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Temperature Variation
of the Magnetic Anisotropy of Graphite.

By K. S. Krishnan and N. Ganguli,
Indian Association for the Cultivation of Science, Calcutta.

1. Introduction.

Graphite crystal belongs to the hexagonal system and occurs in the
form of a thin flake parallel to the basal plane. The crystal exhibits
some remarkable magnetic properties. Whereas its susceptibility along
directions in the basal plane, y,,is normal, and has the value 0.5- 4078

per gm., which is nearly that of diamond, the susceptibility along the

hexagonal axis, y, has more than 40 times this value, namely about
22-406 per em., at room temperature!), This abnorma] diamagnetism

of graphite along the hexagonal axis is due to its peculiar structure.
The carbon atoms are arranged in layers parallel to the basal plane.
The atoms in each layer form a regular hexagonal net-work, and are

strongly bound to their neighbours in the plane. On the other hand,
the binding between adjacent layers, which are rather widely separated,
is very weak. Three of the electrons of each carbon atom take part in

binding the atom to its three immediate neighbours in the same layer,
while the fourth electron is more or less free, and can wander about in
the plane of the hexagonal net-work. The large orbits which these odd

electrons can execute in the basal plane under the influence of a ma-

gnetic field incident along the normal to the plane, explains the abnormal

diamagnetism along the latter direction.
Now these "'free'"' electrons probably take part in loosely binding

together the adjacent layers of carbon atoms, and any disturbance which
alters the distance between the adjacent layers, will naturally interfere
with the freedom of these odd electrons, and will therefore tend to
diminish the abnormal diamagnetism along the hexagonal axis. In other

words, the abnormal part of the diamagnetism of graphite should be

markedly structure-sensitive, Thisis verified experimentally"). On trea-

ting the crystal, for example, with a mixture of strong sulphuric and
nitric acids, to which has been added a pinch of potassium chlorate-
when the crystal swells up to "blue graphite"-y diminishes (numerically)

4) Krishnan, Nature 133 (1934) 174; Guha and Roy, Ind. Jour. Phys.
8 (4934) 345.

2) Krishnan and Ganguli, Current Sc. 8 (4935) 472; Ganguli, Phil.
Mag. 21 (1936) 355.
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rapidly from -22-10-® to less than 2-10-6 > whereas 7, remains.

practically unaffected. In this treatment it is the distance between the
loosely bound adjacent layers of carbon atoms that changes, while
the distances between the atoms in any given layer are not altered; i. e.
the swelling is confined to one direction, namely the hexagonal axis of
the crystal.

A similar effect is observed on treating the crystal with potassium,
vapour; when it forms a metallic-looking, copper-coloured alloy. Here
also the swelling is along the hexagonal axis, and it is the abnormal
diamagnetism along this direction that diminishes rapidly, whereas the
diamagnetism in the basal plane, which is normal, remains practically
unaffected, An indefinite diminution in the size of the crystal, beyond
a certain low value, also appears to have a similar effect.

In view of the structure-sensitiveness of the abnormal part of the
diamagnetism of the crystal, temperature changes also may be expected
to have a large influence. We have therefore made measurements of the.
principal susceptibilities of the crystal over a large range of temperatures,
from the temperature of liquid oxygen, -483°C, to about 800°C. The
present paper gives an account of these measurements').

2. Measurements of Magnetic Anisotropy at Low Temperatures.
Since one of the principal susceptibilities of the crystal, namely 70,

is much larger than the other, y,, and since the difference between the
two is easier to measure accurately than either of them separately, we
have made measurements of the anisotropy Xp and of the smaller
susceptibility 7,, at different temperatures.

We shall take up first the low temperature measurements of the aniso-
tropy. The method of measurement adopted is essentially the same as that
described in a recent paper?) on the measurement of. the magnetic
anisotropies of some paramagnetic crystals at low temperatures. The
crystal is suspended at the end of a calibrated quartz fibre inside a
thin-walled copper cylinder which is kept deeply immersed in the liquid
bath of a cryostat. The liquid used for the bath is petroleum ether of
low g point, kept in a large Dewar cylinder. The bath is kept
continually stirred, and its temperature is maintained steady at any
desired value by automatic control by a constant-volume air-thermo-
meter of thin-walled copper, immersed completely in the bath. There

boilin

4) A preliminary report of the results was published in Nature, 139 (4937) 155.
2) Krishnan, Mookherji and Bose, in course of publication in Phil.

Trans. Roy. Soc. A.
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are two electrical circuits, one through the motor of an air pump which
can suck slowly liquid oxygen into a small copper chamber immersed
in the bath, and the other through a small heating coil, also immersed
in the bath. One or the other of the two circuits is automatically closed

according as the volume of the air in the controlling thermometer is

higher or lower than a certain pre-adjusted value, depending on the

temperature at which it is desired to maintain the bath.
Below about -140°C the petroleum ether becomes very viscous,

and hence unsuitable as a bath liquid. We could therefore work at only
one temperature below this, namely the boiling point of oxygen. For
this temperature, liquid oxygen is used directly as the bath liquid, in

place of.petroleum ether, and is allowed to evaporate freely at atmos-

pheric pressure; no temperature control is necessary in this case.
Measurements of the temperature of the crystal are made with a

copper-constantan thermocouple, one junction of which is inside the

crystal chamber, just below the crystal, and the other is kept at the

temperature of melting ice. The thermocouple is calibrated by keeping
the former junction at the following temperatures :- (1) the temperature
of liquid oxygen boiling at atmospheric pressure, namely - 183°.00
-+ (p -760) - 0.0126° C, where p is the atmospheric pressure in mm. of

mercury; (2) the temperature of a mixture of solid carbon dioxide and

ethyl ether, namely -78°.64C; (3) the temperature of the room, mea-

sured with a calibrated mercury thermometer; (4) the boiling point of
water at atmospheric pressure. A four-constant formula, of the type
E=at+ bi? + ct? + dt, is used to express the relation between the

temperature t of the measuring junction of the thermocouple, in degrees

centigrade, and the observed potential difference Z between its two

junctions.
The magnetic measurements are made by the torsional method

described in earlier papers from this laboratory. The crystal is suspended
inside the copper-tube immersed in the cryostatic bath, mentioned

previously, with its plane vertical. The suspension for the crystal con-
sists of two parts. The upper part is a fine quartz fibre, which has been
calibrated previously, and the lower part is a thick glass fibre, sufficiently
stout in comparison with the quartz fibre to be regarded as rigid. The
whole length of the quartz fibre is above the cryostat, and is practically
at room temperature all the time, so that its torsional constant is in-

dependent of the temperature of the cryostat. The whole of the cryo-
static arrangement is placed between the flat pole-pieces of a large
electromagnet, so that the crystal may be in the centre of the field.
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The upper end of the quartz fibre is attached centrally to the pin
of a graduated torsion-head. The torsion-head is initially adjusted so

that when the crystal takes up its natural orientation in the magnetic
field, namely with its plane along the field, the torsion on the fibre is
zero. If the torsion-head is now slowly rotated from this position there
will come a stage when the equilibrium of the crystal in the field becomes
unstable and the crystal suddenly turns. If «, is the total angle by which
the torsion-head has been rotated from its original position, then the

anisotropy -z,, per gm., will evidently be given by the relation

cos 2a > (1)

where

sin 2o = (2)

and A stands for mA
2c m is the mass of the erystal, H is the

magnetic field and ¢ is the torsional constant of the fibre.
Since «, is large in our measurements, corresponding to 3 or

4 rotations of the. torsion-head, the expression for 2 reduces to the

simple form

Three different crystals were measured and the results are collec-
ted together in Table I.

Table I.

I crystal IT crystal ITE crystal

Temp. °K 7, - - 106 Temp. °K x, 70 .408 Temp. °K - A 106

293.6 21.2 301.2 24.0 295.6 24.0
270.6 22.0 272.8 24.9 272.4 24.9
252.9 22.6 241.8 23.0 209.4 24.7
234.2 23.4 242.2 24.2 189.9 25.5
241.4 24.7 186.4 25.4 469.0 26.4
194.8 25.3 160.6 27.0 446.2 27.4
165.4 26.8 437.4 28.0 130.0 28.3
148.9 27.3 90.4 29.4
90.4 28.8

3. Measurements of Anisotropy at High Temperatures.
For the high temperature measurements the crystal is suspended

inside a large-sized tube of unglazed porcelain, closely wound on the

302°% 2
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outside with "nicrome'' wire, over which is rolled tightly a thin sheet
of asbestos. By sending a steady electric current through the wire, the

temperature inside can be maintained at any desired value, up to
about 800°C. With this arrangement the temperature of the crystal
chamber is not so steady as in the cryostatic bath; but owing to the
much slower variation of

7, -% at the higher temperatures, the effect
of the small fluctuations in the temperature of the crystal chamber on
the measurement of ¥, - is very small.

The temperature is measured by a copper-constantan thermocouple,
one junction of which is inside the crystal chamber, just below the

crystal, and the other junction is at the temperature of melting ice. The

thermocouple is calibrated by keeping the latter junction at 0°C, and
the former successively at the temperature of steam at 100°C, and the

temperatures of melting of tin (234°.8), lead (327°.4), zinc (419°.4), anti-

mony (630°.5) and silver (960°.5), and the temperature of sulphur boiling
at atmospheric pressure (444°.6). The temperatures given inside the
brackets are in degress centigrade. Though the metals chosen were pure,
yet in order to guard against any possible uncertainties in their melting
points due to impurities, we have utilized for calibration 7 temperatures,
3 more than necessary.

The suspension for the crystal consists of two parts; the upper one
is a fine quartz fibre as before, and is at room temperature, but the
lower one is now a thin copper wire, to the lower end of which is tied

rigidly the crystal, with its plane vertical. The copper wire stands the

high temperatures better than the stout glass fibre. used in the low

temperature measurements, and the use of cements for attaching the

crystal is also thus avoided. The wire does not show any anisotropy.

Table II.

I crystal II crystal I crystal

Temp. °K x; yal .408 Temp. °K x, - y+ 406 Temp. °K x, - xj 10°

304.5 24.0 304.5 24.0 304.4 24.4
362.5 19.4 365.8 49.2 435 17.8

47.3 46 17.3 944 40.6454
624 44.0 647 14.0 1273 7.8
825 41.3 944 40.3
4080 9.0 1047 8.8

292
674 12-2

1264 7.8 10-5,

wv

279 739
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The results of the high temperature measurements on the anisotropy
are given in Table II. The crystals are all different from those used in
the low temperature measurements.

4, Measurement of y,.
In view of the small value of y,, and its sensitiveness to small

traces of iron which are usually present as impurity in graphite crystal,
and the large temperature variation of the disturbing effect of the iron

impurity, only rough measurements were made on x,. The crystal was
suspended with its plane vertical, at the end of a long quartz fibre, in
an inhomogeneous part of the magnetic field, so that the plane of crystal
may be along the field and perpendicular to the direction of its gradient.
The crystal was inside the copper tube of the cryostat in the low

temperature measurements, and inside the heated porcelain tube in the

high temperature measurements.

~19°x
30,

25

20

ty ~

0 200 400 600 800 7000 7200 °K

Fig. 1.

The motion of the crystal along the direction of the field gradient
when the current through the magnet coils is switched on, is followed

by watching through a low power microscope the shift of the suspension
fibre at a point as low as possible, i.e. where it emerges from the

crystal chamber. The shift is read directly on the eye-piece scale of the

microscope.

Owing to the small value of y,, the movement of the crystal in
the field is small, and we may therefore take the susceptibilities at
different temperatures to be roughly proportional to the lateral shifts
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of the suspended crystal, or to the lateral displacements of the fibre
in the field of view of the microscope, produced by switching on the cur-
rent through the magnet coils, The.results are given in Table III.

Table III.
Temp. °K 90 304 409 637 948

4.0 0.5 0.5. 04 004.-408

5. Temperature Variation of the Principal Susceptibilities.
The values of y,-y and of y,, at different temperatures are

plotted in Fig. 4.. As will be seen from the graphs, both y and y, in-
crease numerically as the temperature is lowered, xDp however, remaining
always very much smaller than At the temperature of liquid oxygen
the curve for x tends to flatten, suggesting that it may not increase
much as we go to still lower temperatures.

At high temperatures y, is more or less constant, while even at
4000°C x continues to diminish numerically, though very slowly.

Received 16 December 1938.

Printed in Germany
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issued has been surrendered by the transferor
in pursuance of any Order in that behalf made by
the Bondholders Incorporation Commission.

If the 4Directors refuse to register a transfér OFany
shares, they shall within two months after the date on
which the transfer was lodged with the Company send to
the transferee notice of the refusal.

All instruments of transfer which shall be registered
shall be retained by the Company, but any instrument of
transfer which the Directors may decline to register
shall, on demand, be returned to the person depositing
the same,

25... THE legal personal representatives of a deceased
sole holder of a share Shall be the only persons recog-
nised by the Company as having any title to the share,
In the case of a share registered in the names of two or
more holders, the Survivors or survivor, or the legal
personal representatives of the deceased survivor, shall
be the only persons recognised by the Company as having
any title to the share.

36. ANY person becoming entitled to a share in conse-
quence of the death or bankruptcy of a member shall,
upon such evidence being produced as may from time to
time be properly required by the Directors, have the
right either to be registered as a member in respect of
the share, or, instead of being registered himself, to
make such transfer of the share as the deceased or bank-
rupt person could have made; but the Directors shall, in
either case, have the same right to decline or suspend
registration as they would have had in the case of a
transfer of the share by the deceased or bankrupt person
before the death or bankruptcy.

37. WHERE the registered holder of any share dies or
becomes bankrupt, his personal representatives or the
assignee of his estate, as the case may be, shall, upon
the production of such evidence as may from time to time
be properly required by the Djrectors in that behalf, be
entitled to the same dividends and other advantages, and
to the same rights (whether in relation to meetings of
the Company, 'or to voting, or otherwise), as the regis-
tered holder would have been entitled to if he had not
died or become bankrupt. Where two or more persons are
jointly entitfed to any share in consequence of the
death of the registered holder, they shall, for the pur-
poses of these Regulations, be deemed to be joint holders
of the share,

38. THE guardian of an infant member (in case the
Directors elect to treat the holding of shares by an
infant as valid) or the committee of a lunatic member may
upon prodiweing to the Directors such evidence that he
sustains the character in respect of wnich he proposes to
act under this clause or of his title as the Directors
think sufficient may, with the consent of the Directors,
be registered as a member in respect of such shares or -

may transfer such shares,
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