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I. INTRODUCTICN

In single crystels of iron, nickel, and various substances,
the magnetic properties depeﬁd on the direction in which they are
measured. When a substance is found to exhibit these characteristics
it ie said to be maegnetically enisotropic. The knowlerdge of the re-
action of certain element~ er? comromnds to a macnetic field is of
speciel interest to menufacturers of certein types of mecnetic end
electromegnetic equipment. It is also of interest in science in

the building of a more complete theory of megnetism.

O
A0/ PLANE

Fig. 1. Showing the three most common planes of a simple
cubic crystal.

IT. THECRY

The iron crystel is an excellent exarple of a substance ex-

hibiting magnetic snisotropy. It is customery to express the
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magnetization direction with respect to the crystallogrephic exis
in Miller indices. These sre the reciprocels of tge intercepts of
planes paeseed throush various atoms in the elementary cell, eas
shown in Fig. 1. The [100] direction would then be all directions
perpendiculer to a [100] pleane. Similarly, the [110] and the [111]
directione would be perpendiculer to DJO] and DJjJ planes
respectively.

In iron, experiment has shown the [}OQJ direction ie the easy
direction of magnetization, that is, less energy 13 necessary to
bring the crystal to megnetic sasturation elong this axis then eny
other in the crystal. The intermediate direction is the [}10],
end the direction of hard magnetization is the [11i]. On the other
hand, nickel crystels have their essy, herd, end intermediate di=-
rections of magnetization as the [111], [lOOJ, and [HCﬂ respectively.

In a quantitative measurement and evaluetion of the anisotropy
constants the following expression is found to be the most convenien+t.

€=t hi(’a)+ G raia)) ¥ b Cfetted) +--- - (1)
where Ko is isotropic, K; end K2 are the first end second anieotrony
constants respectively. The &i's are the direction cosines of the
megnetization vector with reepect to a crystallographic axis. The
terrs in di2 are missing, since

Cral tet >/ (2)
The terms in ¢14 ere miesing, because

@ rat +ot) =7 = P vl soff +2(0rade wpotiade) (3)

"-"—(‘-‘Lé.'ﬁ'_*_"’f_’ - kit oA gy
and, therefore, yield no terms differing from (1). In meny ceses it

is unnecessary to cerry the expension beyond the terms involving



dﬁdfd:’ since the coefficients of succeeding terms are very small
and very difficult of measure experimentelly.

A theory of magnetic enisotropy wese first prepered by Mahajani.7
By assuming small, round, flat megnets, megnetized perpendiculer to
their plane at the lattice pointe of e body centered cubic lattice
the magnets will be stable when the direction of megnetization of
these magnets is the [100] direction. Similerly, if the assumed
magnets are bar shaped end their megnetization is in the long di-
rection, the steble direction will be the [lli] direction if each
such magnet is placed at a lattice point of a face centered cube.
This explaine quelitatively the reason for iron having the easy di-
rection of magnetization as the [lOQ] end nickel the [llﬂ o

Using e phenomenologicel cuantum mechanical theory, Van VlecklO
calculsted the anisotropy constant Kj. The theoretical value agrees
with experiment in magnitude end sign; it shows that K; should be
temperature dependent. Due to dipole-dipole interaction the value
for Ky 1is ,Tsi‘-;z s end of the order of f".;- if due to qusdrupole-
quadrupole effect. Where A is the svin orbit constant, Tc the Qure€
temperature, and J is a quantity of the order of me-nitude of the
separetion of energy levels caused by the interaction of the orbit
with the crystalline field. However, the value of K1 thus predicted,
does not fall off as rapidly as found experimentally. Van Vleck
suggeata that the above relation be considered & function of temper-
ature to be determined rether than the one chosen.

In this research, the values of ¥; are found et verious temper-
atures from 25° centigrade to 450° centigrade; and from this we ob-

tein an empirical tempersture dependance for Kj. Williems and
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Bozorthl> have used en emniricel form

k = K€" (4)
for nickel, and a somewhet similar expression will be emnloyed here
for iron.

The above reletions given for the enisotropy energy ere, in a
strict sense, applicable to only single crystals. However, in fab=-
riceted meterials the sepsrate crystals compoeing the meterial are
usually oriented in a special way. This orientstion ie often de=-
termined by the method employed in heet treatment or in rolling end
recrystellization of the stock. For example, in cold-rolled silicon
steel sheets of the type used in the present work, the plane of the
sheet coincides with the ﬂ.lOJ plane, end the [100] direction is
the direction of rolling.5 Whereas, cold-rolled iron has a 45°
angle between the direction of rolling and the easy direction of
magnetization.2 The orientetion of the crystals may be determined
by the Von lLaue spot diffraction of X-rays,5 or they mey be deter-
mined by the comparison of curves obtained experimentally to those
predicted for a crystal sssumed to be in the sare ccnfiguration.l1

Since there is a degree of orderliness in e polycrystalline
material, a ssmple cut from this meteriel should exhibit magnetic
anisotropy. That is, the meterial should show a preferred direction
of megnetization, and the reletion for the anisotropy energy in
terme of the crystallographic exis ie still applicable. The relative
magnitude of the enisotropy constentes will, however, depend on the
degree of orderlinesse.

The relation betwe~n the torque and the anisotropy energy is

r=-4% (5)

where # is the angle, as measured in the plene of the sample, between
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the megnetizetion vector and a crystellographic exis. The ususal
convention is to messure & from the direction of eesy megnetiz:tion.
At sufficiently high field intensities (1000 - 2000 Geuss) the
anisotropy enerpy ies the only term in the total energy of a ferro-
magnetic which is angle dependent. An example where & ies measured
in a [100] plene, the direction coesines are of,=€050, ofp=3{m®, and
o3=0 . The torque is then

7 =& sinse (6)
Similerly, for e sample where # is meesured in the ﬁld] plene from
the [100] direction.

7 = f’(es:"nzo 135N e8) + L2 (Sinz2o +35(n96—-33nae) (7)
Expreesions for the torque of a sample in various plenes are given
by Bozorth.?

ITI. ZXPFRIMENTAL 22P7TAPATUS

In the exnerimentsl werlr to be dgecribed in this thesie, the
anisotropy conrtant is determined from toroue curves. Such curves
are obteined by plotting the torque exerted by the field on the
sample, versus the sample's orientation in the magnetic field.

Once the experimentel curve is plotted tre constents K, and Ky cen
be determined.

The instrument constructed to find the torque curves was a
torison megnetoreter, en instrument quite similer to the one con=
structec by Williems.l2 A torison fiber is celibrated eso thet the
torque can be comnuted directly from & given deflection when the
megnetic field is one.

The constant for the fiber wes computed by a torison pendulum
method. The wire used for the susvenesion wes the same a&s in the

magnetometer constructed by Kropschot,b and the particulers of the
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method cen be found in his thesis. The constent was found to be in
good agreement with the value given by Kropschot. The torque is
given by

T=7257 ¢ (8)
where ¢ is the angular sepasration, in radiens, of the two indicators

on the megnetometer

Fig. 2. The Torque Magnetometer

To obtein temperatures above room temperature in the semple, a
coil wes maede of steinless steel tubing. The coil was wrapped with
asbestos, and one end connected to a nitrogen tank. The other end
was run through an asbestos wesher into a vacuum flesk surrounding
the sample. Nitrogen wes used since it does not react with the iron
sample, end does not form e scele of any kind on the sample. The
coil was wound cone shaped so that it could be heated most effective-

ly by 2 torch epplied beneath ii. To obtein & tempersture of 400° C.
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in the semple, it was necessary to apply a preessure of about eight
pounds per square inch from the nitrogen tank, and run the torch
about medium heet. The heated geses were allowed to escepe through
a gless tube, running deep into the vacuum flask, on the opposite
side of the asbestos washer. In order to keep the heat from reaching
the suspension and chenging its modulus of rigidity, a number of
cépper fine were added to the top of the sample holder as shown in

Fig. 4. As a second precaution, an eluminum cup was added below the

|8

Fig. 3. Torque Megnetometer dissembled.

indicator dial in such a way that a smeller inverted cup fastened
to the sample holder fitted down into it. This cup could be filled
with a liquid to keep the heet from rising any higher on the semple
holder. The sddition of liquid was unnecessary as the copper fins

kept the heet from reaching the suspension.
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Fig. 4. Sample holder.

The temperatures were recorded by a copper Constantine thermo-
couple connected to a potentiometer. The thermocouple entered the
flesk through the gless tube used for an exhaust for the hot gas.
After running through the glass tube the thermocouple wes wrapped
with a thin leyer of asbestoe and tied to the side of the beering
suooort about 1/16" from the sample. To determine the reletion
between the temperature of the semple end the tempersture where the
thermocouple was festened, a second thermocouple was run through
the gless tube and fastened into the semple holder. Heat was then
applied to the sample holder by the method described above, and the
tempersture was recorded from the thermocouples simulteneously. The

results showed thet both thermocouples registered the same temperature
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whenever the tempereture reached 2 stetionary valve. To convert the
e.m.f. from the thermocouvnle to tempereture, a graph was plotted

with data teaken from the Hendbook of Chemietry end Phvsice. This

plot wee checked by teking three standard points: the boiling voint
of water; the freezing point of lesd, and the condensinz point of
sulphur. The threce voints were found to egree with the curve plotted
from the handbook. The thermocounle conrected to a votentiometer
wae then used to celibrate en eutomatic temperature recorder connected
to a second thermocouple. A permanent temoerature record of a number
of readings was then obtained, and eny sudden change in the tempersture
could be instently detected.

IV. PREPARATION CF SAMPL%S

The semnle holder wes constructed to accommodate samples about
the size of a dime. Theee eamples were prevared from a sheet of
thrre per cent silicon eteel celled Silectron. The sheet was about
0250 cm. thick, so thet all the samples prevered hed e very small
demegnetizing factor.2 The method of preveration wes quite similar
to tre method given by Mc Keehan.3 A rather lerge hexagonel piece
of etock wee cut end soldered to a 1" brass shaft. The shaft was
then inserted in & collet lathe, and the semple turned down to the
deeired diameter. To incsure uniform ssturation within the materiel,
the semples were cut into oblete spheriods. Thies was accomplished
by fastening the brases sh-ft into a chuck mounted on & small electric
motor. To teke the rourch edge off the sample, & file wes held ageinst
the corners while the motor was running. A lerge ellipsoid wes then
drawn to scaele on & piece of cross section vaper, end pasted on the

wall of & derk room. A mercury point source light was set behind the
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sample so that the cross section of the samnle was projected to the
greche Then, with the mo%or runninr, a fine ebrasive wes held epainst
the sample until its cross section as projected just fit the ellipse.
After & number of semples were prepared in this wey they were removed
from the brass shafts and the solder scraved off while still molten.

A mild etching solution of nitric acid and distilled water wes used

to remove any excess weste left on the edges of the sample.

Since it is quite customary to express the anisotropy constants
in terms of ergs/cm5, it is necessary to measure or compute the
volume of eech semple. This was done by finding the weight and
dividing by the density of the stock. An average density of 7.61
gm/cc was used. The volures of the sarples were nesr 0.030 cc.,
which is too emell to determine directly, to a very lerge degree of

eccuracv, by an experimental method.

V. HEAT TRELTVENT

Before data was teken on the temperature dependence of the
enisotropy constant en experiment was performed to see if any perme-
nent chenge in crystalline orientation occurred when the meterial
was subjected to high temperatures. It wes thought thet the meterial
might be under strain. By heating to & high temoerature for a period
of time and controlling the cooling procese these strains could be
removed .

A numnber of Silectron disks were vprewared for the heeting process,
and their torque curves were recorded from the megnetometer. After
recording tre torque curves, the samples two et a time, were insertec
in a slot in a small squere lava block. These samples were‘in contact
with & thermocouple which entered through the back of the biock. The

block wes then placed in an oven capable of reaching temperatures of
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1500° ¢C.

After subjecting the sarples to temreratures rangirg from
600° C. to 1100° C. for several hours, they were removed ana their
torque curves egain recorded. The curves obtained were identical
with those recorded before heating. Cornsequentlv, the snisotropy
constents deterrined at a hizh temverature will be depcndent on the
temperasture of the sawrple and not a permenent chance due to internsl

etrains.

VI. EXPERIMFNTAL PROCEDPE

To obtain the torque curves ebove room temperature it is nec-
ecsary to set the nitrogen tenk pressure at e low velue snd wait
until the temperature reaches a stetionery velue, which requires
fifteen to thirty minutes. Since it is impossible t> predict before-

Feand the exact temperature st which this will occur, the temperatures
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eppear on the greph with a certain degree of haphazerdness.
To find the orientation of the sample a comparison was made of
the torque curve obtained from the sample to one plotted using the

theoreticel expression for the torcue on a semple in the [11Cﬂ plene.
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From Fig. 5 end 6 it is clear thet the semple lies in the [110]
plene. The curve obtained experimentally appears inverted with re-
spect to those found in the literature, this is due to a rather
arbitrery coavention of choosing which indicator's reading sheall be
subtrected from the other. 1In all the curves plotted the top indi-
cator was choeen poeitive for convenience giving curves similar to
Fig. Se.

The expression for the torque on e sample in the [110] plene

was given in equation 7, end it is easily seen that

/ar
155 a=0 = 24"
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The torque curve is quite linear for some distence neer g-0, and a
small part of the curve can be expanded quite accurately in this
region. The anisotropy constant K; cen then be comruted directly

from the slope of the curve obtained. A value of Ko can be deter-

mined from

[g‘;)ng: & + 5
The curve cen be expanded in the region #- £ and K, computed efter
a value of K; ies determined. However, the region linearity is much

smaller end the results for Ko are very unreliable.

VII. Data
Following are some of the graphs extended ebout &#=o at various

temperatures for the three samplee of oblate soheroids of Silectron.
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The values for K; computed from the preceding data are:
Semple #2 Semple #3

K1 ergs/cc x155 T(degrees Kelvin) K; ergs/cc x10-5 T(desreee Kelvin)

2.121 298 2.35 298
1.98 343 1.92 L47
1.94 379 1.66 508
1.88 k23 1.35 586
1.56 478 1.09 439
1.34 538 919 676

951 628 .709 723

847 661

Semple #5

Ky x 10D ergs/cc T(degrees Kelvin)

2.23 298
2.10 353
2.02 390
1.92 403
1.87 433
1.57 501
1.43 . 536
1.26 566
1.21 587
1.08 628

It wes found more convenient to choose en empiricel reletion
of the form A, s 4,& ¥ rather than the reletion chosen by Williams
end Bozorth.l> The following grephs are used to evaluate K,o and

ol in the above expression.
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From the graphs of /m & versus 77 the following velues were
computed:
Sample 2
Kio = 2.%5 x 102 ergs/cc o= 3.58 x 1079 /deg. Kelvin?
Sample 3
Kig= 2.63 X = 3.48 x 10~9 /deg. Kelvin?
Sample 5
Kig= 243 o= 3.40 x 1079 /deg. Kelvin3
The results of the work can be summarized as follows:
1. The average value of K; at room temperatures is
K19= 2.23 x 10D ergs/cc. The stendard deviation from this velue
$0.11 x 107 ergs/cc.
2. An averege value for Kjg of 2.47 x 105 ergs/cc with a etandard
deviation of * .11 x 10 ergs/cc.
3. The average value for o is 3.48 x 10~9 /(%4)> end a standard
deviation of * .07 x 10°9/(%4)7.
4. There is no permanent chenge in the anisotropy constants of
Silectron when subjected to temperstures up to 1100° C. and

allowed to cool rether slowly to room temperaturee.
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