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netic field values corresponding to the maxima
of THG and those corresponding to the transmis-
sion minima requires more theoretical work
about the details of nonlinear dispersion at fre-
quencies larger than the band gap.
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GRAPHITE TRIPLE POINT AND SOLIDUS-LIQUIDUS INTERFACE
EXPERIMENTALLY DETERMINED UP TO 1000 atm*
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(Received 29 July 1968)

The triple-point pressure of four grades o' graphite was determined to be 103 atm (ab-
solute). The triple-point temperature varied from one grade to another with values
ranging from 4183 ~ 10 to 4299+ 25 K. The solidus-liquidus temperature measured for
one grade increased with increasing pressure from 4247'K at 103 atm to 4306'K at 1000
atm.

The theoretical development of the graphite
(carbon) phase diagram is receiving serious at-
tention by this author and others; but until the
theoretical results are more fruitful, the need
for accurate experimental data is urgent.

The rapidly expanding use of graphite as a
structural and ablative materia]. for extreme
high-temperature applications such as re-entry
vehicles, supersonic-airplane leading edges, nu-
clear-rocket reactor and power reactor cores,
etc. , is making it essential to have accurate
pressure-temperature phase-diagram data up to
1000 atm.

Graphite pressure -temperature phase -diagram
research is made difficult by the normally non-
compatible requirements of simultaneously main-
taining high pressure and temperature for a test
specimen. Investigators seeking experimental
data on the graphite melting temperature are
faced with many difficulties. Several approaches
have been tried by Bassett, ' Jones, Noda, ' Bun-

dy, and Fateeva' in order to maintain the de-
sired environment and to accurately measure the
melting temperature.

A test specimen large enough to make its own
crucible provided the unique feature which al-
lowed this work to achieve accurate results. The
11.5-mm-diam specimen was melted at the axial
center line by electrical resistance heating, but
remained solid at the outside surface at the time
the melt temperature was achieved. A radial
hole to the melt location provided an almost
ideal blackbody cavity for the optical readings,
thus eliminating the usual emissivity correction
problem. A blackbody-calibrated monochromat-
ic pyrometer was used for all temperature mea-
surements. This pyrometer was calibrated by
the National Bureau of Standards. Additional
checks of the calibration were performed on the
actual experimental setup by measuring the
melting point of gold, molybdenum, and tungsten.
The results of these tests verified the accuracy
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FIG. 3. Pressure-temperature phase diagram for
LANG-grade graphite up to l000 atm.

ratory, were selected for the program. Details
of the LANG grade are given beIow; details of
the other grades are available from the manufac-
turer. The LANG grade contained 70 ppm U'"
and other minor impurities. It was manufactured
from 60-mesh high-purity graphite flour base
mixed with Thermax submicron carbon-black
particles and a small amount of 40- to 50-mesh
pine-wood flour. A partially polymerized furfu-
ryl alcohol called Varcum 8251 was used as the
binder. After blending, the above materials
were extruded. Four thermal cycles were per-
formed on the extrusion for a combined heat-up
time of 127 h. The final operation was graphiti-
zation at 2620'K for four hours.

Three kinds of experiments, as described be-
low, mere conducted to acquire the data shown
in Fig. 3. These were triple-point pressure
tests, triple-point temperature tests, and melt-
ing-temper3ture tests from 200 to 1000 atm.

The triple-point pressure was located by con-
ducting experiments at various pressures above
and below 100 atm, and then visually examining
the sectioned specimen under a 120&& microscope.
The specimen geometry used for these tests is
shown in Fig. 2 except that the hole plug and
vent hole shown were not added until tests above

the triple-point pressure. This geometry was
necessary to insure that melting occurred under

a known pressure. If the holes had not been
present or if they had become plugged during a
test, any melting observed inside the specimen
occurred under the measured gas pressure plus
an unknown pressure from restrained thermal
expansion. All tests reported herein were ter-
minated with the radial and axial holes still open
to provide pressure relief. The triple-point
pressure for four grades of graphite was deter-
mined to be 103 atm.

The triple-point temperature tests used the
same specimen geometry as the triple-point
pressure tests described above. The radial-
hole, axial-hole combination formed a vent sys-
tem which served to sweep away much of the oth-
erwise troublesome graphite vapor. During
some tests, small amounts of a dark-appearing
vapor would be observed in the radial hole dur-
ing the highest temperature measurements. This
vapor would absorb some of the emerging black-
body radiations thus lowering the readings and

eventually partially plugging the radial hole. The
readings thus affected are not included in the
data. After the dark vapor appeared, the power
increase was aIlowed to continue until a rapid
rise in voltage was taken as the melting initia-
tion power. The central cavity temperature was
calibrated against power at temperatures below
the threshold for significant amounts of carbon
vapor. The calibration, together with the accu-
rately measured power at which melting began,
was then used to extrapolate the last several
hundred degrees to the melting temperature for
some tests by using an appropriate equation and
a least-squares technique. Use of these proce-
dures largely eliminated the effects of carbon
vapor on the measurements. The triple-point
temperature results are the following: 4183
+10'K for AGOT, 4226+33'K for LANG, 4238
+ 18'K for AGSR, and 4299+ 25'K for AGKS.
These values are the mean value plus or minus
one standard deviation of the mean. Five or
more specimens were tested for each grade to
establish the mean value and the deviation.

The results obtained for the melting tempera-
ture of LANG-grade graphite for pressures of
200 through 1000 atm are given in Fig. 3. Five
or more specimens were tested at each pressure
to establish the deviation shown in Fig. 3.

A linear least-squares fit to the solidus-liquid-
us interface data from 200 to 1000 atm for LANG
grade predicts 4247'K which is in excellent

740
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agreement with the 4226'K mean triple-point
temperature measured for LANG-grade graphite
as shown in Fig. 3. This agreement provides a
verification of the triple-point temperature of
LANG-grade graphite.
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Arguments are developed to show that the Dzialoshinskii vector D should be calculated
according to statistical mechanics.

In molecular field calculations the term

D ~ (M, xM, )

is usually introduced to describe the Dzialoshin-
skii-Moriya interaction for those antiferromag-
nets which exhibit this type of weak ferromagne-
tism. M, and M, are the sublattice magnatiza-
tions and D is assumed to be a constant vector.
In hematite, which will be used throughout as a
typical example, D is parallel to the [111]crys-
tallographic direction.

It is the purpose of this Letter to show that D
should not be treated as a constant vector but
should be calculated according to statistical me-
chanics.

The notation used by Dzialoshinskii' will be
used to express the thermodynamic potential 4.
In this notation m= s, +s, +s3+s4, and l=s, -s,
-s, +s, . The vector m is the mean magnetic mo-
ment of the unit cell, and each s is the mean
magnetic moment per ion, while the subscripts
indicate the relative location of each magnetic
ion along the [111)direction of the unit cell. The
antiferromagnetic ordering of the magnetic mo-
rnents in hematite is s, =-s, =-s3=s4 when only
isotropic exchange is considered. The most gen-
eral form for the expansion of 4, to second or-
der, consistent with the symmetry of the crystal
and the relative antiferromagnetic ordering of
the spins is

= Ql'+-,'am'+-,'ai '+-,'bm '

+ P(l m -l m ) + —,'C lx g g x

The first two terms and the last one are exchange
energies, the third and fourth terms are aniso-
tropy energies, and the "mixed" term of the form
E m -l m leads to the possibility of a weak
spontaneous moment. ' Since the "mixed" term
satisfies all symmetry requirements, then any
term formed by multiplying this "mixed" term by
a constant also satisfies all symmetry require-
ments. This fact is emphasized by requiring P
to be a positive constant multiplied by +1, or
simply +P. 4+ corresponds to +P while 4 cor-
responds to -P. The solution of the equations
which provide the minimum 4 yields the follow-
ing results:

(I) m=O, l =l =O;
x

(rr) l =O, m =O, m =(P/a)l,+ Z

m =-(p/a)l;
v x'

(II) l =0, m =0, m = (P/a)l-z z x

m =(P/a)l .
x

State (I) corresponds to the low-temperature con-
figuration and will not be considered further.
States (II)+ and (II) correspond to possible con-
figurations in the temperature range between
TM, the Morin transition, and TN, the Neel
temperature. Both states (II)+ and (II) have a
spontaneous magnetic moment, however, m+

74l


