torgue meter is particularly

suitnble for such zensurewments becnuse of its small volume,

bechuse it may be colibrzted under working conditions and
becouse it only requires electriccl leads to be introduced

into the pressure vessel,

Measurements nat high pressures would allow &
study to be m-de of the vcoriction of the anisotropy

constonts with the chonge in volume of the specimen,

The varintion of K1 with pressure is of use in
correcting the temper-~ture dependence of this consteont
for the effect of thermal expsmsion. Carr (1958a)drew
attention to the frct th-~t before the experiﬁentally
measured temperc~ture variation of Kl could be compared
with, for instance, Zener's tenth power law for Kl’ tﬁe
experimental values must be corrected for the effect of

thermal expansion, Conmplete corrections may only be

made when the vpressure dependence of Kl' is known

(Birss 1964). It is therefore sugwested thzt such high-
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pressure cnisotropy mecsureuments be made on nickel and

adolinium to obtzin the veriction of the znisotropy
constants with pressure, This would provide continuity

with present 2nisotropy mecsurements made nexr zero

{atmospheric) preseurec on these metals,
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APPENDIX Al

The Temperature Dependence of Magnetostriction

In a recent paper Kittel and Van Vleck (1960) have extended the conventional
theory of the variation with temperature of the anisotropy of cubic crystals to include
that of the magnetoelastic constants. Specifically, if these constants are defined by
the equations (see, for example, Birss 1959)

V10 = Lo+ Lyoa2+ Lawyd + Laaa2ug? Vad = Lo+ Lijas® + Loag? + Laag2ey ®
V3 = Lo+ Liag?+ Loagd + Lawy2as? V40 = Moxsag+ Mia2usug
V50 = Moz + Mlagzagal Ve = Moyxyas + Myagleias

their predicted temperature dependence is given by
Ly(T) = [Lx(0)+7L(0) +7La(0)]153 — [#L2(0) ++La(0)]51°
Lo(T) = Ly(0){0 Lo(T) = Lo(0)20

My(T) = [Mo(0)+7M;(0)]53 — M (0)¢10 My(T) = My(0){20 (1)

where { is the reduced magnetization.

The first purpose of this letter is to point out that the calculation of Kittel and
Van Vleck is appropriate to constant lattice strain, whereas the reduced magnetization
refers to constant stress. The state of strain of a crystalline lattice at temperature T
differs from that at 7' = O partly because of thermal expansion and partly because of
magnetostriction. The normal thermal expansion is supplemented by a change in
magnetostriction with temperature to give a deformation of the lattice which is princi-
pally an isotropic volume strain, w = w(7'), but is partly an anisotropic deformation
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that depends on the direction of magnetization. Since, however, it is observed experi-
mentally that, for the ferromagnetic metals at least (see Callen and Callen 1960), the
magnitude of the saturation magnetization depends on w but not on the direction of
the magnetization relative to the crystal lattice, it is possible to express the spontaneous
magnetization (7, w), at temperature 7" and volume strain w, approximately in the
form

ol(T, w)
—_—w

ow

I(T, w) = I(T, 0) +

where o(0) = 0. The quantity observed experimentally, { = I(7T, w)/I5(0, 0), should
therefore be replaced in equations (1) by either Iy(T, w)/I§(0, w) or I(T, 0)/I5(0, 0),
that is by
1 (T, )
'=7- w.

10,0) éw

The second purpose of this letter is to present expressions, corresponding to (1),
for the temperature dependence of the magnetoelastic coupling constants for hexagonal
materials as derived from the theory of Kittel and Van Vleck. For hexagonal materials
the magnetoelastic coupling constants may be defined by the equations

V10 = Lo+ (Ly— L3)xy2+ Laxo? + 4 Laoty 2002 + Laoa2os® + (Ls + L3 )ag2or2
Va0 = Lo+ (L2+ La)x12+ Liog? — 4Lgog2a02 + Lyoo?ag® + (Ly — Lg)xg2o 2
V3l = My-+ Mi(oa® -+ oe?) + Mo(on® + o2?)org?

V0 = ooug(No+ Niog?) V50 = agus(Np+ Niog?)

VO = agotaf(Ln — Lo— Ls)— (La— Ls — La)ag® + 2 La{os® — ats2)).

These equations may also be written in the form

1 1
V10 = -(3Lp+ Ly+ Lo+ 3Ls+3Ls5)Yo,0— 5(7[41 +7Ls—Ly—Ls5)Ya

w

1 4
+ 4—,)(7L1 —7Ly—6L3— Ly+L5)Yo0— ﬁ(IA +Ls5)Y4,0

1 1
—(Ls—Ly+L5)Y39——L3Y.
+105( 3—La+L5)Ya F1o-aYaa

1 1
Vol = §(3Lo +Ly+Lo+3L4+3L5)Yo,0— 2—1(7L1 +7Lo—Ly—L5)Yz
! 7L)—7Ls—0L3— Ly+ L3)Y. i (La+ Ls)Y.
_E( 1 2 3= LatLo)Yo 2 —(la 5)Y4,0

1 1
——(Ls— L4+ L5)Y. —L3Y.
105( 3—Ly+ Ls) 4,2+210 3Y3,4

1 2 8
Vs = 1—5(1 SMy+10My +2M2)Y0,0 —2—1(7M1 — JWQ)YZ,O —3—5—M2Y4,0

1 2 1 2
Vi = —(7Ng+3N1)Ye 1 +—N;Y;s - V50 = —(7Ny+3N1)Y —N1Y.
4 21( o+ 3N1)Ye, 1+35 1Y3,-1 5 21( o+ 3N1) 2,1-%—35 1Y3,1
Vo = L= 7Lo— 6Ly Lyt L)Y o+ ——(Lg— La-+ Ls)Ya-o+ ——LgY
o = (7 2 3= Lo+ Lo)¥e,-2+ 1oollo—Lat Lo)Yaot o LaYag




Letters to the Editor 370

where the surface harmonics Yn,m are defined in terms of the (Ferrer’s) associated
Legendre functions of the first kind as follows:

Yu,m = cosm¢Pym(cosf) for m >0
Yy, m = Pp(cos6) for m=20
Y., m = sin|ml¢Pym(cosf) for m < 0

and where )
oy = sinf cos¢ og = sinfsing g = cos?f.

Consequently, the temperature dependence of the magnetoelastic coupling constants is
given by
Ly(T) = [L1(0)—FLa(0) — #La(0))(£")® + FLa(0)(§")10+ 2La(0)( L")

Lo(T) = [L2(0) +3La(0) — #Ls(0)(5')> — #La(0)(£')0+3Ls(0)(E )
Ly(T) = Ls(0)(¢&)** Ly(T) = Ly(0)(&')® Ly(T) = Ls(O)(&')°
M\(T) = [Mi(0)=3Me(0))(&')3+%M2(0)(')* Mx(T) = Ma(0)(&")™

No(T) = [No(0)+FN1(0)(¢' — N1 (0) (&) N(T) = MO)EN. (2)

(The coefficients of Yg,o may not be included in relations of this type; this has been
discussed by Lee and Birss 1961.)

If the temperature dependence of the elastic compliance moduli S11, S33, Siz, Si3
and Sy (see, for example, Birss 1959) is known, then the variation of the spontaneous
magnetostriction

A = Qo+ Q1B+ [Q2+ Q3a3®](1 — 3%)
+[Q1+ Os032)(1 — x32)B3% + [Q6 + Orxa®](ea 1 + x2f2)xsPa
+ [Os+ Qoxz?](x181 +x2B2)? + Q10(2o10281 + 21?P2 — x2?Bo)?
with temperature may be predicted immediately from (2), since
Qo = —Lo(Su1+S1)—MoS1s Q1 = —Lo(2813— S11— S12) + Mo(S13— Sas)
Q2 = —L1S12— LoS1—M1S13 Qs = —LsS12— LaS1i— M2Sis
Q4 = L1S12+ LaS1 — (L1 + L2)Si3+ Mi(S13 — Sas)
Os = LS+ LsS12 — (La+ L5)Si3 + Ma(S13 — S3s)
Qs = — NoSug Q7 = —N1Sau
Qs = —(L1—La— L3)(S1—S12) Qo = —(Ls— La+ L)(S11 — Si2)
Q10 = —Ly(Sn — S12)-

Il
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APPENDIX A3
A new torque meter or torque magnetometer

R. R. BIRSS and P. M. WALLIS
Imperial College of Science and Technology, London
MS. received 12th August 1963, in revised form 27th August 1963

A torque meter is described which employs the principles used in work with resistance strain
gauges to convert small torques developed in isolated specimens directly into electrical
signals. ‘The overall sensitivity and the maximum torque that can be measured with this
meter can both be altered appreciably by suitable modifications in design, but for the
instrument described the overall sensitivity is about 3 dyn cm per cm deflection and the
maximum torque is approximately 4 x 10° dyn cm.

The meter has been used to measure the anisotropy torque developed in a (111) single-
crystal disk of nickel and hence the second magnetocrystalline anistropy constant K.
At 23° ¢ the effective values of K, appropriate to 7300 Oe and infinite field are respectively

2-38 x 10% and 2-53 x 10* ergcm—3,

These results are in excellent agreement with the

direct determination of X, for nickel by Sato and Chandrasekhar.

1. Introduction

A consideration of the types of torque meter at present in
use for measuring small torques, such as the torques developed
in the measurement of magnetocrystalline anisotropy and
rotational hysteresis in small isolated magnetic specimens,
revealed that a somewhat simpler and more convenient
torque meter might be developed using the principle
employed in work with resistance strain gauges. Such a
development is attractive because it allows a particularly
simple experimental arrangement: the fractional resistance
change resulting from the development of a torque in a
specimen may be easily and accurately measured with a
Wheatstone bridge.

The normal type of torque meter (Sato and Chandrasekhar
1956), consisting of specimen holder with mirror attached,
torsion suspension and torsion head, suffers from certain
disadvantages. For stable measurement of a complete
torque curve the elastic constant of the suspension must be
greater than a limiting value determined by the volume of
the specimen and the slope of the torque curve (Harrison
1955) and consequently the maximum sensitivity is limited
for stable operation. Although the system is basically simple
it would appear that considerable care and patience are
needed to obtain accurate results.

These difficulties are reduced, although not eliminated, in
a somewhat different type of apparatus first described by
Craft, Donahoe and Love (1955) and subsequently modified
and improved by others including Penoyer (1956) and Pearson
(unpublished). The specimen is suspended from the coil of
a moving-coil galvanometer and the torque developed in the
specimen is balanced by passing a current through the
galvanometer coil. Automatic balancing is achieved by the
use of feedback and the sensitivity of this type of instrument
appears to be about 1 dyn cm per cm deflection of the indi-
cating instrument. The same principle (of balancing torque
against electromagnetic force) is used, with a much higher
sensitivity, to measure the anisotropy of thin films (Humphrey
and Johnston 1963), but the system used is necessarily com-
plex and the apparatus cumbersome.

In another type of torque magnetometer (Miller 1950), the
specimen is supported by an axle mounted in bearings. A
phosphor bronze strip, wrapped once round the axle and
kept under tension, converts the torque on the axle to a

tangential force on the strip which is directly measured with
a commercial force-measuring device using the strain gauge
principle. The maximum sensitivity is apparently of the
order of 10° dyn cm per cm. Friction in the bearings limits
the sensitivity, and an error due to the rotation of the
specimen when torque is developed is also present.

The torque magnetometer described by Aldenkamp, Marks
and Zijlstra (1960) avoids bearing friction by the use of a
special torsion suspension which incorporates three phosphor
bronze strips between two disks. This arrangement makes
the suspension relatively rigid to unwanted lateral displace-
ments. A differential transformer and commercial displace-
ment meter are used to measure the rotation between the
two disks. It is claimed that there is negligible rotation of
the specimen and that the maximum sensitivity is 150 dyn cm
per cm.

The torque meter to be described is based on the change
in resistance of a wire which occurs when it is strained, a
property employed in resistance strain gauges. A torque
developed in the system yields an electrical signal via a simple
Wheatstone bridge circuit. No feedback network is neces-
sary for stable opeiration, nor is there a limit, in this respect,
to the maximum working sensitivity.

The configuration of resistance wires finally adopted gives
the torque meter a number of desirable features. These
include:

(i) positive location of the specimen in the magnetic field,
with negligible rotation on application of torque;

(ii) insensitivity to unwanted translational forces and
torques;

(iii) insensitivity to small changes in ambient temperature
and pressure;

(iv) a small volume (~ 12 cm?), facilitating temperature
control and stabilization;

(v) absence of friction from supporting bearings, etc.
(since support is entirely by elastic means);

(vi) linearity between the output from the Wheatstone
bridge and the torque to be measured.

The use of semiconductor strain gauge elements was con-
sidered because they exhibit a much greater resistance change
for the same strain. However, the sensing element in the
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torque meter has to measure stress rather than strain, and
high sensitivity is achieved with a small area of cross section,
so that a large strain, and hence a large resistance change,
accompanies a given stress. Further factors favouring the
use of strain gauge wires are that they are readily available,
that they are much easier to manipulate than semiconductor
elements of the same cross section and that the magneto-
resistance of these wires is small when compared with
magneto-electrical effects in semiconductors.

2. General design and apparatus
The basic construction of the torque meter is shown in

figure 1. Resistance wires ABCD and EFGH form two
adjacent arms of a Wheatstone bridge. A torque on the
D/?H
D &
A E

Figure 1.

Diagram of principle of torque meter.

two central supports (CF and BG) about the axis of the disk
increases the stress in one arm and decreases the stress in the
other. Since the resistance of the two arms varies linearly
with stress, provided the elastic limit of the wire is not
exceeded, small torques produce a proportional out-of-
balance current in the galvanometer G’. Detailed inspection
of figure 1 reveals that, for this configuration, translational
forces, and also torques about the other two perpendicular
axes, affect both arms of the bridge equally and so do not
contribute to the out-of-balance current. This design also
compensates automatically for changes in resistance due to
magnetoresistance of the wires in a magnetic field and due
to small changes in temperature.

3. Detailed design considerations

The mechanical layout of the torque meter is shown in
figure 2. Since a wire will not compress from pressure at
its ends, all four wires have to be prestressed, ideally to half
the elastic limit. This is done by forcing the two halves of
clamp A apart with the differential screw so that the support
wires B are made to flex from their bases. The torque from
the specimen H and specimen holder C can then be trans-
mitted via the specimen support wires D to produce a strain
in the resistance wires E. 'When not in use the clamp A is
closed, removing the stress from the resistance wires and
clamping the wires D supporting the specimen so that it can
be changed without risk of damage occurring. For cali-
bration purposes a phosphor bronze suspension is attached
to the other end of the specimen holder and to the calibration
head F. A photograph, 1 cm in diameter, of a circular
protractor is cemented centrally on to the top of the torque
head so that, with the aid of a microscope, accurately known
angular rotations can be applied. A thin coating of Araldite
on the support wires B and D insulates them from the resis-
tance wires E. The ends of these resistance wires are ter-
minated mechanically at the tops of the support wires B by

wrapping them once round the support wires and then coating
them with Durofix. Soldering tags, which are spot welded
to the ends of the resistance wires E prior to assembly, are
then soldered to copper soldering posts (not shown in the
diagram for the sake of clarity). The soldering posts are
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Figure 2. Plan of torque meter. A, clamp jaws;

B, D, support wires; C, specimen holder; E, resistance wires;
F, torque head; G, main body; H, specimen.

let into the two clamp jaws A and are insulated from them
by Paxolin bushes. Electrical connections from the Wheat-
stone bridge are made to these soldering posts.

A port is provided in the main body G of the instrument,
so that the phosphor bronze suspension may be unsoldered
and replaced. To gain access to the specimen H, the speci-
men holder C is made in two halves. In operation these are
secured with smears of Durofix which are readily dissolved in
acetone when the specimen is to be changed. Within the
specimen holder, the specimen is mounted on a thin rubber
pad, to provide a small degree of flexibility in the plane of
the specimen.

3.1. Aunalysis of operation

Consider a wire of length / and resistance R. If its volume
and resistivity remain constant and its length is increased
by AJ, it can easily be shown that

SR80 0
R 1
In practice, since the volume does not remain constant and
the resistivity of the wire changes with deformation, the
factor 2 is usually nearer 2-2 and must be replaced by a
number, denoted by G, called the gauge factor. If a force F
is applied to a wire of cross section 72, then

F = 77/'2E#
where E is Young's modulus, and
AR GF
sk 2
R r2E )

Now consider the configuration of figure 1 and let a force F
in each of the four wires counteract a torque L developed
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the torque actually measured with the torque meter.
may be due to:

(i) misalignment of the disk surface relative to the (111)
plane. This can occur during the preparation of the disk
and should give rise to terms, which depend on K|, in sin 26,
cos 26, sin 46 and cos 46.

(ii) misalignment of the disk (and hence of the (111) plane)
relative to the magnetic field. This can occur during the
assembly of the apparatus and again should give rise to
terms up to sin 46 and cos 46 (Tarasov and Bitter 1937).

(iii) any deviation in the shape of the specimen from that
assumed, e.g. variation in thickness or deviation from circular
profile.

(iv) any included grains of different orientation within
the crystal disk, together with internal stresses giving rise to
additional anisotropy.

The main contributions to the unwanted torques include
terms only up to sin 46 and cos 46, so that Fourier analysis
of the torque curve to determine the terms in 66 can effectively
separate the contribution due to K, from that due 1o X,.
Although terms from random sources such as (iii) and (iv)
could conceivably contribute to all even terms including 66,
such contributions are likely to be very small.

The theory given above assumes H to be very large, so
that the magnetization vector may be identified with the
direction of the magnetic field. In practice, torque curves
are taken at different values of the field and the apparent
values of the anisotropy constants so obtained are plotted
against H—1. The straight line obtained is then extrapolated
to the origin to give the value of the anisotropy constant
appropriate to infinite field—a procedure frequently used
(Bozorth 1951).

These

4.2, The specimen preparation and auxiliary apparatus

The specimen used for the measurement of K, was prepared
from the ingot. X-ray back-reflection Laue photographs
were used for orientation purposes and to ensure that there
were no large areas of disoriented or polycrystalline material.
An optically flat surface was polished to within 15 minutes
of arc from a (111) plane and a second surface was then
ground and polished parallel, within +6 minutes, to the first
surface. A number of x-ray photographs were taken to find
the most suitable area of the resulting slab from which to cut
the final disk. Cutting was done using a spark-cutting
machine with a hollow copper tool bored to the correct
internal diameter (1 cm). The disk was subsequently etched
to remove any polycrystalline material created by the polishing
and cutting operations.

The apparatus used in the measurements employed the
torque meter as already described, with associated centring
and levelling support arrangements and with appropriate
electrical circuitry. A 4 in. Newport clectromagnet was used
with 4-4 cm pole gap, giving a field of 7300 Oc¢ at 15 A. The
Wheatstone bridge circuit used is shown in figure 3. A
galvanometer amplifier is used with negative feedback,
primarily so that the damping on the galvanometer can be
adjusted to the most convenient level. The impedance of
the Wheatstone bridge is otherwise such that the galvano-
meter used is heavily over-damped, causing considerable delay
in taking readings. The arrangement also allows the sen-
sitivity of the circuit to be casily changed. The current
through the bridge was kept at 20 ma since it was found that
thermal drift became progressively more troublesome as the
current was raised above this level.

4.3. Measurements and results

Because of slight non-uniformity in the field due to the
relatively large pole gap used, it was found important to
position the specimen and the torque meter centrally in the
magnetic field when the apparatus was initially set up. Before
any measurements were made the bridge current was always

qalva
preamp.

400
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Figure 3.

Wheatstone bridge circuit.

standardized by comparing the e.m.f. across the standard
50  resistance with that of the standard cell. The sen-
sitivity of the bridge was also always checked by varying
resistance R of figure 3 and noting the galvanometer deflec-
tion. The procedure, then, for calibrating the torque meter
was to apply accurately known rotations to the torque head
and to note the corresponding galvanometer deflections. In
order to minimize errors due to possible drift, a galvanometer
reading was taken corresponding to a reference zero on the
torque head between each reading corresponding to different
torque head positions. The relationship between AR and
the position of the torque head was found to be linear.
Measurements of the anisotropy torque were made by noting
the galvanometer deflection for different positions of the
magnet, a procedure similar to that employed in calibrating
the torque meter again being used to minimize the errors
introduced by thermal drift.

Figure 4 shows the results which were first obtained without
careful alignment of the specimen relative to the magnet pole
gap and when full cancellation of unwanted translational
forces was not obtained because there was a large separation
between the two planes containing the resistance wires. The
undesirable effect that this separation has on the operation
of the torque meter has been explained in §3.2. For pur-
poses of comparison, a torque curve obtained by Sato and
Chandrasekhar (1956) using a similar (111) nickel sample is
superimposed on figure 4, the ordinates of the two curves
having been adjusted so that the amplitudes of the com-
ponents periodic in 66 (indicated by the broken curve) are
the same.

After the necessary modifications had been made to the
torque meter the correct centring of it in the pole gap was
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found to be no longer so critical and the spurious contribu-
tions periodic in 20 and 46 could be reduced to a minimum.
Greatly improved torque curves were then obtained, especially

Torque (arbitracy wnits)

0O 40 B0 120 160 200 240 280 320 360
Angle between the magnetic field ond a fixed direction in the sample (°)

Figure 4. Comparison of a measured torque curve (A) with
one obtained by Sato and Chandrasekhar (1956) (B).

at lower temperatures, and a set of curves, measured at
—9-5° c and at different magnetic field strengths, is shown
in figure 5. These curves were subsequently subjected to
Fourier analysis and the amplitudes of the components
periodic in 268, 48 and 60 are plotted against H—! in figure 6,
where S, and C, denote respectively the amplitudes of the
sin n0 and cos 78 components.

The effective amplitude of the sin 60 curve at 23° ¢ and
a field of 7300 Qe is 113-8 dyncm, and, since the volume
of the crystal is 0-08609 cm?, the torque per unit volume
is 1:322 x 103dyncm, giving a value for K, of
2-38 x 10% erg cm—3,
ing to infinite field is 2-53 x 10* erg cm™—3.

4.4, Discussion of results

The values obtained by previous investigators for X, for
nickel are summarized in the table, together with the tem-
perature at which the measurement was made and the method
used.

K> X 1004  Temp. Method Reference
(erg cm~3)
+5-3 Room MC McKeehan (1937), Honda,
et al. (1935)
+1-09 Room MC Nakamura (1955)
—-3-6 20° ¢ MW Reich (1956)
—6-06 20°c MW Barlow and Standley (1958)
+2-34 26°c T Sato and Chandrasekhar (1956)

MC, from measurements of magnetization curves; MW, from
microwave resonance technique; T, from torque curves.

It may be seen that the present determination of K, agrees
well with the figure obtained by Sato and Chandrasekhar
(1956) at a slightly higher temperature. One explanation put
forward (Pearson 1960, Anderson and Donovan 1959) for
the discrepancies between the other values of K, given in the
table is that experiments by static and by microwave resonance
techniques do not, in fact, measure anisotropy constants
under the same conditions, and that the former correspond
to constant stress and the latter to constant strain. However,
it is possible to calculate the difference between the effective
value of K, at zero stress and at constant strain: it is
AKy = Su{3Ly(Ly + Ly) + Ly(4L, + Ly}

+ S {3L(Ly 4 Ly) 4 5L, L3— L32}

— $544(6Mp +- MM,

The extrapolated value correspond-’

where, for nickel, the elastic compliance moduli are (de Klerk
and Musgrave 1955)

S“ = 0-7336 x 1012 szdyn_l

Sy = —0-2744 x 10-12 cm? dyn~!

S44 = 0'8019 X ]0_12 sz dyn_'
300}
& 200
g 1004

K}

0._
100+

0 20 40 60 8 00 120 M40 160 180
Angle between the magnetic field and a fixed direction in sample )

Figure 5. Variation of torque curve with magnetic field at —9-5° c.

and the magnetoelastic coupling constants are (Bozorth and
Hamming 1953)

L, = 88:36 x 106 dyncm—2
L, = —12:67 x 105 dyn cm—2
Ly = 20-11 x 105 dyn cm—2
My = 91-03 X 105 dyn cm—2
M; = —19-20 x 10% dyn cm—2,

These figures give a value for AK, of 057 x 10* ergcm™3.
It is therefore unlikely that this explanation of the discrepan-
cies exhibited in the table is correct, and it is probable that
the value of K, derived from torque measurements must be
accepted as correct. The close agreement of the present
results with the work of Sato and Chandrasekhar (1956) is
gratifying since they are the only other investigators to have

-150k
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£ -00-
£
<
~50l-
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R o4 0e™h
Figure 6. Variation of the periodic components of the torque
curves with H-3 at — 9-5°c.
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measured K directly using a (111) single-crystal disk. The
two sets of values for K, derived from measurements of
magnetization curves are obtained by estimating the areas
under these curves rather than by curve fitting at high fields,
and the figures obtained for K, are therefore thought to be
unreliable—indeed the corresponding estimates for the first
magnetocrystalline anisotropy constant K| differ by some
25%.
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The temperature variation of magnetocrystailine

anisotropy for nickel and gadolinium

R. R. BIRSS and P. M. WALLIS

APPENDIX AL

Physics Laboratory, University of Sussex, Falmer, Brighton, Sussex, England

Abstract. Measurements of magnetocrystalline anisotropy have been made on single crystals of nickel
and gadolinium within the temperature range 92°K to 347°K. At room temperature a direct measure-
ment on a (111) nickel disk gives a value of the second anisotropy constant (appropriate to infinite field)

of K, =—2. 38 x 10%erg cm™3.

For nickel the variation with temperature of K, is in satisfactory agreement with published data
but that of K, is not. For gadolinium the variation with temperature of the semi-angle of the cone of
easy magnetization appears to be in slightly better agreement with the 1962 results of Graham than

with those of Corner, Roe and Taylor.

1. Introduction

Although estimates of the value at room tempera-
ture of the second magnetocrystalline anisotropy con-
stant K, of nickel have been made by several investi-
gators, these estimates are not mutually consistent
and differ, in fact, even as to sign. The values of K,
obtained indirectly from magnetization curves are
generally positive, for example, K, = +5. 3 X 104erg
cm~3 (McKeehan 1937) and K, = +1. 09 x 104erg cm™3,
(Nakamura 1955). However, Standley and his co-work-
ers have obtained negative values by using a micro-
wave resonance technique, for example K, = —3. 6 X
104 erg cm™3 (Reich 1956),and K, = —6. 06 X 104erg
cm~3 (Barlow and Standley 1958). It is therefore de-
sirable that direct measurements of K, be made by
investigating the anisotropy torque in a single crystal
disk of nickel orientated so that the plane of the disk
is a (111) plane (this being the crystallographic plane
in which the first anisotropy constant K, does not con-
tribute to the torque). Two such measurements have
been made, the values of K, obtained being K, =

- +2. 34 x 10%erg cm™3 (Sato and Chandrasekhar 1956)
and K, = +2. 38 X 104 erg cm™3 (Birss and Wallis
1963). It is now thought, for reasons which are given
below, that both these figures, whilst of the correct
magnitude, are of the wrong sign and that the actual
value (appropriate to infinite field) is K, = —2. 38 x
104erg cm~3.

"The relation usually given (Bozorth 1951, Brails-
ford 1960, Stoner 1950) for the anisotropy torque in
high fields is

dE
de
where E is the anisotropy energy density. For a cubic
crystal

E = Ky + Ky (0,202 + afo2 + afe,?) + Ky 2a2a?
...,

where the a's are the direction cosines of the magne-
tization relative to the crystallographic axes. L is
the torque exerted on the crystal per unit volume of
the crystal and ¢ is the angle (in the plane in which
the magnetization rotates) between the direction of

m  etizationandafixeddirection inthe crvstal. Since

the differentiation is performed relative to axes fixed
with respect to the crystal whilst the orientation of

the magnetization direction varies relative to the cry-
stal axes, it might reasonably be supposed that equa-
tion (1) gives the torque on the crystal, in the direction
of ¢ increasing, when 9 is measured from a fixed di-
rection in the crystal to the direction of magnetization.
Such optimism would, however, be misplaced for, with
this interpretation of the symbols, the torque must be
given by

L=+ R
de

because it must be in such a direction as to bring an
eagy direction into coincidence with the field direction
when the easy direction makes a small angle with the
magnetization. In fact, equation (1) gives the torque
on the magnetization when the crystal is fixed whilst
(2) gives the torque on the crystal when the magneti-
zation is fixed (by the direction of the field). The rea-
son that the distinction between (1) and (2) is often

not important is that the torque usually contains a
(leading)term involving K,, the sign of which may, of
course, be predicted in advance from the known posi-
tion of the easy directions. In the (111) plane, however,

dE K,
L =+— = +—2 gin 66,
de 18 :

(2)

(3)

where 9 is the angle made by the magnetization in the
(111) plane with a {110) direction. The sign of K, can
not therefore be determined correctly by using equation
(1) and it is thought that both the direct determinations
of K, mentioned above are in error for this reason.
That K, is in fact negative is confirmed, as will be
shown in § 3, by a comparison of a theoretical estimate
of the field dependence of the torque with experiment

" for low temperatures.

In §2 data are presented for nickel and gadolinium
-single crystals within the temperature range 92°K to
347°K.

2. Experimental results

Figure 1 shows a typical torque curve obtained
at 347°K with a (111) sincle-crvstal nickel disk for



a 11eld o e (8 1s the angle the lield makes wi
a (110} direction). The curves obtained for each value
of magnetic field were subsequently subjected to Fou-
‘rier analysis to separate the amplitude of the term
periodic in 68 from other unwanted contributions to

the torque (for a discussion see Birss and Wallis
(1963)). It was then possible to draw a curve showing
the variation of the amplitude, A, of the term periodic
in 6B (referred to unit volume of the crystal) as a func-
tion of 1/H, where H is the magnetic field strength.
Figure 2 shows a selection of such experimental curv-
es appropriate to various temperatures within the
range of 92°K to 347°K. For high temperatures the
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Figure 1. Variation of torque with the angle g
between the field and a {110} direction for the
(111) nickel disk in a field of 1380 Oe at 347°K,
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Figure 2. Variation with 1/H of the amplitude A
of the component of torque periodic in 63 (refer-
red to unit volume of the nickel crystal) for va-

rious temperatures.

torque curves vary little with field at high fields. The
reduction in torque at small values of 1/H for low tem-
peratures warrants further discussion, however, and
this is attempted in §3.

g gal
parallel to a (1120) crystallographic plane was also
available for torque measurements and it was thought
to be of interest to investigate this crystal within a
similar temperature range. This would afford a direct
comparison with the work of Graham (1962) and Corner,
Roe and Taylor (1962) in the interesting temperature
region below room temperature in which the easy di-
rections are thought to lie on the surface of a cone
surrounding the hexagonal axis. Unfortunately, the
torquemeter had been designed with a fixed sensitivity,
large enough to facilitate accurate measurements on
the (111) nickel disk, and this proved too great to per-
mit the measurement of complete torque curves on
the gadolinium crystal without damage to the device.
However, it was still possible to determine the orien-
tation of the cone of easy magnetization by finding the
positions in which the field exerted no torque on the
crystal. From symmetry, of course, two such positions
are parallel and perpendicular to the hexagonal axis,
but in certain temperature ranges it is also possible
to find another two positions of zero torque making
angles Y with the hexagonal axis. Since the torque-
meter is limited in the magnitude of the torques it
can accept, such positions are found in practice by
gradually increasing the magnetic field and simulta-
neously adjusting its angular orientation in the plane
of the disk so as to keep the torque small or zero. (A
similar procedure is necessary when the field is re-
duced.) Figure 3 shows the variation of ¥, the angle
for zero torque, with 1/H for various temperatures:
the value of ¥ obtained by extrapolation to infinite
field y,, may be identified with the semi-angle of the
cone of easy magnetization.
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Figure 3. Variation with 1/H of the angle for zero
torque Y at various temperatures, for the gadoli-
nium crystal.

3. Discussion

In equation (3), 0 is the angle between the magneti-
zation and a reference direction in the crystal. It is
only at infinite fields that the magnetization and the
applied magnetic field are strictly parallel. However,
at temperatures well below the Curie point it is per-
missible to assume that in large but finite fields the
crystal is magnetized as a single domain, the direction

L]



the sum of the magnetic field energy, the demagneti-
zing energy, and the anisotropy energy. Thus the direc-
tion of the magnetization may be related to both the
magnitude and the direction of the field and the varia-
tion in torque due to this effect may be calculated. It
turns out that in high fields the main contribution is of
the form A sin 63, where

K, [K;+ 4K,]2
18 3(HIg + k)

and powers of 1/H higher than the first have been ne-
glected. The quantity k depends on the demagnetizing
energy and can only be calculated exactly when the
boundary of the specimen is a surface of the second
degree. If the flat disk is assumed to approximate

, (4)

erg cm=3

-8x0°

100 200 300 300

Temperature (°x)

Figure 4. The variation with temperature of K;
and 5K, for nickel.

to an oblate spheroid with a demagnetizing factor N
in the plane of the disk, then, neglecting a small term
of order K,/9,

k = (47 — 3N)IZ — K;.

Since the magnetization does not lie in the plane
of the disk it is not possible to correct the torque curve
by displacing it parallel to the g axis by an amount
L/HIg (Bozorth 1954) and it is necessary to compare
the variation of A with field obtained experimentally

" with that given by equation (4) to determine the correct

value of K,. This has been done in figure 2 where the
broken lines are drawn through the experimental data
and the solid curves are calculated from equation (4)
using N = 0. 955. If equation (4) were modified by the
inclusion of terms in (1/H)2 the agreement between
theory and experiment would presumably hold to higher
values of 1/H.

At low temperatures the value of K, is accurately
known from the data given by Bozorth (1951), and these
values may be used in equation (4). At high tempera-

- € magnituae. o 1 1S much reduced, and any

errors in the values given by Bozorth would cause ap-
preciable errors in the slopes of the (A, 1/H) curves
since these involve K,;2. The values of K; have there-
fore been slightly adjusted in obtaining the solid curves
shown in figure 2. The extent of the adjustment is
shown in figure 4 where the broken curve for K, is
-that given by Bozorth and the solid curve is that used
in equation (4). The experimental points are some
confirmatory values obtained by replacing the (111)
disk with a (110) nickel disk. Also shown, as a solid
curve, in figure 4 is the temperature dependence of
K, (plotted, for convenience, as 5K,) deduced from the
present investigation. The broken curve corresponds,
except for a sign change, with that given by Bozorth
(1951).

%

Temperature (°k)

Figure 5. 'The variation with temperature of the
angle for zero torque ¥ at various fields, for the
gadolinium crystal.

Figure 5 shows the angle for zero torque ¢ for
gadolinium as a function of temperature for various
values of fields. The experimental points on which an
error is indicated are of Y, and these may be compared
with the broken curves which are due to (a) Graham
(1962) and (b) Corner, Roe and Taylor (1962). Because
of the strong dependence of Y on 1/H above 185°K it
would not be realistic to plot experimental points at
higher temperatures.
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APPENDIX A5
A torque magnetometer for a w1de range of temperatures

Abstract.

. R R BIRSS and P. M. WALLIS 4
. Physrcs Laboratory, Umversny of Sussex, Falmer, Brighton, Sussex
MS. received 27th‘ October 1964, in revised form 17th December 1964

This paper describes the modifications made to a torque magnetometer pre-

viously described by the authors to permit its use within the temperature range 77-373 °k.
These limits are set by the arrangements used for temperature control (also described) and
do not represent intrinsic limits of the method. The performance of the device has been
checked by measurement of the temperature variation of the first magnetocrystalline aniso-

tropy constant of nickel.

1. Introduction

In a recent paper (Birss and Wallis 1963) a description was
given of a new form of torque magnetometer that permitted
the measurement of the small torques developed in isolated
ferromagnetic samples during measurement of magneto-
crystalline anisotropy and rotational hysteresis, The torque-
sensing elements were very fine resistance wires arranged in a
particularly advantageous balanced . configuration (fully
described in the original paper), and forming two arms of a
Wheatstone bridge circuit. The device had a number of
advantages which included insensitivity to unwanted torques
and translational forces and to small changes in temperature,
pressure and magnetic field. The stability of the torque
magnetometer against small changes in the ambient temper-
ature was so good, in fact, that it was felt that the device
could be modified to permit its use over an extended range of
temperatures. Such a modification proved possible and this
paper describes an experimental arrangement that has been
used for temperatures between 77 and 373°k. These
temperature limits are set by the means used to control the
temperature (described in § 3) and there is no doubt that the
torque magnetometer itself would work satisfactorily over a
much larger range of temperatures,

2. The modified torque magnetometer

Before modification, the torque magnetometer was not
particularly suitable for measurements at temperatures other
than room temperature because of the method used for
calibration. This was effected by rotating a torque head
(with microscale) to twist a torsion filament, the resultant
torque applied to the specimen (calculated from the modulus
of rigidity of the filament) being used for calibration purposes.
It would therefore be necessary to determine the variation

of this elastic constant with temperature from a separate .

experiment and a rather elaborate arrangement for temper-
ature control would thus be requiréd for calibration purposes
as well as for actual measurements of torque on particular
specimens.

- The ‘modification” to " the original design of - the torque
magnetometer that permitted calibration under working
conditions at any temperature was facilitated by the fact
that measureimehts are:-always 'made in a large’ uniform
magnetic - field: .1t is: therefore feasible to-connect' a rect-
angular coil (M in figuie 1) rigidly to the specimen holder C
and to use the torque!developed in the coil when it carries a
cnrrent in' the magnetic field to calibrate the torque magneto-
meter “directly. It .is  important, for reasons mentioned

later, that the demagnetizing field of the specimen should not
contribute appreciably to the flux through the coil. The
lower end of the coil and the specimen holder are therefore
connected by a rigid brass rod N and are separated at their
nearest points by at least 9 mmm. The top end of the coil is
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Figure 1. Two elevations, with cross sections, of the modified

torque magnetometer.

A, clamp jaws; B, outer support posts; C, specimen holder;

D, inner support posts; E, resistance wires; J phosphor bronze

ﬁlament K, filament clamp,L sﬂverllgament M, rectangular

coil; N, brass connecting rod; P, soldering posts; Q, threaded
mounting stud.

connected to a flattened phosphor bronze filament J, which
acts both as a suspension and as an electrical connection
to the coil. The other electrical connection to the coil is
made via a silver ligament L, which carries current between a
terminal at the top of the coil’ and one’ of the insulated
soldering posts P.

-A modification is also made to the method of terminating
the strain-sensing resistance wires at the outer support posts
B. Originally the posts were insulated with a: thin layer of
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Araldite and the resistance wire was wound round them and
anchored with Durafix. Electrical connections were then
made separately to the free unstressed end of the resistance
wire. This method has the advantage that the state of stress
of tive wire cannot affect the contact resistance of the electrical
connection but it requires a fairly substantial length of
non-active resistance wire: this leads to a reduction in

that with carefully soldered joints the effect of strain on the
contact resistance at the joint is not troublesome.

The specimen, contained by the specimen holder C, was
originally mounted on a rubber pad which permitted a small
degree of flexibility in the plane of the disk. However, at
low temperatures, rubber is unsuitable for this purpose and
the specimen was therefore mounted on a pad of asbestos paper.
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Figure 2. Arrangements for temperature control.

a, first-stage cooling modules; b, second-stage cooling module;

¢, torque magnetometer housing; d, interstage heat conductor;

¢, second-stage heat conductor; f, brass rings; g, vacuum

vessel; h, drill-hole for platinum resistance thermometer;

J» polythene tube; k, threaded hole for mounting torque
magnetometer,

sensitivity and also to rather clumsy arrangements for
connections to the leads. The modification is to use ena-
melled Constantan wire (22 s.w.g.) for the support posts B,
so that there is no electrical connection between them and
the body of the torque magnetometer. The strain-sensing
resistance wire can then be soldered directly to the support
post, connections from the soldering posts P at the top of
the torque magnetometer being made to the other free
projecting ends of the support posts. In practice it is found

The procedure adopted to calibrate the torque magneto-
meter at a given temperature is as follows. A current
of the order of 10 ma is supplied to the coil with a magnetic
field applied in an arbitrary direction and the magnet is
then rotated about the torque magnetometer until the position
of minimum torque is reached. A further rotation of the
magnet through 90° is then made and the variation in the
deflection of the torque magnetometer with current through
the coil is observed. Finally the current supply to the coil
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is disconnected and the flux through the coil measured with a
fluxmeter at the position of minimum torque. Clearly,
there must be a negligible contribution to the flux through
the coil from the demagnetizing field of the specimen. In
addition care is taken in positioning the connecting wires
so that the flux measured is due only to the coil and not to
the disposition of other parts of the circuit in the magnetic
field. :

3. Arrangements for temperature control

The temperature of the specimen (and, in fact, of the whole
torque magnetometer shown in figure 1, which is attached
below the position k in figure 2) is controlled by a unit that
employs thermoelectric cooling modules supplied by De La
Rue Limited under the trade name of ‘Frigistors’. The
smallest, standard, 15 A module consists of four thermo-
couples. Each thermocouple comprises a pair of conducting
elements, and the eight elements are connected electrically
in series but are arranged so that the hot junctions abut
on to an aluminium plate (9mm X 19 mm) and the cold
junctions on to a similar parallel plate. The plates are about
6 mm apart and they are in thermal but not electrical contact
with the thermocouple junctions. The overall width of the
module, measured across the aluminium plates;” ig about
7 mm. Heavy-current leads are attached at one end of the
module. The maximum heat pumped against zero tem-
perature gradient is 3-5w and the ultimate temperature
difference between hot and cold junctions is 62°c for zero
heat pumped. This assumes that the hot junctions are held
at 27°c, with the module run at 15A and 0-4v. In the
temperature control unit there are two stages of cooling
modules run in cascade, so that a larger temperature
difference can be achieved with normal water cooling of the
hot junction of the second stage. The ratio of the numbers
of modules in the first and second stages is the suggested
one of 1: 6.

Temperatures above room temperature can be attained
by reversing the current through the modules, the upper
temperature limit being set by the melting point of the
solder used in the construction of the ‘Frigistors’. In
practice this allows an upper temperature of about 100°c.
The temperature range of the unit can be further extended by
cooling the ‘hot’ junctions of the second stage to 77°k with
liquid nitrogen. Although the maximum temperature
difference between hot and cold junctions is very much
reduced at these low temperatures, temperatures between
77°K and room temperature can readily be obtained by
using the module with reverse current.

The mechanical layout of the temperature control unit is
shown in figure 2. The torque magnetometer is mounted
in this unit by screwing the threaded stud Q, at the top of
the apparatus, shown in figure 1, into the threaded hole k,
shown in figure 2. The cooling modules (a and b) of the
first and second stages are arranged with three-fold symmetry
round the central copper housing ¢ that contains the torque
magnetometer, shown in figure 1. For clarity, only one of
the three identical units is shown in the figure. Nylon
bolts are used to clamp the second-stage ‘Frigistors’ between
the interstage heat conductor d and the water or liquid-air
cooled conductor e adjacent to the ‘hot’ junction of the
second stage. The first-stage ‘Frigistors’ a are held in
position by bolting the three second-stage, ‘hot’ junction
conductors € to two brass rings f which press the three
identical units inwards so as to clamp on to hexagonal
faces on the housing c. A polished brass vessel g makes it

possible to maintain the whole temperature control apparatus
under vacuum, whilst a polythene tube j enables the atmos-
phere within the torque magnetometer housing to be
controlled separately. A precalibrated thermocouple is
used to measure the absolute temperature of the torque
magnetometer and specimen,

The method of clamping the first-stage ‘Frigistors’ ensures
that there are no thermal connections to the first stage due
to structural supports, The only thermal connections that
remain (apart from convection and radiation) are those
provided by the polythene tube j and the leads to the torque
magnetometer, the thermocouple and the platinum
resistance thermometer—which is located in drill-hole h.
Convection and radiation losses are reduced by the use of
the polished brass vacuum vessel g evacuated to a pressure
of between 100 and 10 utorr of mercury. To improve heat
transfer, the space between the copper housing and the
torque magnetometer is not evacuated for temperatures
above that of liquid air.

The control system used to maintain a given temperature
to within about 35 degc for periods up to four hours is
shown schematically in figure 3. The temperature of the

‘Frigistor’unit
second store

DC. power

Thermal
energy

. . Thermal energy | 'Frigistor' unit
Platinum resitance D —

first stoge
i | Bolanced twin
! | shielded cable
\ t
4 D.C. power
| Controlled
power supply

Figure 3. Schematic diagram of the temperature control

system.

torque magnetometer housing is measured with a platinum
resistance thermometer which is connected, in series with a
variable resistance, into one arm of a Wheatstone bridge
circuit. The out-of-balance error signal from the bridge is
used to control a continuously variable direct-current power
supply (via an a.c. amplifier) to the first stage of the thermo-
electric cooling unit. The variable resistance is set to a
value that determines the stabilization temperature of the
system. The series arrangement of the variable resistance
and platinum resistance thermometer ensures that the out-
put impedance of the bridge at balance does not vary with
temperature. A separate, manually controlled power unit
is used to supply power to the second stage of the thermo-
electric cooling unit.
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4. Performance of the torque magnetometer

“To test the performance of the torque magnetometer over
the temperature range attainable with the equipment des-
cribed above, measurerents were made of the first magneto-
crystalline anisotropy constant K; for nickel, using a single-
crystal disk orientated parallel to a (110} crystallographlc
plane In high' fields, the amsotropy torque in this plane
1s given by

T = §(25in20+3sin40)
- I&(sin 260 — 4sin 40 — 3 sin 66) m

where T is the torque exerted on the crystal per unit volume
of the crystal and fis the angle measured from a < 100 >
direction to the direction of the magnetization vector.

The torque curves obtained experimentally for various
values of applied field were subjected to Fourier analysis to
obtain the components periodic in 26 and 46, and hence the
cffective value of K. (The contribution to the torque from
K, is so small that equation (1) cannot be used to obtain
reliable values for this constant.) Equation (1) is strictly
true only for very large fields, when the directions of the
magnetization vector and the magnetic field coincide and
lic in the (110) plane. In practice, this is not quite so and
the effective value of K| is plotted against the reciprocal of
the applied field to obtain, by extrapolation to infinite field,

the true value of K|. Values of K| obtained in this way
are.in good agreement with the known temperature depen-
dence of K,. At the lowest temperature attainable (77°k),
the value of K| is almost midway between that obtained by
Williams -and Bozorth (1939) and by Honda, Masumoto
and Shirakawa (1935). It may therefore be concluded that
the modified torque magnetometer functions satisfactorily
over the temperature range from 77 to 373°k and is likely
to do so over a more extended temperature range provided
appropriate attention is given to the arrangements for
temperature control.
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. APPENDIX B

CIRCUIT FOR THE TEMPERATURE CONTROLLED D.C. POWER SUPFLY FOR
FRIGISTOR COOLING MODULES

>

LQJLOJ ? 5 b

)]

T ERAM OMETER,

% RESISTANCE

PLATINONY




	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22
	Page 23
	Page 24
	Page 25
	Page 26
	Page 27
	Page 28
	Page 29
	Page 30
	Page 31
	Page 32
	Page 33
	Page 34
	Page 35
	Page 36
	Page 37
	Page 38
	Page 39
	Page 40
	Page 41
	Page 42
	Page 43
	Page 44
	Page 45
	Page 46
	Page 47
	Page 48
	Page 49
	Page 50
	Page 51
	Page 52
	Page 53
	Page 54
	Page 55
	Page 56
	Page 57
	Page 58
	Page 59
	Page 60
	Page 61
	Page 62
	Page 63
	Page 64
	Page 65
	Page 66
	Page 67
	Page 68
	Page 69
	Page 70
	Page 71
	Page 72
	Page 73
	Page 74
	Page 75
	Page 76
	Page 77
	Page 78
	Page 79
	Page 80
	Page 81
	Page 82
	Page 83
	Page 84
	Page 85
	Page 86
	Page 87
	Page 88
	Page 89
	Page 90
	Page 91
	Page 92
	Page 93
	Page 94
	Page 95
	Page 96
	Page 97
	Page 98
	Page 99
	Page 100
	Page 101
	Page 102
	Page 103
	Page 104
	Page 105
	Page 106
	Page 107
	Page 108
	Page 109
	Page 110
	Page 111
	Page 112
	Page 113
	Page 114
	Page 115
	Page 116
	Page 117
	Page 118
	Page 119
	Page 120
	Page 121
	Page 122
	Page 123
	Page 124
	Page 125
	Page 126
	Page 127
	Page 128
	Page 129
	Page 130
	Page 131
	Page 132
	Page 133
	Page 134
	Page 135
	Page 136
	Page 137
	Page 138
	Page 139
	Page 140
	Page 141
	Page 142
	Page 143
	Page 144
	Page 145
	Page 146
	Page 147
	Page 148
	Page 149
	Page 150
	Page 151
	Page 152
	Page 153
	Page 154
	Page 155
	Page 156
	Page 157
	Page 158
	Page 159
	Page 160
	Page 161
	Page 162
	Page 163
	Page 164
	Page 165
	Page 166
	Page 167
	Page 168
	Page 169
	Page 170
	Page 171
	Page 172
	Page 173
	Page 174
	Page 175
	Page 176
	Page 177
	Page 178
	Page 179
	Page 180
	Page 181
	Page 182
	Page 183
	Page 184
	Page 185
	Page 186
	Page 187
	Page 188
	Page 189
	Page 190
	Page 191
	Page 192
	Page 193
	Page 194
	Page 195
	Page 196
	Page 197
	Page 198
	Page 199
	Page 200
	Page 201
	Page 202
	Page 203
	Page 204
	Page 205
	Page 206
	Page 207
	Page 208
	Page 209
	Page 210
	Page 211
	Page 212
	Page 213
	Page 214
	Page 215
	Page 216
	Page 217
	Page 218
	Page 219
	Page 220
	Page 221
	Page 222
	Page 223
	Page 224
	Page 225
	Page 226
	Page 227
	Page 228
	Page 229
	Page 230
	Page 231
	Page 232
	Page 233
	Page 234
	Page 235
	Page 236
	Page 237
	Page 238
	Page 239
	Page 240
	Page 241

