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Physics. - "The e.tJ'ect of temperature and tranNverse ma.qnetisation 
on t!te res/$tance of grapltite." By Dwm E. ROBERTS. (Com­
munieated by Prof. H. E. J. G. DL BOls). 

The imestigations of GRl'NMACH and 'VJ<:IDEltT I), PATTERSON ') and 
othel's on t he effect of tmnsyel'se magneti::w.tion on electrieal resistanee 
show th at paI'amagnetie and diamagnetie wetals exbibit an incl'ease 
of resistitllce whcn magneliseu, while the three fel'l'omagnetic metals, 
at least in sntliciently strong traU8\'erile fielt~8, show a decrease. 
Although as yet no simple rclation ma)' be gi\'ell between the order 
or magnitude of Ihis eneet and the corresponding magnetic suscep­
lioility, it llIay he notieed that the effect increases in the ratio of 
one to a hlllldred as wc pass from 1k.1mmaglletie tantalium 10 dia­
magnetic cttdmium alld sllddenly itg'uin a thOll&'\ndfold as we pass on 
10 bismuth. This elemellt, as is weil known, possesses rathei' a high 
diamagnetic specific snseeptibility (- 1,40.1 O-G). Soon aftel' MORRIS 

0\\'1<;:-; 3) fouud Cey 10H gm.phite 10 show tlw highcst valne Jet ohserved, 
DI'. W. J. Dl~ Rus was led, by itnalogy, to antieipate th at gmphile 
llIight exhibit a variatiofl of l'esistanee of all even higher order wheu 
magneiiscd and sngge,ted 10 me to search fol' the effect. The 
prelilllillary expm'imellts 4) pel'foI'med with powdel'cd gr'aphite pressed 
into a thiu plate, with il'l'cgnlal'ly shaped pieces and with ordinal'y 
pencils amply satisfi~d expcctation anti justified nn extended imesli­
gntion of Ihe phenomenon. 

WeIl defined crystals of graphite are excecdingly rare and could 
not be pl'ocured; tlle ol'dinary matel'ial oecul'S in lamellal' agglome­
mtions, cleavable willt gl'cat eaBC along sllrfaees parallel to the base 
of thc hcxagonul systcm. From a chemical point of vic\"f the structurc 
is possibly Yer)' complieated; gr'aphite is gencrally considel'ed, above 
372°, the most stahle of the thl'cc allotl'Opie eal'bon modifications. 

The conductiyity tor heat of Ihis substanec has lately been studied 
by KOE~lGSBERG1<:R alld \V ElSS á). The l'csistivity as formerly detcl'mined 
by several obseI'vcrs") is as follows: 

1) L. GnUNKACH and ~'. WEIDEHT, Ann. der Phys. 22 p. 141, 1907. 
") J PATTF.RSON, PhiI. Mag. (6) 3 p. 643, 1902 .. 
3) MORRIS OWEN, Versl. Afd. Natuurk. 20 p. 673, 1911. Ann. del' Physik. 37 

p. 657, 1912. 
4) When magnelised transversely in a fie~d of 20 kilo gauss; lhe compressed 

powdel'ed Ceylon graphite gave an increase in resistance of 52 % j an irregularly 
shaped piece gave 219 9/ Q; HB and 5B pencils by A. W. FASER gave only 3% 
increase. 

5) J. KOENINGSBERGER and J. WEISS, Ann. der Physik. 35 p. 27, l~l1. Verh. d. 
Deutsch. physik. Ges. 14 p. 9, 1912. 

6) See Handb. der Anorg. Chemie 8 (2 Abtl.) p. M, 1909.' 
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Graphite from Ceylon at 0° 12.10-" ohm pel' cm3 

" "Siberia "" 11.10-4
" " " 

.. "Greenland ,,15° -:1:.10-4 
" " " 

The best of my samples gave a ref'>istivity as small as 0,5.10-4 , 

Le. roughly about half that of merclll'y (0,96.10-4 at 18°): this in­
cl'east3d witb rise of temperatUl'e by about 0,001 per degl'ee. The 
resislivity of amorphous eal'bon has always been found to be much 
larger and is well-known to decrease with ri se of temperature; the 
eoeffieient diminishes, ho wever, as the transformation into the gl'aphitic 
modification proceeds 1), al though it has nevel' been observed to 
change its sign. 

With regard to the effect of magnetisation PATTERSON 1. c. found 
the resistance of a glow-lamp filament to increase by 0,027 percent 
in a transverse field of 25 kilogauss. According to CLAY 2) the resis­
tivity of sueh a filament decreases by 24 % on heating from - 255° 
to 0°. LAWS J) has investigated the effect for transverse magnetisation 
of glow-Iamp filaments, pencils and graphite without finding it to 
be of a high order. He found, at ordinary temperatures, the increase 
of resistance of tbe graphite in a field of 11 kilogauss to be about 
1 0/. of tbe resistance when outside the field, while at the temperature 
of liqnid air the effect was increased thl'eefold. Witbin this small 
range tbe increase of resistance was found proportional to the square 
of the field and· bet ween the temperatul'es 18° and -186° inversely 
proportional to the absolute temperature. As wiJl be seen these results 
a.re not in agreement with those found in the present research. 

EXPRRIMENT AL ARRANGEMENT. 
The specimens most nsed in this investigation were pl'epared from 

the same Ceylon graphite as that used by OWEN in his researches 
on its thermo-magnetic properties ; a chemical analysis has not yet 
been made. Short rectangl1lar pieces (7-10 mmo long, 1-2 mmo 
wide and 0,1-0,5 mmo thick) were obtained by eareful eleavage 
anri those selected for investigation whieh appeal'cd of most pro­
nOUIlecd and uniform crystalline structure. For the determination of 
tbe effect of transverse magnetisation tbey were, in general, snpported 
in the magnetic field so that the cleavage planes were perpendieular 
to the field i. e. tbe crystallic ax.is was parallel to the lines of force. 
On supporting the pieces freely in a magnetic field it was observed 

1) See Handb der Physik 4 p.380, 1905. G. WIEllEMANN, Elektriûtät, 1 p. 53?, 
188.2. 

2) J. CLAY. Dissert., Leiden 1908. 
S) S. C. LAWS. Phil, Mag. (6) 19, p, 694, 1910; hls graphite was obtained from 

the MORGAN Crucible Co., London. 
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that they moved so that tbe crystaHic axis set iisel( perpendicular 
to the field, tbis Mis thus coinciding with tbe direction of maximu n 
diamagnetic sperific sllsceptibility, w hieh according to OWEN may 
reach --15 millionths. 

The magnetic field of the latest large type model of tbe DU BOlS 

half-ring electromagnet was used. To obtain the higher fields at 
ordinary temperatures special prism-shaped pole end-pieces were 
used - 13 mmo Jong and 1,2 mmo wide. - 'Vith these end-pieces 
(0,7 mmo apart) and a pail' of extra polar coils a field of 50 kilogauss 
could be easily attained. For observations at low and high temperatm'es 
the same arrangement was used as that adopted by DU BolS and 
WILLS in eonjunetion with the large type electromagnet 1). The 
magnetic fields were measured by means of an explol'Ïng coil and a 
ballistic galvanometer,2) in the usual way. It was assumed provision­
al1y tbat the fields were appreciably the same at aH tbe tempera­
tures used for a gi\'en cunent through the electromagneL 

Tbe resistance of the graphite specimens, ho th in and out of the 
field, was determined by a potentiometer method I), being compared 
directly with known resistances (0,1-1,0 ohm). The CUl'l'ent through 
the graphite during a series of measurements was val'ied bet ween 
2 and 0,5 milliamperes according to its resistance. In order to 
eliminate thermo-eJeett'ic junction etrects the eUJ'rent in the main 
circuit as weil as the potentiometer connections were successively 
reversed. Tbe changes of resistance involved being considerable -it 
was found necessary to adjust the sensitiveness of the potentiometer 
arrangement during a single series of readings; this was initially 
suflicient to detect ditrerences of 1/10000 ohm. Small irregular variations 
in the resistance of a partieular specimen were observed af ter it was 
subjected to the ac ti on of magnetic fields or to widely different 
temperatures. This change, ho wever, amounted in general to less 
than 1'/0' Through the kindness of Dr. HOFFMANN the ·resistance of 
specimen G.15 - tbat used in the experiments at different tempera­
tures - was re-determined at 18° in tbe Phys. Techn. Reichsanstalt 
by means of DIESSEI.lIORST'S "compensation apparatus" 4) and a 
ditrerential galvanometer; good agreement was found. Some of 
tbe preliminary measurements had been made with WBF.ATSTONE'S 

bridge method and, when repeated potentiometricaUy, practically the 
same reslllts were obtained. 

1) H DU BolS. Ztschr. für Instr,kunde 81, p. 362, 1911. 
'1 H. DU BolS. The magnetic circuit in theory and practice, p. 300, London 1896. 
S) F. KOBLRAUSCH, Prakt. Physik. 11 Auflage p. 4.22, 1910. 
4) H, DlESSELllOl\S'l', Zeitschr. für Instr.kunde, 26 pp. 173, .297, 1906; 88 pp, 1, 

38, 19os, 
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ExPERIMENTS AT ORDINART TEMPERATURE [18°J. 
About twenty specimens of Ceylon graphite were investigated, 

which all gave variations of resistance of a high order, the increase 
of resistance in a field of 20 kilogauss varying however bet ween 
300 and 500% of the resistance in zero field. Consiûering the 
difficulty of obtaining specimens of graphite of definite crystalline 
strllctllre and having regard to the iml'urities occurring in the natural 
substance these val'iations in the nlagnitude of the effect are not 
sllrprizing. About five specimens, which gave a variation of l'esistance 
of greatest order were investigated more particularly; by analogy 
with the well-known behavioUl' of more Ol' less pure bismuth 1) the 
assumption appeared justifiabie that these were more likely to be 
pure and pertlaps of more uniform crystalline structure. Some of the 
specimens were supported free between thin mica or glass plates; 
wben imbedded in sodium silicate, collodion or Canada balsam aUowed 
afterwards to solidify they did not experience any change in the 
magnitude of their increase of resistance in the magnetic field, thus 
eliminating any doubts that the effects were due to bodily strains 
in the graphite .. In the final experiments at different temperatures 
the graphite pieces were supported by fine flexible wires bet ween 
th in mica plates so as to avoid any strain due to possible expansion 
or contraction. The specimens could be mounted with their connections 
80 that the total thickness amonnted to less than 0.7 mm, thus 
enabling them to be examined in fields up to 50 kilogauss. Some of 

. IsmERJIAI. C,"VEI. 1-/1" 
TUN'VEI(SEtt~IJIIBTIJAT",'. 

Fig. 1. 

l)F. a. Buu, Ann. der Physik 28 p. 449 1009. 

Sntl/lllll /i 
ç Ir. ~dtl.t.. 
ç IQ. 0. pu. • 
fil. p,1I6 .• 

ç IJ.. P.1t-3. 
0.4J1. .• 

8., ~ /?~Jilr,.N~E .... ~ •. ~., t)" 
R· ...... iJ ~if 
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the isothermal curves obtained for different specimens, at 18°, with 
tlle cleavage plane normal to the field, are shown in Fig. 1. 

Attempts to identify the curves, witb such equations as 

R: R bO fO 
R = R + .p + c.~· + ... 

o 0 

failed; it was fOl1nd howevel' thai all tbe curves obtained at ordinary 
temperatures c0111d, weIl within experimental errors, be represented 
by the formula 

. where Ro, 
R, 

R' R - =- + A.Qn 
Ru Ro 

resistance at 0° for .Q = 0, 
n ,,8° for J.? = 0, 

R' , " ,,0° in transverse field .p. 
A,n Oonstants. 

• • (1) 

Owing to the difficulty of determining the dimensions of the 
specimens it is unfortunately impossible to give their absolute resistivity 
witb any exactitude. 

From equation (1) we have, t.aking logarithms 
R'-R wg R-=wgA + nlog.Q 

o 

whicb ean he represellted by a straight line, thc coordinates being' 
lo,q (R' - R) Ro and lo,q~. 

The values of lo.q (R' -R) Ro and lo,q .~, corresponding to ,the 
curves shown in fig. 1, when plotted were found to he on straigbt 
lines practically pamllel to one another, indicating that n is the 
same constant for eaeh of these specimens. In the case of specimen 
G. 15 - tbe one wbieb gave an increase of the greatest order -
equation (1) did not bold as weIl as for tbe other specimens although 
tbe' mean value of n was the same for tbis as for tbe ot hers. 

TABLE 1. 

Isothermals at 18° 

Specimen Ro I R'JRo = R/Ro +- AJJn 

I 0.0430 ohm. 

. -
G. 4 1.01 + 0.0171 JJ1.W 

G. 10 0.0792 " 1.01 + 0.0205 JJ1.14' 

G.11 0.0162 
" 

1.004+0.0162.,1.146 

G.12 0.0430 
" 

1.014 +0.0188111.745 

G,15 : 0.0316 
i " 

! 1.02 + 0.0214 .,1."14' 
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'_ The values of A and n obtained for the different specimens are 
given in Table L For each specimen n = 1.74" 1). 

A specimen was also prepared for im'estigation from another piece 
of Ceylon g..aphite ont of the labOl'atory collection, This graphite 
very easily split up along its cleavage surfaees but pieces of uniform 
structure of suitable fOl'm \Vere difficult to obtain. The best piece 
I cOllld pl'epal'e gave an incl'ea~e of resistance of only 182°/0 in a 
field of 20ldloganss, the resistance out of the field being 0.0427 Ohm. 

A piece of graphite f1'om Himblllllwa (Ceylon), which was investi­
gated, on the othel' hand, ga\'e quite different resllits. The upper­
side of this graphite possessed a quite smooth and polished surface 
underneath which howe\'er it appeared to be of a fine granular 
structure. A thin piece of thi8 upper layer was l'emoved and the 
variation of its resistance found when transversely magnetised. An 
incl'ease of resislance of 220% was obser\'ed in a field of 20 Kgs, 
the resistance 0111 of the field being 0.0786 ohm. A thil1 piece removed 
from the under side of tlle same material, and having a high natural 
polish on both of its c1eavage sllrfaces gave the anomalous reslllts. 
lts resistance outside the field was se\'eral hnndred ohms and diminished 
ver,)' l'apidly \vith incl'ease of tempel'ature. In a magnetic field tlOwever 
no chan~e in its resistance con ld be observed, while rOl1gh ex peri­
ments indicated that it was apparently paramagnetic; no test for the 
presence of fel'l'oginous impnrities was made. 

Specimen G 12 was also tested with its cleavage plane parallel 
to a transverse field, the cl'ystallic axis being therefol'e at right 
angles to the Iines of force. In a field of 26 kgs the value R'l Ro 
was fonnd tobe only 1,15 while fol' the lIaual position this ratio 
is rather more than 6. This evidently pl'oves thc necessity for very 
accurate adjustment of the angle between the crystallic and field 
axes '); an analogous question is knowIl to arise in the oehaviour 
of I1ickel and other ferromagnetic wires. 

EXPERIMENTS AT LOW AND HIGH TE~IPERATURES. 

ObseJ'vations were taken at temperatures of -179°, 0°, + 18°, 
+ 95° and + 179°, t he field being varied from 0 to 40 kilogauss. 

Ij Within thc cxperimental errors the exponent mayalso he n = V 3 = 1,732-
or n = 7/4. 

2) The effect of longitudinal magnetisation wa~ also observed. Theincrease or­
resistance involved was !ound lo he independent of lhe direcüon of lhe eurren.t 
and· of the same orde!' as that observed in this Jast described position. Experiments 
are in progress lo sludy lhe effeet in both these cases .at differenttemperatures.: 
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The method of measurement was the same as at 180
; tbe deter­

minations atforded no diffieuIty. tbc resistances being quite steady. 
At the lower and higher temperatures thermo-electrie effeet8 were 
sometimes evident but by successive reversals these were eliminated. 
It was incidentally observed that tbese thermo-electric etfects - when 
occurring at the connections of the graphite and therefore withinthe 
magnetic field - were also influenced by the field 1). Thus in one case 
tbc thermo-electric effect was increased fourfold by a field of 38 kgs. For 
all tbe specimens examined (witb tbe exception of the piece from 
Himbuluwa) the resistance of the graphite out of the field was found 
to increase with the temperatnre, the coefticient of increase of resi­
stance being of the order 0,001 per degree. Tbe ordinary temperature 
curve R = funeL (6) for ~ = 0 is given in Fig. 2 for G 15. Very 

CHAKr.E ., NWSTI4N'! 
wr". 

TI""" .... T.J&. 
-t;. _ 0 

-d 

Fig. 2. 

nearly tbe same type of curve was obtained in tbe case of !:Specimen 
G U. It is interesting to compare tbis with the curves obtained by 
KAMERLINGB ÛNNF,S and NERNST '). Tbe temperature during a series 
of readings, tbe graphite being in tbe field, wat! determined as 
follows. Before commencing, tbc current required to he sent in tbe 
reverse direction througb tbe magnet to rednce tbe residual !leId to 
zero, was determined. Tben, to measure the temperature, tbe graphite 

. ' 

1) These effects are being; subjected to further detailed investigation. 
') H. JU.EaLINOH ONNES, Versl. Afd. Nat. 19. p. 1187, 1911. W. NBftlfST, Sitz. 

Bet. Bed. Akad. p.,306, 1911. 
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/,)eing inposition, th is l'everse cm'rent was set up and the l'esistance 
of the graphite found. The temperature of the graphite was then 
dedtlCed (rom the temperature curve (.~ = 0) fig. 2. Owing to the 
difficlllty of exactly getting l'id of the residual field without setting 
np a field in tbe opposite direction, and on account of tbe small 
change of resist.ance with temperature, this method of determining 
tbe temperature does not seem to he susceptible of great accuracy. 
The isotherm als at low and high temperatures were determined for 
G 11 and G 15. Except for the differeuce in the magnitude of the 
changes of resistance concerned similar resltlts were found. The 
results obtained with specimen G 15 are shown as isothermal curves 
(fig. 3) from whicb the so-called isopedic curves (3) = constant) may 

zo Pfk 
/1-

/6 

J 

[sg1HIt1Ai.Cv&r1S GIJ. 
7""NSVUS€ ttAGN#TiSATI6N. 

Fig. 3. 

easily be deduced. As will be seen, the increase of resistance is 
mueh greater at low temperatures. At the temperature of liquid' air 
tbe incrèase is 9300 % for a field of 38,8 kgs, the increase at J 8° 
heing 1250 %, 

Tbe isothermal curves'for tbe lowel' temperatures cannot he re­
pl'esented by an equation of the form (1); at higher temperatures 
tbis sooms to be tbe case, althougb more accurate measurements 
appeal' desirabie. ' 

11 
Proceedings 'Royal Acad. Amsterdam. VoL XV. 


