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I. IXITRCDUCTION

This thesls deals with ferromesmetic moteriels, Such materials

include the ferromagnetic elements iron, nickle and cobalt and

ferromaznetic alloys such as supemmalloy, permalloy, alnico, delta-

max, silectron, and Heusler alloys. !ost of the ferromagnetic

alloys are comnoged nartlizlly or vholly of the ferromagnetic ele-~

ments listed above, FEowever, some of the alloys such as Heusler

alloys contain entirely paramasnetic elements,

In marnetic media the mamnetic field intensity E 2nd the

megnetic flux density B are related by

B=Hemy (1)

vhere I is the intensity of mognetization or dinole moment per unit

In addition in parsmesnetic materials

volume,
I=xg, (2)
where X is the magnetic suscentibility, For this case
B=(1+4wx) H, (3)
)

M= (1+um)

where M is the magnetic nermeability., In ferromagnntic moterials

equations (2), (2) and (1) ere not valid in general end the rela-

tions between B, H and I must be given graphicelly., Curves re-

loting B and H or I and H are called magnetization curves and soarve
to define the emmirical relationship between the various pairs of

verlables, The curves plotted with B as the ordinate and K es the

atcisea are of great interest in practical calculations, Fowever,

from the theoretical point of view the curves relating I and E are

usuolly of greater interest,




(2}

The first quantitative theoretical calculations in niacnetism

are due to Langevin vho zuccessfully developed an exnrescion for the

susceptibility of a »aramec~entic solution, 2 Langevin considered a

larze group of non-interacting dipoles in thermal eguilidbrium at

sone tenperature T. If we consicer one dipole of strengthp in an

aprlied field H, then the energy of tle dipole is given by

Ew-p, E (5)
Let tl.c angle between p ond ¥ ve €, then
E=s-pHCoso. (6)
anzsevin

'y cnplying the llirxwell 3oltzman distribution law, lans

zotion in the

obtoined an expression for the intengity of naznetl

fornm
MH Cos®
Sow F
v Iy JoMC0SO € Sin® 4© y (7)
mw _ MH Cos®
j; e kT sine dae
vhere I is the totsl nwaber of dipoles per unit volune, This mey
be written
5 fﬂ_ ME cos©
e M e— k s o
I-Ni.TaHlog e Sine de@ , (8)
from which one readily obtcinsg
= N H M 1l
I I\'A{ coth B - ""‘,IH"'} =z Ypl (a)s (9)

In the chove L (o) is defined as th~ Langevin function, that is




(3)

L(a) = (coth a - %) e ME . (10)

If pmHXKKT one may use the expansion for the hyperbolic cotangent

1

2

coth ME =_ Ji4+ 1% (_&_E,_--- (11)
kT RE 7 \k7T

k-7

from which we obtain

N, A %...".f'_.,... (13)

Fig. 1, The reciprocal of the susceptibility as a
function of temperature above the Curie
point,







(1)

If we plot the reciprocal of tiie suscertihility azrinet the
temperntare, we obtain a straiglt line as shown in Fig. 1, curve a.
The slope of which is given by’i%%&z_. and the oricin is the inter-
cent, This gives essentiszlly the results found in paramcsnetism.

Above the Curle temperature ferronagnetic metericls ect eas

hat

naramasnetics, FHowever, it is an experimentally imowm foct t
the curve of -%r vs.T for ferromegnetic materials 1s shifted along
the T axis toward higher temneratures, 2s showmn in Fig, 1, curve b,
This shilft wes sccounted for by the molecular field theory nro-
posed by Pierre Weiss (1907). The Teiss theory of ferromegnetism

rostulates thet there exists 2 smontaneously induced molecwlar

field »nroportionel to and in the same direction as the intensity

11
of masnetization, The effective field FKp scting on e magnet cen
be exprescsed &s

vhere H is tihe appllied field and Ey 1s a local field defined by
gy = Nlw (1%)
where-N“, i1s the Welss molecular field constant., Applylng the

molecular field theory to tie discusecion by Langevin, Zq. (9)

becones
lw = NuL (o) am F‘:‘T.. Ty lw) (16)
and
. ¥
o DM (Zrlul, ) gHQIT‘?-I- = f_kNT:'ﬁ‘F H. (17)




)

Trerefore
X = le N (12)
= » S 12
vhere
2
To= HwlM . (19)
3k

From Iq. (1Z) as T apnroaches T, the susceptibility is odb-
served to go to 1nfinity.(:ie ferronngnetismh T4 is defined as the
forromaznetic Curie tenmerature and is within 20°K out of eprrox-
imately 650.\'( of the paramagnetic or extramolsted Curle temmerature
Tee

A compnrison of Weles' theoretical work and experimental
evidence may be obteined in the following manner,

L)

Let us consider the casc vhere H = 0, then

I - coth MHE _ kT | (20)
N T M El
Set
_ 1 T .
: N# T J-c [} (Ll)
then
$'= coth}.":_;-...._;:?_ . (22)

The theoretical curve of § 2gninst T can readily be calcu-

lated, The quentities con s£lso be meagured by experinment,



Fig. 2. Saturation intensity.of megnetization =s a funetion
of temperzture, in reduced units. The absecissa is the ratio
of the temperature to tue Curie temper=ture, and tune ordinate
is the ratio of the saturation intensity of mognetization to
the value of this intensity =t the 2bsolute zero. The curve

S =oo is for tne elassiezl theory of Weiss. The other curves
are brsed on tine Brillouin ratner tuan tae Langevin funetion,
and are the eorresponding quentum theory versions anpropriated
to e spin quantum numver S.11

Figure 2 shows how remarksbly well the two eurves sgree.

A better sonroximstion to the experimentezl curve ean be ob-

tained by spoulying ouantum meehenies to Langevins' theory. Pre-

viously we =21lowed eos © to take on 211 values. Now let us assume

our system is cuantized such that eos @ may take on only the values

0s© =M=u8 58, cievciccies o S .
S S

The integr2l terms in the expression for the intensity of mag-

netization are now replaced by sums and the expression for I beeomes



(N

3 m 28 E
Z.n.‘.e sk T

I=2Np - T TR (232)
ie sk T

o

where ﬁ is the Bohr magnetron., Ixmanding this expression we

obtain

,S': _t__ [(s+1) coth(ﬂs"_ii_lz_.l‘_c_ _%coth -3—%—1-,] (2l)

Thls equation reduces to the classical releotion obtained previously
if we let S = 0@ , However, the best ngreement with experiment
is the case viere s = } as showm in Fig., 2. The value for §

is then glven by

=2 [coth-61—:“: - %-coth }-_f_s—-] . (25)

Let us investigate the significance of the smontaneously in-
duced megnetic field assumed by Weiss in light of modern day
11
quantun mechonics, The energy terns we are interested in are

Lhe exchance energy and the mecnetostatic energy. The total

energy is related to the Veiss molecular field by

Wy = 2B SyHp (26)
or
Wn= 2B S (H+1, Iy ) . (21)
Then
W -2B% =85, (28)

Iw



(&)

where Sz is the projection of the epin in the direction of H,
Ve must now obtain en expression for Wpin order to evaluate

Ny The exchange energy is given in the form

Wex = =2 J34 84 + 8 (29)
vhere S; and §j are the spin engulsr momentun vectors of atoms
iand 3 . Inorder to arrive at this exnression let us con-
sider the permitted valucs of the energy as being
W=CZy 3
where C 1s a constant and J is the exchange intezral given,

for the case of two particle systems, by

I =f‘ll1(1)‘1’ 3 B PP, () aT,aT, . (20)

Theyr's refer to the resmective wave functions and H' is the
Hamiltonian operator., Tre poeitive value of J corrcsponds to &
singlet state whereas the negative value is a triplet, It ic a
well known fact that in ferromacnetism the lowest gtate is the
condition for which 211 the spins ere lined up, This is true
only in the triplet state; therefore we are interested in tre
conditiong on J for the trinlet state to be of the lowest enerzy
or in other words J positive,

If we consider a term which is a function of enin in the

form

£(s) 5 5 %Y (31)
we find that the characterlistic valuee are * 1, The plus is for
the singlet and the minus for the triplet, as desired. The ex-~

change en~rgy now becomes

W ==-2T9 «8;- (32)



(9)

The terms C and = 21%__ drop out becaunse they are not spin de-
pendent,

The exchange energy can also be calculated in a similar
manner for the interaction of the 1%B olcctron with 1ts Z

nearest neighbors.

A%

w, =272 s"—'"ﬁzI; (33)

The magnetostztic energy is gliven by

wmag = Zﬁ S, B, (34)
Trerefore
_ JZ 1, L. ()

Equating this to (27)
- £ J
N, = (%6

then from (19)

JZ2N(2B)% 5(sa)=2J85(5+1) | (37)
6 BN x 3k

Te =

We have ghown that by using the Weiss molecular field theory
or its anadloz in guantum mechanices, the exchange energy, we are
eble to predict a Curie temmersture. However, in order to obtain
the deslred results we must have a condition with the dipoles lined
up ot all times. We know from experimental results that this is
not always true, It is possible, with no applied field, to have
the overall magnetization of the sample be zZero and with a2 smell

eprlied field the intenslty of magnetization is in general less

than the saturation magentization.
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In order to account for the fact that in ferromagnetic
materiele an extremely small apnlied field causes a relrtively
large magnetization, Pierre Welss assumed the existence of domains.
Each domain is at saturetion magnetization and in abeence of an
applied field they ere oriented randomly. The Feles theory does
not Justify the existence of the domein type structure but assumes
it - in order to account for experimental observetions, The domain
type structure can, however, be Jjustified in light of modern
theories,

The exlstence of the domein type structure hes heen verified
experimentally by use of powder pattérn me thods. Fine particles
of magnetite in collodisl suspension sre placed on a pren~red sur-
face and obgerved through a microscope., The pleces of masnetite
tend to collect along the domain walls due to the very strong
local magnetic fields. The size of the domaing seem to be very
dependent on the materiel, the size of the crystel and sleo on the
history of the material,

Yhen an externsl field is annlied tle domains with tre
favored orientation can be ohserved to grow et the expense of
the unfavorably orientated domains. The resultent megnetization
can be changed in two manners: firet, due to favored domains
growirg at the expense of unfavored ones or, second, by means of
rotation of the magnetizetion vector in the direction of the
applied field.

The domain structure hes its origin in the possibility of
lowering the energy of a system by golng from a saturated con-
figuretion such &s a gingle domain structure with high magnetic

energy to tlhiet of several domains oriented In such o monner that
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9

the system has a lower energy.

In addition to the two energy terms already mentioned, ex-~
change and negnetostatic, we muet consider two additionsl energles
in order that serlous spmroximetions in tre domain structure do
not have to be made, These two teirms sre tre anisotropy energy,
of which we will say more in a following section, and tre mesgneto-
elestic energy. Tae anisotropy energy tends to direct the nag-
netization vector along certein crystalogrephic axes. The
negnetoelacstic energy arises from the fect that the crystal
dimensions chanze elightly when a magnetic field 1s anplied., The
change in dimensions is called magnetostriction and is related in
& direct manner to the anisotropy energy.

In tre region between two adjecent domains, called a2 Bloch
vall, there exists a transition area where the gpin direction
changes from parellel to an entiparsllel allignment., The chenge
doeg not occur across just one lattice nlane but ratter across
many, depending on the energy., The exchange energy is inversely
nrorortionel to the wall thickness and, therefore, tends to mzke
the wall snread throughout tlie vwhole cryetal, However, in tre
transition from a parallel to an antiparallel alignment the spin
directions are rotated svay from the crystalline axis and are,
thierefore, acted upon by the anisotrony energy. The anisotrony
energy is directly proporticnal to the wall thicimess. It is a
balance tetween these two energies theat determine trle thickness
of the wall, For iron tre wall thickness is of the order of
1000 4 end tre total wall energy mer unit area is epproximately

1 erg/em?,
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II, THE ANISCTRECPY CCUSTANT™S

All ferromagnetic substarnces have a crystalline microstruc-
ture. As 1s charecteristic of crystalline materials, ferromesnetic
materials are enisotronlc in the sense thst the'r physical pro-
perties denend on tle direction in which the- are mezsured. There-
fore, 1t is to Ve exrected thrt a2 mortion of the internal erergy
of a ferromegretic substance will depencd on the orientation of the
magnetization vector in respect to the crystalline axee., This
portion of the internsl eneryy is referred to as the anisotrony
energy. The enisotropy energr of a crystel of cublc gmmetry
such as iron or nickel may be expressed in e serles expension as

E = Ko+ K, (A + 0007 valal) + Ky (o200 02) ..., (32)
where &X,, X, end Xyere the direction cosines of the megnetizstion
vector with resrect to the x, y and z axes, and K, ¥, and K2 are
the anlsotropy constants., In thie expression the odd mnowers of
the direction cosines dieanpesr due to crystalline symmetry and the
A sauered terms ere included in Ko due tn the fact that
o o+ Oy= 1

It 1 found experimentally that in ferromagnetic mrteriale
the constants X and X, ere quite larze while the higher ordered
terms can he neclected. Tiie meang that the esce with which a
glven senple can be megnetized is denendent on the crolce of
exes, It 1s easier to magnetize an iromn crystal alons the
[100] & rection than it is along the [111] & rection, vhile the
reverce of this is true in a nickel crystel,

The origin of the anisotropy energy is not immedictely

obvious. The Helsenburg exchange energy used in exploining
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ferromagnetiem 1s ieotropic elnce the exchange effect depends
only on tre rel~tive orientetion of acéjocent spins 2nd not on the
cryetal direction, The magnetic dipole interaction b-tveen spine
does give a term thnt ig dependent on the orient:tion of the
eping with the cryetal lattice, but the mognitude of this term 1is
much too small to account fer ti» snisotropy effect. Bloch and
15
Zentile have sucszested thet tie erin orbit counling combined
vith an electrostatic courling of ¢l e orbit to te crretel yields
tre right order of mrenitude for tle enisotrony constonts end at
orecent this is the generally zccented treory,
12
Ven Vleck has celculated e theoreticel value for the

enlsotrony constant Xy, thet zorcee with ermerimemt &s far as

sign, eprroxdmete magnitude and temmernture dependence., e gives

“

¥1 to be of e order of A er aton if due to dinole-
S E— 7

1 * 10 « To hive ¥

dipole irterzctions, and of the orcer of -J?:—;- if cdue %o the
h*p
cunérunole effect. A is the spin-orbit constant, T, is the Curie
temversture, and h¥is a quantity depencent on the encrgy levels,
The celculeted velue of Ky 1s the order of 100 erss/cc,  The velue
for Ky in the expreszion is nlso temperrture denendent, which
agrees with experimental evidence, In fact it ie found ewmeri-
ment2lly thet the constantse Kl and. KE may chenge sign between
high and low tempers—tures.9
The enisotrony constants for verious Fe - Co, Fe - Ti,
Co - "1, end Fe - Co-1"1 alloys are surmnarized in ¢ paper by

5
Zozorth (1937). I %111 list briefly some of the results

obtained.



Teble 1, Values of Kl and X

and alloys

()

for various ferromnonetic elements

Composition Menp ¥y x 105 ¥ x 100
Fe Co M o¢ ergs/ce erxzs/cc
100 20 1p) 1”0

50 50 20 -683 -730
£0 50 20 23 -180
50 50 20 -19¢ R)

100 20 -3l 50

It was the purnose of this resecrch to obicin exmverimentel
velues for the enisotropy constents ¥y and X, in ~olycrystrlline
ferromeenetic substancee., The enlsotropy energy and the mag-
netost=tic energy ore the only vortionsof the internal energy thet
ere cenendent on the orientation of the magnetization vector. The
other two terus, exchange anda mr;netoelastic, are independent of
angle, The torque per unit volume on a disk or obl:rte spheroild

samnle cdue to en apnlied megnctic field is ziven by

oE
T = c——— Q
o¢ (32)

where ¢ is the angle between the meonetization vector snd an
erbitrary exls in the plane of the eamnle in which tihe torque is
nmeasured., In a hizh memmetic field thre mogretiostetic enerey
becones a constant 2lon:s with tre exchange end masnctoelnstic
enerzy. The torque on & semple ig then only a function of tre
snlisotropy eonergy.
For tre rotertion of the meanetization vector I in the(100)

plene the torque on a2 given sanple can he computed by letting
A, = C°Sﬁ-°$.’ sinﬂg,nd @. O. Y".‘hereﬁ is the angle between

I and the x exds. The torque is trhen given by

T = -‘-_I,g'— sin 48 (L0)
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In a similar manner the torque on a sample cut from the (110} plene

is of the form
T = sin 2¢(1 - % ainaﬁ) (Il+ % o1n%9) 41)

where ¢ is the polar angle.
For a sample cut in an arbitrary direction Bitter and Tarasov i

have given the following results:

Pig. 3. Angles defining orientation of disk X, Y, Z are cubic
axes of the crystal; N is the normal to the disk; I, is the
direction of the magnetization in the pleme of the dm:- ¢ is
the angle measured in the plane of the disk,

In terms of the angles defined in Pig. 3
0('1 = cosfcosy - sind sin¥ cos %,
Ay, = cos¢ sinY + sin$ cosy cos X , (y2)

d3 = sin ¢ sin’X ,
the torque on a given sample, for the case of small Kp (assuming

Kp =0), 1s given by

.xsl-‘!.u 2¢ + Ay sin 4P 4+ By cos 2 4+ By cos bd, (43)

where > 2 5
A; = % ein“ X (1 - 7 coe“ %) = (14 cos“%) cosh ¥ ,



)
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‘a 3 - % sin)"x» [(%) sinh‘h- cosa‘x] cos 4y

By==3% 8in®% cosx sin LY, (y)

Bg=-w}(hcona‘l ) cos X ein B4 V.

III. THE TORQUE MAGNETOMETER

In order to investigate the anisotropy energy torque curves

were used., Torque curves are curves relating the angle the direction
of rolling mekes with the megnetic field plotted against the torque

produced on the sample while alligned in that direction.

Pig. 4. The Torque Magne tometer.
The torque magnetometer shown in Fig. L was used to measure the

torque on disk and oblate spheroid samples. A sample wag clamped in

the sample holder which is supported by a 1/8 inch brass shaft running

in glass bearings made from short lengths of capillary tudbing.
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A torsion fiber with a brass indicator at either end was used to
suspend the sample holder. The lower indicator reading gives the
sanple orientation wvhile the difference in the two readings repre-
sents the retarding torqus on a sample in opposition to the torque
produced by an applied magnetic field.

The constants of the suspension were evaluated by use of the
torsion pendulum. The quantity determined experimentally was the

product

Paha ——-2'——8:11 (45)

where M is the modulus of rigidity of the wire, a is its radius,
and 1 ig its length, I 1s the moment of inertia of the pendulum
and P is ite period. To evaluate p ab' a length of wire 1 = 123.b cm
vwas used and a cylindrical block of aluminum of mass m = 475.070
grems and radius r = 3.85137 cm was used as a pendulum. The results

of the torsion pendulum measurements are shown below.

Number
Prial of Time
Ogcillations Sec,
1 50 440
2 50 W40
3 25 220
4 25 220

FProm these data it was found that

P at = 138,600 dyne cm®.
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The retarding torque produced dy the fiber is then given Dy

re I Met g (u6)
where © is the angular geparation of the indicators and 1 is the
length of the wire used in the instrument., The instrument wire
length used during the course of the experiment was 30,493 cm as
moasured by use of a height guage. The torque can then be expressed
as

T (dyne cm) & 7140 © (rad.)

A uniform inagnetic field was applied to the sample by means of
flat cylindrical pole pileces of a divided electromagnet. The magni-
tude of the field was determined from a calibration curve obtained
by taking a IIIQ number of readings with a flux meter.

The magnetometer was designed so that a sample about the sige
of a gquarter or smaller, depending on its crystal allignment, would
glve a sizeable deflection., The samples investigated were either
trensformer laminations or a silicon steel called "silectron®.

It was found that semples with a readily obgervable anisotropy
energy could be selected by bending a sample of the material until
it dbroke. 1f the gample was soft and flexible its anisotropy con-
stants were small, however, if it was brittle and showed large
erystallites on the droken edge the sample displayed an anisotropy
energy large enough to be measured readily dy the torque magnetometer,

The surface of the metal strips were prepared dy polishing them
lightly with an abrasive after which an indelible ink was applied
to the gurface so a line could be scridbed parallel to the direction
of rolling, A compass was used to oudline a disk. The disk was cut

out as close to the line as possidle by use of tin snips and then
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ground to the line on an external grinder. Samples of silectron
were mads in a foram vhich approximated an oblate spheroid by first
cutting out a rough sample and soldering to it a brass shaft which
was inserted in a collet on a lathe and turned to proper shape. The
sample was fimished by filing it while i+ revolved.

The procedure for obtaining the torque curves was as follows:
The sample was clamped firmly in the center of the sample holder gnd
a strong megnetic field applied. The pointer on the lower indicator
was set at predetermined angular positions spaced 5 degrees apart and
extending over a range of 180 degrees., At each setting of the lower
pointer the upper pointer was rotated to e position at which the
torque on the sample was just balanced by that produced by twisting
the torsion fiber. The difference between the pointer readings gave
the angle through which the fiber had been twisted. The torque on the
sample was then obtained from Eq. (46). 1In plotting the torque data
the orientation of the sample in respect to the magnetic field was
represented by the angle between the scribed line (along the rollimg
direction) and the direction of the magnetic field.

There ere two regions on any one of the curves, from O to 180
degrees, that the readings are found to be unstable., They are located
on either gide of szero torque where the slope is positive. The
regions extend to a point about half way from sero to the maxisum or
ninimum point, It is believed that the instability is a character-
istic of the sample rather than the instrument since the same instebil-
ity was observed by Bitter and 'I’arasov'* using an instrument of quite

different design.
The errors in the torque measurements arise primerily from the

frictional torques in the instrument and errors in reading the






(20)

indicator scales. The error due to frictional torques appears to
smount to less than 0.5 of a degree while the error in reading the
indicator scales is estimated at 1.0 degree. Thege errorsg amount
to about 3,0 percent of the maximum deflection for most samples end
since the firgt order anisotropy constent Kl is directly proportion-
2l to the maximum deflection, they constitute a most serious limite~
tion in the accuracy of the instrument. The second order enisotropy
constant K, is much more gensitive than K; to small errors in the
torque curve and, therefore, the torque magnetometer used in this
experiment cannot be used to dstermine Kz.

¥hile most of the torque curves were obtained with the sample
at room temperature it was thought desirable to measure the torque
on a few samples at the same temperature as liquid nitrogen in order
to obtain an indication of the temperature dependence of the anisot-
ropy constants in polycrystelline materials. This was accomplished
by placing the sample in a small cup made of poly-foam which was
placed in the sample holder and kept filled with liquid nitrogen
while the torque curve was measured. The sample was then alloved to

warm up and the torque curve was measured agsin at room temperature.

IV, DATA
The torque curves are shown on the following pages followed by

their interpretation.
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Pg. 5. Sample 1. Torque curve of a polycrystalline oblate
spheroid of iron silicon, in (110} plane.
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Mg, 6. Semple 2. Torque curve of a polycrystalline oblate
spheroid of iron silicon, in (110) plane.
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Fig. 7. Semple 3., Torque curve of a nolycrystelline oblate
spheroid of iron silicon, in (110) plane,



(2u)

-

i

Piz. 8. Samnle 'y Torque curve of a polycrystalline dislk
of iron silicon, in (110) plane,
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Fig.2, Somple 5. Torque curve of disk sample of transformer
iron,
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DEGREES

Fig. 10, Sample 6, Torque curve of oblate spheroid sample
of transformer iron,
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DEGREES

Pig. 11. Sample 7.
former iron,

Torque curve of disk sample of trans-
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. ¢ '
Fig, 12, Sample £, Torque curve of disk sample of trens-
former iron.
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Fig, 13. Sample 9. Torque curve of dislé sample of trans-
former iron.
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Fig, 1%, Sample 10, Torque curve of disk sample of trans-
former iron,
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Tig. 15, Sample 11, Torque curve of disk sample of trans-
former iron,



Fig. 16, Sample 12,
former iron,

(32)

Torque curve of disk sample of trans-
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Fige 17, Sample 13,

former iron,
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Torque curve of disk sample of trans-
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Fig. 18, Semple 14, Torque curve of disk sample of trans-
former iron,.
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Fié. 19, Sample 15, Torque curve of disk sample of trans-
former iron.
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Fiz. 20. Semple 15.° Torque curve of disk sample of trans-
former iron_.




Fi'.g. 21% Sample 17,
former iron,
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Torque curve of disk sample of trans-
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Fige. 22. Sample 18, Torque curve of disk sample of trans-
former iron,
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V. Interpretation of Data
The torque on a semple cut from the (110) plane of a single
crystal is given by Eq. (4l) to be
T= sin2¢ (1- 3/2 -me‘ﬁ) (K,+ 12/2 sin 2¢).

let us define
B, = sin 2 ¢, (1 - 3/2 etn 26,) o)
B, % s 2¢,(1 - 3/2 sin 2¢£)
vhere d), and d)z_aatigfy the conditions
QT -
%14 =°
AT|. =
37 ¢,"©
¢, > 9, (u8)

T
—é—afo for ¢14¢4¢a .

Solving for ¢, and ¢Land inserting the regults in the above one

obtains
B, = 56109
B 2 .21002,

¥e can then write

o’ d.
I1<|» ’Ia=

24

(49)

hs? B2

where T} and T2 are the values of the torque at ¢ and ¢£ re-
spectively. Solving these equations for K; and Ky one obtains
K= 2.24497 - 1.236
Ko = 13.338 To - 4.9923 T

Eqns. (50) are strictly applicable only for samples cut from the

(50)

(110) plane of a single crystal. However, if one is dealing with
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a polycrystalline sheet in which most of the crystallites have
been so eriented that their (110) planes 1ie in the plane of the
sheet one may reasonably expect that the torque curve will bde of
the form given by Eq. (41). If an experimental torque curve
follows this form one may use Eqns. (50) to obtain two constants
K; and Xp. These constants will not be true anisotropy constants
since they 40 not apply to & single crystal but rather to an
aggregate of single crystals. In fact, the departure of K; and Kp
from the values which characterize a single crystal will serve to
indicate the percent of the crystallites which are oriented ir the
assuned manner, If we designate the first order anisotropy com
stant by Ky, and the corresponding quantity for the pelycrystalline
sample by K),, then the fraction of oriented crystallites is Ilplll,.

The extent to which the torque measured for a given sample
agrees with the torque function given in Eq. (Ll) can be checked by
calculating Ilp and xzp and plotting the curve obtained from these
values on the experimental curve,

Pigures 5,6,7 and & show curves of a 3% silicon steel called
silectron.* It is kmown that the direction of rolling is the [100]
axis and that the plane of the sheet coincides with the (110) plane.
Subject to the assumptiom mentioned above it is possible to cal-
culate xlp by use of Bq. (50).

Fig. 5 shows the torque curves obtained from a sample of silec-

tron cut in the form of an oblate spheroid at temperatures of 295

* Silectron samples obtained from Allegheny Imdlum Steel Corporation,
Brackenridgs, Pa.
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and 77 degrees X. The torque on the sample was sero along the roll-
ing direction, (1.e. (100]). The torque vas also sero at 55 and 90
degrees corresponding to the [111] and [110] directions. This corre-
sponds to the fact that the energy takes either a maxirum or a mini-
mum value along the axes. (The [111] direction should be at 54.7 de-
grees from the [100] directiom but the measured values are within the
limits of scocurscy of the instrument.) The anisotropy consteant for
this mmple at 295 degrees K 1is 2.75 x 105 as given by Eq. (50). Bo-
sorth® glves the valus of Xy, ® 2.87 x 107 for a single crystal of
3% silicon steel therefore one would expect this sample to be 95%
alligned,

The value of Ky, increased sbout 12% when the temperature of the
sample was lowered to 77 degrees K, (xlp = 3,08 x 1.05) It was ob=
served that lowering the temperature shifted the points of sero tore
que, This mey be due to the instruments reaction to the low temper-
ature or it may be caused from a chenge in internal gtructure of the
sanple,

Figures 6 and 7 show two more oblate spheroid samples cut from
the same strip of silectron as sample 1. For sample 2

Ip = 2.9 x 107 at 295 °K
and = 3,53 x10° at T7°K,
and for sample 3
K; = 2.74 x 107 at 295°K
and = 3.27 x 105 at T7°K.
The curves also have gero torque at O and 90 degrees and at

approximately 54.7 degrees and can be intsrvpretsd in the game manner

as sample 1.
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The variation in the values of the K's for the three samples
‘appears to be dus either to large localized crystals in the stock
the sample was cut from or to a change in crystal structure caused
from soldering the brass shaft to the samples.

The curve of a disk sample of silectron is shown in Fig. 8.
In this sample the points of sero torque are also slightly shifted
with a reduction in temperature and the anisotropy constants are
lower than those of the oblate spheroid saxples. For the disk

Kp = 2.61 x 100 at 895° K

and = 2,95 x 105 at 77°K.

These results agree with the results of Bitter and Tl.lx'uovh oo
who found that when oblate spheroid samples were used the curve
shifted to a more symmetrical configuration and the amisotropy
constants were larger than those of comparable disk samples,

Fig. 9 shows the torque curve of a disk sample cut from e
transformer lemination. ZXxamination of the torque curve leads
one to believe that this sample lies in the (110) plane since the
torque is szero at 0, 37 and 92 degrees, corresponding to the [110],
[111) amd [100] directions. The constants are

K1p = 5.23 x 104

aad Ky, = 1.9% x 10% at 295° K.

Using these values for Il and K2 the theoretical curve was found
to be in good agreement with experiment. Comparing ‘11: with Il .
for a single orystal indicates that the sample is approximately
12% alligned with the remaining 88% distriduted randomly.

The above sample was filed into an approximate ablate spheroid
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and the resultaant curve is shown in Fig, 10. The constants are
X;p = 6.81 x 10% &t 295 °K
and = 7.98 x 10% at T77°K.
Ag was observed in the silectron samples xlp increases for an
oblate spheroid sample and also increases with decrease in temper~
ature. A shifting of the points of sero torque with change in temper-
ature was also observed in this sample.

Yor the majority of the curves obtained in this experiment the
simple type of interpretation previocusly employed was not found
sppropriate. However, Akulov and Briichato}h have suggested a metkod
by which one can infer the structure of a sample even when the
crystallites bave geveral different states of orientation. They
assume that an experimentally measured torque curve may de repreeent-
ed by the expression

T=Asin 20+ B sin 4 ¢ (51)
They next agsume that the possidle orientation of the crystallites
in the sample fall into five distinct groups which are shown in
Table 2.
TABLE 2

e

The Group 1 2 3 4 5

Plane containing the Randomly
magne tization vector (100) (100) (110) (110) orientated
and the rolling crystals
direction

Rolling direction flool w0 oo  [u10]

Relative volume '1 w2 ¥




(uu)

In this table the W'g indicate the relative volume of the sample

occupied by each group and are therefore subject to the restriction

Sw=1 (52)
The total energy is given by
Xa i v, B, (53)

11
Where li represents the energy of the 1th group. On differentiat-

ing the last expression with respect to ¢ one finds
Y-
Ts Z Vi Ti (511')

On inserting izzquw formula the appropriate formulas for the T; onme
obtains an expression for the total torque
L I %.!ﬁwl- Vo) sin Lp + § (¥3-¥) s1n L+ 3 (W3- ) in 2¢}-
(55)
Comparing the coefficients in this expression with those of Eq.(51)
one obtains
fz‘l_ [4 ¥y = W)+ 3 (Mg 4 W)] = w3

x (56)
1
5 [(w3 - "n)] =24
This set of equations has no unique solution, However, if ome
assumes that any two of the groups are of negligidble importance in a

given sample one may solve for the relative volumes of the remaining

two. Such an approximation allows four possidle combinations of the

groups
1 vo# O w# o
11 W, ¢4 O V,* 0
1 4 (57)
I Wy # 0 vy # 0
v W, % 0 Ny ¥ 0
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From these regult

= 8B
~uvpa3w= £2 . Ly Cid

1s xla
YW, + 3w, = &2 v -Ww =l4
1 4 1ls 4 Kia (58)
58
-qu‘F}W}'g—E ’ Wss%.é
8 1ls
bW, +3W, =88 v WymliA .
1 3 Kie 3 Kis

V5 is deternined from Eq. (52).

In order to pick the proper set of the above equations one
invokes the requirement that the W's shall be all of the same sigm.
The posqibility of negative values for the W'g arises from the fact
that the direction of the positive torque, and therefore the sign of
A end B, 1s arbitrary although not independent. This requirement
plus the known sign on the value of the first anisotropy comstant
generally ylelds a unique choice of the above equations. Ths method
indicated above was applied to samples 7 and 8. For sample 7

A=~ 130
B= 14
0f the four Pqns. (58) one must choose equation III,

Thus

or

3° K1
Subgtituting the constants A and B into the above equations

one has



(46)

Vo =2 15%
W= 20%
w5 = 65%
In a similar manner for curve &
A = .50
B o= 7.y
Inserting these values into equation III ag before one obtaing
¥, = 23%
¥y = 19%
'5 = 58% .

Even with thisg type of an analysis there are serious limita-
tions imposed. PFor the curves shown in Figures 13, 14, 15 and 16
an analysis of this type would be nearly, if not entirely, impos-
sible. About the only information which can be obtained from a curve
of this type is that the sample is anisotropic.

By use of higher order terms of Iq. (51) one may readily obtain
an expression which is valid for curves 13 and 14. For curve 13 it
was necessary to use only one extra term, C sin 6 #, to obtaia an

empirical curve that agrees essentially with experiment. The con-

stants are
A=19.0
B = 15.2
c= 2.0

For curve 14 even higher order terms are necessary.
In order to analyse curves 15 and 16 in the manner above it is

necessary to use an expansion in both the sine and cosine,
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Curve 17 was used to study the effect of using fields of
strength insufficient to produce saturation. Above a field of
approximately 800 gasuss the sample was found to be nearly at
saturation and an increase in field 4id not appreciadbly change
the shape of the curve.

Curve 18 may be interpretated if one assumes that the sample
had an impurity ?f alligned material such as cobalt giving rise
to the sin 2 ¢ form of the curve, The curve also shows an in-
crease in the anisotropy constant with decrease in temperature as
was obgerved in previous samples.

The results of this work may be summarigzed as follows:

1. The torque magnetometer furnishes a simple rapid method of
obtaining the torque curves of polycrystalline samples.

2. In situations in which the polycrystalline sample shovws a
high degree of orientation it is possible to infer such information
as the effective first order anisotropy constants, the relative
abundance of particular orientations and the temperature dependence

of the effective first order anisotropy constant from the torque

curves.
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