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ABSTRACT,

I; A method of determining the magnetic anisotropy of single crys-
tals by measﬁring the torque exerted by a homogeneous magnetic field
has been studied., Particular attention was paid to the overcoming of
errors in the method of measurement, to the determination of the tor-
sion constants of thin quartz fibers used as torque-measuring devices
and to the method of mounting and orienting crystals for use in the
investigation. It is believed that the newly devised procedures
greatly increase the precision, accuracy and convenience of the
measurements,

Measurements of diamagnetic anisotropy in crystals of several
simple organic and inorganic compounds and in two protein samples were

made and are discussed in terms of crystal and molecular structure.

II1. Some time was spent in an effort to determine the crystal
structure of monomethylurea using X-ray diffraction data in the 1lit-
erature and a trial structure suggested by the results of diamagnetic
anisotropy measurements. A serious error in the published data was
discovered, necessitating the rejection of much of the work. The in=-
tensities of the hkO, hOf and 952 diffraction maxima were redeter-
mined, and some conclusions about the crystal structure were drawn,
Sufficient work has not been done to permit assignment of parameters

to: the individual atoms.,
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I. THE MEASUREMENT OF DIAMAGNETIC ANISOTROPY IN SINGLE CRYSTALS.

A. Introduction.

a. Nature of Magnetism.

In this section some properties of magnetic fields and magnetic
substances will be outlined briefly in order to present some equations
and relations which will be used frequently. For a more thorough dis-
cussion of magnetism the reader is referred to texts - for example,
(D) yan vieck @ (3) (&)

In the absence of electric currents and varying electric

to Livens s Selwood and Bates
fields, a magnetic field in a vacuum is observed to be altered by the
introduction of matter. The alteration is attributed to the creation
within the matter of magnetic dipoles which in turn are associated
with the motion of electrons within the atoms. The contribution to

the magnetic field due to a distribution of dipoles is given by:

. ' ' ( dV = du.dv.dw = volume element
Hm(x,y,z) = = (V‘.‘:‘.)Ed" dS = vector area element
(1) vol. r = i(x-w) + J(y-v) + k(z-w)
* fR(M«ds) ¥ = M(u,v,w) R=zr/r
- = =319 .32 .t
surf, v’&.;u+g\av+§aw )

The vector quantity M is the "magnetization" of magnetic dipole
strength per unit volume and may be regarded as defined by equation 1.
This equation may be rewritten in the form of an equivalent differ-
ential equation, equation 2, usually written in terms of the "magnet-
ic induction" B = H + LT -

(2) DivB = O .

Even when combined with the condition on the magnetic field given in

equation 3 and the condition that at any surface of discontinuity the
(3) Curl H = O
e

tangential component of the field must be continuous, equation 1 or 2
does not uniquely define g‘. This is because 21. is also dependent on
the nature of the substance. It would be impossible to determine the

dependence of sP’ion \I’I‘, position or direction if the dependence were
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not, as generally observed,‘of a very simplé type.

For substances of homogeneous composition, M is found to de-
pend on ‘_H' but not on position; that is, .F_I. does not vary throughout a
material object except as E;varies. For substances which are iso-
tropic in composition, that is, lack intrinsic directional differen-
cés, M depends only on the magnitude of K and not on the direction.
For substances in this class, it is invariably found that the magnet~

ization is merely proportional to the field strength:

(&) M o=
,%, = (1 + L;ITX)

&

L

= P’H_' .

The constants X and @ are called respectively the “'susceptibility™
and the "permeability". If X is greater than zero (magnetization
parallel to the field), the substance is called "paramagnetic'; if
less than zero, it is called "“diamagnetic". For paramagnetic sub-
stances, the susceptibility is usually of the order of 10-5 cgs/cm3
and is temperature dependent, The susceptibility of diamagnetic sub-
stances is usually of the order -lo_g»cgs/cm3 and is nearly temper-
ature independent,

Another wide class of substances are those which are homogen-
eous and anisotropic, that is, M depends on the direction as well as
the magnitude of E? The majority of these substances are crystalline
and the intrinsic directional character is related to the crystal
lattice., It is found, however, that, except for ferromagnetic sub-
stances discussed below, the components of the vector‘g.are each only
linear functions cf the components of ﬁ, In this case, the suscepti-

bility may be represented by a matrix rather than by a scalar;(5)

= Xz My o= X5 9 + X5 o + X 5B

(5) 5= XE
1, 2, 3 .

i

For such substances a rectangular coordinate system may be found for
the representation of E,such that equation 5 reduces to the simple

form in equation 6 in which the matrix, }{ , has only diagonal ele-

(6) M, = X.H, i=1,2,3
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ments. The particular coordinaté system is referred to as the "prin-
cipal magnetic axis" system, and the coefficients Xl, Xa and X3 are
referred to as "principal susceptibilities"™. The substance is para-
magnetic or diamagnetic depending on whether the principal suscepti-
bilities are greater or less than zero. The difference between two
pfincipal susceptibilities will later be referred to as a "principal
anisotropy" or sometimes merely as "the anisotropy".

“Ferromagnetié“ substances are characterised by the particular
dependence of M on temperature for a given field strength and by the
fact that, for field strengths normally obtained in the laboratory, M
within the substance is very much larger than for paramagnetic sub-
stances. Furthermore, the relation between M and H is more compli-
cated than for paramagnetic substances: at low field strengths M is
not a single valued function of H and at high field strengths. Egbe-
comes constant.

The energy associated with a magnetic field is given by the

integral:

B
(7) U:ﬁt-f[.!g-dg]dv
Al

SPacs
The magnetization may be discussed in terms of the energy per unit

volume, defined by equation 7. The energy in each volume element may

be broken into two parts:
H2 H.e M
) o —‘:‘
(8) AU = AUO + AUm = (-g—‘l:f + ._.é.g) DV

The first part depends only on H2 which in turn is determined by ex~
ternal sources and the surrounding medium but not by the particular
volume element. The second term is determined by the material pro-
perties of the volume element of the substance being considered and is
therefore of particular interest. For an isotropic homogneeous sub-
stance, AUp = %J(HZ . For an isotropic substance with the magnetic
field referred to the principal magnetic axes:

2 2

(3) An = FOQET + XH5 + XgHS) | .
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In this case, one may speak of an "ellipsoid of susceptibility", an
imaginary ellipsoidal surface with axes parallel to the principal
magnetic axes of the substance and having semi-axes of length Xlé,
'% and X3 The ellipsoid has the property that if tgf length of
lts radius vector in a given direction is written as X, s then for a
magnet;c fleld,lg, having the same directien, zsum é XOBZ. The
quantity Xofmay be called the "apparent" susceptibility for the giv-
en direction. For an anisotropic crystalline substance it is found
that the symmetry of the susceptibility ellipsoid conforms to the
point-group symmetry of the crystal class. That is, a two~fold rota-
tion or screw axis of the c¢rystal is a principal axis of the ellipe-
soid and the cross section perpendicular to the axis is elliptical;

a three-fold axis is also a principal axis of the ellipsoid but the
cross section is circular (X2~X )s for a cubic crystal %2? ellipsoid
is a sphere and the substance is magnetically isotropic + An object
composed of a powder of some anisotropic crystalline substance, in
which the individual particles are randomly oriented, is found to be-

have as an isotropic object with average susceptibility f'given by:
(10) T = x, +x, + %)
3kt X v Xy y

For ferromagnetic objects, the energy A!Qm may be expanded in
a power series of the components of the magnetic field valid over a
partiecular short range of values of &y or at Ysaturation" where Mis
approximately constant and single-valued, Even powers greater than
the second are necessary;’consequently one can no longer refer to a
susceptibility ellipsoid and the corresponding considerations of
crystal symmetry are no longer valid. For example, iron crystals,

)

If a sphere or cylinder of isotropic, homogeneous dia~ or para-

which are cubic, are not magnetically isotropic

magnetic substance is placed in a magnetic field, initially uniform
with strength H 0! the field inside the sphere or cylinder remains
unlform and parallel to H_but its magnitude is altered, haVLng the
(8)

value given in equation ll'

a) Hy = ( =) Hy sphere
(11)

b) Hy = ,u+l) Ho cylinder, E? 1 to axis,
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In & nonuniform magnetic field, a paramagnetic object experien-
ces a translational force tending to move it into the region of great-
est field strength, while a diamagnetic substance tends to move away

from this region. The force is given by:

(H = average of

' ‘ - >  interior and
(12) E = = f§ (V' -?:!-) v+ fg- (E‘I, : dﬁ) exterior field
vol. surf. at surface., )

In a uniform field, an isotropic, homogeneous para- or diamagnetic
object experiences no translational force but does experience a torque
couple unless the object is either cylindrical with H perpendicular
to its axis or spherical. The value of the torque for completely

general field conditions and types of substances is given by:

(5 = position
vector of vol.

(13) 1 = - [(V-M)(zxH)aV + [(xrxE)(M-ds) or surf. ele-
- . ment with re-

vol. surf, spect to origin)

An anisotropic substance experiences a torque in a uniform mag-
netic field even if the object is spherical or cylindrical. The
torque for the cases of a sphere and a cylinder may be calculated by
the use of equationsll and 13, equation 1l being applied to the com=-
ponents of E—? parallel to the principal magnetic axes; the result is

given in equatian 14, 1In both cases, the field outside is initially

(Sphere, H, __Ltc one

339 principal axis and make
a) L = ;a,l ) (XZ-XI) Slnsz' ing angle o %with Xl
direction)

(14)
He 33 (Cylinder, Ho 1 axis of
0 rotation which is also
b) L 7T (Xe—Xl)Sz.ana‘ a principal axis;
h"§ )

2 l +1
/01 i /a makes angle ,Fwit

uniform, with strength Hy,, and directed as noted. The field strength

inside the object is still uniform, as in the case for isotropic sub-
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stances, but is no longer parallel to the original field. For para-
magnetic and diamagnetic substances, the difference between Pl or>F%

and unity may be neglected in equation 14 without appreciable error.

b. Magnetic Susceptibilities (2):

A charged particle (mass = m, charge = e esu.) undergoing a
periodic motion about a fixed point gives rise to a magnetic field
which at large distances is identical to that of a magnetic dipole of
moment Ig‘.' = (e/ch)_g s where '13 is the time-average angular momentum
of the particle and ¢ 1is the velocity of light. A system of n
charged particles moving about a fixed point in an electrostatic field
whose strength is a function of radial distance only undergoes,
according to Newtonian mechanics, a motion which, to a first approx-
imation, is unchanged by the introduction of a magnetic field except
for the addition of the constant amount u = -(e/2mc)E to the angu-
lar velocity of each particle., That is, the angular momentum vector
of the unperturbed system precesses with angular velocity hA about
the direction of the magnetic field, The corresponding addition to
the angular momentum of the entire syStem.is 42,=]Lg s Where ][ is
the time-average moment-of-inertia matrix of the system. The total
magnetic moment of such a system of particles (equal masses and c¢har-

ges) is then:
, n a 22][
e e e ;
1 i

If the time-average distribution of particles about the center is

spherically symmetric, then :E becomes the scalar quantity:

n n
(16) 1= wYE - Yy Z :
i i

where r. is the distance of the i-th particle from the origin, f}
is the perpendicular distance of the i-th particle from an axis pas-

sing through the origin and parallel to %, and where the averages are
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time averages.

In a system of such model atoms the condition of each modél
atom will be disturbed by collisions and it may be expected that the
average component parallel to the field of the magﬁetic moments will
be determined by the thermal agitation, When calculations involving
statistical mechanics are applied to this total system it is neces-
sary tovuse some knowledge of atomic mechanics, since only discrete
values of angular momentum are allowed; without this "quantization"
there would be no net average moment. It is also necessary to add
the angular momentum due to electron spin and to restrict the compon-
ents of the angular momentum parallel to‘g to discrete values, When
Boltzmann statistics are then applied to the population of the energy
levels corresponding to various angular momentum states, the method
of summation and the exact result depend on the number of angular mo-
mentum states and on the ratio of their energy, in the magnetic field,
to the thermal energy, RT. The resulting molar magnetization** (for

N systems) is of the general form:

2 2 a (N = Avogadro's numbe
Cps H Ne ; ga umber
M = zkps _ I 2}% Z r? T = absolute temp.
(17) RT 6me T 1 r,= angstroms

Bohr magneton )

H

Ps

n
=+ 22020y 2.83::10"%2 r,”
i
The corresponding molar susceptibility is then X* = M*/H.

This result fits the experimental findings with real atoams fair-
ly closely. The constant C is determined by the net angular momen-~
tum of the system., If the net angular momentum is not zero, then ¢
is of the order of magnitude one, and the first term is therefore much
larger than the second. This state corresponds to paramagnetic sub-
stances for which the magnetization is parallel to the field and the

susceptibility is observed to be proportional to 1/T, at least for

**The magnitization per mole, M*, and the susceptibility per mole, X*
will be used frequently. They may be converted to the corresponding

quantities per unit volume by dividing by the gram formula weight and
multiplying by the density.
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temperatures far above absolute zero and for magnetic fields normally
~encountered in the laboratory. The state for which C equals zero (no
net orbital or spin angular momentum) corresponds to diamagnetic sub-
stances in which the susceptibility is found to be negative, tempera-
ture independent and smaller than for paramagnetic substances,

' When this general treatment is applied to molecules, there is a
slight addition to the average paramagnetic susceptibility if the
molecule is allowed to rotate. In the diamagnetic term, the summa-
tion is carried out over all electrons in the molecule, T being the
distance from the i-th electron to the atom nucleus about which it
moves, These results may also be derived with the aid of quantum me-
chanics.

To interpret the diamagnetic susceptibility of molecules, one
may imagine the atoms placed one atop the other (without disturbing
the motion of the electrons) so that all the electronic motions have
a: common center; The time-average moment of inertia of this system

of electrons determines (equation 18) the diamagnetic susceptibility.

(18) X*- - (&)I

If the symmetry of the molecule is such that the moment of inertia of
the above imaginary electron distribution is a matrix, then the mole-
cule is magnetically anisotropic, asvdiscussed above,(Pg.3). The dis-
tribution of electrons around the nucleii of atoms is such that a few
electrons farthest from the nucleus contribute most of the diamagnet-
ism, These electromns, the valence electrons, are involved in chemi-
cal reactions and in covalent bonds, The diamagnetic anisotropy of a
molecule is therefore a measure of the unequal spreading out in var-
ious directions of the valence electrons,

Since the diamagnetic susceptibility is so intimately connected -
with the state of the valence electrons, it has been used as a means h
of investigating the bonding in molecules, An extensive investiga-
tion of many diamagnetic substances led Pascal (9) to conclude that
the average suSceptibility is an additive property. That is, to every
atom could be assigned a "Pascal constant" such that the average sus-

ceptibility 6f a molecule was aporoximately equal to the sum of the
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Pascal constants of the atoms involved. It was also necessary to add
“constitutive corrections" to account for variations observed when
certain atoms are involved in different types of covalent bonds.

 The average susceptibilities of organic compounds calculated by
use of the Pascal constants frequently agree with the observed values
within 1%. However, large deviations (10%) are sometimes found.
These deviations have been attributed to the fact that the covalent

bonds are of a type different from the type supposed., Attempts have

. been made to determine the correct electronic structures of such mole-

cules either by Jjuggling the "constitutive corrections" or by making
corrections for partial ionic character of some of the atoms (9’10).
The deviation of calculated and observed susceptibilities has also
been attributed to the anisotropy of the molecule and used as a meth-
od of determining the principal molecular anisotropies (11).
Measurements of principal diamagnetic susceptibilities of ions
and molecules have been used to investigate their electronic struc-
tures. Most notable success has been obtained in interpreting the
anomalously large anisotropy of aromatic and polynuclear hydrocarbons,
such as benzene, naphthalene, anthracene, etc, which contain networks
of conjugated double bonds., 1In most substances, the principal molec-
ular susceptibilities vary only about 10% from their average value
whereas in these latter molecules the Susceptibility perpendicular to
the plane of the conjugated ring or network is found to be several
times the susceptibility parallel to the plane. A quantitative theory

has been proposed by Pauling'(lz)

to account for this anisotropy. He
treats the molecules as conducting networks in which electrons (two
per double bond) may move freely. An electric current is assumed to
be induced in the network by the rising external magnetic field,

(13)

Kirchhoff's laws of electricity are used, assuming an electrical
resistance in each circuit proportional to the circuit's length, to
determine the division of the current among the various branches, The
magnetic moments of such a network is the sum of the magnetic moments
of each current circuit which, in turn, is proportional to the pro-~
duct of the current times the area of the circuit (14). Relative mag-~
netic moments so calculated are compared with the moment for benzene

obtained by the same method. The absolute magnetic moment of benzene
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‘is calculéted by use of equations 15 and 16, assuning that six elec-
trons (n = 6) move in a circular orbit, of radius ?: 1.394, circum-
scribed about the hexagon formed by the six carbon nucleii, The prin-
cipal anisotropy calculated for benzene (magnetically uniaxial because
of the hexagonal symmetry) is #9x10-6 cgs/mole, which may be compared
with the experimental result obtained by Raman and Krishnan(l5’16)
from magneto-optical measurements (see below, pg. 13) of 5&x10"6 CESe
per.mole. Pauling has made caclulations of the principal suscepti-
bilities of 15 planar aromatic and conjugated polynuclear hydrocar-
bons, making an allowance for a decrease in the susceptibilities of
the aromatic carbon atoms due to the effective loss. of the electrons
free to move in the nétwork. The values calculated for the difference
between the susceptibilities perpendicular to the molecular planes
and the average susceptibilities parallel to the planes agree, in all
but two cases, within 10%.with the experimental data available at the
time, More recently, extensive quantum mechanical calculations have
been applied to benzene, naphthalene and anthracene giving suscepti-
bilities somewhat different from those calculated by Pauling. The
predicted value for anthracene was, however, too large by a factor of

., an

Other sources of magnetic anisotropy of a much smaller magni-

(18,19, 20) For example, long=-chain satur-

tude have also been noted
ated hydrocarbons have greater diamagnetism (more negative suscepti-
bility) parallel to the chain than perpendicular to it, suggesting a
tendency of the nucleii to draw together with a spreading out radi-
ally of the electrons., Distinct anisotropy is alse associated with
substances containing double bonds even when they do not form conju-
gated ringse.

The principal diamagnetic susceptibilities and the orientation
of the prlnclpal magnetic axes of a crystal may be calculated by sum-
ming y& for each of the molecules in the unit cell, taking into ac-
count their different orientations., Conversely, principal molecular
susceptibilities may be calculated from those of the crystal, provi-
ded the crystal structure is known and the unit cell does not have too
much symmetry. The details'of.this latter calculation may best be

illustrated by examples in section D. The vast majority of determin-
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ations of principal molecular susceptibilities or anisotropies repor-
ted in the literature were made in this way. In addition to being
used to investigate the electronic structure of molecules, measure-
ments of the magnetic anisotropies of crystals may occasionally be
used as an aid in crystal structure determinations by suggesting the
orientation of molecular groups known to confer anisotropy on the

molecule,

ce Plan of the Work.

The work described in this thesis was originally begun as an
investigation of the diamagnetic anisotropy of some proteins. The

(21) for these substanées, involving

molecular structures proposed
peptide chains either coiled im helices, or linked together into
sheets by hydrogen bonds, imply a distinct anisotropy. The purpose
was to correlate the anisotropy measurements with existing data on
m&gnetic anisotropy and to determine whether the magnitudes and signs
of the anisotropies were consistent with the proposed helical or
sheet-like structures.

Since the equipment for the measurements on protein samples
would also be suitable for measuring the anisotropy of crystals, it
seemed appropriate to obtain additional data for the correlation by
making some original measurements on crystals of simple organic com-
pounds for which crystal structures were known. Much work has been
done in the past along the line of qualitatively correlating crystal
énisotropy with molecular structure. However, in the 15 or 20 years
since magnetic anisotropy of crystals was last actively studied, many
new crystal structures have been worked out, lending added interest
to the proposed measurements on c¢rystals, It was therefore planned
to make a number of new measurements of diamagnetic anisotropy on
some organic crystals and ,, further, to-study the possibility of de-~
termining quantitatively the contribution to the principal molecular
anisotropies of certain structural features such as C=C and C=0 double

bonds, carboxyl groups, etc.
Since the principal anisotropies of the crystals to be investi-

gated were, in general, only small fractions of their average diamag-
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netic susceptibilities, it was desired to expend some effort to im=
prove the precision and accuracy in their measurement. It was de-
sired to use a method of absolute rather than relative measurement
and consequently it was necessary to refime the various auxiliary
calibrations to obtain the necessary accuracy. The main part of the
experimental work was devoted to these latter tasks and only a few
new measurements of crystal anisotropy were made.

Part‘I of this thesis deals with measurements of diamagnetic
“anisotropy of single crystals. In addition to the introduction, sec-
tion A, part I is divided into other sections, devoted to various as-
pects of the work, as follows: section B, detailed description of
the method used and of the auxiliary calibrations; section C, dis-
cussion of the cause and the elimination of certain errors in the an-
isotropy measurements; section D, tabulation of new measurements and
discussion of them in terms of crystal and molecular structure; sec-

tion E, conclusion.

d. Measurement of Magnetic Anisotropy.

In principle, any phenomenon involving the principal magnetic
susceptibilities or anisotropies of molecules may be used in their
determination; ‘the methods which have been actually employed are dis-
cussed here, The methods generally involve the measurement of sus-
ceptibilities or anisotropies of crystals using forces or torques eX~=
erted by magnetic fields, followed by the calculation of the corre~
sponding molecular quantities from a knowledge of the crystal struc-
ture. HMolecular anisotropies may be determined directly, in some
cases, from observation of certain magneto-optical properties of li-
guids and gases,

Measurement of principal susceptibilities of crystals;

1) In a method devised by Jackson (22)

, a crystal is suspended in
an inhcmogéneous magnetic field such that the direction of the field
is always parallel to a principal axis, but decreases in magnitude in

a direction perpendicular to the axis. The translational force act-
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ing on the crystal is measured and the susceptibility in the direc-
tion of the field is calculated by use of equation 12, This method
is suitable for measuring changes in principal susceptibilities, as
for example with changing temperature, when the same specimen is used
throughout the experiment and is constantly in the same position with
respect to the magnet. The method is not suitable for accurate meas-
uremeﬁt of the principal susceptibility if small crystals are used
because of;the difficulty in measuring accurately the field gradient
across a éﬁall distance. To obtain crystals in the form of long rods
extended along the various primncipal axes would in general be very
difficult. ' :

2) In a method devised by Rabi (23)

a small crystal is attached to
& fine quartz fiver (low resistance to torsion and bending) and sus-
_pended in a bath of liquid whose susceptibility may be varied. The
bath is in a region of inhomogeneous field near the poles of a magnet,
One principal axis of the crystal is set vertical and the crystal is
allowed to turm only around this axis, The direction of algebraical-
ly greatest susceptibility in the plane perpendicular to the vertical
axis will line up parallel to the magnetic field and a horizontal
translationalvforce, due to the field inhomogeneity, will act on the
crystal. The susceptibility of the surrounding liquid is altered by
addition of other substances until the crystal no longer experiences
the translational force. The susceptibility of the liguid is then
equal to the susceptibility of the crystal in the direction of the
magnetic field. The suscegtibility of the liquid may sometimes be
calculated, or can be determined directly by the Gouy method (2&).
The susceptibility of the liquid may be determined by present methods
to an accuracy of about :O.lXIO-G cgs/mole; hence if a small differ-
ence between two principal susceptibilites, of the order of lxlO_écgs
per mole, is sought, this method may not be sufficiently accurate.
Magneto-optical measurements:

(15,16)

Raman and Krishnan have used Cotton~Mouton constants
and the depolarization factors to calculate the principal molecular
anisofropies of benzene and of the nitrate ion. The Cotton-Mouton
effect;is'the‘aﬁility of a magnetic field to make the refractive index

of a liquid or gas different for the directions parallel and perpen-
dicular to the field. The Cotton-Mouton constant is the difference
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in refractive indices measured parallel and perpendicular to the mag-
netic field divided by the square of the field strength and by the
wave length of the light. The depolarization of linearly polarized
light involves the scattering of an incident linearly polarized light
ray by a liquid or gas with the conversion of some of the energy into
light polarized at right angles to the direction of polarization of
the~in¢ident ray, the depolarization factor being the ratio of the
intensitieg of the two components of polarization after scattering at
right anglés. Theories have been proposed to relate both of these
quantities to the principal electric and magnetic susceptibilities of
the molecules. If the molecules in the sample have sufficient sym-
metry that they have only two distinct magnetic and electric suscep-
tibilities (uniaxial), then the Cotton Mouton constant, the depolar-
ization factor, the average magnetic susceptibility and the refrac-
tive index (in absence of magnetic field) may be combined to calcu=-
late the difference in the two principal molecular magnetic suscepti-
bilities. However, two theories have been proposed to account for
the depolarization factor of liguids, and the calculated value of the
molecular anisotropy depends on which theory is used. Furthermore,
the Cotton~-Mouton effect and the depolarization effect are small for
weakly anisotropic substances and not accurately measured.

Measurement of Pprincipal anisotropies of crystals:

The methods discussed here were developed and extensively used
by Krishnan (25), They involve the use of the torque exerted by a
homogeneous magnetic field on an anisotropic crystal. The crystal is
first attached to a quartz fiber or other torque measuring device and
suspended such that one principal axis is vertical. In the homogen-
eous magnetic field the horizontal principal axis of algebraically
greatest susceptibility lines up parallel to the magnetic field. One
of the following three variations is then used.
1) A definite torque is applied to the crystal by twisting the
quartz fiber through a given angle., The crystal turns until the
torque exerted by the magnetic field cancels that due to the fiber,
The angle through which the crystal turns is measured and equation 13
is used to calculate the principal anisotropy. The angle through
which the crystal turns may be measured with a mirror and light ray

in the manner in which the angle of rotation of a galvanometer coil
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is measured, This rather difficult measurement is avoided in the
next two variations.

2) The crystél may be caused to undergo small torsional oscilla-
tions about the vertical axis, The periods of sescillation in the
presence and absence of the magnetic field, Tl and ?Q respectively,
are then measured. The amplitude, d’, of the oscillation is made

' small enough that Sin2y® may be set equal to 2 . The principal

anisotropy Mmay then be calculated from the relation:

2

4X - X _ K Tg - T
1 2 T 2 2
VH Tl :

where K is the torsion constant of the fiber and V is the volufle of
the sample. The difficulties in this method are connected with the
measurement of the period of osecillation, Unless the crystal is ra-
ther large, the periods of oscillation are too short for accurate
measurement without elaborate equipment, Furthermore, the oscilla-
tion is strongly damped because of the viscosity of air.
3) It is noted that in a magnetic field of given strength there
is a maximum forque which the field can sustain against that applied
by the quartz fiber. This maximum torque occurs when one principal
axis makes an angle of very nearly 450 with the direction of the mag-
netic field. When a greater torque is exerted by the gquartz fiber by
twisting it further, the crystal suddenly begins to spin and, because
of its kinetic energy, does not stop until the fiber has unwound, The"
principal anisotropy may then be calculated by use of equation 13,
This method appeared to offer the greatest accuracy in measurement of
anisotropies of all magnitudes with a minimum of subsidiary observa-
tions and calibrations. It is also suitable for use with small crys-
tals in the range of a few milligrams in weight - a size readily ob-
tainable in the laboratory. Finally, it required relatively inexpen-
sive equipment, most of which was already available as the result of
the work of other researchers, Consequently, this method was adopted
for the work reported below,

In the next two sections, this last method, the method of "maxi-

mum torque", will be discussed at length,
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B. Measurement of Magnetic Anisotropy by the "Maximum Torque" Method.

a, General Equation.

Consider a sphere (vqlume V, mass m) of anisotropic diamagnetic
or paramagnetic substance (gram formula weight W) immersed in a homo-
 geneous magnetic field, H. The torque acting on the sphere is given
by équation 13. The magnetic field inside the sphere is uniform but
is slightly different in direction and magnitude from that outside
initially. [For a sphere of anisotropic substance the relation between
interior and:exterior field is more complicated than that for an iso-
tropic substance (equation 1lla) and enters into the torque calcula-
tion, in general, in a way more complicated than in equation lhka. How-
evef, for the work to be described the values of Xl, X2 and XB are
‘ always small compared to unity and the alteration in the magnetic
field is negligible. Hence, the field strength inside the sphere will
be assumed to be equal in magnitude and direction to that outside;
the error introduced by this assumption involves only powers of Xl’XZ
and XB greater than the first. Integration of equation 13 then gives

for the total torque acting on the sphere:

(19) L = V(M =xH) (use volume susceptibilities X )
= ~ 8 1,2,3
L = (n/W(Q*x H) (use molar susceptibilities X* Ye

1,2,3

Let vectors g, g, :;i be the principal magnetic axes of the
sphere, They are mutually orthogonal unit vectors attached to the
sphere and forming a coordinaté system in which only the diagonal el-
ements Xl, XE, X% of the magnetic susceptibility (per mole) matrix,
f&(‘, are not zero. Let 1, 3, k be three other unit vectors forming
an orthogonal coordinate system fixed in space with the k axis verti-
cal (see figure 1), Let 2:'be the plane contalnlng the % and 3 axes
and 1_[ be the plane containing the l and 2 axes., Let 1& ¢9 and
be be Eulerian angles defining the orientation of the 1~ 2~3 goordin=-
ate system with respect to the i-j~k system. In a given case,‘1"and
gp will be fixed and tz?'will be variable, corresponding to rotation
of‘ the sphere about the ‘f{; axis. Let the magnetic field, B, have the
direction of the % axis, The torgque tending to turn the sphere about

A
the E’axis is given by equation 20.
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FIGURE 1, RELATION BETWEEN STATIONARY AXES AND PRINCIPAL AXES.

2 .
L, = (mH /2¥Y)(A~Sln2ﬂ' + B-CosZﬂ)
2 .2 ﬂ 2 . 2
A = Xi‘_(Cos ¢'S:Ln'¢ - Losz¢) + XE(Cos ?-Cos?z/ - Slﬂ%)
2
%k Q3 y
(20) + XBSn.n p
— 4 - * L L] i
B = (X - X3):Cos -sin2Y
H = magnetic field strength outside sphere.
W = pgram formula weight of substance

m = mass of crystal sphere
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Let the sphere be suspended by an untwisted quartz fiber of

torsion constant K. Let the initial angular position of the sphere,

,,?': %, be the position in which the magnetic torque‘Ll is zero.
 Then:
B

Let the free end of the fiber be twisted through angle O , measured
positively in the same direction as fﬂ'. The quartz fiber then exerts

a torque on the sphere about the % axis given by:
(22) L, = KO =27+ %) .

The total torque tending to turn the sphere about the % axis, ,Q , is
the sum of Ll. and LZ' 1f ,e is positive, the sphere tends to turn in
the direction of increasing 4?‘; if negative, in the direction of de-
creasing »ﬂ’. In order to be in stable equilibrium under both torques,
not only must ,e vanish but also the partial derivative of ,Z with
respect to 1?’, keeping o constant, must Be less than zero.,

(23) (;a—q-‘%-)d = -K + (@i°/W)(a-Cos2s® - B-Sin2f) £ ©

If the sphere is initially in equilibrium (,e = 0) and if o is
increased (quartz fiber twisted) the sphere will turn (increasing 4%)
in order to reduce the net torque,z to zero. As ,If‘increases, a
point will be reached at which the derivative in equation 23 will be-
come zero (critical equilibrium). A further slight increase in 4}
will make the derivative positive, since Ll is beginning to decrease,
and a positive torque will act on the sphere tending to make qf'still
larger. Consequently, the sphere will begin to spin, kinetic energy
preventing it from being stopped when Ll again begins to increase, un-
til the fiber is unwound and air viscosity stops the oscillations.

The values of Q( and /lg‘a’c this critical equilibrium point will
be called %x and ’72:‘1" At this point the quartz fiber is exerting

the maximum torque which can be sustained by the magnetic field. Hence

the designation of the method.
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,(24) @—;%')d ‘Oﬂmax,»q},;,; = o, X(o(max, A%) =0

Tan2 ﬂ’ _ B+ 2a( Olnax. - 7/%r +7ff) ‘
cr  ~ -a + 2B(OG,y - 4%, + 2

Before considering special cases, it may be pointed out that
for a particular orientation (wand @) of the crystal sphere the
magnetic~torque free stable equilibrium position (Ll=O, X:O), 4};’, is.
that in which the direction of algebraically largest susceptibility
in the plane perpendicular to the axis of rotation is parallel to the
magnetic field., This may be understood without resorting to equation
20 merely from a consideration of the conservation of energy in a cy-
elic process in which the crystal is brought into the field, rotated
90°, and then taken out.

First Special Case: Principal axis parallel to axis of rotation.

Let the principal axis;i be parallel to the axis of rotation:l_c:
s0 that the angle @ is zero, Formal rearrangement of equation 20

gives for the total torque:

,Q = K- F+d - (mﬁa/%‘:i)(}{i - X3)-5in2(<F - )
(25) let 9 =0
let D = (mHZ/ZW)(Xi -X$) 20 .

Since in this case q?’is not defined, it will now be defined as the
angle between the field direction (::‘l: ) and the i axis, making w
zero, Clearly, the magnetic torgue Ll vanishes, and stable equilib-
rium is possible either for qZ: 0 (if X{)Xz algebraically, as will
be assumed for convenience) or for 42': T/2 (if X§< Xi“_):

(26) = x(o -4 - »-sinaf = 0 at equilibrium .

Using the relations in equations 23, 24 it is seen that the value of
42’1, is given by:
K ,
Cosaqﬂc/r = - =5 (X,D both > 0) or

Tan2 ﬁ:’r ~2( Oy = ’Ji;r) *

(27)

]
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Hence the value for critical equilibrium is between 450 and 900,
depending on the torsion constant, field strength, mass, anisotropy
and gram formula weight of the substance. Practically, however, D is
large compared to K so little error is incurred in assuming uzg;=h5°,
If, however, one were to carry out the measurements with a short,
stout quartz fiber for which K were fairly large, then either 2%}
would have to be measured or eguation 27 would have to be substituted
into equatiqn 26 to eliminate SinZzZZ; Such a method would have the
advantage of making the torsion apparatus more rugged and the quartz
fiber possibly less subject to aging effects, but would make the com-
putation of the anisotropy more difficult and would reduce the pre=-
cision with which 06 could be measured. Using the second form
- of equation 27, it is seen that if C%&ax
(two turns), less than 0.1% error is made in calculating Sln2q§L by
assuming that ZéL is exactly 45°.

If the principal magnetic axis 3 is parallel to the axis of ro-
tation, and bea‘ is large enough to set qﬁ}; equal to ﬂTyh then the

magnetic anisotropy is given by:

2O, - zgr-)

is greater than 4[ radians

(x* - x%) = - E
1 2 mHa
(28) E = (Pa(Xi.Sinz'zﬁ +X§.Cos,2'¢
=l ¢ |oPan,y] o

The term E is an estimate of the error introduced if qp:is slightly
different from zeroj; the quantity [QXQaX is the numerically largest
anisotropy. If is 2° (0.035 radians) and AX;!&X is lelO-6cgs/ézole,
then |EI£ 0001:;}10-6 cgs/mole,

Second Special Case: Axis of rotation perpendicular to a principal axis,

In this case, ¢1s not necessarily zero but ¢1s. Let the
axis of rotation be somewhere between the 2 and 3 principal axes and

perpendicular to the l axis. Then from equation 20:

-] _ - - 2 ey (g B . .

1- K(VO(. ﬁ%’) “(mH /aw)[xzc:ssf’-p + XBS:anp ‘Xi] Sin2. %
= RK(OC- 27 12‘) - D«'Sinz—ly' .

The value of /ﬂé"r is determined by equation 24 and in this case

(29)
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again reduces to the form in equation 27 (with D replaced by D');
likewise, if o‘max is greater than two turns, 72;1‘ may be set equal
to (2n+1)T{/4 with negligible error.
Equation 30 gives the anisotropy in the plane perpendicular to

the axis of rotation. The term E is an estimate of the amount of

2@6(0@“&}{ - ZEZ) )

mA® Sin2 12;r

(XECOS%P + X;Sin2¢ - X.i) = E
(30) D
B = AQ(X3-x5) sin2@ + P(X{-xg)(L Cos @ )

|5/ ¢ kag- 29" ax: )|

error incurred if there is a slight error, AQ, in @ , and if the
" axis of rotation is not exactly perpendicular to the i principal axis
(’¢ slightly different from zero). Note that the error depends on
the first power of Apand on Sin2¢ and not on (A@)z alone as in the
first special case. For A@il" (0.017 radians) and AX* = 5x10’6,
an error lE(_é._ O.lxlo-écgs/mole would be caused. For ¢ between 3°and
100, small errors in alining the crystal can make '¢considerable s0
that for accurate calculations a reasonable estimate of should be
obtained and used, For ¢ less than 30, the calculations in the first
special case may be used.

If the magnetic-torque free (Ll=0) stable equilibrium position,
Q};, corresponds to th_ei principal axis parallel to the field (—,};:0)
then of_ = 45° and sin2 g = +1, but if the :i' principal axis is
perpendicular to the field ( = 90°), then ,zzr;lzs"and sma»ﬁ‘:r: -1,

It is generally convenient to make a second anisotropy measure-
ment with the same mode of suspension, but with W changed by 900. In
case the value of ¢ is not known, or only approximately known, a
third anisotropy measurement is made using the known principal axis
(».i ) as axis of rotation. From the three measurements, the three
principal anisotropies as well as the angle ¢ may be calculated as

shown in equation 31:

(XE-XE) = a (X%-Xi) = %—(a«z-m-c)
(31) X50082¢ + X%Sinaw -X = b (XE-X;‘_) = %(b-t-c-a)
XiSin2¢ + X%Cosa@ -X = c COSZ¢ = (c=b)/a.
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From this it appears that to obtain the maximum precision in the de=-
termination of the experiment should be arranged so that 90 is as
nearly equal to h5° as convenient since for this angle the first de-
rivative of Cos2) is a maximum and an error in the ratio (c-b)/a
’ would cause a minimum error in 99. However, the maximization of
this derivative is offset by the fact that the probable error in the
difference (c-b) is also maximized, according to equation 30, For a
eomparison'qf practical examples, see the work on glycine in section
D,

b, Equipment.

The torsion apparatus, magnet and other accessories are shown
schematically in figure 2. The "torsion head" and steel box were
designed and built at the Institute and used by Hoyer(26). The
other features of the apparatus are mainly new.

Since ()cmax may range up to 300 turas, turning the torsion
head by hand and counting the turas mentally are impractical. There-
fore the torsion head is turned though a s¥ystem of speed-reducing
pulleys by a variable~speed electric motor. A cam (not shown in fig.
2) is attached to the graduated scale and, once per revolution, op-
erates a microswitch and a solenoid-operated mechanical couhter; the
counter is not, however, synchronised with the scale zero. The max-
imum speed of rotation of the torsion head, 30 rpm., is determined
by the reaction time of the counter. As the crystal approaches “2;r’
the speed is reduced to 5 rpm. The delay in stopping the rotation
qf the torsion head after the crystal begins to spin causes CX'fnax to
be exceeded by about 100; this error was generally negligible,

The glass tube around the full length of the quartz fiber forms
an absolutely effective draft shield. Detachable caps of various
diameters are available in order to accomodate crystals of various
dimensions and permit the smallest possible pole gap with a given

crystal. A microscope cover-slide is used to close the bottom of
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FIG. 2 APPARATUS FOR MAGNETIC ANISOTROPY MEASUREMENT.
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the cap in order to meke it optically clear for observing the posi-
tion of the crystal., The cap causes negligibie magnetic shielding.

The centering mechanism is used to bring the axis of rotation
of the torsion head into coincidence with the length of the quartz
fiber. By adjusting the mechanism so that the fiber is slightly off
the axis, the corresponding circular motion of the crystal, occurring
as the torsion head is turned, verifies that the crystal and suspen-
sion do not touch the draft shield walls.,

The télescope is used to determine the initial orientation, Lgf
of the’cfy3£al in the field and to determine ‘ZZ;. The eyepiece and
cross~hairs may be rotated and a graduated scale attached to the eye-
piece has 2° divisions for measuring the angle of rotation. The
crystal is seen through a 450 prism attached to the telescope; the
focus is fixed at about 5 cm, from the prism (see also fig. 8).

The magnet, which has Leinch diameter poles, was manufactured
by Varian Associates (Palo Alto, California). Field strengths up to
24 kilogauss, for an 8 mm. pole gap and truncated-conical pole pieces,
may be attained continuously. The use of low-current, high-voltage
windings and a combined A-C rectifier and voltage stabilizer helps to
counteract field strength changes due to heating of the coils and
variations in line-voltage. The homogeneity of the magnetic field
produced was measured with a search coilj; for the narrow pole gaps,
truncated-conical pole pieces and high field strengths used, the
field was constant within 0.1% over a region 1 cm. in diameter near
the center of the gap, constant within 1% over a region 3 cm. in di-
ameter, and decreased monotonically im all radial directions from a
point slightly above the center of the gap.

The glass fiber attached to the upper end of the quartz fiber
and the thickening at the lower end of the fiber are designed to per-
mit the fiber to be attached to things (supports, torsion pendulum,
eicJ without changing the torsion constant after calibration. The
glass fiver at the bottom,‘the "main support fiber®, is for the at-
tachment of crystals. By making this glass fiber fairly long and
stout (one~half mm. diameter) and by attaching the crystals near the
bottom, it is assuredrthat it will hang vertically whatever size

crystal is attached; if the center of gravity of the crystal were not
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close to the glass fiber, the fiber might not otherwise hang vertical=

ly, causing an error in ?ﬁ.

c. Magnetic Field Measurements.

Field strength measurements were mede with search coils and a

(27)

ballistic galvanometer + The coils were home-made since they

were requiréd to be not over 8 mm. thick and to have a small cross

FIGURE 3. SEARCH COIL AND HOLDER.

section for a given amount of inductance so that the average field
over small regions of the pole gap could be measured. Coils with
different inductances were constructed for use in different ranges
of field strengths (see figure 3). The vane attached to the coils
allows them to be held in a fixed orientation in the field by being
placed against a pole face.

Field measurements with a search coil require that the coil be
removed from the magnetic field to a place of zero magnetic field in
a time short compared to the period of oscillation of the galvanom-

eter coil. This was not difficult to arrange since the major change
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in field strength occurred éust at the edge of the pole gap; at a
distance of one foot from the center of the gap, the field was always
less than 10 gauss. The period of oscillation of the galvanometer
used was 27 seconds. Experiménts showed that the movement of the
galvanometer coil was independent of the rate at which the search
coil was manually removed from the pole gap over a wide range of
rates. - Turning the coil through 900, which greatly reduces the mag-
netic flux through the coil, was combined with the withdrawal motion
to insure dccurate galvanometer readings.

An aéburacy of at least tO.B% in the field strength measure-
ments, somewhat better than is normally obtained with search coils,

was desired. First, the search coils were designed to make the gal-

FIGURE &, TYPICAL DEVIATION OF GALVANOMETER READING WITH INITIAL
POSITION AND DIRECTION OF MOTION OF HAIR-LINE,

+1%+

/

é left to rigm/’,

% o ; oy, Y2CM- 10 15 wimiaL
> -20 -|V -5 \6 POSITION
o . | ~ o\u;igm 10 :eft

—1%+ GALV. READING = 24,33CM (corrected)

vanometer readings large, from 10 to 40 cm., and capable of being
observed with an accuracy of 0.1% or better. A correction for the
use of a straight scale rather than a curved scale was necessary and
was always made; for a displacement of the hair-line by 20 cm. (from
scale zero) the correction is -0.26 cm. Next, the reproducibility
of the measurement of a fixed field strength was studied. Experi-
ments showed a slight variation of the galvanometer reading, of the
order 6f a few tenths of one percent, depending on the initial posi-
tion and direction of displacement of the hair line (see, for exam-

ple, figure 4)., The magnitude of the dependence was too large to
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be attributed to a misalinement** of the scale and was attributed to
nonuniformity in the field of the‘permanent magnet in the galvanom-
eter. It was not practical to use the galvanometer with the hair-
line always in the same initial position on the scale since the
sharpness of the focus of the hair-line changed as it moved; a cir-
cular scale, which would eliminate this difficulty, was not avail-
able,

Therefore, the use of the galvanometer was standardized as
follows: (1) the displacement of the hair-line was always made in
the same diéection; (2) the initial and final positions of the hair-
line were always, as nearly as practical, equally distant from, and
on opposite sides of zero; (3) for the measurement of a particular
field strength, a search coil was always used such that the initial
and final hair-line position was in the middle range of the scale,
from 10 to 20 cm. from zero; (4) whenever possible, in a series of
measurements, only one search coil was used., By use of this standard
procedure: (1) the variation of the galvanometer reading with initial
position and direcfion of motion of the hair-line was eliminated; (2)
the influence of the variation in calibration of the galvanometer
with initial position was reduced; (3) the error due to misalinement
of the scale was minimized; (4) the correction for the use of the
straight scale was reduced by a factor of 4 and its calculation (from
a graph) made simpler; (5) the hair-line was always in sharp focus so
that ité position could be estimated to the nearest 0,02 cm., and
the focus never required readjustment between measurements; (6) the
galvanometer readings were always suitably large; (7) finally, when
only one search coil was used in a series of measurements, the re-
sults were always consistent,

: Whenever field strength measurements were made the average of
three observations was usually taken. Under the above conditions,
the measurement of a fixed field with a given coil was reproducible
with an average deviation of i0.05 cm, or less, The standard proced-

ure was used in the calibration of the equipment and throughout the

** For proper alinement, the plane containing the scale zero and the
axis of rotation of the galvanometer coil (the support wire) must be
perpendicular to the scale. ‘
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magnetic anisotropy measurements. The precautions, although tedious,
were acknowledged by the smallness of the amoﬁnt of scatter of the
data points in the anisotropy measurements (see appegdix).

The combination of search-coil and galvanometer waé calibrated
as a unit since the absolute calibration of neither the galvanometer
(O;ll microcoulombs/cm) nor of the search coils was known with suf=-
ficient accuracy. The calibrating was done with the aid of a magnet
whose field strength was measured by the method of nuclear magnetic
resonance(?g)e Two search coils were so calibrated and the other
coils were compared with these. (S8ince the standard magnet was not
equipped to measure‘field strengths outside the range of about 3 to
5 kilogauss, it was not possible to calibrate every coil directly.)

The calibration data are contained in table 1. To minimize read-

TABLE 1.,
CALIBRATION OF SEARCH COILS.
Deszgzitian ﬁ%iﬁéf* micﬁ%iiizomb Remarks
A 333.752,0 * 3030 Calibrated against standard
B 96.7%0.1 830 } magnet.
c 39,0 354 Calculated using ratio C/B
D 18.2 16,5 " " "  D/B
E 13.2 12,0 " " " E/B
F 938 Is. 8530 " " " F/B
CSZ;ire Ratio Remarks
B/A 3.4h2t0.009 Average of many observations at
A/F ZQSlSiO.OOhr } several field strengths,
Cc/B 2,48 Approximate.
D/C 2.14 w
E/D 1.38 "

**When used with galvanometeér, Chem.Stock #4700, with distance of
100,0cm between galvanometer coil support wire and scale; calibra=-
tion of galvanometer, 0.1l microcoulombs/cm, Galvanometer read-
ings must be corrected for use of straight scale.

Higher average deviation for A than for B is mainly due to use of
smaller galvanometer readings. Calibration of B was taken as
standard,

* ¥
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justment of the equipment after calibration, the galvanometer and
scale were clamped to a board. The distance from the scale to the
galvanometer coil support wire (100,0 cm.) and the alinement of the
scale were rechecked periodically. ‘

Since search coil "F" was used almost exclusively for the mag-
netic anisotropy measurements, the uncertainty of iO.B% in its abso-
lute calibration caused an uncertainty cfkil% in the values of the
anisotropies (proportional to Ez) reported in section D. Judging
from the smallness of the scatter in the magnetic anisotropy data,
the precision of the measurement of H2 wasabeutté.B% which was bet-

ter than expected.

ds Weighing of Crystals.

The preparation of individual crystal specimens is described
in section D, Once obtained, the crystals were cleaved to remove
occlusions and other imperfections. From the available samples,
those in the range of 0.2 to 40 mg. were used. The lower limit is
that mass which can be measured on a semi-microbalance with a repro-
ducibility of 1%; the upper limit is set by the dimensions of the
pole gap and draft shield cap, and by the maximum torque which the
quartz fiber can safely exert without danger of breaking. Large
crystals are necessary, when small anisotropies are to be measured
in order that the anisotropy torque will be greater than that due to
other sources discussed in section C; the practical upper limit is
determined by the ability of the substance to form large perfect
crystals. For some substances, however, crystals even as large as
0.2 mg. are hard to obtain,

The chief difficulty encountered in the use of the semi-micro-
balance was the random variation during each weighing of the initial
and final rest points., These variations are probably connected with
local temperature changes and with building vibration. To obtain a
precision of better than B3 To) micrograms, it was necessary to make re-
peated determinations alternatively of the initial and final rest

points.,
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e. Mounting and Orienting of Crystals.

Only crystals with monoclinic or highef symmetry were used in
the investigations reported here. The method of calculating the mag-
netic anisotropy of these crystals falls into one crnthe other of
the two special cases discussed above, pgsS. 19-22, The method of
locating the principal axes and calculating the principal anisotro-
pies of a triclinic crystal can be derived from equation 20.

Tetragonal crystals were mounted with an arbitrary direction
perpendicuigr to the crystallographic 4-fold axis as axis of rota-
tion. Orthorhombic crystals were mounted with crystallographic axes
as axes of rotation. Monoclinic crystals were treated under the
second special case: the known principal axis is the 2-fold crys-
tallographic axis, b; the two arbitrary axes of rotation perpendic~
ular to the known principal axis were chosen for convenience to be a
crystallographic axis Qg or 2) and the corresponding reciprocal axis
(a* or g*)e

The crystal to be investigated was first attached to a short,
‘thin (2 % 0,0lcm) bent glass fiber called the "orienting fiber" (see
figure 2). The short (1 mm) bend acted as a pointer to locate the
position of the crystallographic axes when observing a suspended
crystal through the right-angle telescope; it also formed a conven-
ient handle for holding the fiber. For reasons discussed in section
C, the glass fibers used within the magnetic field were prepared
from stock glass rod (pyrex) which had been thoroughly washed with
hydrofluoric acid, to remove surface impurities, before the fibers
were drawn., A thermoplastic cement (shellac, beeswax, apiezon tar,
etc.) was used to attach the crystal to the orienting fiber because
it was usually necessary either to change the orientation of the
crystal or to detach and remount it. The cement used was chosen
after a consideration of the melting point of the crystal. An elec-
trically heated wire was used to soften the cement; a low power bin-
ocular microscope was of considerable aid in watching this operation,

During the mounting operation the crystal was adjusted to have
the desired rotation axis approximately parallel to the glass fiber.
The axis was located on the 5asis of crystal habit, cleavage, opti-
cal interference patterns in convergent polarized light, or by some

other method. Thereafter, the orienting fiber was attached to a goni-



- 31 -
ometer head of the usual type used in X-ray crystallographic work,
( shown in figure 6). Goniometric measureménts and Laue photo=-
graphs were then used to adjust the goniometerheadsouthat the desired
crystal axis was accurately parallel to the axis of rotation of the
goniometer head., Observed interfacial angles were compared with
angles calculated from the unit cell dimensions (in a few cases in
which observed and calculated angles did not agree within 10 minutes,
there was usually an error in the indexing of the crystal faces).
Goniometric measurements were not suitable for crystals whose faces
were rough/or absent.

With Laue photographs symmetry axes and mirror planes are
easily identified. When checking the orientation of monoclinic
crystals, however, it was necessary to be able to identify the Laue
photographs taken parallel to the a, &, a* and ¢* axes which have no
other distinguishing feature than that they are parallel to a mirror
planes To do this, the appearance of the Laue photograph was calcu=-
lated from a gnomonic projection of the reciprocal lattice(zg). For
convenience, a gnomonic projection ruler was constructed so that the
projection and the corresponding Laue photograph could be drawn on a
single 8¥%x11" sheet of paper (see for example, figure 5). In addi-
tion to unambiguously identifying the 2y S gf and‘gf axes when other
available crystallographic data were insufficient, the gnomonic pro-
jections were also an aid in calculating the amount of misalinement
when trying to set one of these axes accurately parallel to the axis
of rotation of the goniometer head. The great sensitivity of the lo-
cation and intensity of the diffraction spots on a Laue photograph
to slight changes in the orientation of the crystal made it possible
to determine the crystal orientation with a precision of i15 minutes,

When the crystal orientation had been checked with Laue photo-
graphs, necessary adjustments were calculated. The reflection of
light from the glass orienting fiber permitted the optical goniometer
to be used for making these adjustments accurately. If after these
adjustments the glass fiber was not within 1° of parallel to the axis
of rotation of the goniometer head (and .the desired rotation axis of
the crystal), the goniometer head was transferred to the holder
shown in figure 6., The translating mechanisms of the goniometer head

were then used as a micro-manipulator for the transferring of the
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FIG. 5 TYPICAL GNOMONIC PROJECTION OF A RECIPROCAL
LATTICE AND CORRESPONDING LAUE REPRESENTATION.

GLYCINE : g* AXIS NORMAL TO PROJECTION PLANE.

c
..
*=0 10 20
-4
LAUE REPRESENTATION
OF % ROW LINES -5
-5/4 =3/2
- -774 =20
[= o]
- +0

+2
+i

.o »b*

-4
-5

-1
-5/4

-3/2

[

—20 -
15 7/4

oo 54 3 2 |

8 T B )

T 1 T T T T
ST ] l I ]’ o GNOMONIC PROJECTION RULER




CRYSTAL- ORIENTING APPARATUS.

FIG. 6




- 34 -
crystal to another glass fiber fixed to the holder. Once the crys-
tal had been transferred, the goniometer heaa was removed from the
holder and the orienting fiber set accurately parall§l to the axis
of rotation of the goniometer head by use of the optical goniometer,
as described above. The crystal was then transferred back to the
orienting fiber by the same method.

During the transferring operation there was some difficulty in
melting one cement bead and not the other. This difficulty was re-
duced by r%ducing the size of the electrically heated wire and by
operating it at the lowest possible temperature. In most cases,
however, the change in the orientation of the crystal was 20 min-
utes or less,.

After remounting the crystal on the goniometer head and re-
checking its orientation with Laue photographs or by goniometric ob-
servations, it was usually found that the crystal was alined within
the desired accuracy (lo). Lack of good alinement at this stage may
be attributed to inaccurate adjustment of the goniometer head prior
to the transfer. The inaccuracy may be due to: (1) imperfections in
the crystal which made the Laue photographs difficult to interpret;
(2) the approximate nature of the calculation from the Laue photo-
graphs of the adjustments to be made; (3) alinement of the crystal
by goniometric observations in a case in which there is a slight dif-
ference between the axes located goniometrically and the axes located
by Laue photographs. If the alinement is not within the desired
accuracy, the process of adjustment, detaching, transferring and re-
mounting may be repeated. Despite occasional difficulty in the
‘ transferring operation, this systematic method of orienting the
crystals is far superior to a trial-and-error method.

When making the final check on the orientation of the crystal,
the glass orienting fiber was set parallel to the axis of rotation
of the goniometer head while the Laue photographs were being made,
The Laue photographs could then be used to calculate the direction
and amount of misorientation of the desired axis of rotation. For
very precise magnetic anisotropy measurements, it would be easier to
estimate the angles @ (or the error in @) and Zé from the finral
Laue photographs than to orient the crystal with an error less than
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20 minutes.

Laue photographs also serve to detect érrors in interpretation
of the visual crystallographic properties and to detect twinned crys-
tals and imperfect crystals., Every crystal used in the magnetic an=-
isotropy measurements reported here was oriented and checked by this
procedure.

Whenever a further check on the assignment of axes is neces-
sary, as was the case with monomethylurea for which two of the (or~
thorhcmbicb axes are of almost equal length, the goniometer head and
crystal may be placed in a precession camera or Weissenberg camera to
obtain)intensity data for comparison with published data.

After final adjustment and checking of the orientation of the
crystal, the orientation of the "pointer" (figure 2) with respect to
the crystal axes was noted. The orienting fiber was then removed
from the goniometer head and attached to the "main support fiber" of
the torsion apparatus (figure 2). Only a drop of non-volatile oil
or of cement diluted with volatile solvent (nitrocellulose in ace-
tone, rosin in benzene, sodium silicate in water, etc.) is necessary
for a firm bond, the surface tension of the liquid being sufficient
to pull the two glass fibers accurately parallel. The choice of ce-
ment is determined by the solubility of the crystal in the solvent,
The orienting fiber can later be detached without disturbing the or-
ientation of the crystal by dissolving the cement with solvent., It
was preferred to use a new specimen for measurement of the anisotro-
py about a different axis rather than to reorient a specimen which

had been used once, .

f. Quartz Fiber Preparation and Properties,

Quartz (actually silica glass) fibers are characterized by re-
markable strength and nearly perfect elasticity., A literature sur-
vey on their preparation, properties and uses is availablecja). The
tensile strength of 35-40 Kg/mm2 (480@0-55000 lb/inz) of a 10C-micron

diameter fiber exceeds that of many metals., The tensile strength in-
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creases slowly with decreasing dlameterd@wn.to lO microns and then
increases very rapidly; a fiber of 3 microns diameter may have a

(30,38)

quartz fiber of 10 microns diameter can withstand a torsional strain

tensile strength 10 times that of a 100 micron fiber

of about 20 turns per centimeter of length and a tension up to 15

(31,34)

grams:weight and stretches about 3% before breaking The

elastic properties of quartz fibers are reported to be independent
of the stress right up to the point of failure(sg)
Exten51ve investigations of the mechanical properties of

(31~ 33)'

quartz fibers have been made by Reinkober He found a great
uncertainty in the elastic and strength constants. The uncertainty
arose partly from the difficulty in accurately determining the diam-
meters of the fibers and partly from uncontrollable or unknown vari-
ables., The strength constants, such as the tensile strength, seemed
to be depéndent on age, minute flaws and surface impurities and on
the presence of adsorbed liquids and gases. The latter dependence
was indicated by the fact that the tensile strength of fibers was
found to be different when they were tested in vacuum, in dry air,
and in air containing the vapors of water or other ligquids. On the

other hand, the elastic constants, such as the torsion modulus F,

L = length
2L K r = radius
(32) F = ——I K = torsion constant
706 r G = gravity constant (converts

dynes to gram-weight)

(32,33).

seemed to be unaffected by these variables However, the
measurements were mainly of a statistical nature and only relatively
large variations in strength and elastic constants could be detected,.
It was hoped that the torsion constants of quartz fibers to be
used in the torsion apparatus could be determined with an accuracy
of iO.l%. The fibers to be used would be subjected to roughhandling,
exposed to all atmospheric changes, not protected from dust. and used
over long periods of time. Further, they were to be calibrated
while under high vacuum (see below, h,) but used to make torque meas-
urements while exposed to air. Hence there was some doubt as to the

permanence of the torsion constant calibration., The results of the
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.statisﬁical observations above were not encouraging. For example,
the effect of age on the torsion modulus (and therefore on the tor-
sion constant) was determined by testing many fibers of various ages
rather than individual fibers over long periods of time; although
no age effect was noted, a change in torsion constant of the order of
10% per year or less could not have been detected. One result, how=-
ever, seems ' definite : +the torsion constant of a fiber is unchanged
when measured in air, in high vacuum, or in high vacuum after baking
the fiber for two hours at 300°C (under high vacuum) and cooling to
roon tempefﬁture(BB), In this case, individual fibers were carried
through all three tests; however, the precision of individual tor-
sion constant determinations was =1% and hence it can not be con-
cluded that the effect of adsorbed gases and vapors is negligible
for the work anticipated. It was found incidently in this latter
investigation that the temperature coefficient of the torsion modu-
lus (and torsion constant) was +0.00010 per degree centigrade, and
that temperature changes had no permanent effect on the torsion mod=-
ulus., However, once prepared, the quartz fibers were not to be ex-
posed to strong heating since fusing of dust particles into the sur-
face of the fiber would definitely weaken them and change their
elastic properties.

A few experiments were made during this work to determine the
effect of tension and total torsional stress on the torsion constant
and to determine the change in the torsion>constants of individual
fibers over long periods of time, The results are discussed below
(page 50).

Several meﬁhods of preparing quartz fibers are known(Eu)g The
simplest method and the one used here was the following: =short,
stéut (100 microns x 10 cm.) fibers are first drawn from a stock rod;
the stout fibers are then elongated by holding them in a high-velocity
oxygen-illuminating gas flame and allowing the friction of the flame
gases to pull the heat-softened quartz into a fiber of a few microns
diameter and many feet in length. To get a suitable fiber of desired
thickness and length (40 cm), many fibers had to be prepared and ex-
amined, Variations in thickness of the fibers orkcurling of the fi-

bers did not prevent them from hanging straight under slight tension
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or otherwise adversely affect their use as torgue-measuring devices,

The thickness of the fibers was judged by laying them on a long
glass slide and observing them under a microscope having a measuring
reticle with a smallest division of 3.5 microns., Since fibers with
torsion constants varying over a wide range, 10_5 to 10-30m—dynesper
radian (diameters between 6 and 16 microns for a 40 cm length), were
usable, an acceptable fiber could be judged after only a very little
experience.

The fibers selected were ones which had one end thicker than
the averagé, say 30 to 40 microns diameter., This thickness did not
prevent the end from being flexible, but was thick enough so that
the contribution to the total torsion constant of one or two milli-
meters of length was negligible. Hence, when the torsion pendulum
used: for the torsion constant determination (see g.), or the "main
support fiber" were attached to the quartz fiber, a variation of the
position of attachment by a millimeter (0.2% of the total length)
would not change the torsion constant. The other end of the quartz
fiber was permanently glued to a short glass fiber (3 x 0,0lecm) for

convenience in attaching the guartz fiber to various supports,

ge Construction of Torsion Pendulum for Determination of

Torsion Constanis.

The torsion constant of a gquartz fiber may be calculated from
the moment of inertia and period of oscillation of a torsion pendu-
lum suspended by the fiber,

The selection of a torsion pendulum is based on its total mass,
period of oscillation, ease of construction, the ease and precision
of the determination of its moment of inertia and on the precision
of available measuring equipment. The mass must be far less than
the maximum safe load (less than lg. for a 10 micron diameter fiber)
and it must be large enough so that no appreciable percentage change
occurs with changing amounts of adsorbed moisture. In any event,
the mass had to be large compared to 2 micrograms which is the mini-
mum mass measurable with the available semimicrobalance. The period

of oScillation of the pendulum had to be large compared to 0.002
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minutes (or 0,1 second), the minimum time interval measurable with
available timers, and preferably of the order of a few minutesy as
discussed below, precision in the measurement of the period of oscil-
létioh éannot be indefinitely increased by making the period longer
or by timing larger numbers of periods. The linear dimensions must
be much greater than the minimum measurable length which, with the
available travelling microscope, was 0,001 cm, Large dimensions are
usually precluded by concomitant lafge mass. Finally, the pendulum
should befgtructurally strong and resistant to corrosion,

Two‘convenient choices are a circular microscope-slide cover-
glass suspended from an edge and a length of wire suspended from its
center, The cover slide has a mass of about O,lg. and a radius of
about 1 cm; its moment of inertia is about 0,025 g-cmz. The period
of oséillation with a quartz fiber of torsion constant lO‘gcm-dynes
per radian would then be 100 seconds, The uniformity of thickness
of the glass might be checked by the use of optical flats and inter-
ference patterns., Its diameter would have to be measured and aver-
aged for many directions to insure that it was circular. Since it
would be very nearly symmetric: about its axis of rotation it would
presumably not wobble. It could be silvered for use with optical
and electronic timing devices.

The second choice was preferred because of its high ratio of
moment of inertia to mass. For the same moment of inertia as the
glass disk above, a wire of convenient length need only weigh 20 to
30 milligrams. Since the dependence of the torsion constant on to-

(31-33)

tal linear stress was not investigated by Reinkober s & pendu-
lum of weight about equal to the weight that would always be on the
fiﬁer was desired, at least initially. When properly constructed,
the pendulum may - -be treated as a linear mass distribution and only
its mass and length need be accurately measured., Since it can be con=-
veniently made 3 to 5 cm long, the percentage uncertainty in its di-
mension can be made smaller than for a disk of equal moment, 8light
asymmetry in its construction, however, may cause it to wobble, A4lse,
the uniformity of thickness and density of the wire cannot be veri-
fied except by determining the period of oscillation of several simi-

larly constructed pendulums when attached to the same fiber; the
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net effect of such variations might then be expected to cancel out.
Chromel wire was chosen in preference to copper, platinum,
aluminum or iron because of its stiffness, resistance to corrosion,
resistance to mercury vapor (used in the vacuum pumﬁ discussed below
in h.), non-magnetic character and availability in the desired sizes.
An estimate of its coefficient of'thermal expansion is +10-5/°C (av-
erage of that of chromium and nickel). An arbitrary length was cut
and straightened by rolling between two plates of glassj the ends
were Sandéé to make them flat and square, The uniformity of thick-

ness was checked by cursory observation under a microscope.
FIGURE 7. SKETCH OF TORSION PENDULUM.
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A short glass fiber (about 1 x 0.0l cm) was attached to the

wire at its center with a bead of shellac, forming a "I" (see figure
7); the quartz fiber was to be attached to the free end of the glass
fiber., Since the center of gravity of the pendulum was far below
the point of attachment, it was assured that the wire would always
be horizontal, no matter how the quartz fiber was attached.

The mass of the Wire, 13.16ﬁ0.005 milligrams, was determined
with a semi-microbalance. The mass was determined several times and

at intervals of several ménths, and found to be unchanged despite
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handling and washing with organic solvents. The dimensions of the
T-shaped pendulum were measured with a travellihg microscepe. The
length of the wire (3,238%0,002 cm), position of attachment of glass
fiber, length of glass fiber, distance of free end cf the glass fiber
from each end of the wire, diameters of the wire and glass fiber, di-
mensions of shellac beads, and distance of axis of fiber from axis

of wire were determined., Kach measurement was repeated several

times and averaged. Although the measuring instrument was graduated
| for estimation of the nearest micron, the average deviation of the
various measurements ranged from 6 to 1h microns.

The moment of inertia of a right-cylindrical rod having mass

M, length L and radius R, and rotating about an axis perpendicular

to and intersecting the cylinder axis is:
2 2
R L
(33) I = M[T + —12], .

Assuning that the wire satisfied the above conditions, and neglect-
ing the contribution of the other parts of the vendulum and the term
involving the radius, the moment of inertia of the pendulum calcu-
lated from equation 33 was 0,01150 X0.00002 g-cmz. Corrections were
then made for the fact that the true axis of rotation (through point
of attachment of quartz fiber and center of gravity) does not inter-
sect the axis of the wire, for variations in the position of attach-
ment of the quartz fiber, for the contribution of the glass fiber and
the shellac beads, for the omission of the term involving R in equa-
tion 33, and for an irregularity in one end of the wire. The two
largest errors were both of order of magnitude lx16-6g—cm2 and had
opposite signs; hence all corrections were negligible,

8ince the torsion pendulum was not a truly symmetric rigid
body, some consideration was given this approximation. If the pendu-
lum were supported at its center of gravity by the quartz fiber and
caused to rotate, the torque exerted on the pendulum by the fiber
would have fixed direction but time-dependént magnitude. The angu-
lar velocity, W, of the object is related to the torque, Ly by the
relation L = d(][g)/dt, where I[is the inertia matrix. Since the

direction of ‘I; is fixed, the direction and magnitude of w would vary
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in a highly complicated manner; physically speaking, the pendulum
would turn and tumble irregularly. The fact that the gquartz fiber
is actually attached at some distance from the center of gravity
means that gravity will exert a torque on the pendulum tending to
hold a fixed axis (point of attachment of quartz fiber to center of
gravity) parallel to the quartz fiber (L). Instead of tumbling, the
pendulum will rotate more or less smoothly about the quartz fiber
but will wobble. The wobble may be expected to be small because of
the near symmetry of the pendulum. The wobble will decrease the mo-
ment of inertia of the wire by a factor Cosaf7 s Where qgis the
average angle between the glass fiber and the axis of rotation. The
decrease in moment of the wire will be compensated slightly by the
increased moment of the glass fiber. Consider a small periodic wob-
ble taking place only in the plane of the T-shaped pendulum and such
that ?: ?max»'sj‘nw t. The average value of S§n2¢ ,lforasmall

?max,’ is zhe average value of ( Pmax'sj“n wt)”, or 5 chax' If

(anax is 2° (0,035 radians), then the decrease in the moment of
inertia of the wire is 0,06% and is about 20% compensated by the
increased moment of the glass fiber. For the case in which the free
end of the glass fiber moves in a tiny circle about the axis of ro=-
tation with constant velocity, so that ?gax is 20, the moment of
inertia of the wire is again decreased by 0.06% but is about one-

third compensated by the increased moment of the glass fiber,

he Determination of the Period 2£ Oscillation.

_ With the pendulum just described it was. found impossible to
carry out oscillation observations at atmospheric pressure, at least
with quartz fibers with torsion constants in the range l-lOOxlO-chs,
because the viscosity of the air caused the oscillation to be over-
damped., Even at pressures of about 1 micron the damping was about
80% per period., Other workers have used similarly constructed pen-
dulums to calibrate fibers of comparable torsion constants by obser-

(35)

ving the period of oscillation in air. Rogers was able to meas-

the period of oscillation of a horizontal wire suspended at its cen-
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ter (I = 0.,001265 cgs.; period = 30.0 seconds; torsion constant, K =
5.55x10’5cgs.**) and then to duplicate withiﬁ 3% the value reported
by Krishnan(36) for naphthalene crystals (perpendicqlar to gbaxis).
Krishnan used a torsion pendulum consisting of a glass disk but does
not give an estimate of either the moment of inertia or of the tor-
sion constant. It is possible that for different values of K/I or
for large total energy stored in the pendulum, the damping may be
sufficiently overcome to permit accurate observations of the period.
Experimengs discussed below show that electrostatic forces can over-
come air démping to give an erroneously short period and excessively

(37)

large torsion constants; presumably, Hoyer encountered some of
these difficulties, Most of the other workers in this field cali-
brated quartz fibers by use of a crystal of "known'" magnetic anisot-
ropys

The oscillation experiments were consequently carried out in a
vacuum chamber as shown in figure 8; the lowest pressure attainable
was conservatively estimated at lO-smm. Oscillation was started by
picking up the compact, rigidly-clamped apparatus and giving it a
small circular motion to cause the pendulum to swing around, lying
flat against the chamber wall as it did so, and thus twist the fiber,
The apparatus was then tilted and set down so that the suspended pen-
dulum lay against the wall; this stopped the pendulum from vibrating
and prevented the fiber from unwinding. The apparatus was then
slowly set upright so that the pendulum began to rotate with little
swinging***. When the apparatus was fully upright any swinging
could be stopped by applying slight pressure to the top of the vacuum
chamber in such a way as to cause the support to move out of phase
with the swinging. Thus, pure torsional oscillations of practically
any amplitude (even up to 200 revolutions) could be induced without,
at least initially, any wobbling or vibrating of the pendulum. A

small spontaneous wobble always developed, however, after the pendu-

**The value 5¢73x10-5 given by Rogers is evidently the result of an:
erroneous calculation,

***A mechanical device constructed of bent wires and operated exter-
nally by means of a magnet was originally placed inside the chamber
to start the oscillation., After the effect of electrostatic forces
was discovered, it was removed for fear it might interfere with the
oscillation,
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FIG. 8 APPARATUS FOR DETERMINING TORSION CONSTANTS
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lum had made a few torsional cycles. The wobble then induced a small
swinging which had to be stopped occasionaliy, by the method de-
scribed above, as it interfered with the observation.

The damping of the oscillation was considerahiy reduced by the
high vacuum. Within a few minutes after the diffusion pump began to
operate the damping dropped below 1% per period; the damping usu-
ally reached its minimum value, 0.,1% per period, after 12 hours,

The usual precautions for the operation of high-vacuum systemscBg)
were obsefyed. Since the viscosity of a gas at these low pressures
increases with molecular weight, the vacuum chamber was first filled
with helium before‘evacuation; this procedure also helped to remove
residual 002 and water vapor which might otherwise condense in the
liquid-nitrogen cold-trap.

A new source of error was then observed. When the amplitude
of the pendulum was small (total energy small) the pendulum was
noted to turn erratically with a considerably shortened period (by
a factor of 2 or 3)., The pendulum was also strongly influenced by
objects, such as a finger, outside the vacuum chamber. The influ-
ence was obvicusly not magnetic and was not due to uneven molecular
bombardment since a flame brought near the chamber wall had no par-
ticular effect. The influence was undoubtedly due to electrostatic
fields since it could be considerably reduced by wrapping a strip of
aluminum foil around the outside of the chamber; the pendulum was
then no longer affected by outside objects but its period was still
erratic for low amplitudes (less than 2 revolutions)., Consequently,
the period was always observed for amplitudes greater than 2 revolu=-
tions and usually from 10 to 30 revolutions. With large amplitudes
and large angular velocities it was hoped that the time-average in-
fluence of the electrostatic forces ﬁas zero. The electrostatic
forces did not disappear after several days under vacuum or even af-
ter months at atmospheric pressure., A small radiocactive source con-
sisting of a polonium-coated silver strip ("Staticmaster", Nuclear
Products Co., El Monte, California), was placed on the bottom of the
vacuum chamber but did not noticeably reduce the electrostatic
effect,

The pendulum was observed though the clear bottom of the vac-
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uum chamber using the right-angle telescope described previously
(page 24). The cross-hairs were used both in the timing and in the
measurement of the damping. The timer was driven by a synchronous
electric motor and was started and stopped by pressing a button.
(This type of timing device was found to be more accurate than or-
dinary mechanical stop-watches since the latter were usually out of
adjustment!) The timer was graduated in intervals of 0.0l minutes
and 0,00l minutes could be estimated. The reaction time of the ob-
server pro%ed to be the main source of error in the +timing, but it
is believed that the errors in starting and stopping the timer tended
to cancel each other out. By timing the oscillation over several
periods, the influence of this error was reduced.

As a reference point forbtiming the oscillation one could use
the instant at which the pendulum stops and reverses its direction,
This choice has the advantage that the period so obtained is inde-
pendent of the damping. Observing the reversing point is made diffi-
cult, however, by the slowness of the movement near this point, par-
ticularly if the moment of inertia is large and the torsion constant
and amplitude small, and by the unpredictability of the angular po-
sition t?’at which the pendulum will stop. For timing based on vis=~
ual observations it is preferable to use the instant at which the
moving pendulum passes a marker at a given angular position, qfki C.
To use this method it is necessary, when the amplitude is greater
than oné revolution, that the observer be able to distinguish between
g}}; C and 155 Ci2N7Z 3 that is, either the motion must be slow
enough that each revolution can be counted or, if this is not pos-
sible, ° the decrease in amplitude with each period must be known
with sufficient accuracy that it is only necessary to count the turns
between the reversing point and Z;t’C. Except for the special case
C = O (fiber completely unwound), the interval between successive
occurrences of 272 C is dependent on the damping. To obtain the
true period, T, of the undamped oscillation by this method one may
use the knowledge of the amount of damping either: (1) to calculate
the amount by which the marker should be moved (C decreased) during
each period so that the time interval between successive coincidences

of pendulum and marker will be the true period; (2) calculate a cor-
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rection to be added to this time interval, the marker remaining fixed.
In practice it was 6onvenient to use the marker (one of the cross-
hairs in the telescope) to keep track also of the decrease in ampli-
tude with each period; consequently, altering the position of the mark-
er was undesirable.

The method of timing adopted used the fixed marker and a cal-
culated correction., The mathematical analysis of the motion of the
torsion pendulum will be preéented in order to clarify both the method
and the deii,ivation of the correction.

The torsion pendulum is treated as a harmonic oscillator with
damping proportienél to its angular velocity. The differential equa-
tion of motion is equation 34 and‘the general solution of the equa-

tion is given by equation 35;

(34) I = moment of imertia
. <= angular position .
(] *
149 + ag) = -Kaf K = torsion constant (>0)
a = damping coefficient ( 2 0)
(dots indicate time derivatives)
(35) A= A.EXP(-at/2I).Coslkot + d) A,d = constants of

integration,

where 002 = (K/I) - (a/21)2

The form of the solution corresponding to a pendulum initially (t=0)
at rest (4= 0) at angular position 1": A, is:

(36) 2% (4 /Cos 4).EXP(-kt/T).Cos(3MEE 4 a) F=0) = 4
o

&= -(a_/T.Cos a).EXP(-kt/T) %
[%.Cos(zzft +4d) + 2 Sin(zzgt + d;] ,Jk%=o) = 0

where d = phase angle = arctan(-k/2TT)
and k = logarithmic decrement = aT/2I }.def' itions
in on
T = period = 2TC/w

Equations 37 and 38 state that the timer is started at time t' and



when qﬁphas:decreased to 492: C, and is then stopped at time t'+nT-t"

(the reading on the timer is nT-t"), after n full cycles, just as

7Tt + 4)

i

(37) ¢ (a /Cos a). EXP(-kt/T).,Cos(

(38) ¢ (& /Cos @) .BXP[~k(t"+nT- t")/TJ.Cos[——-—(t'-a-nT &) + d]

]

the pendulum crosses g?é ¢e The quantity t" is the error due to the
fact that the timer was not stopped after an exact integral number
of periods., but a bit too soon because of the damping. Equations 37
and 38 may be solved for t" after making certain assumptions about
the size of t" and nk in order that the exponential term may be rep-
resented by the first two terms of the power series, and that t"/T

may be treated as a differential in the cosine term. ZEquation 39

(39) 0&£t"/T£0,01: COS[Z”(t'-t") +d] ¥ Q -t"dt,)Cos(Z‘nt +d)
= 005(271% +d) + 272% —.S8in (271% +d)
04 nk £ 0,1:  Exp[~k(nT-t")/T] ¥ 1 -nk (kt"/T £ 0.0lk,
: negligible)

O&t'/T & };, 12 EXP(-kt!'/T) ¥ 1— (kt'/T) =1—0.025

_P—

Cosad, = (k/Z)2 (exact; from equation 36)
‘:Substltute into equations 37, 38 and eliminate Ccs(

L) )

outlines. the solution and lists the approximations to be used. From

the solution, equation 4O, t" may be calculated with an error less

(40) U — T
2T\ 8,/C)° -

than £10%, For example, if n = 10 periods, k = 1.1x107° (nk<€0.01),

Ao = 20 revolutions, C = 10 revolutions and the final reading on the

timer is nT-t" = 10,00020,002 minutes 2 nT, then t" is 0,0010 min-

utes, the true period is T = 1.0001%0,0002 minutes, and t"/T = 0,001
(£0.01),
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As C approaches zero, t" vanishes as would be expected since
2= 0 is the only definite value of ;7 for which the time t(<%)
(see equation 35) is not affected by the damping. Incidently, as C
approaches zero the angular velocity of the pendulum approaches a
a maximum and the instant at which the pendulum crosses the hair-
line is most sharply defined,

This method was used in connection with the simple correction,
equation 40, with complete success. The restrictions (equation 39)
that 0£nk éO.l and 0£t"/T£0,01 limited the precision obtainable ‘
by limiting the number, n, of periods which could be averaged., In
practice, the value of k was sufficiently small in all cases that
the desired.precision in T, iO.l%, was readily attained., If it had
been desired to use larger values of n than were permitted by the
restrictions, then it would have been necessary to use equations 37
and 38 to calculate t" more exactly. It is not always possible to
make C arbitrarily close to zero to reduce t" and to simplify the
calculation since the angular velocity of the pendulum may become so
high that the turns cannot be counted,

It was found experimentally that the average deviation in the
corrected duration of n periods (nT) was only a few thousandths of a
minute. Apparently, in spite of the errors due to electrostatic
forces and wobbling of the pendulum, the main errors were those due
to operation of the timer and estimating the nearest thousandths of
a minute. Experiments showed that if the instant of reversal of di-
rection of the pendulum were used for timing, the uncertainty of
visual observation would cause an average deviation upwards of 10
times this amount. The lowest average deviation in period, T, so
far obtained is t0.0lS% (7 = 1.3495i0.0002 minutes, an average of
10 observations with n = 10-20, k = l-?xlO-B, AO/C = 3=h), With a
more symmetrical pendulum, a vacuum chamber of larger diameter (re-
ducing electrostatic forces) and an electronic timer, the average
~deviation could probably be reduced to £0,001% or less. However,
the precision in the measurement of T using only the simple equip-
ment was far greater than necessary for the magnetic anisotropy
measurements,

No variation of the period of oscillation was noted from the

first observation, less than an hour after the diffusion pump began
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to opefate, until the last observation, sometimes several days later,
This seems to confirm the fact that the torsion‘constant is not
affected by adsorbed layers of air or moisture. Further, it was ob-
served that the period of oscillation was always indépendent of the
amplitude provided, as noted above, the amplitude was greater than
two turns. In one early experiment this dependence was examined
over the range of amplitudes from 11 to about 200 turns; any change
in period must have been less than the average deviation of 0.1% for
all the observations. The damping constant was also found to be in-
dependent,lwithin experimental error, of the amplitude (a distinc=-

(39)>'

tioen from metal wires The dependence of torsion constant on
total linear tension was cursorily investigated by attaching a length
of wire  2cm. long and weighing 17 mg. to the pendulum. The wire
was attached with a small hock so that the wire hung parallel to the
glass fiber and close to the axis of rotation; hence, the mass of
the pendulum was doubled without significant increase in moment of
inertia. No significant change in the period of oscillation was
noted in ihis early experiment;'the experiment was not repeated. Any
change in torsion constant with tension is undoubtedly much less
than 0,1% chahge for a doubling of the tension.

The "internal viscosity" of quartz fibers can be estimated

(34,39)

from the damping of the pendulum The value of the viscosity

coeffieient in terms of the pendulum experiment is given by:

; 2al LILk ** = length of fiber
(41) = i = =5
. qy IC r ‘T T = radius R

Using the lowest value of k observed in this work and estimates or
typical values of the other quantities (k = 1x10-3, I = 0.01150g—cm%
T = 100 secey L = 40 cm, r = BXIO'“cm), the internal viscosity is
calculated to be 47 = lxlOgcgs., which is about 1000 times the value
given by Strong(BQ) and is about equal to that for an ordinary metal

such as nickel, Either the observed damping is entirely due to the

**The expression given in references 34 and 39 differs by a factor of
2 wsince it uses the logarithmic decrement of only one-half of a
period.
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viscosity of thg residual gas, or the "approximate" value of 47 given
by Strong is over-optimistic,

The torsion constant is calculated from the expression in
equation 35, This equation may be rewritten in terms of the period

and the logarithmic decrement:

SN k- G kD1 k2T :
T

From this it is seen that if k = 0,1, it affects K by only 515% and

for the values actually observed (0.0l to 0,001) it is entirely neg-
ligible in this work.

i, Aging of Quartz Fibers.

Finally, an attempt was made to detect the influence of age on
the torsion constant of individual fibers. Three experiments were
made: (1) A fiber with pendulum attached was suspended in the vacuum
chamber and the torsion constant was determined. The measurement was
repeated one month and two months later. The fiber and pendulum
were allowed to hang in the air-filled chamber in the interim., Dur-
ing each month the torsion constant decreased about 0.,065% (0.8% per
year). (2) A second gquartz fiber was left suspended, with pendulum
attached, in the air-filled chamber for a whole year after first de-
termining its torsion constant., At the end of this time the torsion
constant was found to have decreased 0,6%. (3) The fiber used for
the collecting of most of the magnetic anisotropy data was also re-
tested a full year after its first calibration., In this time it had
been exposed to the open air under varying atmospheric conditions
and varying stresses, but under a more or less average tension of
30 mg. Its torsion constant had also decreased, but only by 0.12%,
Bach fiber was freshly prepared when first calibrated. The conclu-
sion is that there is a definite decrease in the torsion constants
of quartz fibersawith~age, at least when they are under prolonged '

tension, The decrease is probably due to an elongation of the fiber
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by plastic flow, For accurate work with quartz-fiber torque~measur-
ing devices.the fiber should be recalibrated periodically and the
tension removed when the fiber is not in use. L

Except for the fiber mentioned above which lasted over a year,
the quartz fibers used for the magnetic anisotropy measurements
lasted only one or two months before being broken. It is therefore
concluded that the error in the magnetic anisotropy measurements to
be reported, due to aging of the quartz fiber, is less than or equal
to 0.1%. :

C, Errors in the Anisotropy Measurements.

a, Introduction.

The errors to be discussed are in addition to those in weigh-
ing and orienting the crystals, in calibrating the quartz fiber and
in measuring the magnetic field. They deal with stray forces and
torques which act on a crystal suspended in a magnetic field, namely:

1. Air drafts and mechanical vibrations. '

2. Torque due to ferromagnetic impurities.

3., Electrostatic forces.

L, “Asymmetry torque' dependent on the shape of the crystal.

5, Torque due to field inhomogeneity.

The methods of eliminating, correcting for, or estimating the magni-
tudes of the effects of these forces will be described. Since the
experiments undertaken to define these sources of error were large

in number and unsystematic, they cannot be described in detail. The
second source of error listed above proved to be the most serious

and required a revision of the experimental procedured used by Krish-
nan. The revised procedure is described at the end of section C af=-
ter discussing the results of actual measurements in terms of the

effects of the various sources of error and their elimination,
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be Air Drafts and Mechanical Vibrations.

The draft shield shown in figure 2 (section B) was found to be
completely effective. The torsion apparatus was fastgned to a struc-
tural wall of the building and mechanical vibrations were found to
be negligible., No motion in a suspended crystal attributable to
either of these causes was ever detected., Several times the possi-
blllty that drafts or v1bratlons might cause a crystal to prematurely
exceed 4;7* was tested by suspend3ng a crystal in a magnetic field
and tw1stlng the quartz fiber to within 5 or 10 degrees of C>%AX’ in
some cases C!gaxbexceeded 100 revolutions., Under these conditions
no crystal was ever observed to begin to spin spontaneously. When-
ever the crystal did begin to spin, the torsion head was always si-

- multaneously in motion in the same direction.

¢. Ferromagnetic Impurities,

It was discovered before any anisotropy measurements had been
made that the magnetic field exerited a comsiderable torque,'of order
of magnitude 10—4 to lOm3 cm~dynes at 10 kilogauss, on the main sup-
sport fiber alone with nothing attached. Since this range of torques
overlapped the range (1.(}-4 to 10-20m~dynes) of torques reasonably
expected to be encountered in diamagnetic anisotropy measurements,
the nature of this added torque was investigated extensively. The
torque on the glass fibers was noted even when a short length was
suspended entirely within the most homogeneous part of the magnetic
field, Under these conditions there could be no appreciable effect
due to inhomogeneity of the field or to asymmetry of the object.
Although in the absence of a magnetic field the glass fibers turned
smoothly as the torsion head was turned, when the magnetic field was
turned on they appeared to behave like an anisotropic crystal; they
had two positions of equilibrium approximately 180° apart and ’ZZ;
was generally in the range 450 to 9003 The torque varied greatly
with the different glass fibers,

The possibility of ferromagnetic surface impurities was at
first rejected when it was found that washing the fibers with strong

mineral acids including hydrofluoric acid did not eliminate the
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torque. The possibility of an intrinsic anisotropy of the glass
induced by drawing the fibers was considered even though the observed
anisotropy was in the plane perpendicular to the direction of draw-
ing which would be expected to be isotropic. Glasses from various
sources and of various kinds were tried (including sodium phosphate
and sodium borate glasses) and various drawing and heat-treating
techniques were tried without conclusively demonstrating a method of
reducing'qr eliminating the anisotropy.

Theipresence of ferromagnetic surface impurities was then re-
investigated. An experiment to determine the dependence of the ap-
pare%t anisotropy on field strength showed Cxéax to be proportional
to H

ward a constant value at high field strengths. Such a phenomenon

over the range 0-8% kilogauss; that is, the torque tended to-

cannot be attributed to any ordinary paramagunetic or diamagnetic an-
isotropy. It is, however, the effect observed with ferromagnetic
objécts with either intrinsic or shape anisotropy(uo). It was then
found that the anisotropy of the glass fibers was decidedly reduced,
but not eliminated, if the glass rods from which the fibers were
drawn were cleaned and washed with hydrofluoric acid before the fi-
bers were drawn. Finally, in an experiment in which a fairly iso-
tropic glass fiber was purposely allowed to hang suspended in open
air (draft shield cap removed) for a day, it was found after this
time that its apparent anisotropy had increased., These results are
interpreted as meaning that the apparent anisotropy of the glass
fivers is caused by bits of ferromagnetic dust which have settled

on the fiber or were fused into the fiber during the drawing. Since
the magnetic torque acting on a ferromagnetic crystals may be many
millions of times greater than on a diamgnetic crystal of the same
mass, it may be reasoned that the observed anisotropy of the fibers
could be caused by a few particles of iron of about 0.001 micrograms
in mass (approximately one~half micron in diameter). The increase
in the anisotropy in the experiment described above can only be
ascribed to the settling of a dust particle on its surface.(another
incident of this nature will be described on page 74). The fact
that the anisotropy of the fibers was unaffected by acids, including

hydrofluoric, is attributed to the fusing of the impurities deeply
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enough into the glass so that they were not removed by superficial
washing. Attempts to detect hysteresis due to "hard" ferromagnetic
impurities were inconclusive. o

The conclusion that ferromagnetic impurities are present is
further strengthened by the reports of workers in related fields.

(41)

Constant and Forawalt investigated the existence of volume-dis-
tributions of ferromagnetic impurities in various isotropic nonferro-
magnetic substances, mostly metals. Their technique was different
from thatiused above; they essentially measured the torque exerted
by a homogeneous magnetic field (up to 1000 gauss) as a function of
angular position of the test object. Their results are given in
terms of the calculated magnetic dipole moment per unit voluame, I,
of the specimen. The torgue exerted by a uniform field on a dipole
is IVH-SinJ?Q where V is the volume of the specimen and J’is the
angle between the dipole axis and the direction Qf the field, E& By
their technique they were able to detect both "hard" and "soft" fer=
romagnetic components. They could detect a volume-moment as small
as I=2x10-7cgs; the volume-moments they ordinarily encountered were
in the range 107 to 10“6cgs. The volume-moment was determined only
after the specimens had been etched with acid to remove surface im=-
purities and a constant moment had been obtained, Constant and Form-
walt do not give an estimate of the contribution of surface impuri-
ties but say only that a "sharp drop" in the observed moment occurred
when the surface was dissolved away. They were unable, however, to
detect a volume-magnetic-moment in either soft glass or pyrex. An
estimate of the magnetic moment actually observed in the present
work with (pyrex) glass fibers (torque € 1077 cm-dynes; H 2 lOsgauss;
volume € 10~ cmB; Sing = 8ink5% = 0.7 **) is I = 1077 cgs, which
is considerably above the minimum detectably by Comstant and Form-
walt; the observed moment is therefore undoubtedly due to surface
impurities only.

The effect of ferromagnetic impurities on measurements of mag-

(42)

netic susceptibilities has been considered by Bates

** Since the observed torque was more nearly proportional to SinZQ?Z
the impurities did not behave as dipoles. This calculation is merely
for illustration.
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reports observations of a weak magnetic anisotropy

Selwood(AB)
in glass fibers in a plahe containing the fiber axis and compares the
anisotropy of magnesium sodium silicate glass and nickel sodium sil-
icate glass. The higher observed anisotropy of the ﬁickel glass was
attributed to an e ffect on the spin-orbital couPling of the electrons
in the nickel atoms produced by crystalline electrostatic fields

made asymmetric by the drawing procedure. In view of the observa-
tions on ferromagnetic impurities discussed above, this conclusion
appears dohbtful; it is certain that no such effect produced the
apparent a;isotropy of glass fibers discussed above.

The magnitude and variability of the effect of ferromagnetic
impurities, the inability to estimate their amount or to remove then,
and the suspicion that they may be present on or in the crystals to
be tested as well as on the glass fibers demanded that they be con-
sidered. The following analysis was made.

The dependence of the observed torque,due to ferromagnetic im-

purities, on field strength and angular position is approximately:

(43) L, = F B gin2( o0~ P .

For fixed angular position the torque increases about proportional
to ﬂ%, at least below 10 kilogauss, and at higher field strengths
becomes nearly constant. For fixed field strength, the ferromag-
netic impurities apparently behave like a second anisotropic crystal
attached to the specimen under investigation; the parameter 1%?
reflects the fact that the torques due to ferromagnetic impurities
and to crystal anisotropy need not act in phase. The dependence
of'c%,on 4£?'for an anisotropic crystal containing ferromagnetic

impurities would then be:

(44) oA - (47’_;;) = A H® Sin2g~ + F 52 sina( - ip
C‘S 75%) = 0 (see figure 9) .

The right half of equation 44 is a periodic function of 1}’: with
period ‘7Z + For fairly large values of O (several revolutions)
the term (,¢4£ ‘jg) on the left will have negligible effect on 1’2r
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FIG. 9 EFFECT OF FERROMAGNETIC IMPURITIES.
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which will therefore still occur at intervals of T§/2; hence, for
opposite directions of rotation, meax will differ by about 2¢7:,
that is, by less than 90°,

At sufficiently high field strengths the torque(due to crystal
anisotropy (proportional to Ha) will far exceed that of the ferro-
magnetic impurities. Under this condition, j%; will be determined
by the crystal anisotropy and will not differ appreciably fron hSo
(special cases 1 and 2, section B)., If the empirical relation,
equation 44; is correct, then when ( C{an - T/L4) is plotted
against H2 over a short range of values of H , for both directions
of rotation of the torsion head and both initial equilibrium posi-
tions of the crystal, two straight lines with equal slopes, separ-
ated only slightly (Ablmax = 272;), should be obtained. Extrapola-
tion of the straight lines to H = O should in general give inter-
cepts ( CX; - Tl/4) different from zero and with equal probability
of having positive or negative values. The magnetic anisotropy may
be calculated from the slope of the straight lines, A-Sin2,£2} = A,

At lower field strengths it may occur that L, is still practi-

cally independent of the field strength but no 1on§er small compared
to the torque due to crystal anisotropy. Then .ﬁt; will be deter-
mined to some extent by the ferromagnetic impurities and will no
longer be at 45° X(NTI/2). The magnetic anisotropy calculated from
the slope of the straight lines <c‘£ax -TGL) vs. B° will be too
large if the factor Sinaqur is not evaluated and used. Graphical
analysis (see figure 9) suggests that FH may be a considerable
fraction of AHE with only slight effect on Sin219:r. Since 22§r
will be sldightly dependent on field strength, a slightly curved line
rather than a straight line would be obtained when plotting the dataj
fitting a straight line to the data points would introduce new errors,
For still lower field strengths, where the ferromagnetic torque
becomes strongly field-dependent and of the same order of magnitude
as the torque due to crystal anisotropy, chaos will occur. The con-
tribution of ferromagnetic impurities will vary from sample to sam~ .
ple and /ﬂg; as well as Lf will be field-strengthedependent. When
(<}£ax -T/4) is plotted against H2 for both initial positions and
directions of rotation, the data points will be scattered about the
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correct straight line, perhaps widely. If the ferromagnetic lumpur-
~ ities act out of phase with the crystal anisotropy the data points
may lie far below the linej; if they act in phase the data points may
lie far above the line. The effect of ferromagnetic impurities on
,zzr, the initial position of the crystal, will generally cause neg-
ligible error since this quantity appears in the calculations only
in the difference (O-Lmax -»ﬂc’r- ,J;’).

The ;atio of the contributions of crystal anisotropy and
ferromagnétic impurities will depend on the size and anisotropy of
the crystal. For highly anisotropic substances ( AX* )>100x10—6
cgs/mole), such as anisotropic paramagnetic substances or conjuga-
ted polynuclear hydrocarbons, it may be expected that the error
caused by ferromagnetic impurities will be small, even at fairly low
field strengths, for crystals larger than 0,5 milligrams.

In the literature on magnetic anisotropy measurements, refer-
ences to the precision of the measurements are exceedingly few, and
seldom is enough information (such as crystal size, or largest value
of Cx;ax and the torsion constant) given to judge whether ferromag-
netic impurities were a source of error, However, thereisno report
of field strengths in excess of 10 kilogauss being used, most meas-
urements being made in the range 4 to 8 kilogauss and many simply by
observing ¢>6max at a single field strength., The reason that ferro-
magnetic impurities have not been noticed earlier is probably that
whenever tests were made to determine whether a torque was exerted
on an isotropic object, they were always under conditions such that
any torgue observed could be attributed to some other effect, such
as field inhomogeneity.

In view of the magnitude of the ferromagnetic torque it was
feared, in spite of apparent success of other workers, that the
deviation in anisotropy measurements with different samples might be
as much as ilelO-écgs/mole, that is, 100 times larger than was
wanted. Hope for more reliable results lay in the use of high field
strengths. Consequently, a series of experiments on weakly aniso-
tropic KClO3 crystals was carried out to verify the conclusions of
the previous paragraphs. The results of these experiments will be

discussed below,.
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d. HBlectrostatic Forces.

The magnitude of the error caused by electrostatic charges was
initially passed off as negligible., Later observations forced a re-
vision of this opinion. ‘Indeed, perhaps the only suggestion of low
reproducibility in a measurement of magnetic anisotropy to be found
in the literature is undoubtedly due to this effect(hh),

- Blectrostatic charges seem to reside on the glass walls of the
draft shield or on the crystal. Their presence is evidenced by their
ability tglexert a tordue, commonly 2xlo'qcm-dynes and occasionally
as large as lelO-hcm-dynes, in the absence of a magnetic field
(magnet poles depolarized and withdrawn). In the worst cases, the
suspended specimens were affected by objects outside the draft
shield, The influence of the electrostatic charges seemed to be
greater on unionized organic substances than on ionic inorganic sub-
stances and also greater on specimens which were large and nearly
touched the walls of the draft shield than on smaller specimens.,

The electrostatic torque probably also depended on the shape of the
crystal and on the geometry of the mounting.

The potential energy of the crystal due to the electrostatic
charges was usually observed to have only a single minimum at a more
or less definite angular position but occasionally had a less pro-
nounced minimum about 180° away.,  An empirical function roughly ap-

proximating the behavior of the electrostatic torque is:

(45) 1, = B-sin( 0= 4D .

Using this approximation and assuming no other stray torques are
acting, it is predicted that if *CX%aX were deteémined at fixed
field strength for bhoth directions of rotation and both initial
equilibrium position of the crystal, four slightly different values
would be obtained., If the torque function remained about constant
then plotting ( C)Qnax -7774) against HZ should give four parallel
non-coincident.straight lines; if the electrostatic torque varied
randomly with time then the data points would be scattered about
one (or four) straight lines(s). If the electrostatic torque were

so0 strong that there were uncertainty about whether or not the quartz
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fiberiwere completely unwound initially, as was practically never
observed, then the data points might be scatteréd widely about the
straight line(s), L

For weakly anisotropic substances and/or sméll specimens, any
uncertainty or scatter in the data is undesirable. Lining the inside
of the draft-shield cap with aluminum foil did not eliminate the
electrostatic effect. A tiny radioactive source, in the form of a
strip (2x5 mm) of silver (diamagnetic) coated on one side with po-
lonium, w&s then placed inside the draft-shield cap in the proximity
of the crystal. This radioactive source is a commercial product
devised for just such problems and was mentioned in section B‘(page
45), The radiocactivity did not eliminate the electrostatic effect
entirely and its effectiveness has not been thoroughly tested since
it was introduced only after most of the magnetic anisotropy meas-
urements had been made. However, in the three cases in which it was
used (see below, page 75), there was noted only very little torque
at zero magnetic field and also a decrease in the scatter of the
data points ( cx%mx - TZ74) vs. H® about straight lines. '

e. Asymmetry Torgue.

Consider a rectangular prism of anisotropic substance with
cross section as shown in figure 10. The dimensions of the plate
are leszLEYand the areas of the faces are Al, AZ and AB. The

plate is placed in a magnetic field which was initially uniform with

direction parallel to (parallel to plane of paper).

A
; The field inside znd outside the plate will be referred to
orthogonal axes parailel to the edges of the plate. TFor convenience,
it will be assumed that these coordinate axes are identical with the
principal magnetic axes of the substance. For a plate sufficiently
thin (LZQ:O) and broad (Ll, LB’ A, large) the component H{ of the
field inside the plate is unaffected by the polarization charges
on the two faces Al and may be taken equal to Hl = H-Cosd?’, the
corresponding component outside the plate. The component Hé of the

field inside the plate and perpendicular to the broad faces Az may
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be considered equal to the sum of the corresponding component out-
side the plate and the contribution, 4TIU;, due to the polarization
charge density <§z on the faces AZ. Since the interior field is
parallel to the faces AB’ no polarization charge is induced on then
to affect the calculations. The surface charge densities, cfi on Al
and é;ron AZ’ are equal to the components of the magnetization,

- ] ] X . - t -
M = X;H! + X H) , normal to the faces; hence él = X,H! = X;H), and

e, = LH = X2H2/(U~2, where (.«-2 = 1 + WTCX,.
The torque acting on the plate may be calculated by use of

equation 13, Since H and M are constant inside the plate, ‘75ﬁ£:= 0

FIGURE 10.
T
€ L1 >4
X2 H’2 T
Al . [_2
l —>Xq "'[__’Hi l . L>0
(0] 'AZ > X

and the first integral in equation 13 vanishes; the second integral
is the interaction of magnetic polarization charges on the surface
with the tangential field, the effect of the normal field component
vanishing. The torque L is caused by two pairs of equal but oppo-
sitely directed parallel forces, HlégéAa and H2é?iAl , Separated by
distances LZ and Ll respectively; such a set of forces forms a
torque-couple which is independent of the location of the axis of
rotation. The approximation is being made here that the variation

in Hl and Hi near the edges of the plate is negligible.

(46) L = ~H1L2A2(X2H2/(U2) + HleAl(XBHZ)
= (E°v/2 O (%) - Xp + HTTXX) Sin2d#
(V = LA, = Lydss ?: m/V = density; X = QX*/W)
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L = (8m/20,) (X - X3 + WTTEX3RE/M) Sin2d

The torque=-couple acting on the plate, tending to turn it about an
axis perpendicular to A3’ is then given by equation 46, The part of
the torque which depends on the difference (X*-X‘) is the contribu=
tion of magnetic anisotropy which it is desxred to measure; the
term involving the product XEXE is the error caused by the non-
spherical shape. The largest value of #7Z?X*X /W encountered in
this work (anthracene) was 1.9x10 9cgs. The precision desired in
the determination of (X‘—X*) was £10 7cgs. The conclusion is that
for the range of susceptlbllltles encountered in this work asymme-
try torque caused negligible error.

If the principal magnetic axes of the substance (figure 10)
were in a completely general configuration, the expression for the
asymmetry torque would be more complicated but the conclusion would
be unchanged.,

A similar calculation can be more or less easily made for
other simple shapes., For the limiting cases of oblate and prolate
ellipsoids of revolution(45) in which the oblate ellipsoid approaches
a disk or the prolate ellipsoid approaches a needle, the torque in
a uniform field, for an isotropic substance, is (27TVH X /7l)51n247,
a value identical with that derived from equation 46 for an isotropic
plate. The asymmetry torque decreases from this value as the object
becomes more spherical.

f, Field Inhomogeneity.

Again consider a rectangular plate of anisotropic substance
with dimensions and orientation of principal axes as shown in figure
10. Let the magnetic field be parallel to A3 (plane of the paper)
but no longer constant; in particular, let the components of the
field have initially the simple linear dependence on position given
in equation 47. The field defined by equation 47 is the simplest
non~constant field such that Curl E;: 0, that is, such that no

electric currents are present in the region.
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H, = Hj [Cosoﬁ'-a- a(xSin2d - yCos2 )]
H, = Hj [Sim"’- a(xCos2d + ySin2J )] ‘
(47) N R
Ll | .
Div M = a(X,-X,)H_Sin2J _J %/\

V0770277777777 7777 /77027 7/l rrr7)

The torque exerted by the field about an axis parallel to L3
(perpendicular to the plane of the paper) and lying in a face A2
will be calculated using the most general form of equation 13. Let
the origin of the x~y coordinate system (fig. 10) be shifted by a
distance Ll-d (OédéLl) along the x~-axis and let the axis of ro-
tation pass through x=0, y=0. The previous remarks concerning the
field strength inside and outside the plate still apply, as a reas-
onable approximation, but since the difference between exterior and
interior field gives rise only to negligibly small terms involving
the product XIXZ, the difference will be neglected in this calcula-
tion. Finally, the dimension L2 will not, as previously, be assumed
infinitesimal compared te Ll' The calculation is outlined in equa-
tion 48,

L, d
L = aHe(Xa-Xl)Sin?.s' | [ (xﬁz-yHl)L3 dx dy

0 d—Ll

d ' L

2
+ le(dﬂz-yﬁl)HlL3 dy
Q

(48) + X, f (xaa-Lzﬁl)HaL3 dx

y=L, I"’d

d-Ll

d

L
2
+ X fz [YH]_+(Ll-d)H2]ElL3 dy -X, f xH2L3 dx
x=d—Ll y=0
0 d—Ll
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In carrying out the integration indicated in equation L8, it
will be assumed that the constant "a", which is the measure of the
' . . . . 2
field inhomogeneity, is small enough that terms involving a may be
neglected. The result of the calculation, after converting to molar

susceptibilities is:
L = (mHi/ZW) { {(xi-xz) + g( 2d-L, ) (3X3-2X3)$in
(49) | %aLZ( 2X{-BX§)0938 } Sin2y - a( 2d-Ll) (2X1-X§)Cosa‘
+ aLz(Xi-ng)Sinif] | .

Let D be the largest value, for all 19; of the fractional
change in the field strength across a distance equal to the larger
of the two dimensions Ll and L2’ Let x;ax be the principal suscep=-
tibility, X;‘_ or X"',,:, having the larger absolute values Then the max-
imum value of either a(Zd-Ll) or aLL‘2 is D, and the maximum values of
31(3_-21{5 and ZX]*_-XE are less than BX;ax and Zxx;ax respectively. The
values of x;xax encountered in this present work ranged mainly from
=30 to -50x10’6cgs/mole. A reasonable estimate of D for the size of
crystal used, based on cursory measurements of the variation in
field strength between the magnet poles, is D=0,00l. Hence, each
of the terms in equation 49 involving the field inhomogeneity are of
the order of magnitude O.lxlO'scgs/moJ_.e, the range to which it was
originally desired to restrict all errors.

When }}X;ax is small compared to Xi-XE, ’Jér will be deter-
mined mainly by the crystal anisotropy and will not differ appreci-
ably from hSeﬁN‘Eo The field inhomogeneity will cause an apparent
variaticn in the anisotropy for different directions of rotation and
different initial equilibrium positions. Hence, if _§§§< o‘max'm ) vs.
H2 were plotted for both initial positions and both directions of ro-
tation, four straight lines with slightly different slopes would be
obtained, However, the terms in equation L9 which involve the field
inhomogeneity would cancel out on averaging the four slopes, giviag
the true anisotropy. This conclusion remains valid if the principal
axes in figure 10 are in a completely general orientation and is

believed to be at least approximately true for a crystal of more
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general shape,

The type of field 1nhemogene1ty assumed in this illustrative
example is believed to be a good approximation whenever the fluctu-
ations in field strength are not too rapid and whenever a suffi-

ciently small crystal is used,

g Summary.

In equation 50, the torque.dne to crystal anisotropy is cone
bined with empirical relations for the effects of the asymmetry
torque, field inhomogeneity, ferromagnetic impurities and electro-

static forces, assuming a completely general shape for the crystal.
mH2 * X lﬂz‘f *Y* * ' 314
L o= B {(x1-x) - s xaxs) + 30x2 6 (F) | osin2d

(50) + 2DX* (.3)] + PEEsin2(d - 7

max 2
+ E sin(o} - .f)

The parameter S takes values in the range 0£S£ 1, The functions
61(47) and 62(49) are periodic (period 277), of the order of magni-
tude of unity, and such that G, (a7+70) % -G, () and &, (}+7) 2

-a, ().

he Experimental Qbservations.

A series of measurements over a wide range of field strengths,
from 3 to 21 kilogauss, was carried out on crystals of weakly aniso-
tropic KClO3 (monoclinic). The crystals were weighed, mounted and

attached to the torsion apparatus as described in section B. The b
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axis was the axis of rotation**, The three crystals used weighed
about 7 mg.; the torsion constant of the quartz fiber was 2.300}:10-5
cm-dynes/radian. The observed values of 22@%’ (%ax - 7/4) are plot-

ted. against H2 in figures 11 and 12 where the units of Cxéax are

radians*** and those of field strength are kilogaussj; the slope of
a straight line on such a graph is numerically equal to the anisot-
ropy involved, the factor 10'-6 being omitted.

In figure 11 all the data points are referred to the same ori-
gin and, for clarity, the points are not labeled to distinguish be-
tween diffe;ent samples or directions of rotation. Through the ori-
gin is drawn a straight line with a slope of 1,09 (see below); it
is seen that this line is approximately the one which would have
been fitted to the data points either visually or by a least-square
averaging process, The data points are scattered about this line
quite widely even at high field strengths., The slopes of straight
lines drawn connecting the various data points with the origin range
from 0.5 to 4.0 cgs. and if measurements had been confined to field
strengths less than 10 kilogauss (H?1<:1oo), deciding on the correct
slope would be mainly a matter of guessing. At low field strengths,
even though some of the points are quite near the line, there is a
set of four points which deviate widely from the line., The curved
arrow indicates that the observations on a single specimen represent-
ed by these four points were continued to higher field strengths.
The manner in which the function (ngax -Tw vs,H2 changed in
this region for the particular specimen, also indicated by the arrow,
is precisely the type of behavior predicted for the case in which
ferromagnetic impurities interfere strongly. It is felt that the
data in figure 11 confirm the previous conclusions concerning the
effects of ferromagnetic impurities at low field strengths and jus-

tify the use of the higher field strengths,

** The specimens were later discovered to be twinned by reflection

on (001), resulting in nearly perfect orthorhombic symmetry instead
of the true monoclinic symmetry. This fact does not affect the con-
clusions made here and is discussed more fully in section D,

***An impression of the size of | ax May be obtained by imagining
the crystal to be suspended by a fiber of torsion constant 1/&0007C)=
7°96x10'5cgs, a value well within the range actually used; then Olyax
may be imagined to be plotted in units of revolutions per millimole
along the vertical axis. The crystals used here and in later experi-
ments ranged about one-tenth millimole in size,
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'In figure 12, the data between 10 and 21 kilogauss are plotted
again. The points corresponding to differeht\samples, directions of
rotation and initial positions are separated by moving the origin
arbitrarily along the vertical coordinate axis so that straight lines
may be fitted to the data points and labeled without crowding. The
designations CL, CCL, CL' and CCL', followed by a number, are used to
identify each line according to direction of rotation (clockwise or
counterclockwise), initial equilibrium position and sample number.
Although thé data points seem quite scattered in figure 11, in fig-
ure 12 it ié seen that they fit the separate straight lines very
closely. One data point (indicated by a circle with an arrow point-
ing to its proper location) deviates widely from the assigned straight
~ line; since such deviations are not general, a mistake in reading
P the turn counter is believed to have occurred. Smaller deviations
are probably due to uncertainy in the field strengths measurements
and to fluctuations in the electrostatic torque. The straight lines
do not in general extrapolate through the origin. The table attached
to figure 12 gives the numerical value of the slope of each line.
The average slope for the two completed sets of measurements, 1.09
%0.02 (xlO-G) cgs., is taken as the correct value of the anisotropy
involved, '

Observations of the initial equilibrium positions and of 12;
showed that above 5 kilogauss they remained constant within 2° but
varied considerably at lower field strengths, changing as much as
EOO-BOOat 1 kilogauss. This fact also agrees with the predictions
of the effects of ferromagnetic impurities at low field strengths.

The reproducibility of Cy%ax at constant field strength and
for given initial position and direction of rotation was also tested
several times., To do this the magnet was moved away after each ob-
servation to allow the quartz fiber to unwind completely and then
moved back. By so doing, no uncertainty in the readjustment of
the field strength was incurred as would have been if the magnet had
been turned off. The magnet** was mounted on a cart on rails to

facilitate this movement, and a back-stop insured that it was always.

** 3 different magnet from that previously described (section B) was
used here and for part of the work on glycine and KNO3 to be dis-
cussed in section D,
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returned to its original position, It was then found that when no
other effects (such as electrical heating of”the magnet coils) caused
the field to change, C{Max was reproducible to Withi§ a few degrees
out of a total of 30 or more revolutions,; that is, to better than
0.,1%., The reproducibility of Cx%ax indicates that either the elec-
trostatic forces remained fairly constant or, if random, they were
quite small.in this case.

The measurements labeled 5A in figure 12 were a repetition of
measuremen%s,on sample 5 made after resurfacing the pole faces in an
attempt to reduce the field inhomogeneity. In the absence of conclu-
sive evidence, the slight change in the slopes of the lines was ten-
tatively attributed to a change in the field inhomogeneity.

After each measurement it was necessary to make sure that the
quartz fiber was completely unwound. The usual test was to turn the
torsion head one full turn, after the magnet had been turned off and
to check that the crystal also turned one full turn in the same di-
rection. It was noted in this process that when the crystal turned
in absence of the magnetic field, it oscillated with a periocd of
only a few seconds and the motion was strongly damped by air viscos=-
ity; if the initial amplitude were one turn, the oscillation ceased
within 30 seconds. As in the case of the torsion pendulum used to
calibrate the quartz fiber, the period of oscillation was undoubtedly
strongly affected by electrostatic fields. The period is shortened
in presence of the field, making its measurement still more diffi~
cult, Presumably, crystals of several tenths of a gram in mass
would be necessary to obtain moments of inertia and rotational ener-
gies large enough to overcome air damping and give a conveniently
measurable period., This is mentioned in connection with the discus-~
sion in section A (pages 1lhk-15) of the measurement of magnetic ani-
sotropy by observation of the period of oscillation of a crystal

within and in absence of a magnetic field.

With the encouragement of the results with KC10 s it was felt
worth-while to make further tests with crystals of several other
substances, namely KNOB, KHCZOQ, glycine, urea, monomethylurea,
thiourea and anthracene, and with two protein samples. The measure-

ments were generally made only over the range 15 to 24 kilogauss.
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The data are recorded in graphical form in figures 14 to 30 (appen-
dix) in which, unless otherwise indicated, the data points have been
separated in the same manner as in figure 12. Obser?ations concern=-
ing the sources of error and the reliability of thé measurements are
summarized as follows.
(1) In general the data points, gﬁ@k cxﬁax - TT/4) vs. Hz, for

separate specimens, dlrectlons of rotation and initial posi-
tions fi? straight lines very closely even though the straight
lines ofte%.havedjstinctly different slopes and are fairly widely
gseparated, The data points fit straight lines least well in the
cases of the more weakly anisotropic substances (AX*(I.OXlO_6ch
per mole) for which the random torgues may not be expected to be
negligible in comparison to the crystal-anisotropy torque (see fig-
ures 14, 19, 30). However, it may be concluded that the variation
in the slopes of the straight lines and the variations in Cxﬁax
for fixed field strength are mainly due to systematic rather than
randonm influences; the random variations are the variations of a
given set of data points about the corresponding straight line and
are generally small,
(2) The straight lines do not in general extrapolate through the

origin. The intercepts, ———(CXB 7774), of the straight lines
on the vertical coordinate axis (Ha=0)are:regarded as a measure of
the influence of ferromagnetic impurities, To obtain some idea of
the magnitude of the torque due to ferromagnetic impuritfies, the
quantity K(CX%(-ﬁﬁE/#) for 168 such straight lines (the results of
observations on 42 specimens used in this work) was calculated and
the distribution of values is plotted in figure 13. To compare the
ferromagnetic torques with the crystal-anisotropy torque, the largest
values efC}f (de51gnated Cx&) obtained with each specimen (near
2L kllogauss) were taken and the corresponding torques K(Cza. 7274)
were calculated; the distribution of values is also plotted in fig-
ure 13 (this latter distribution is not regarded as eignificant
except in regard to the present work). The distribution of ferro-
magnetic torques has a peak in the range t5x10-40m~dynes, but is not
guite symmetrical about zero torque; no reason is advanced to ac-

count for the lack of symmetry. In the lower half of figure 13 it
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is seen that the distribution of ferromagnetic torques partially
overlaps that of crystal-anisotropy torques. In general, the four
values of K(()(b - 7274) obtained for a given specimeg were close
together and on the same size of zero.
(3) The variation in the slopes of the straight lines for a given
substance and axis of rotation is generally less than iS% about
the average. The uncertainty in slope introduced in fitting a
straight line to the data points is generally less than il%. The
variation iﬁ the slopes of the four straight lines obtained with a
given specimen may be attributed to field inhomogeneity. Variations
in average slope from sample to sample are partly due to errors in
orientation.
(&) Occasionally, data points deviate more widely from the corre-
éponding straight line than can be accounted for by uncertainty
in the field strength or variations in the electrostatic torque.
Attention is called to. these points by circles and arrows. When-
ever such deviations occurred, the discordant data points were usu-
ally reinvestigated, particularly if more than one such point occurred
on a single straight line. If a more consistent value was found, the
the discordant data were discarded; this was done particularly when-
ever it was quite clear that Cx%ax had been incorrectly calculated
from the final position of the torsion head and the reading on the
turn counter**, However, it was sometimes found that neither could
a consistent value be obtained nor could any of the original values
be duplicated. In figure 26 is such a case (sample #1) for which,
however, both sets of data were retained; two discordant points
occurred in the first set of data and the second set of data (#14)
gave, consistently, slightly higher slopes. The change is ascribed
to a change in the contribution of ferromagnetic impurities due to
the chance landing of a speck of dust on the crystal or glass fiber.
(5) When the crystal begins to spin after exceeding 15%;, it ro-
tates so violently that there is some danger that it will be

damaged by bumping into the draft shield. Such an occurrence was

**The turn counter was not synchronised with the zero on the gradu-
ated scale of the torsion head.
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néver evidenced either by visible fragments or by a sudden large
decrease in the slopes of the straight lines.
(6) The radioactive source for the elimination of electrostatic
charges was installed only late in the series of measurements
and was used only during the work with monomethylurea, thiourea and
anthracene, The conclusions are mainly subjective but it is felt
that the torque at zero magnetic field and the average deviation of
the data points about straight lines were decreased after its intro-
duction (se; figures 24=29),
(7)  Cursory observations of the initial equilibrium position of
the crystal and of d%} were made during each determination of
Czﬁax' For the field strengths used, and for all but the more
weakly anisotropic samples, the initial position was always within
12° of the position expected on the basis of a knowledge of the ori-
entation of the principal axes, and cﬁ%} was always within 129 of

45°(tﬂ%§). For the smaller of the two crystals of KNO, used to

measure the weak anisotropy in the plane perpendicularsto‘g (fig-
ure 14), the initial position was with the b axis about 30° from
paraliel to the field, and -ZZ; ranged from 33° to EOG; for this
crystal, the value of the largest torque was 43x10” cm-dynes, well
within the range of ferromagnetic torques (figure 13). The value
of Sin2«L%;'was not used in any of the anisotropy calculations
since in no case did its omission seriously affect the result,
(8) Since the average value of ()Qmax for fixed field strength
apparently does not have a definite value, and since the data
points corresponding to particular samples, directions of rotation
and equilibrium positions do fit straight lines gquite closely, it
seems logical to infer that the average slope is the most nearly
correct measure of the anisotropy involved. This is the measure
used in the next section. As conclusive proof that the measurements
reported are the correct anisotropies, and not in error by a combin-
ation of other effects, is taken the fact that the results have the
algebraic properties of anisotropies. That is, whenever the three
principal anisotropies of a magnetically biaxial crystal were meas-~
ured, the sum (or difference) of any two was equal, within the exper-

imental error, to the third principal anisotropy, and with the cor-
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rect‘sign. Alternatively, as in the case of glycine (monoclinic;
seeond special case), in which the three meaéurements did not all
correspond to principal anisotropies, thefcalculatederientation of
the ;i;andé principal axes with respect to the &and& crystallographic
axes was equal, within experimental error, to the observed orien-

tation,

i. Comnclusion.

The following procedure is recommended for the determination
of small (diamagnetic) anisotropies by the method of "maximum
torgue", |
(1) With a given crystal sample {mass, m; formula weight, W) in a

given orientation, determine the maximum torque which the

crystal will sustain in a uniform magnetic field, ji, against

a quartz fiber of known torsion constant, K; this torque is

KO, - ).

(2) Make the determination for both initial equilibrium positions
of the crystal and for both directions of rotation, Repeat
the measurements at several high field strengths, preferably
above 15 kilogauss,

(3) On graph paper plot E%gz(c>(hax - 7174) VS, H2 and fit straight
lines to the points corresponding to given directions of rota-
tion and equilibrium positions-and average the slopes of the four
lines so obtained. It is not an acceptable substitute to aver-
age the four values of 2%? (C}:max - 7274) for a given field
strength and fit a straight line to them. Repeat the measure-
ments with other samples in the same orientation. The average
of the results with the different samples is believed to be

the best measure of the anisotropy involved.
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D, New Measurements.

as Introduction.

Magnetic anisotropy measurements were made on KClOB, KNOB,
KHC,,0,, (anhydrous), glycine, urea, thiourea, monomethylurea, anthra-
cene and on two type of protein (elephant hair and silk worm gut).

The magnetic anisotropies of KC1lO KNOB' urea and anthracene had

s
been investigated by other Warkerz; the investigations were repeated
here to check the experimental procedure and to get more accurate
data. -

Obtaining suitable crystals of the substances presented dif-
ferent problems in each case. Extensive preparation was not justi-
fied in view of the seriousness of the effect of ferromagnetic im-
purities; wuntil all the data had been collected and analyzed, it
was quite uncertain whether meaningful results could be obtained,
Consequently, experimentation was carried out only to find solvents
from which the substances could be recrystallized without elaborate
equipment,. either by slow evaporation or by slow cooling of a solu-
tioﬁ, to yield at least a few crystals of the desired perfection and
range of weight. ,

. 8ince the preparation of the crystals of the individual sub-
stances is generally not concerned with the interpretation of the
magnetic measurements, the preparations will be discussed in a sep=

arate sub-section.

b. Preparation of Crystals.

(46)

(l) Potassium chlorate crystallizes in the monoclinic systen,
usually as plate-like crystals with well developed (001l) faces. The
(001) and (110) planes have good cleavage; the plane of the optic
axes is perpendicular to b and the acute bisectrix is very nearly
perpendicular to (001).

For this work, potassium chlorate was recrystallized from dis-
tilled water solutions by slow evaporation at room temperature and,
alternatively, by slow cooling of a solution slightly supersaturated

at room temperature, Thin plate~like crystals were invariably
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formed, the majority being deformed. By cleaving some of the larger
imperfect crystals to remove obvious defects, apparently perfect
monocrystalline fragments suitable for magnetic anisotropy measure-
ments were obtained. Observations of interference paﬁterns with
convergent polarized light, of morphology and of cleavage were con=-
sistent with the assumption that the specimens were monoclinic single
crystals of the ordinary habit described above., Goniometric meas-
urements on the parallelepiped-shaped fragments suggested the pres-
ence of (001) and either (110) and (111) faces but not both of the
latter; thé observed interfacial angles were intermediate between
the values calculated** for these two habits but not in good agree-
ment with either habit or with any other simple habit. Laue photo-
graphs revealed that the cleavage fragments were not monocrystalline
but twinned, resulting in nearly perfect orthorhombic symmetry; the
orthorhombic axes were the directions originally designated, on the
basis of morphology etc., as the & o and 3.* axes.,

Potassium chlorate is known to twin on the (00l) face., Intro-
duction of a mirror plane parallel to (001) or a two-fold rotation
axis normal to (001) would account for the observed orthorhombic
symmetry and for the fact that interference patterns did not reveal
the twinning. Cleaving the specimens parallel to the apparent (oo1)
face did not reduce the orthorhombic symmetry revealed by the Laue
photographs. Evidently the crystals were of the habit described by
Groth consisting of many laminar monoclinic crystals with (ool)
faces parallel,

Magnetic anisotropy measurements had already been made on sev-
eral crystals, using the E;axis (normal to plane of optic axes) as
axis of rotation, before the laminar twinning was discovered and it
was felt worthwhile to attempt to interpret the results in terms of
orthorhombic symmetry. The corresponding calculations are set forth
in table 2 and the justification of the assumptions made is further
elaborated in the discussion section. Since it proved impossible to
obtain truly monoclinic crystals in any of the experiments, this in=-

vestigation was not pursued further,

** (001)-(110) = 105°20'; (001)-(11T) = 104°381; (110)-(170)=103°50";
(111)-(111) = 103°32'; (110)-(111) = 95 54", All observed interfac-
ial angles were in the range 103-5 or supplements thereof.,
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(2) ©Potassium nitrate crystals (47) were obtained by slow evapora-
tion at room temperature of a saturated solution in distilled water.
Large, well-formed orthorhombic crystals were obtained. Pockets of
occluded solution were removed by cleaving or by heatiﬁg to cause
decrepitation. The crystals were initially oriented by use of gon-
iometric measurements.

(48)

(3) Potassium binoxalate (anhydrous) crystallizes in the mono-
~clinic system. The crystals have good cleavage on (100) and (010);
the plane ofithe optic axes is approximately perpendicular to.g, and
b is the obtuse bisectrix. For this work, crystals were taken
directly from a stock bottle since they were in general betier formed
than those obtained by recrystallization from water. The crystals
were identified as the particular anhydrous modification whose struc-

(49)

ture is reported in the literature by comparison of Laue photo-
graphs taken parallel to the E?, b and ¢ axes with gnomonic projec-
tions calculated from the lattice parameters**, The crystals could
be easily oriented by observing the cleavage and the interference
patterns; the faces were generally too poorly formed to permit gon-
iometric observations.

(50)

(&) Glycine crystallizes in the monoclinic system The plane
of the optic axes is nearly parallel to (00l) and b is the acute bi-
sectrix; the crystals have perfect cleavage on (010). Glycine
crystals were obtained by slow evaporation at room temperature of
solutions in distilled water., Crystals equally well developed in all
directions and approximately octahedral in shape were obtained. The
crystals grew to a large size and did not tend to twin or to occlude
. solvent; however, many crystals contained "veils", a cloudiness
probably caused by misoriented micro-crystals., The veiled crystals
always gave diffuse, smeared or twinned Laue diffraction spots.

Specimens showing the presence of occlusions were used provided the

amount of misorientation, as shown by the Laue photographs, was not

**Phis is not necessarily the best method. It was used because the
gnomonic projections had already been prepared, as discussed in sec-
tion B, for use in orienting the crystals precisely by means of the
Laue camera. Essentially, the method verifies the crystal system,
the monoclinic angle to within 10 minutes and the cell dimensions to
within a few percent.
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more than two degrees,
Several modifications of the crystal structure of glycine are

(51,52,53)

reported , but the structure of only one, CK:glycine, has

been investigated thoroughly(54). The faces of the available crys-
tals were roughened by etch pits and goniometric measurements could
not determine which polymorph was present. The crystals were iden-
tified as 0(-glycine by comparing Laue photographs taken parallel
to ‘;a‘"‘, 3 apd g axes with gnomonic projections calculated from the
lattice paﬁameters of CX}glyciﬁe.

Specimens used for the magnetic measurements were oriented
initially by observing the morphology, cleavage and optical inter-
ference patterns.

(5) Urea crystallizes in the tetragonal system, usually fornming
needles elongated on the tetragonal S axis(BB). Urea cannot be con-
veniently recrystallized from water since it is extremely soluble
thereiny its water solutions supersaturate ;eadily and when crys-
tallization is induced an agglomerated mass of crystals forms.
Crystals of a size suitable for magnetic anisotropy measurements
were obtained by recrystallization from ethanol solutions either by
slow evaporation at room temperature or by slow cooling of a solu-
tion slightly supersaturated at room temperature. The crystals

were of the needle~like habit and locating the four-fold axis
posed no problem, | ,

(6) Monomethylurea was recrystallized by slow evaporation at room
temperature of én acetone solution. The crystals fitted the descrip-

(56)

tion given by Groth -orthorhombic needles elongated on theﬁg
axis and with good cleavage on (110) and (00l). Pockets of occluded
solvent were removed from the crystals by cleaving and by heating
under vacuum to 80-90°C (M.P,=101°C) to cause decrepitation; suit-
able specimens were obtained from the fragments. BeeswaX was used

as a mounting cement because of its low melting point.

Some difficulty was encountered in using the Laue camera to
orient the crystals. Since the é'and b, axial lengths differ by only
one percent, these two axes could not be readily distinguished by
differences in the positions of diffraction spots. Distinetion was

finally made by comparing the intensities of diffraction spots
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on Laue photographs and on.précession camera photographs with pub-
lished data(57).
(7) Thiourea was recrystallized by slow evaporation at room tem-
peréture of an isobutanol solution, Water, ethanol and isopropanol
were tried as recrystallization solvents but they yielded only lam=-
inéted .crystals which occluded solution between the laminae. The
crystals from isobutanol were orthorhombic and had good cleavage on
(010) and (101), as stated by Gx‘oth(5 >, but the faces were too
rough for goniometric measurements or for observing the optical in=-
terference patterns, Locating the crystallographic axes when cleav=-
age faces were absent was a process of trial-and-error searching
with the Laue camera. Both urea and thiourea occlude cértain types
of organic molecules in their crystals; if this had occurred during
the recrystallization of either substance it would have been evi-
denced by alteration of the crystal structure.
(8) Anthracene was recrystallized by slow cooling of a solution in
tetrahydrofuran, slightly supersaturated at room temperature. Other
methods of recrystallizing anthracene are described in the litera-
ture(59), The crystals obtained were nearly free of the usual yel-
low-colored impurities found in anthracene, The crystals were mono-
clinic and plate-like on (00l); the plane of the optic axes was
perpendicular to b and one optic axis was nearly perpendicular to

(001).(60)

of optical interference patterns and goniometric measurements., No

Only one specimen was used; it was oriented by means

difficulty was encountered in the mechanics of mounting and orient-
ing the crystal despite its small size (0.373 mg; 2x%2x0,1 mm),
Apiezon tar was used as a cement,

(9) The two samples of protein, namely elephant hair and silk wornm

gut, were obtained from Dr. Richard E. Marsh,

The weights of the crystals used for the magnetic measurements
ranged from 0.3 to 40 milligrams but were usually in the range from
1 to 5 milligréms; the field strengths used were generally from 15
to 24 kilogauss. The anisotropies were determined by the new method,
described on page 76, from the data recorded in figures 14-30 (ap-

pendix), In the following sub-section the magnetic anisotropies are
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discussed in terms of crystal and molecular structure and specific
comments on the measurements are made. The pértinent crystal and
molecular data are placed in tables along with outlines of the cal-
culations. Throughout the discussion. the unit of magnetic suscep-
tibility is 10-6cgs/mole. The symbol K* will be used to distinguish
the principal susceptibilities of molecules from those of the crys-
tal (Xx*).

cs Discussion,
(1) Potassium Chlorate: The projection of the structure(6l)
(010) is shown in the left half of the figure (heavily outlined)

onto

accompanying table 2. The atoms marked by broken circles lie at
distance bé/Z below the corresponding atoms marked by full circles,
The atoms K, Cl and 0, lie on mirror planes at y = =1/4; the
atoms O2 lie above and below the plane. The three oxygen atonms,
whose plane is parallel to b, form very nearly an equilateral tri-
angle; the normal to this plane is labeled JL. The chlorine atom
is very nearly equidistant from the three oxygen atoms and hence the
0103- ion forms approximately a trigonal pyramid with.!! as a three=
fold axis. The K, Cl and 02 atoms lie very nearly on (201). The
(001) plane is a pseudo b-glide plane which fails to be a true glide
mainly in that it does not reproduce the Ol atoms.

The right half of the diagram (lightly outlined) shows how
KClO3 twins on the (001) face by converting (OOl) into a true b-glide.
Because of the fortuitous value of the axial ratio a/c = 0,656 and
the monoclinic angle @ = 109038', the shorter diagonal of the paral-
lelogram formed by the a and & axes is very nearly equal to the e,
axis length. Consequently, in the laminar twinned habit, if alter-
nate laminae were bounded E?n addition to (OOli] by only (110) and
only (lIf),»the bounding faces of alternate laminae would intersect
at only a small angle (0045'). A crystal having such a laminar
habit would, on cursory inspection, appear to be a single crystal

bounded by (001) and (110) or (11T1), but precise goniometric meas-
urements would give values of the interfacial angles in poor agreement
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TARLE 2: TPOTASSTUM CHLORATE

Monoclinic bimoleculsar unit

Unit cell reproduced by converi-

cell; 2
' space group CZh-le/m ing (001) into a beglide plane,
a=b, 647, b=5,585, ¢=7.085 i::;§g rise to orthorhoubic sym-

@ = 109938

Let £, m, n be orthogonal axes attached to the Cl0
ie the spproximate 3-fold axis and m = b. The matgix, S , trans=
a b c* orms vectors from the a=b-c”
to the £-m-n coordinant sys-
0.5635 0.,0000 0.8261\ £ tem and wae calculated from
0.0000 1.0000 0.0000 } m the oxygen parameters given
-0.8261 0.0000 0.5635/ n in the crystal structure dats
(Zachariasen, 61). The
Ki 0 0 Ki‘i 0O O matrix |K is the molecular
o x* o0 t= Jo x* susceptibility matrix in t%e
m g f-m-n coordinant system. The
0O 0 K; 0 0 potassium ions are assumed
- magnetically isotropic; the
Cll.ti)3 ion is assumed magnetically uniaxial with 2 as the unique axis.
The”unit cell is assumed to be orthorhombic (axes 2,,3,9_:) with &
molecules related by mirror

jon such that £

o

]

S

IK

1]

= O

0.3175Ky + 0.6824Kt = X; and screw symmetry elements.
K] = X,  0.3649(Kj -K1 ) = X3,-X2
0,6824K}, + 0.3175K1 = XZ, = 1,09 20,02 (see figure 12)
Kj - K} = 2,99 20,05 (this calculation)
= 549 (kc1o (623

5.3 [83(0303}2.2H20:] Moolierjs
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with angles calculated for either of these habits, as in the case

(46)

of the crystals actually used. Groth states that each lamina
is bounded by (110); if this were so, it is believed that gonio-
metric measurements would imply the presence of (21T) rather than
(110). A KClO3 crystal twinned in the way described and having
equal amounts of each twin would be equivalent to an orthorhombic
crystal having the unit cell represented by joining both halves of
the figure in table 2,

From the evidence of optical interference patterns, morphology,
cleavage aﬁd Laue photographs, it is clear that the crystal used for
the magnetic measurements were twinned in the manner described. The
treatment of the crystals as exactly orthorhombic needs some defense
since there is no a priori reason why both twinned forms should be
present in equal amounts: (1) It was noted that Laue photographs
showed perfect orthorhombic symmetry of the diffraction spots, both
in their location and intensity. (2) Further cleaving of the speci-
mens parallel to (001) failed to reduce the orthorhombic symmetry
revealed by the Laue photographs. (3) In the magnetic measurements
(see figure 12), the observed anisotropy was the same, within a few
percent, for each of three different crystals tested.

In table 2 the anisotropy of the chlorate ion calculated by
(62) (63)

truly monoclinic KClO3 crystals and also on 33(0103)2-2320 is given

Mookherji from measurements made by Krishnan on (presumably)

for comparison with the results of the new measurements. The crys-

(61)

used by Mookherji. It is noted that the value of Kﬁ - %I given by

Mookherji is almost twice the value obtained in the present work,

tal structure data for K.Clo3 published by Zachariasen were also

Since the magnetic data used by Mookherji were obtained from meas-
ufements at low field strengths, they are unreliable despite the
consistency of the results for the two chlorates,

(2) Potassium Nitrate: The observed values of X*-X* and X}-X%

were considerably larger than the values obtained by Krishnan(63)

(see table 3). The older data were obtained from measurements at
low field strengths and are believed to be incorrect even though

the calculated anisotropy of the nitrate ion is in agreement with
measurements on other nitrates using the same method and with

(16

magneto-optical measurements on melted nitrates and nitric acid
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TABLE 3: POTASSIUM NITRATE.
Crystal Structure(eg): orthorhombic tetramolecular unit cell,
space grou V16 - P
P & p h bnm

Relation of Nitrate Ion to the
Crystallographic axes:

s

K* The nitrate ion is planar and

[] perpendicular to g. The ion is
magnetically uniaxial, the 3-fold
axis normal to the plane being
the unique axis. The crystal
symmetry requires Km = X¥, If
the crystal anisotropy were en-
tirely due to isolated nitrate
ions, then X;, Xg and Ki would
be equal,

Magnetic Anisotropy (see figures 1k, 15, 16):

This Thesis Krishnan(63)
X; - XZ = 6'98 i0.15 4982_
Xz - X* = 0.15 0,02 0,05
Xt - Xt = 7.03 0.2k 4,82
X*= =33,0 (x10'6) (International Critical Tables, 65)
X* = -49,5
= K} « . _ + (This.
Xi") = =49,5 L K_L','f K" = 7.0 =0.01 Thesis)
Xt = -56.5 - & = b8 (Krishnan)

As pointed out previously (page 13), the magneto-optical measure-
ments are based on the observation of small changes in refractive
index and and on a small change in polarization of scattered polar-
ized light and are also based on an imperfect knowledge of the de-
pendence of the depolarization factor on other physical properties

of the liquid.
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The direction perpendicular to thebplane of the nitrate ion
is most diamagnetic. The double bond may be expected to resonate
equally among the three oxygen atoms; the resulting three-fold
symmetry would make the nitrate ion magnetically uniaxial. The
observed anisotropy of the crystal in the plane parallel to the
nitrate ion is very small and the individual measurements (figure
14) were subject to a large (percentage-wise) average deviation.

As may be calculated from the data in figure 14, the largest torques
involved in the two observations, 43;{10-4 and 3.‘75}:].O-LP cm-dynes,
were close to the range of torgues which ferromagnetic impurities
can be expected to exert (figure 13); for the smaller crystal the
initial equilibrium position in the magnetic field was with theéa
axis 30° from parallel to the field, and -1g: ranged from 33 to 60°.
Nevertheless, it is felt that a small anisotropy of the order of
magnitude and sign reported does exist and is probably due to polar-
ization of the potassium and nitrate ions by the crystalline elec-
trostatic fields.

In comparing the anisotropy of the nitrate and chlorate ions,
both of which have a unique axis perpendicular to the plane of three
oxygen atoms, it is noted that not only is the anisotropy Kﬁ - gi
of the nitrate ion larger than that of the chlorate ion, it also
has the opposite sign, reflecting the difference in type between the
Cl-0 and N-0O bonds.

(3) Potassium Binoxalate: The anisotropy of the oxalate ion has

(66)

and making the assumption that the water molecules are isotropic.

been investigated by Lonsdale using crystals of HZCZOq,EHZO,

To check the measurements, it was decided to use a different oxalate
and in particular one having no water of crystallization, Potassium
binoxalate was chosen because it is easily obtained in the anhydrous
(67)
KNO3 indicate that the possible anisotropy of the potassium ion is
negligible. The results are in table 4,

The direction perpendicular to the plane of the oxalate ion is

form and its crystal structure is fairly well knownj; tests with

the most diamagnetic and the plane of the ion is almost magnetically

isotropic. The anisotropy in the plane is less than one sixth the
value predicted by the results with glycine (table 5).. Resonance
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67),

space group Cg

Relation of Oxalate Ion to

the Crystallograph

a*«-n

ic Axes:

21/c

TABLE 4: POTASSIUM BINOXALATE,

Monoclinic tetramolecular unit cell

In the proposed structure, the
oxalate ion has three mutually

3 |/

/\of

perpendicular approximate mir-

ror planes whose intersections

x*/ﬁ

are £, m, and n. These vectors
are @ssumed to be the principal
magnetic axes.
A the ion is assumed parallel to

The plane of

(100), meking a*, b and g prin-

49§i5° cipal axes of the crystal.
Magnetic Anlsotropy:(seefiguresl?, 18, 19):
¥ o Y - * . XX = +
X% - X%,= xl el 13,05 %0.10
X - Xra= (&*slna;é N X*Cos¢ ) = 12,61 *0,13
* = 8 - X* = pt
X* - X% (XiCos Y X§a1n1/ ) - x3 0,43 20,15
Cos2y = (0,43 + 12,61)/(13.05) = 1,000 =0,02 Soox
0 +50
1/ = 0 =3 (calculated) 6:133015'
]ﬁ = 0° &1° (observed)

-i*= '49¢3

Xg = -44,8
X2e= =5749
Xg = '4503

K*¥ =

K* =

Lonsdalecéé) (using

(calcd. using Pascal constants)

1)

K;{Cos%}' + K;;Sin,a.,?‘
K*
n
Ki"Sin%J‘ + K;Cos,af
4,8

1]

average = =45.1
’4503
0 KL - K
Ki - K;

oxalic acid dihydrate): K*

K*

12.8
0.5

9¢5
-0.b

"

i
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may be expected to make the C=0 bonds of the oxalate ion identicalj
however, since the bonds make anglés of 120° with each other rather
than 900, isotropy in the plane would not be expected. Possibly
there is sufficient double bond character in the C-C bond to give
the valence electrons of each carboxyl group nearly three-fold sym-
metry, causing the observed approximately uniaxial character.

The anisotropy of the nitrate and oxalate ions is assumed to
be due to the non-spherical distribution of the 71;electrons of the
double bonds. The nitrate ion has only one double bond while the
oxalate ion has two; both ions are planar, The fact that Ki - Kﬁ
for the oxalate ion has almost twice the value for the nitrate ion,

and has the same sign as for the nitrate ion, strengthens this

assumption, .
In working out the crystal structure of potassium binoxalate,
Hendricks(67) assumed that the oxalate ion was planar and parallel

to (100); the molecular symmetry then required a* to be a principal
magnetic axis., The anisotropy measurements indicate the correctness
of this assumption, it being verified that a principal axis is,
within 1°, parallel to a*,

‘(4) Glycine: Both the oxalate ion and the bimolecular glycine
group (both molecules imagined superimposed) have two coplanar car-
boxyl groups (see table 5)., The value of %i - Kﬁ in both cases has
the same sign and about the same magnitude, In both cases, resonance
would be expected to make the C-0 bonds identical. The bimolecular
glycine group differs from the oxalate ion in that the principal axes
&and o for glycine are not parallel and perpendicular to the C-C
bond as in the oxalate ion and therefore the anisotropy of glycine is
not due‘solely to the carboxyl groups. Moreover, the plane of the
carboxyl groups for glycine is more anisotropic than for the oxal-
ate ion.

From the measurements of the anisotropies in the planes per-
pendicular to the g* and to the g axes of the glycine crystal, it
should have been possible to calculate the angle Z& (table 5) with
a minimum of error Since‘]425h5° (see pages 21-22), However, when
the anisotropy is determined in a plane not perpendicular to a
principal axis, the effect of a slight error in the orientation of

the vertical axis is increased (equation 30). Theactual uncertainty
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TABLE 5: GLYCINE,

(54)

Crystal Structure : Monoclinic tetramolecular unit cell
' space group Cgh- le/ﬂ

Relation of Glycine Molecule to
the Crystallographic axes:

The two carbon and two oxygen
atoms lie very nearly in a
plane perpendicular to Y. The
nitrogen atom lies about O.4 A
above the plane., The molecule
has no symmetry elements which
determine the principal axes.
Consequently, the measurements
will be discussed in terms of
two molecules related by a two-
fold screw axis parallel to Q.
The principal axes £, m, » of
the bimolecular groab are iden-
tical with those of the crystal
(p =b; £, n determined ex-
perimentally).

Magnetic Anisotropy (see figures 20, 21, 22):

(Xscos™  + Sin“gh) - X3
X - %

(x38in°9) + X;COS%‘/) - 13

Gos21p (-5.32 + 5.42)/(-1,59) = -0,063 0.0k

29f = 93°36' - 3° |

1& = 46°48" X 1%° (calculated)
1/ = 44° £ 1% (observed)

(]

5,32 0,04 (axis of rotation=a*
g parallel to H )

i

1,59 £0.03

5,42 20,08 (axis of rotation=g)
a* parallel to H )

i}

i+

éi ,g*k{ 1
(Per Molecule) (Bimolecular Group) o
. N i ©=111"38"
X3 - Xr = =1.59 f0.03 = (K - &g )/2
X5 - X = -6.17 Z0.07 = (K} - K5 )/2
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TABLE 5: (CONTINUED)

X* = =80.,4 (Pascal constants; for bimolecular group)
K* = "'75,2
? average = =76,8 = Ki
K* = - 8‘4 p K* - K* = lOpg
m 7 L ]
K* = "‘8796 = K*

in ]ﬂ ** was found to be £1%°, 1In the case of potassium binoxalte
the situation was reversed, the manner in which the crystals were
mounted being such as to obtain the highest precision in the deter-
mination of the principal anisotropies and the minimum precision in
the determination of 1& + In this case the uncertainty in the cal-
culated value of @ﬁ is :30. »

(5) Urea: The tetragonal symmetry of the urea crystal structure
(table 6) limits the amount of information which can be obtained
concerningkthe magnetic anisotropy of the urea molecule. One may
conclude from the data that the direction of greatest diamagnetism
is perpendicuiar to the C=0 bbnd, as was implied by the measurements
on glycine and pbtassium binoxalate, but cannot conclude which prin-
cipal axis is least diamagnetic. Clearly, the plane of the molecule
is not isotropic, as was approximately true for the oxalate ion,
since this would require the crystal to be isotropic. However, the
value of Kﬁ - gi = 2.5 for urea is considerably less than the value
4,3 which would be calculated from the results with methylurea (see
table 7, second structure), '

(68)

at low field strengths, it agrees well with the new result,

Although the measurement reported by Lonsdale was made

(6) Monomethvlurea; The measurements on monomethylurea (table 7)
were undertaken in the hope of obtaining more information about the
anisotropy of the urea group, it being assumed that the reported

(69)

crystal structure was reasonably correct, The principal mag-

**TPhey symbol ]ﬁ is used here instead of ¢9, as in equation 30, in
order to conform with the notation of Krishnan (63). It should not
be confused with the Eulerian angle used in the general equation,
section B. '
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TABLE 6: UREA,
(67,

Crystal Structure : tetragonal bimolecular unit cell,

space group Vz - P-E 21 m

Relation of Urea Molecule to
the Cprystallographic Axes:

C =

The space-group symmetry requires
the molecule to lie in a plane
parallel to (110), that the C=0
bond be a 2-fold axis and that
the molecule have a mirror plane
perpendicular to the plane of
the molecule and parallel to the
C=0 bond. The orthogonal vec-
tors £ , 1 and n are therefore
principal molecular axes. A
second molecule in the unit cell
is related to this one by a 4=
fold inversion axis parallel to
E.t

Magnetic Anisotropy (see figure 23):
This Thesis Lonsdale(68)
L I ¢ - ‘_*', g 1 : .
X" %L 2.45 =0,0k 2,57 ( szax 6% revolutions;
m£5¥kmg; H£7 kilogauss)

2;, =0 2, .0
* -— * Q3 * — * %* - *
%L = Km31n Ls" 4 KnCOS L4s” = (Km + Kn )/2 = %L
X* = K* = K*
] £ i
T* = =33.,6 (International Critical Tables, 65)

"3,'""01'!‘ }
. K* = 2.}4‘5
“3109 Ku "L

Hence: K*

i
“I

i

it

netic axes of the molecule are not uniquely determined by the molec-
ular symmetry in the case of methylurea, and making assignments of

- axes on the basis of symmetry in part of fhe molecule was proved
risky in the case of glycine; however, it was felt justified to
assign axes on the basis of the symmetry of the urea group and to

assume the methyl group to be isotropic., Calculations based on the
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TABLE 7: MONOMETHYLUREA.

(69)

Crystal Structure

¢ Orthorhombic tetramolecular unit cell,

L
space group V = P212121

Magnetic Anisotropy (see figures 24,

X* - X*
a
X* . X*
¢

% - %

X* - X

o
i

[N

= * YK * Yk
= (Xa Xb) + (Xc Xa)

25,
1.87
3433
5.23
5,20

X* o2 -40 (three different exptl.

Relation of the Methylurea Molecule
to the Crystallographic Axes:

(Structure Proposed by Corey
and Wyckoff, 69)

&
“

(Wewly Proposed Structure,
see part II)

The
par

26):
*0,02
0,05

Io.01
average = 5,21

values have been reported

%10)

plane of the urea group is
allel to ¢j The C=0 bond is

perpendicular to ¢ and makes an

angle of 3k with a. The prin-
cipal molecular axes are assumed
to be determined by the symmetry
of the urea group.
X* = 3300521}‘ + K;Sinzgw
2. 2

X o RO *
Xb-Ix!S:Ln-,}’ +KmCoiJ‘

TH * o
X% = KX J= 3h

* *
§x Km 5.00

* o KR . ], * * *
Kn Kx 1.80 Kn >K1>Km
K* - K* = 6,80

n m
The plane of the urea group is
nearly perpendicular to & and
the C=0 bond is nearly parallel
to ¢.

* L R* ¥ oyx L Yx - 5
%2 Kn Ag &g 5+21

k*_ * M owx _ oyx .
%2 Km Xc Xa = 3433

x _ xx M oyx _ Yx = ‘
Km Kn Xa Xb 1,87

Ve * *
Ky >Kp> K}
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erystai structure proposed by Corey and Wyckoff(ég)

would require
the direction of least diamagnetism (largest algebraic susceptibil-
ity), K;, to be perpendicular to the C=0 bond and parallel to the
plane of the urea group.

It had been expected that the direction of minimum diamagnetism
would be parallel to the C=0 bond and that the molecule would be
nearly magnetically isotropic in the plane perpendicular to the C=0
bond, This expectation was based on the following considerations:
(1) The anisotropy was assumed to be associated mainly with the
special distribution of the two 711electrons of the four shared elec-
trons in the C=0 double bond. (2) The probability distribution
assigned to the ﬂqielectrons by the molecular orbital approximation
is such that they are mainly in two nearly cylindrical regions elon-
gated parallel to the C=0 bond and symmetrical about the plane of
the urea group. This being true, the mean square radius of the
electrons projected onto a plane, and hence the diamagnetism per-
pendicular to the plane, would be least for a plane perpendicular to
the C=0 bond and would be constant for planes parallel to the bond,.

An investigation was begun to determine whether a crystal
structure in agreement with these expectations and in agreement with

(69)

The work is described in part II of this thesis., The results, al-

the diffraction data recorded in the literature is possible,
though incomplete, show conclusively that the originally proposed
structure is incorrect and strongly indicate that the molecules are
oriented as shown in table 7. In the newly proposed structure, the
direction of minimum molecular diamagnetism is parallel to the C=0
bond and the smallest principal anisotropy is in the plane perpen-
dicular to this bond.,

(7) Thiourea: The thiourea molecule may be expected to have the
same symmetry as the urea molecule. In the reported crystal struc-
ture(7o), however, the carbon atom is slightly out of the plane
formed by the two nitrogen atoms and the sulfur atom (see table 8);
the C=S bond makes an angle of about 25%° with the 2 axis. A refine-
ment of the crystal structure might change‘this angle by a few de-
grees, causing the sign of thekoalculated value of K;-gi (table 8)

to change. However, to make the direction of the C=8 bond the direc-
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TABLE 8: THIOUREA.
(70)

Crystal Structure : Orthorhombic tetramolecular unit cell

space group Vﬁ6 - Pbnm

Relation of the Thiourea Molecule
to the Crystallographic Axes:

The crystal symmetry requires
the molecule to have a plane
of symmetry parallel to (001l).
Hence the plane of the two
nitrogen atoms and the sulfur
atom is parallel to ¢ and the
C=5 bond is perpendicular to
S For the purpose of this
calculation, the molecule will
be assumed exactly planar; the
molecular symmetry then requires
the vectors £, m and n to be
principal axes.

{o

oy

Magnetic Anisotropy (see figures 27, 28):

X* - Xf = 2.52 0,02
+ X - X = 0.23 (calculated)
Xz - X; = 2,75 =0.,04 a
X* = -43,8 (Pascal constants)

H
!

2 . 2
* - - * 1 C 34 -
X 44,8 Kxues,ﬁ', + K*3in’§

x_g = =44,5 = KZSinZ..?' + K;;Cos?'af’
X* = —}‘*'2-0 = K*
[} n
Ki = =Ul,9
average = =-i4,6
K* = -Li 4
'm
Ky = % = 05 K 7K 25

tion of minimum molecular diamagnetism, this angle would have to be
increased to slightly over 450, an improbable situation. Hence, the

direction of minimum diamagnetism is in the plane of the thiourea
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molecule and perpendicular to the =S bond. This difference from
monomethylurea may be attributed to the fact that the radius of
the sulfur atom is larger than that of an oxygen atom, to the fact
that the electronegativity of the sulfur atom is less than that of
the oxygen atom so that the C~N bonds have greater double-bond char-
acter, or to both.
(8) Anthracene: The molecular anisotropies of naphthalene and of

(12)

anthracene calculated by Pauling were in considerable disagree~-

ment with the experimental values reported by Krishnan(63). The
discrepancy was due to an error in the original measurements which

(36)un

ment of the largest anisotropy of one of these two compounds in or-

was later correéted It was decided to make a single measure-
der to judge the correctness of Krishnan's values of the crystal an-
isotropies***,

Anthracene was chosen because it is readily crystallized and
because it is non-volatile, The anisotropy in the plane perpendic=-
ular to the E.axis was measured. Even though the crystal used in
this experiment weighed only 0,373 mg, the largest torque obtained
was ?BOxIO-Acm-dynes, well above the range of torques with ferro-
magnetic impurities may be expected to exert (figure 13)., It may be
noted that the average deviation of the slopes of the four straight
lines _?%_W;_( O"’max - Ty vs. ' (figure 29), namely tlx10'6cgs per
mole, while percentage-wise the same as the average deviation ob-
served in other experiments, is numerically 3 to 100 times greater
than in the other experiments. This is attributed to: (1) the un-
certainty in the slope of each line (in this casé, less than %%%)
due to scatter in the data (uncertainty in HZ); (2) to the larger
average susceptibility of anthracene in the plane perpendicular teo
‘2, about 3 times greater than the average susceptibility of any of
the other substances investigated, which made the effect of field

**Selwood(7l), in his book orn magnetochemistry, has recalculated the
molecular susceptibilities of anthracene and naphthalene on the basis
of Krishnan's later results. However, there is apparently a mistake
in his calculation for anthracene,

***His measurements on anthracene were absolute susceptibility meas-
urements parallel to the Xi direction, Xg direction and ¢* direction
using the method of Rabi(p3ge 13) rather” than aalsotropy measure=
ments by the method of maximum torque.
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TABLE. 9: ANTHRACENE,
(72)

Crystal Structure : Monoclinic bimolecular unit cell

5
space group C - P,
2h Zl/a

Crystal and Molecular
Principal Axes:

The molecule is centrosymmetric
and the centers of the carbon
atoms deviate from the mean plane
by & 0,012 A,

L = normal to mean plane
B = molecular center
A = projection onto mean plane of
mid=point between two carbon
. atoms,
3: 2 & = 'AB
1 n = pernendlcular to ,E and 2 .
‘ Vectors 2, & and n are each nor-
r——— mal to ayprcxmmate mirror planes

and hence are very probably the
true principal molecular axes.

$ros

p=12h°42'

Magnetic Anisotropy:

'X{ o 01 Crystal magnetic susceptibility
x*'_. ‘O” %* 0 matrix in principal axis coor-
1Y % { dinates 1-2-3,
0 X*
\ 0 Ly
'Kf 0 0 Molecular magnetic susceptibility
* * ; matrix in principal axis coordin-
K =40 K 0 .
j ates 'f-m-n,
*
L0 © Kn
b c* .
Slnar 0O Cosg 1 Matrix for transforming from
a-b-c* coordinate axes fo
d: =4 Cos,9 O Sing 2 1-2-3 axes.
. O 1 0 3

-0.,4960 -0,1248 0.8593 ) X  Matrix for transforming from
-0,3234 -0,8919 -0.3162 } m a-b-c* coordinate axes to

=i . 2
0.8059 =-0.4347  0,4020 } n R-non axes (7 )_

a b c*

(%7
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TABLE 9: (CONTINUED)

-1 0 O Transformation of a-b-c* coordinate
_ 01 0 axes corresponding to a 2-feld axis
' A - parallel to Db

n

1B {bij } - 1[sks]

Mamb-c*) = €IKCE H(a-b-c*) = DB+/A“1|B/A]§<a-b-c*> =

bll 0 blB

—_— s *
0 b22 0] .E(abc)
b 0 b

13 33

Equate corresponding non-zero matrix elements to obtain four equa-
tions involving X¥*, X*, X* K*, K* and Solve the equations
g iv 43 xk’ Kf! n® “n q’-o )

obtained by equating diagonal elements for Kﬁ, K;, K;.

-K§/0.3392 = X4(0.1097Cos% -0.49695in ) + X3(0.10978in%f
- o.L+969Cosz.,9') + o.thOXE

-K*/0.3392 = x’i(o.l}?oc:osz& -0.036431112.‘9') + X’i(O.lE‘?OSin%f’
- 0.0364Cos%%) - 0.4398%3

-K*/0.3392 = X"é(-O.SSBfBCoszf +0.19418in5F ) + X’i(—O.BSSSSinz.ﬂ"

+ 0.1941C0s%} ) + 0.0526%%
x%5(-0.2225C0s9} +0.27095in%} +0.33925infCosgh) + X%(0.2709C0s
-0.22258in%Y -0.33925ingfCos ) - 0.048kKYS = O

The fourth equation was obtained by equating the off-diagonal ele-
ments.

Results of Present Work:
Xi - Ké = 138,7 i0,9 1?2 25° ° (observed)
T* = %(x]tug«sxg) = -129.3 (Internat. Crit. Tables, 65)
‘-0.004SX§ +0.0539Xf -0.00#S@;; =0 (From fourth equation

using observed value ofi?ﬁ
Solving these three equations yields:

Xp = -2265 X} = -87; X5 = -7k
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TABLE 9: (CONTINUED)

Krishnan's Results(36):
X* = ‘211;8
2 Xt - X3 = 136.3
X{ = = 75,5
* = =102,
33 9

72 25° (observed), 45%/26022' (calculated from fourth equa-

. . * %* - *
tion using X},X3 and Xﬁ)

Molecular Susceptibilities:

Using Krishnan's values of

X3 2.3 and calculated value Pauling's
" Ers of 2.9, Calculation (12)
Ki = - 750 6
average = =72.5 -83
% — - = *
K* = 69.3 5
% — - = %* -
Kn = 24hL 6 K" 242
K* -K* = 172.1 ' 1
17 ’ 7?

inhomogeneity greater for anthracene than for other substances.

As shown in table 9, it is possible to calculate the three
crystal and molecular susceptibilities from this single measurement
and a knowledge of the average susceptibility; the results are
not reliable, however, because of the poor precision in the deter-
mination of the initial equilibrium position of the crystal in the
magnetic field, '

With some reservations concerning the accuracy of the measure-
ments, Krishnan's values of the principal susceptibilities of the
anthracene crystal were %sgg in connection with the latest refinement

7 to

of the crystal structure calculate the molecular susceptibil-

ities, The result was that the molecular susceptibilities so obtained
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were in good agreement with the values calculated by Pauling, the
value of Ki - Kﬁ'being within 10% of that proposed by Pauling.
(9) Proteins: The two samples of protein tested, unstretched
elephant hair (Q{-keratin) and silk worm gut (silk fiﬁroin; @nkera-
tin), were rather weakly anisotropic and appeared to be strongly
influenced by electrostatic forces. These forces were strong enough
thet there was some uncertainty (one or two turns) whether or not
the quartz fiber was unwound at the beginning of each measurement
and the suspended samples were influenced by objects outside the
draft shield (for example, a finger). The average deviation of the
results (figure 30) ranged from 210 to :20%. Both specimens were
c¢ylindrical or fiber-~like in shape and both were magnetically uni-
axial, the axis of the cylinder being the unique axis and the direc-
tion of least diamagnetism in both cases.,

The anisotropy values in figure 30 are given in terms of sus-
ceptibilities per gram since the average residue molecular weights
were uncertain, Using an average residue weight of 120 for elephant
hair and 85 for silk worm gut, the anisotropy of elephant hair be-
comes X} - xl = l.U cgs/residue and for silk worm gut becomes Xﬁ -Xl
= 0.7 cgs/residue.

The structure of elephant hair is believed to be based on a
helical configuration; that of silk worm gut is believed to be based

on a "pleated sheet"(21’73).

The six atoms in the amide group,
C-CO-NH~-C, all lie in a single plane. In the helical structure, each
amide nitrogen is hydrogen~bonded to the third or possibly the fifth
carbonyl oxygen atom beyond it in the helix., The planes of the
amide groups are parallel to the helix axis and the C=0 double bonds
are nearly so. Assuming the side groups to be isotropic or randomly
oriented, the anisotropy may then be related to the anisotropy of
the amide group. The helices are magnetically uniaxial because of
the many-fold rotational symmetry about the helix axis. The pleated
sheet consists of uncoiled peptide chains with the C=0 bonds of the
amide groups perpendicular to the chainsj separate chains are held
together by hydrogen bonds.between the carbonyl oxygen atoms and the
amide nitrogen atoms. In silk worm gut the peptide chains are paral-
lel to the axis of the cylinder or fiber; the pleated sheets are
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randomly oriented about this axis, making the sample magnetically
uniaxial. |
The observed anisotropy of the elephant hair is consistent

with the present belief that the direction of minimum‘susceptibility
of the amide group should be parallel to the C=0 double bond. For
silk worm gut, the unique axis would have been predicted to be the
direction of greatest diamagnetism but this was not found to be true

experimentally.

E, Conclusion.

The measurement of magnetic anisotropy in single crystals by
the “maximﬁm torque' method, developed by Krishnan, has been inves-
tigated. It was found that when measuring small (necessarily dia-
magnetic) anisotropies, of the order of :Lxl(‘)-6 cgs/mole, ferromag-
netic impurities were a considerable source of error. It was found
that this error could be eliminated by using high field strengths,

A systematic method of orienting crystal specimens before
attaching them to the quartz torsion fiber has been devised. This
process was formerly dependent on trial and error., The use of X-ray
diffraction technicues to determine accurately the orientation of
the crystals has been described,

The determination of torsion constants of gquartz fibers, in
the range 10"'5 to lC)"'3 cm-dynes/radian, from the period of oscilla-
tion éf a torsion pendulum has been investigated. A pendulum with a
moment of inertia of about 10_2 cgs, accurate to ﬁO.Z%, was construc-
ted. The technique of accurately determining the period of oscilla-
tion of this pendulum has been described.

A decrease in the torsion constants of thin quartz fibers as
they age was definitely established. This decrease is probably due
to elongation of the fibers by plastic flow under tension. Accurate
measurements of magnretic anisotropy require that the torsion ¢oli=

stants of the fibers be rechecked periodically.
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Some measurements of diamagnetic anisotropy were made to test
the new experimental procedure and to obtain new data. In partic-
ular, simple molecules containing N=0, C=0 and C=S double bonds were
investigated . A small amount of work was done on anthracene to
check the reliability of older measurements and to check Pauling's
theory of the anisotropy of aromatic and conjugated polynuclear

hydrocarbons.
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II: THE CRYSTAL STRUCTURE OF MONOMETHYLUREA,

A, Introduction.

The measurement of the magnetic anisotropy of monomethylurea
discussed in Part I was carried out under the assumption that the
crystal structure was known with sufficient accuracy to permit the
interpfetation of the magnetic anisotropy in terms of the molecular
structure. Some work on the crystal structure was done in 1933 by
Corey and Wyckoff(l). They found that the structure was based on an
orthorhombic tetramolecular unit cell with space group Vl+ - P212121
and having dimensions ab=6.89 A, bo=6995 A, c0=8.45 A. They also

Kim

FIGURE 1. DIAGRAM OF THE METHYLUREA MOLECULE.

proposed atomic parameters on the basis of Fourier analyses and com-
parisons of calculated and observed values of low-order hkQ and EQJ@
structure factors. In their proposed structure, the plane of the
urea group was nearly perpendicular to the a-b plane, makingan angle
of 340 with the‘g axis, and the (=0 bond was nearly perpendicular to
the g,axis. The methyl group lay considerably outside the plane,
The agreement of observed and calculated structure factors, particu-
larly for the gg!:reflections of higher order, was not entirely sat-
isfactory, however, and the authors were prompted to suggest that
the proposed structure was probably not the correct one,
The magnetic measurements gave the following principal anisot-

ropies for the methylurea crystal: X;-X;:l.S?, X¥-X*=3,33, and
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X;—Xg=5.21 (x10-6cgs/mole); X;:»X;:;X; algebraiqally, Assuming the
principal molecular axes to be determined by the symmetry of the
urea group and hence to have the simple orientation shown in fig-
ure 1, the principal molecular anisotropies calculatea for molecules
oriented as in the proposed structure are: K;-K;:S.O, K;-Ki=l.8,
K;—K;1=6,8; Kr >Kf >K; o This calculation would require  the
direction of minimum molecular diamagnetism (algebraically largest
susceptibility) to be perpendicular to the C=0 bond.

The anisotropy of methylurea was believed to be due to the
non-spherical distribution of the 7zlelectrons in the C=0 double
bond. Since the probability distribution assigned to these electrons
by the molecular orbital approximation is such that they are mainly
in two nearly cylindrical regions, elongated parallel to the C=0 bond
and symmetric about the urea group, it was believed that the direc-
tion of the C=0 bond should be least diamagnetic and that the plane
perpendicular to this bond should be nearly isotropic. It was
therefore concluded that the structure proposed by Corey and Wyckoff
was indeed not correct, and that the true structure was a radically

different one,

B. Discussion of the Trial Structures,

An effort was made to determine the correct crystal structure
of monomethylurea with the aid of the structure factors published by
Corey and Wyckoff and the aid of the knowledge of the magnetic ani-
sotropy of the crystal.

It was presumed that the principal molecular axes bore the sim-
ple relation to the urea group shown in figure 1, and that the direc-
tion of the C=0 double bond was the principal axis of minimum dia=-
magnetism. This being the case, the molecules must be oriented in
the unit'cell with the C=0 bonds nearly parallel to the g.axis, the
direction of minimum crystal diamagnetism. It was then noted that

the relative structure factor for the plane 200 was one of the two
largest of the hkQ and hOK reflections reported by Corey and Wyckoff;



- 104 -

its value was 48% of the maximum possible value which would occur if
all the atoms were in phase. This fact suggested that the molecules
lie nearly in planes which are perpendcular to the 3;axis and are
separated by ao/Z. Finally, it was presumed that separate molecules
in the crystal would be held together by hydrogen bonds between the
oxygen atom of one molecule and a nitrogen atom of another,

Tests with scale models of the methylurea molecule showed that
the molecules could be arranged in accordance with the first two
conditions and in accordance with the symmetry of the space group

L

v -.P212121 , to which methylurea is known to belong, and that it
could indeed be possible for separate molecules to be held together
by hydrogen bonds as suggested, the molecules forming chains lying
along the two-fold screw axes parallel to the E.axis. By slight
tilting of the plane of the urea group, a structure in agreement
with the known dinmensions of the unit cell could be possible. By

turning the plane of the three atoms HE=-N-C perpendicular

(methyl)
to the plane of the urea group, as shown in figure 1, the scale
models further suggested the possibility of a second hydrogen bond
between the oxygen atom of one molecule and the secondary amide ni-
trogen atom of a molecule in a neighboring chain (see figure 2).
The molecules could then be tied together into a three-dimensional
network by hydrogen bonds., Although the bond between the carbonyl
carbon atom and the nitrogen atom in the secondary amide group,
H_N_C(methyl) , would not have double bond character if the plane of
this group were perpendicular to the plane of the urea group, it was
felt that the corresponding decrease in resonance stabilization of
the molecule would be offset by the increased stability of the crys-
tal structure. For simplicity in the following calculation, the
three bonds of the secondary amide nitrogen were made planar (actu-
ally corresponding to some double bond character in one of the bonds)
rather than tetrahedral as in amines (the difference in the bond
angles is only about 10°).

The existence of a three-dimensional network of hydrogen bonds
would mean that the dimensions and orientation of a single molecule,
plus the hydrogen bond lengths, determine the unit cell dimensions.

(2)

Using reasonable values of the interatomic distances s, & system of
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simultaneous equations was set up satisfying the above conditions
and relating the unit cell dimensions to Eulerian angles defining
the orientation of one molecule with respect to the crystallographic
axes, The system of equations was solved graphicallj and it was
found that only two orientations of the molecule were consistent
with the observed unit cell parameters. For each orientation. the
coordinates of the atoms were then calculated with respect to an
origin at the center of one oxygen atom. Thereafter, the origin was
translated to the canonical origin for the particular space group
(mid-way between three sets of mutually perpendicular non-intersect-

ing 2-fold screw axes). The a-=¢c and b-c projections of the trial

FIGURE 2. LINKING OF NEIGHBORING CHAINS,

structure corresponding to one of the allowed orientations of the
molecule are shown in figures 3 and 4, The principal molecular ani=-
sotropies calcgéated for this structure, K;-K§=6.6, K;-K;=6.9, and
K;fK;=O.3 (x10 “cgs/mole) (K;j>K§;>K§ ) were in agreement with pre-
dictions. The trial structure corresponding to the second allowed
orientation was rejected because the angle () (see figure 2) was only
940, a value which was felt to be too small for good hydrogen bonding.
Although the proposed trial structure was in general agreement

with Patterson vector maps calculated for the a-c and a-b projections,
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FIG. 3

METHYLUREA. @-C PROJECTION OF TRIAL STRUCTURE.
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FIG. 4

METHYLUREA. b-c PROJECTION OF TRIAL STRUCTURE.
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it did ﬁot give good agreement with the observed relative structure
factors recorded by Corey and Wyckoff. Two-dimensional Fourier syn=-
theses of the electron density, and corresponding difference maps,
for the a-c and a-b projections were used to decide on atomic shifts.
After four months work a structure was found which gave reasonable-
appearing electron density maps for both the a-b and a-c projections.
In this refined structure the center of gravity of the molecules had
been shifted about one-half angstrom along the g-axis (closer to the
centers of symmetry in figure 3) from the positions assigned in the
original trial structure, the methyl group had been changed from
one end of the molecule to the other (losing the hydrogen bonds be-
tween chains), the C=0 bonds had been made more nearly parallel to
the ¢ axis, and the molecules had been rotated slightly around the
S axis making the urea group less nearly perpendicular to the‘ﬁ axis,

Since the agreement of the observed and calculated structure
factors was not satisfactory, it was decided to check the structure
by obtaining QEX diffraction data which were recorded only gqualita-
tively by Corey and Wyckoff., In the process of collecting the OkJ
data, the EQX data were also collected for comparison with those
of Corey and Wyckoff, It was immediately seen that their value of
’FlOZI was in serious error. Instead of being one of the weakest
reflections, the 102 reflection was the third strongest and almost
as strong as the 200 reflection. Examination of the original report

revealed that the 102 and 012 reflections had been confused. This

was easily possible because the data were obtained from rotation
photographs and because the 2 and b axis unit cell dimensions are
almost equal. Also, because of this near equality, the 102 and 012
reflections are indistinguishable on the powder spectrogram fepro—
duced by Corey and Wyckoff in their figure 1. As a consequence of
this error, neither the structure proposed by Corey and Wyckoff, nor
the newly proposed structure** was correct.

Some time was spent in trying to find a new trial structure to
fit the data. The problem was first attacked by calculating Patter-
son vector maps for the three projections (figures 5,6,7). Then

Fourier syntheses of the electron density in the a-b and a-c¢ projec-

«xNor the rejected trial structure based on the second allowed ori-
entation,
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FIG.6 (O 10) PATTERSON PROJECTION.
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tions were made using for each only the three largest structure fac-
tors with signs arbitrarily assigned. Only one distinct synthesis
for each projection was possible, the effect of changing signs being
only to shift the origin or to change the sign of the electron den-
sity. The two Fourier syntheses are reproduced in figures 8 and 9
in which the electron density is on an arbitrary scale and the first
unbroken contour is the zero contour. Since all other structure
factors were smaller than the smallest used in figures 8 and 9, and
therefore less than half the size of the largest, these two Fourier
synthesés determine some of the essential features of the crystal
structure.

The following conclusions were drawn: (1) The shape of the
solid conteurs suggests that they outline the region of high (posi-
tive) electron demsity. (2) At x = %ﬁ y = %- in the a-b projection
and at x = %3 2 = %- in the a-c projection the electron density is
very large because many-atoms overlap in projection. (3) The
stretching out parallel to the b axis of the electron density in the
a=b projedtien suggests that the molecules lie very nearly in planes
perpendicular to the a axis and that the C=0 bond is nearly parallel
to the ¢ axis. Two molecules related by the 2-fold screw axis paral-
lel to the ¢ axis and passing through x = %-, y = %- are in the pro-
jection, figure 8., (4) The localization of the electron density
near x = %, zZ = % in the a-c projection and the prominence of the
peaks in the a-c Patterson projection strengthen the prewious con-
clusion and, further, suggest that the oxygen atom and methyl group
are in c¢is configuration, a configuration which would increase the
overlapping of atoms, in projection, if the conclusion were correct.
(5) 1If the previous two conclusions are correct them in the b-c
pfajection few atoms will greatly overlap. The facts thatno Qg&
structure factor (table 1) is especially large and that the peaks
on the b-c Patterson projection are smaller than those in the a-c
and a-b projections indicate that such is the case,

A trial structure with the following general features was then
proposed. The molecules lie néarly in planes perpendicular to the

2 axis and the C=0 bonds are nearly parallel to the ¢ axis. The
oxygen atom and the methyl group are in cis configuration. The
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centers of gravity of the molecules are near x ='%, z = %-and equi-
valent positions. As in the previous trial structure, hydrogen bonds
hold the molecules together in chains which lie along the 2-fold
screw axis parallel to c. Such a structure can best account for the
greater length of the ¢ axis and for the cleavage parallel to (110).
Absence of cross-linking of the chains by hydrogen bonds would be
consistent with the low melting point (101°c) of the crystal and
with the (110) cleavage. The systematic weakness of the OkQ reflec-
tions for Q odd indicates a pseudo unit cell in the b-c projection
with one-half the true ¢ axis length. Such a pseudo unit cell exists
in this trial structure if the centers of gravity of the molecules
are near y = O or y =-% .

Other structure factors of low order were added to the syn-
theses in figures 8 and 9 and their signs were varied in an attempt
to deduce more detailQ but without success. Because of the overlap-
ping of the atoms in the a-b and a-c projections, it would be impos-
sible to assign parameters to atoms with any certainty on the basis
of two-dimensional Fourier syntheses or two-dimensional least-square
refinements of these two projections. Indeed, it had been possible
to obtain reasonable agreement between the refined first trial struc-
ture and the hkO structure factors (which contained no error) and to
obtain reasonable appearing electron density maps of the a-b projec-
tion even though the structure was incorrect. So long as two-dimen-
sional data alone are available, this trial structure for methylurea
" can be confirmed in detail only in the b-c projection. Some work
has been done to solve the structure by making Fourier syntheses of
the b-c projection in which only the lower order and stronger reflec-
tions were used, their signs being varied judiciously. Several var-
iations of the above trial structure which were in agreement with
simple Fourier syntheses were tested by calculating the ggg structure
factors in order to determine more signs for the preparation of more
complete Fourier syntheses and difference maps. So far, this process

has not met with success.
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C. Structure Factors for Methylurea.

The Buerger(B) precession camera was used to obtain the dif-
fraction data listed in table 1. The precession angle used was @Té
300,,and the crystal-to-film distance was =90 mm, The radiation
used was Mo-Ky o Only one hundred thirty of the 301 zero layer re-
flections possible (for /5;300 and Mo-Kx ) were recorded since the
film holder was not large enough. Reflections of the type hkO, Egg
and‘ggg were recorded with h and k up to 6 and=& up to 7 plus 99@,

Fourteen more hkO and hOf reflections were observed than were ob-

served by Corey and Wyckoff.

The intensities of the diffraction maxima were recorded photo-
graphically and estimated visually by comparison with a standard in-
tensity strip. The intensity strip had 12 spots with relative dark-
ness ranging from 1 to 40 (barely visible to near maximum darkness)
and successive spots differed in darkness by somewhat more than the
least amount detectable by the eye. The size of the sPots on the
intensity strip was about the same as that of the spots being meas-
ured, The precision with which the intensities could be measured
was estimated to be t5%. The diffraction maxima from each recipro-
cal net investigated were recorded several times for different
lengths of time in order to extend the range of observable intensi-
ties., To compare diffraction maxima recorded on two different films
for different lengths of time, the ratios of intensities of corre=
sponding spots on the two films were averaged for many spots in the
moderate intensity range in order to get the most reliable ratio.

Lorentz and polarization factors (L and P) for the precession
camera‘fer/Z&:}OO, for the zeroth laye(ez; and as a function of position
on the film were calculated by Waser who put the data in the form
of a map on which level curves of 1/LP were drawn at intervals of 5%
of the maximum value. A positive transparency of the map was made
photographically and enlarged to correspond to a crystal-to-film
distance of F=90 mm, There is a slight distortion in the shape of
the map as reproduced in the literature but this error had negligible
effect on the structure factors. The transparency was placed over
the X-ray photographs and the factor 1/1P for each diffraction max=

imum was read directly.
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Relative structure factors were then calculated. To make the
relative structure factors for any two of the three different recip-
rocal nets comparable, the structure factors were multiplied by the
average ratio of values of corresponding h00, Qgg'and QQK structure
factors which they had in common. Since the data for any one of the
reciprocal nets had only 3 or L relative structure factors in common
with the data for any other net, this procedure was not complétely
reliable., When comparable relative structure factors had been com-
puted for the three reciprocal nets, they were multiplied by a fac-
tor to make them comparable with those of Corey and Wyckoff which,
in turn, probably do not differ greatly from the absolute structure
factors. '

The largest structure factors, those for the 110, 200 and 102
reflections, were corrected for extinction using the powder spectro-
gram given by Corey and Wyckoff in their figure 1. The corresponding
Lorentz and Polarization factor (1/LP) for the 102 reflection was
obtained by graphical interpolation of the factors in a table accom-
panying the reproductlon of the spectrogram.

In addition to the change in the value of lFloal the value
of |F204| given by Corey and Wyckoff was also noticeably changed,
but the change was less serious than that in 'FIOZI

The following criticisms of the experimental technique by
which the diffraction data were obtained may be made. TFirst, the
crystals were larger in cross section than the X-ray beam and not
spherical so that the amount of scattering matter in the X-ray beam
varied as the crystals moved. Second, the crystals were large enough
so that absorption effects might have to be considered.

Counter arguments are the followings (1) The crystal used
to obtain the hk0O data was a one-millimeter cube with the g-axis
perpendicular to a face. The variation of scattering matter for a
precession angle of 300 was negligible, The crystal used to obtain
the Edg and ggg«data was a prism with square cross section, bx1xl mm,
The g, axis was parallel to the long direction and the 1ong faces,
(110), made angles of 45° with the a and b axes, For 30 precession

angle and an X-ray beam one-half millimeter in cross section, a vari-
ation of f14% in scattering matter was estimated. The corresponding
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error in the relative structure factors is 57%. (2) Using the
atomic absorption coefficients, /49@? ’ glven by Compton and Alli-
' (5), the absorption coefficient per unit volunme, /ﬂ sy for methyl-
urea is 0,99, The effect of absorption on inten51ty of X~rays scat-
tered by a cylindrical powder specimen of radius r has been calcu=-
lated(6)
of incident and scattered rays perpendicular to axis of cylinder).
For M=0,99 and r=0.1 cm, the intensity of the scattered ray is

reduced to 85% of the value in absence of absorption, but the reduc-

as a function of r and of 1&’, the scattering angle (plane

tion is practically independent of 2¥. (3) No unexplainable var-
iations of intensities of corresponding diffraction spots in the
four quadrants of any precession photograph were observed. (h)vCorey
and Wyckoff abtaineé their data from rotation photographs using a
c¢ylindrical crystal small enough to need no absorption correction
with Cn-&x radiation and, except for errors in indexing, their data
are presumably more accurate than the new data. Seventeen _@Q_g rel=-
ative structure factors greater than 9 (excluding ggg, ;gg'and Egi)
were compared with the corresponding values given by Corey and Wyck-
off and found to differ by amounts in the range +19% to =-12% (aver-
age, =6%). The geometry of crystal and X-ray beam was the same dur-
ing the recording of both the _}_1_(_)_4 and the _0_15_,! data. It is therefore
inferred that the range of errors in the Qkf{ data is not greater
than the range, above, for the h0f data.

It‘is concluded that the data are sufficiently accurate for
their intended purposes of detecting errors in indexing of the older
data and of checking the proposed trial structure,

In table 1 the relative structure factors for the observed gg&,

hkQ and Okf{ reflections are recorded. The data published by Corey

and Wyckoff for the hOf and hkO reflections are given for comparison.
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VOBSERVED RELATIVE STRUCTURE FACTORS FOR MONOMETHYLUREA.

TABLE 1.
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MAGNETIC ANISOTROPY DATA FOR KNOs3 .

14.

FIGURE

(o = Z)

2KW
m

125

100

75

xzou % axis of rotation =

C

<~

preferred orlentation: & parallel to

SLOPES OF STRAIGHT LINES,

cc'y

SAMPLE] ;
DATA 1
ccL 0.17  0.10
cL 0.15 0.3
cct/ 0.16  0.14
cV 0.18  0.13 ]
AVERAGE | 0,17 0,12
+0.01 10.02
= /=
AVERAGE | 0.15 +0.02 = xw|xe*
NOTE: Sample 1= 38.731mg

7= 9.986mg

2 00
H 3

400

500

;:ooocmim
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MAGNETIC ANISOTROPY DATA FOR KNOgz.

FIGURE 15.

2000

T

xzou“ axis of rotation=

preferred orientation:

I |

~

a parallel to H

~ ~

S
. e
.

LOPES OF STRAIGHT LINES.

-ccia

- cLi
-CCL 1l
~-cclil
- cut

~CCLis
- CLi6

-cclie
- cll6

z
.

i 14 16
ccL 6.98 7.02 7.6
cL 6.89 6.44 1.6
cecv 6.98 7.09 7.15
ct/ 7.22 6.43 T.15
AVERAGE | 7.02 6.75 7,16
40,10 $0.31 0.0l
M * *
AVERAGE | 6.98 +0.15 = Xgq — X¢
| 1
400 500

‘Ax:oao:mmvm



MAGNETIC ANISOTROPY DATA FOR KNOs3.

16.

FIGURE

K
2mw (Cmox— EE)

2000

- 126 —

T
KNOy:

T

axis of rotation= g

SLOPES OF STRAIGHT LINES.

T

preferred orientatibn: b pgrallel to H

-CLY15
CL 15

JReviL
) -ccts
/ Feees
/fCcL 9
! deeds
L ped e

-CL 10
-cL/ 10

-cclio

rCCLI0

AMPLE
OAT 9 10 15
ccL 719 6.8 6.6
cL 730 7.35 6.78
cev 7.22 722  6.57
e 733 723 6.72
AVERAGE! 7.26 7i6  6.67

AVERAGE

+0,06 0.6 +0.08
N J

A4

7034024 =X, - X,

|
400

H2

500

(Kilogauss)2



MAGNETIC ANISOTROPY DATA FOR KHC,04 .

FIGURE 17,

5000

— 127 —

KHC,04 : axis of rotation =

£

preferred orientation: ¢ paraliel to H

SLOPES OF STRAIGHT LINES.
AMPLE 3 7 s
DAT
ccL i13.16 12.89 12,79
cL 1327 13.05 12,71
ccl (3.25 13.01 12.93
cV 13.27 1313 13,03
AVERAGE| 13.24 13,02 1287
30.04 £0.07 0.1
M * *
AVERAGE | 13,05 £0,10 = X¢ —Xg*
| | I
300 400 500

HZ

(KI logclus.'.)2



MAGNETIC ANISOTROPY DATA FOR KHC,0,4.

I18.

FIGURE

5000

[ | T LB CcL4

. - " //'
KHC204: axis of rotation = ¢ // _ccla
preferred orientation: Q paraitel to H ] /_ cla

/
////4/ SLOPES OF STRAIGHT LINES.
LSS K sampLE
/ S/ //// . DATA 2 4 5
S S S
Ay % ccL | 1291 12,23 12,63
// / cL 12.91 12,73 12,55
./// / ccl | 1287 1239 1251
S LS c | 1255 12,39 12,65
/ AVERAGE | 12,81 12,44 1259
£0,13 20,15 +0,05
. M x _*
AVERAGE | 12.61 £0,13= X} — Xz
| | I
300 200 500

(Kilogouss)2
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FIG. 19 MAGNETIC ANISOTROPY DATA FOR KHC504.

i I 1
KHCZO4: axis of rotation= g*

preferred orientation: ¢ parallel to 5

SLOPES OF STRAIGHT LINES.

SAMPLE
DATA

CCL % 0.41 0.38

6 10

cL * | 0.51 0.37
100 ccll A | 0.53 0.4 B

c! w| 051 0.38

AVERAGE | 0.49 0-38
+£0.04 0.01

Y * *
AVERAGE | 0,43 +0,05 = Xg —X;

NOTE: SAMPLE 6 = 2.717 mg
" 10 = 5.656 mg

| l l
300 400 He 500 (kilogauss)®




MAGNETIC ANISOTROPY DATA FOR GLYCINE.

FIGURE 20.

W Gy = D)

2K

2000 -

= 130

T T Lect3
S e 13
v
GLYCINE : axis of rotation= g* 7 kecuis

preferred orientation

¢ parallel

to

SLOPES OF STRAIGHT LINES,

) FCCL,G

4€L 13

CcCcL6

" opcL 6
,'/
7 el s

- pccLiz
tecliz

-CL 12

Sped 2

0AT 6 12 i3
ceL 5.34 5,26 5.42
cL 527 525 5.27
ce’ 526 5.32 5.45
e 534 534 5,37

AVERAGE| 5.30 5,29 5.38
£0,04 +0.04 £0.06

it
AVERAGE 5.32 £0.04 =
(X*Cos?y + X5 Sindf) — X3
I 1
500

(Kiqucu.nss)2



MAGNETIC ANISOTROPY DATA FOR GLYCINE.

FIGURE 2I.

2KW
ZKW (e — )

2000

T l T T~ CL7
GLYCINE: axis of rotation= ¢ / -CcL7
preferred orientation: & perpendicular to 'H g A

/
‘ —ccl/7
/// / /

-CCL 10
— CLIO

~ccL'1o

-CCL IS

- CcLIS
—ccl/ 15

- cU1s

*
(X} Sin?y+ XS Coy) — Xy

I

SLOPES OF STRAIGHT LINES.
MP
DATA 7 10 15
ceL 5,27 548 5,50
cL 5,31 5.62 5,48
ccy 527 557 5.49
cv 5,25 5,38 5,46
AVERAGE 5.27 55| 5,48
40,02 0,04 +0,02
. 7
Y
AVERAGE 5.42 £0.08 =

|

400

HZ

500

(Kil

ogaus,s)2



FIGURE 22. MAGNETIC ANISOTROPY DATA FOR GLYCINE.

2KW ﬁ)
4

m ( Kmex—

h A

500

X

1_:‘6‘}

=

o =<

® O

3z
@

a m

.o

n 2 a

3 g x|

32 o
(D

- o

S'-‘!
11

S

'0°

S

(]

=

X 5

]

00¢

N
D
o
(@]
> > o
< < o B
5 S 22 ok
> > N - /3l e -CCL 4
- m o5
m r-‘v?\ MRS
e & - cL 4
o Dl osled o > ol » | o et 7
o) % Zaln o a . CcCL 4
o g * - c’a
Oqo— P ol o~ 3
- sYov o o o 5
5 8 Z o o g
‘3; y H5 - s T - ’
g __x* 83 % g I = - CU2
z
@ L*L m -ccL2
—_— N
N \ - CL2
ce2

T 1120+
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)

1000

( O max —

2KW

MAGNETIC ANISOTROPY DATA FOR UREA.
m

FIGURE 23.

I 1 [
UREA: axis of rotation perpendicular to ¢
preferred orientation: ¢ parallel to H

- cU2
- CcL2
-cCL 2
-ccL/2
- cL'3
- CcL3
-cCcL3

-ccU'3

~-CCL 1
- CL1

-ccUt
- cl/1

: s LOPES OF STRAIGHT LINES.
. PLE
) * |paT 1 2 3
ccL 238  2.53  2.45
. cL 2.40 249 2.46
. cecv 2,39 2,52  2.42

cv 2,44 2,49 2.45
AVERAGE 2,40 2,51 2.44
/ ‘10.02 +0.02 +0.02 )

v
*
| || Averace 2.45 ilo.04 = Xy —X,

300 H2 400 500  (kilogauss)?
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MAGNETIC ANISOTROPY DATA FOR MONOMETHYLUREA.

I

r

MONOMETHYLUREA: oxis of rotation = §
preferred orientation: ¢ parallel to H

7L,
3

(mmax—
1000

2KW
m

\

SLOPES OF STRAIGHT LINES.

SAMPLE
DAT 2 4
ccL 3.34 339
cL 3,27  3.37
ccl 3,28 3,40
cv 3,23 3.34
AVERAGE | 3.28 3.38
+0.03 0,02 |,
~ v
AVERAGE | 3.33 +0.05
= X* — x*
c a
|

2 400

(Kilogau.'.s)2
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FIG.25 MAGNETIC ANISOTROPY DATA FOR METHYLUREA.

T T !
! x i

MONOMETHYLUREA « axis of rotation= a

preferred orientation; ¢ parallel to H

IT
ZKW ( Omox — )

SLOPES OF STRAIGHT LINES.
ceL 5.21
cL 5.25
cct 5.23
c! 5.22

4 AVERAGE 5.23 +0.01 =

Xg& —xr
§ [ [

L
300 400 H2 500 (Ki!ogauss)\2



MAGNETIC ANISOTROPY DATA FOR MONOMETHYLUREA .

FIGURE 26.

-
(O(max 4 )

— e —— 1000

2KW
m

.—156_

MONOMETHYLUREA: axis of rotation= ¢

preferred orientation: g parallel to H ~////j;
VR

7 //

/// :// /

r_—

T T

LccLy

4+~ CL?

e lad
- c7

" d-ccls
7 J-cLs
" kceLs

- cUs

-CCL1A
-ccLt
- CL1A
L Lt
-cet1a
-cclL

- cL1A
r c’h

_COMPOSITE DATA

SAMPLE 1
1200
noe

—1000

- s00

- 800

SLOPES OF STRAIGHT LINES. - 700

AMP

onx 1 1A 5 7
ccL | 1.87 194 187 1,88
cL 1.78 1.90 1,90 1.82
cc/ | 180 1.88 1.89 1.86
ct/ .83  1.89 1,88 182

AVERAGE | 1.82 1.90 1.89 1.85

20.03 £0.02 #0.01 30.03,
v

x
AVERAGE | 1,87 £0.02 = X5 — Xp

NOTE: Repeated measuraments on sampis 1
are labeled LA. For o given line in table,
data for 1 and 1A are referred to same ori—

gin. Composite data are referred to coordin-
ates at right,

{ I 4

300

400 500
H2 (Kilogauss) 2



MAGNETIC ANISOTROPY DATA FOR THIOUREA.

FIGURE 27.

_ @,
4

( OCmox

2KW
m

1000

I !

THIOUREA: axis of

preferred orientation *

rotation =

I

a

¢ paraliel to H

-CCL 5
- c's
- CLS
-ccUs
- cL4
-CcCL4

A-ccua

- Cl4
-CCL3

+ CcuU3

- cL3
-ccU3

3 4 5
251 2.49 2,54
250 252 2,54
: 2.54 2,50 256
n 2,52 2.48 2.56
Yy / AVERAGE| 2.52 2,50 2.55
S (30,0l 0,01 0.0l ,
/ M x_ X
Y. AVERAGE| 2.52 +0.02= Xx§-X}
/
1 | 1
300 400

Hz 500 (Kilogauss)?



MAGNETIC ANISOTROPY DATA FOR THIOUREA.

FIGURE 28.

—138 —

i ] - cU2

THIOUREA: axis of rotation= 4 / Aecre
preferred orientation: ¢ parallel to H .////

- CL2
~CCL 2

-CCL/1
- CcL 1

- cUt
-ccL
- CcUe
-ccls
- CL6
-ccL6

(Cmax = )
1000

2KW
m

SLOPES OF STRAIGHT LINES.

AMPLE
DAT, 1 2 6
ccL 2.73 267 284
cL 2,78 266 2,778
N celV 2,74 270 2,80
cv 2,74 2,72 277

AVERAGE| 2,75 2.69 2,80
+0,02 £0,02 +0,02
- v J
AVERAGE| 2.75 £0.04= X% —-X7g
L
300 400 2 500

H

(l(ilo«;;cmss)2
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FIG, 29 MAGNETIC ANISOTROPY DATA FOR ANTHRACENE.
1 a }
ANTHACENE : axis of rotation= § //')

Y
preferred orientation: Qﬁ = 10 %xI° ////
¢ S
7F \ﬁ j[‘if // / ,/'/

2K _TU
_ﬁww'(o.cmcx 3 )

SLOPES OF STRAIGHT LINES.

cCL

CL

ccr

c/

AVERAGE

1377

139.0

137.9

140.3

138.7 +0.9 =
XF—x;

|

300

HZ

400 (Kilogauss)?e
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FIGURE 30.

MAGNETIC ANISOTROPY DATA FOR PROTEIN FIBERS.

| I T

.
ELEPHANT HAIR. ////////// ///ii//f:

i

{cl
3T

SILK WORM GUT. //;:;jj:
]

//
//
/// SLOPES OF STRAIGHT LINES. ]
*

o SAMPLE | ELEPHANT SILK
DATA HAIR WORM GUT
ccL 0.0 111 0.009 1 _|

CL = 0.0099 0.0065
'y

CCL 0.0122 0.0064
CL # 0.0128 0.0102
AVERAGE 0.0115 0.0080
+0.0010 +0.0016
| | |
300 400 2 500

(Kilogauss)2
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V. PROPOSITIONS,.

(1) The equation V2¢+(§—VE)2F(£)¢ = 0, where

+ 00
F(r) = E Ay EXP{ 27[i(hx+ky+1z)f is a triply periodic function
3
)
of position, arises in the study of the propagation of waves in a
crystal. The waves may be mechanical vibrations or electromagnetic

disturbances, or may be of quantum-mechanical origin. The general

solution is '¢ E 27[1[(h-00x+(k-ﬁ)y+(/Q-Y)z]}

where ¢ (& and Y are arb:.trary parameters. The coefficients Chkx
may, in principle, be evaluated by substituting the solution into
the differential equation to obtain a system of infinitely-many

linear homogeneous simultaneous e_guations. For the one-dimensional

case, the system of equations is E :ig - V Ca-h } Ah o
‘ h
h

a (m-00)? w30,

1
~m s 03
In order to solve this system of equations, it is necessary that the

values of v ando(be such that the determinant of the system of

equations is zero. For the three-dimensional case the indices m, h

and m-h are each replaced by a set of three indices; nevertheless,
it is proposed that the treatment of the three-dimensional case is

not more difficult than for the one~dimensional case.,

(2) For a chemical reaction involving a gain or loss of heat en-
ergy, Einstein's equation, AE = zgmcz s predicts that the mass of
the products should be slightly different from that of the reactants.,
It is proposed that this may be verified experimentally by a prac-
tical method.

(3) Great difficulty is often encountered in trying to locate the
crystallographic axes of an irregular crystal fragment by use of
the Laue camera. In principle, one must take Laue photographs

parallel to a great many directions until an axis is come upon by
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accident. It is proposed that the amount of work involved may be
greatly reduced by an alternate method using equipment presently

available in the X-ray laboratory.

(&) Ferromagnetic impurities cause a small error in measurements
of the average susceptibilities of diamagnetic substances made by
the Gouy method. It is proposed that this error can be eliminated
by the use of a specially designed magnet and a modification in the
experimental procedure similar to the modification made in Part I
of this thesis for the elimination of the analogous error in meas-

urements of diamagnetic anisotropy.

(5) Anisotropic crystals give, as is well known, optical inter-

- ference patterns of a special kind when observed in convergen pol=
arized light. These patterns are sharpest when observed in mono-
chromatic light; in white light, they are blurred and indistinct.
If one wanted to study the change in the location of the optic axes
with changing wave-lengths of light, or merely wanted to see how
nice the patterns look in color, a light source having several
fairly sharply defined wave lengths of about equal intensity could
be used. It is proposed that a very simple light source of this

type is readily available.

(6) It is proposed that the value of the magnetic susceptibility
of methane recorded in the International Critical Tableglls too high

by a factor of 3.

7 Pencil notations on X-ray photographic films remain after the
films have been developed and fixed. It has been suggested that the
pressure of the pencil point "exposes" the silver emulsion. This is

incorrect.

(8) An anisotropic diamagnetic molecule in a liquid or gas should
tend to orient itself in a magnetic field with the direction of min-
imum diamagnetism parallel to the field. Collisions with other

molecules would oppose the tendency to orient. Hence, a liquid or
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gas containing anisotropic diamagnetic molecules should have an
average susceptibility which is slightly dependent both on field
strength and on temperature. It is proposed that the following
equation describes the dependence to good approximation:
2 w2 el

25°
x.* +X* ,’,X* -X*X’-_* -X*X# _X*X* .

x*(T,H) = X3 + gegpp | X X3 X5 -X{X5 -XiX3 -X3X3

(9) A qualitative discussion of ionic conductances involving an
idealized conductance cell divided into a number of compartments

can be found in many texts on Physical Chemistry., When the migra-
tion of the ions in the idealized cell is treated quantitatively,

a useful mathematical relation between concentrations, velocities of
ions and the current conducted by the electrolyte is obtained,

(10) 1In organic preparations, it is occasionally necessary to
carry out a distillation of a two-phase liquid for the purpose of
separating only one phase, the second phase being returned to the
kettle. A compact distillation-head with small liquid hold-up
which would automatically separate the phases without the attention
of an operator and without moving parts would be convenient for
large scale preparations, It is proposed that such a distillation-
head may be comstructed which, in addition, will separate liquids,
such as sec-butyl alcohol and water, which are fairly miscible when
hot.**
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