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ABSTRACT

A new method has been worked out for measuring principal magnetic susceptibilities of
triclinic erystals having an axis of approximate magnetic symmetry. - The susceptibility tensor
bas been transformed from an arbitrary set of rectangular axes to principal magnetic axes. The
method has been verified by measuring principal magnetic susceptibilities of CuS04.5H30 and
CuSe0,4.5H0 crystals and comparing the results with those of previous workers.

INTRODUCTION

A plot between magnetic susceptibility of a crystal against direction is, in
general, an ellipsoid. The three principal axes of the ellipsoid are termed as mag-
netic axes (hereafter we shall refer them as M-axes) of the crystal, and susceptibili-
ties along these axes are termed principal susceptibilities. The object of all room
temperature measurements with crystals is to determine principal susceptibilities
and at the same time to locate M-axes. Except for triclinic crystals all have some
axis of symmetry which makes the measurements convenient. Absence of symmetry
axis, as is the case with triclinic crystals, makes the measurements rather difficult.
Earlier work on the measurement of principal magnetic susceptibilities of triclinic
crystals depends on measuring the magnetic anisotropy of the crystal in several
non-parallel planes and noting the direction of maximum susceptibility in each
plane and then solving for principal anisotropies and M.axes by trial and error
(Krishnan and Mookherji, 1936, 1938; Mookherji and Than Tin, 1939). This method
is very troublesome both from experimental and computational point of view. In
the present communication a method has been suggested which seems to be much
more convenient than the previous one.

TeEORY

Let us represent principal magnetic susceptibilities of a triclinic crystal by
X; and also let M-axes be represented by Oz;, where i = 1, 2, and 3 of a left-handed
rectangular coordinate system. The equation of representation quadric referred
to these axes can be written as

X122 4 Xep2+Xgzs2 = 1

'Now we consider another-set of left-handed rectangular coordinate system
with axes Oz;', where ¢ has the usual meaning, and susceptibilities along these axes
we represent by X,'. Therefore from the rule of transformation of second order

tensor we get ,
Xij = Qi1 X1

Since X are referred to M-axes, its components X = 0 for k3£ 1 and Xu 7% O for
k =1. Therefore

Xii' = apaaXy
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and
Xa]=[X1 O O =[x 0 0
0 X22 0 0 Xe 0
0 0 Xas 0 0 Xs
(Following single suffix notation . . .. .. vide Nye, 1957)

With triclinic crystals it has been observed that one of the M-axes is an axis
of approximate magnetic symmetry (Krishnan and Mookherji, loc. cit.; Mookherji
and Than Tin, loc. cit.). Let us in the first place call Ox; as the axis of exact
magnetic symmetry, so that

Xkl = Xl 0 0
0 x, 0
0 0 X

and hence the equation of the representation quadric can be written as
X1(xy®+xo2) +Xg732 = 1

Thus the representation ellipsoid reduces to a spheroid with section perpendicular
to Oxy a circle. This makes the axes Oz; and Ox, arbitrary in z;z, plane. These

arbitrary axes along with Oz3 we shall call Ox,-. Now let us suspend the crystal
with Oz’ axis vertical in a horizontal uniformi magnetic field. In the horizontal
plane we call the axes of maximum and minimum susceptibilities as Oz,’ and Oz’
The susceptibility along Oz,’ is given by

X;I = X1+(X3—-X1)a?3 (Since af1+af2 = l—afg)
If a;3 = cos «, we have

dxll/dot
in z,'zy’ plane)

0  (Since by definition of X, , it is either maximum or minimum

This gives
sin 2« = ()
or 2a = 0 or =2

« = 0 means axis Oz; lies in the horizontal plane of suspension and enables
us to locate the M-axes without any difficulty, and principal susceptibilities can
be readily determined. This is, however, a special case. Therefore, in general,
« = /2. This gives rise to two cases, viz. (1) the axis of symmetry is an axis of
maximum susceptibility, and (2) the axis of symmetry is an axis of minimum
susceptibility. Hereafter we shall refer these two cases as case 1 and case*2 res-
pectively.

X1y
“do ‘
the direction of minimum susceptibility in the horizontal plane of suspension while
in case 2 it gives the direction of maximum susceptibility. At this stage it will be
proper to define the axes Ox;" and Ozy’ in the two cases. In both the cases we
take Oz, governed by the condition « == #/2, i.e. in the horizontal plane Oz;’ is the
axis of minimum susceptibility in case 1 and maximum susceptibility in case 2.

Now since Ox;," is at right angle to Oxs, it lies in z,x; plane. Also because

Since —— == 0 is a condition of maxima or minima, in case 1, « = #/2 gives

0:;1 and 0:;:2 are arbitrary we can always choose 0:::1 coincident with Oz;,' and
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0;:2 normal to 0;:1 in z 2, plane. Therefore the direction cosines between axes

0;:,- and Oz;" will be
1 0 03
(O cos ¢ sin ¢)

0 —sin¢g cos¢
where ¢ is angle between Oxg and Oz;’ axes,

Now if the crystal is suspended with Ox;’ vertical in a uniform horizontal
magnetic field, the crystal plane z,’z," will set at certain angle with the direction
of the magnetic field. But if the suspension is such that Ox,’ is vertical in the
uniform horizontal magnetic field, the crystal plane z,z,” will set either parallel
or perpendicular to the field. Reason for these settings is obvious if we remember
that Ox;’, direction of maximum or minimum susceptibility in x,’z,’ plane, is coin-

cident with Oz; and at right angles to Ox; (one of the M-axes), and Ox3 makes an
angle ¢ with Oxy’. Let us again consider the suspension with Ox;" vertical. Oz
lies in the horizontal plane of suspension and will set parallel to the field in case
1 and perpendicular to the field in case 2. Therefore the angle that the plane
xy'wy’ makes with normal to the field in case 1 and with the field in case 2 will be
the angle ¢.

Now let us say that the crystal‘has no axis of exact symmetry and

Xed =[x, 0 0
0 X2 0
0 0 X3

Now if we suspend the crystal with Oxz3 axis vertical in a uniform horizontal
magnetic field we shall get X; and X, in the horizontal plane, and the crystal will set
with X, parallel or perpendicular to the direction of the field. So we know the axis

Ox;, and the angle between Oz; and 0:.51 can be determined. Let this angle be 6.
Therefore the transformation matrix between the coordinate systems O;v,- and Oz;
will be
cos@ sinf O
—sin # cos@ O
0 0 i
Therefore the transformation matrix between Oz; and Oz; coordinate systems

will be
1 0 0 cos @ sinf O
(O cos¢d sing)x|{—sind cosd 0O
0 —sin¢ cos¢ 0 0 1
cos @ sin 6 0
= | —cos ¢ sin § cosp cos  sin ¢
sin ¢ sin §# —sin ¢ cos § cos ¢
according to the theorem of product of matrices.

If a crystal for which X; 75 Xe 7= X3 is suspended with Oz’ vertical in a uniform
horizontal magnetic field, the anisotropy in the horizontal plane of suspension, say
(AX)s, is given by '

(AX)g = x;l_x;Z

= (Xy—Xg)(cos20—cos?p sin2f) - (Xz—Xg) sindd .. ..o (D)
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When the crystal is suspended with Oz,’ vertical, anisotropy in the horizontal
plane of suspension, (AX), say, is given by

(AX)1=Xs—X

where X is the susceptibility in direction perpendicular to. X3 in the horizontal plane
of suspension, i.e. xy"z3" plane.
In z,'zy" plane

X553 = Xgcos2$+X sin2d
X;2 = Xgsin2¢+X cos2d
Subtracting and solving, we get
X3—X = (AX); = (X;3—-X;2)/(cos2¢-—sin2¢)

Therefore substituting the values of x:;a and x;Z we get

and

(AX); = (X3—X2) —(X1—X2) sin20 for case 1 }
(2)

(AX); = (X1—Xz) 8in204(xy—Xs) for case 2.

Taking the measured values of (Ax);, (&£X)s, ¢ and & and solving equations
(1) and (2) for (x;—X;) and (X;—X3) one can find out all the principal anisotropies.
Measuring susceptibility in any known convenient direction we can determine all
the principal susceptibilities.

EXPERIMENTAL

The experimental procedure adopts the principle of the theory given in the
previous section. The crystal was first suspended with some suitable face hori-
zontal from one end of a calibrated quartz fibre in a uniform horizontal magnetic
field. The anisotropy in the horizontal plane was measured by the well-known
method of Krishnan and Banerjee (1934-35). The setting of the crystal in the magnetic
field was observed with the help of a fine tele-microscope. Direction of minimum
susceptibility for case 1 and maximum susceptibility for case 2 gives us the direction
of Or,’. Next the crystal was suspended with Oz," vertical in a uniform horizontal
field. The setting of the crystal plane, which was horizontal in the previous case,
with the direction of the normal to the field in case 1 and with the direction of the
field in case 2 gives the value of angle ¢ and thus enables us to locate the axis Oz,
which is the direction of y,,, for case 1 and y.;, for case 2 for the suspension.
The anisotropy was again measured as in the previous case. Finally the crystal was
suspended with Oxy vertical. The angle between Oz,’ and the setting direction
along the field gives us the angle 8.

The absolute susceptibility of the crystal along Oz, or Ox," was measured by a
quartz micro-balance. The force on. the specimen in the magnetic field was
meagured in terms of rotation of the torsion head and compared with that for a
standard crystal of nickel-potassium sulphate hexahydrate.

REesuvLTs

The theory has been verified by measuring the susceptibilities of CuS04.5H,0
and CuSe05H,0 crystals and comparing the results with those obtained by
Krishnan and Mookherji {loc. cit.), Mookherji and Than Tin (loc. ¢it.) and Bose (1948).
The results have been collected in Tables 1 and 2.
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TaBLE 1
Anisotropy in Anisotropy of the crystal
the lllao;izontal X10-¢ C.G.8. units
rystal 8 i i plane of
Crys uspension Setting suspension Measured by
X110~ i C.G.S. Observed previous
units workers
CuS04.5Hg0] (110) plane c-axis makes | (AX)g = 205-0
horizontal an angle of at 306-0° K,
43-2° with the
field
Xmax in (110) plane | (AX); = 261-4 | At 298-0°K | At 299-0° K*
previous makes an at 306-0° K, | X;—X; = 286-9 | X;— X3 = 280-0
suspension angle of 59-1° X;—Xy =133 | X;—Xg = 10-0
vertical with the
field, i.e.
¢ = 59-1°
Axis Oxg 8= 3-9° —
vertical
CuSe0,.5H,0| (110) plane c-axis makes | (AX); = 129:1
horizontal an angle of at 302-5° K.
62-1° with the
field
Xmaz in (110) plane | (AX); = 274-6 | At 301-0°K | At 301.0°K ¥
previous makes an at 302-5° K. | X;—X3 = 2854 X;—X; = 280-0
suspension angle of 41-2° X;—Xg = 11-1 | X;—Xg = 10-0
vertical with the
field, i.e.
¢ = 41-2°
Axis Ozy 0 =12.8° -
vertical
* Krishnan and Mookherji (1936, 1938).
1 Mookherji and Than Tin (1939).
TABLE 2
Maximum mass | Principal gram molecular susceptibility
susceptibility in of the crystal x; Xx10-% C.G.S. units
c 1 s . the horizontal
rysta uspension plane of suspen-
sion, {x;’)x 10—8 Obgerved Measured by
C.G.5. units previous workers
110) plane 6-357 15875 1536-2*
CuBS04.6H0 (hor)izlzmtal at 295-2° K. at 205-2° K, at 295-2° K,
110) plane 5-046 1469-6 1420-0 1
CuSe05H;0 | (LOLPRS at 301-0° K. at 301-0° K. at 301-0° K.
* Bose, A. (1948).

1 Mookherji and Then Tin (1939).
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