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The diaoagnet ic suscepr ib i l i t ies and l ta l l
coef f ic ien¡ of  bromine and iodine chlor ide residue
courpounds of  pyrolyt ic  carbons (p.C.)  deposiced at
2100'C ("Le Carbone-Lorreine")  l rere n¡easured ac room
teoperature,  ac l iquid n i t rogen teeerature,  and al -
so during heating-cooling cycles bet¡¡een 300 and
850 K. Sone pyrocatbons had been doped during cheir
deposicion r¡ith various anouats of boron (400 and
1000 ppn). Saroples of the sac carbons have been
used in a previous scudy of  sodium intercalat ioor.

Intercalat ion reeul ted f roú the di rect  act im
of IC1 vapor or liguid Bra on the carbone, and the
STABLE residue cornpounds ¡¡ere obtained fro¡¡ subse-
quenc exposure of several days or ¡¡eeks Eo anbient
ai r .  at  room or h igher tenperature,  up to 850 K.  The
presence of boron does not seen t'o have any influen-
ce on lhe aDounE of  intercala le that  p.C. are able
to reta in in these condi t ions.

HaI l  ef fect  sEudies were n¿de at  77 and 300 K
(with nagnetic field perpendicular to che carbon
plane of  deposic ion),  and usual ly  no change in the
Hal.l coefficient was observed betr¡eea these teqere-
Cures: it then t'a8 assuued fhat charge cartiers of a
single type uere responsible for  the electr ical  coo-
duction, and their concentration N r¡ae co@uted fron
the Hal l  coef f ic ient  values.

Resul ts

The charge lranefer parar¡e¡er f for boroo is
the ratio of the hole concentracion N per carboa aton
Bo the boron contenc of the pyrolytic carbon. fJe
found an average value f - 0.5 slightly sualler than
the 0.7 value given by p-revious authors for both gra-
ph i t e '  and  py roca rbons ' .  Bu t  f i gu re  l ,  whe re  t he
dianagnet ic anisotropy is  p lot ted vs.  the hole con-
centration N, ahows clearly that the di¡mgnelic ani-
soEropy of  boronated P.C. is  snal ler  by at  least  a
factor of 2..5 chan chet ueasured 2 for boroo-graphite
wifh the sar0e hole concentration. It oay then be con-
cluded thet ,  a l though the boron doping ef f ie iency is
about the saroe (0.5-0.7 hole per boron arou),  i ts
effect on the ¿i¡negnetism is ur¡ch stronger in pyro-
lytic carbons than in graphite.

For Br. and ICl, lhe eharge transfer faccor f
(nunber of holes donaced to the rt valence band by
each intercglate nolecule) cao be coryuted fro¡n ihe
cotal áole cdffce¡lracion N a¡¡d fron the boron and
interdél,ate'icljúints of rhe samples. Itirh aronic
B r2 lC  ra t - i os ' r ang ing  f r on  0 .011  t o  0 .028 ,  se  f ouud  f

valueg between O.02 and 0.07 etectronic charge per
Bra oolecule,  wi th a most probable value about 0.05.
Resulcs for  lCl-courpounds ( ICI /C = 0.009) g ive a
charge t ransfer  coef f ic ienc of  0.07 per ICI  molecule,
qu i t e  c l ose  t o  t hac  o f  B r . .

F igure f  a lso presencs the dianagoet ic aaiso-
t ropy Xc -  

Xá of  a l l  rhese p.C.-Br2 and p.C.- IC1
coupounds as a function of cheir hole concencration
deducted from the Hell effect.. Ic shows as r¡el1 the
behavior of graphite-ICl cornpounds co!¡pured frou lhe
experinent-al results published by Okura and.
cor¡orkerg 3, with the ass,ned f - 0.07 value. Irnfórtu-
nacely there ¿re no reliable values of Ehe diarnagne-
tic anisotropy of GRAPHITE-brooine inrercalation
compounds.  Examinat ion of  f igure I  a l lows us Eo st¿¡r
t 'e  the fo l lowing facts.

1.  Boron doped graphire and graphire- ICl  behave very
s in i  lar ly .

P.C_.- .8r2 and P.C.. - ICl  a lso behave very s imi lar ly ,
with nearly the sane values of the charge lrans-
fer  per intercelace nolecule.

But boroo doped pyrolytic carbons behave very
di f ferent ly  f ron P.C.-Br2 and p.C.- ICl ,  and t .hose
P.C.- l la logen coopounds also behave very d i f feren-
t ly  f ron tbeir  graphire- ICI  homlogs.

Generally speaking, for a given hole concencrationr
the Dagnitude of che ¿i¡mgnetic anisotropy of
P.C.-Halogens.  is  larger rhan char of  boronared
P.C. and snal ler  rhan thet  of  doped or in lercala-
ted graphi te.  Ic  cends to beh¿ve l ike B-p.C. at
high hole concentratioos and Eo reach the B-
graphice or  graphi te- ICl  leve1 at  low hole con-
centrat ions.

The reisoos for such different beh¿viors undoubtedly
1ie in the quasi-tuo-dinensionel structure of pyro-
carbons, as opposed to che three-dinensional oiáering
of  graphi te.

Temperature cycles

I t  had  a l r eady  been  no t i ced  (5 ,6 ,7 ,g ,9 )  t ha t
brouine residue compounds, and to a lesser excenc
also ICl compounds, shor¡ a renarkable hysteresis of
their dimosional changes and mechanical and elecrre
n i c  p rope r t i es  ( d i ¡ nogne t i sm ,  r es i s t i v i t y r . . .  e t c . )
when subuitted to heating and cooling cycles above
roon tenperature. We investigated further this phe-
no¡tEnon by ueasuring the Hall coefficient of sooe
sanples during such cycles up to 850 K.
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The llall effect of brouine residue compounds

erhib i ts  large hysteresis loops,  r ¡h ich are an evi-

dence of Ehe corresponding changes of uhe hole con-

cencrat ion:  f igure 2 shows an exemple of  Ehe s i ¡oul-

laneous var iar ions of  the hole conéenlrat ion N ánd of

the diaoagnet ic anisotroPY Xc 
-  X" wi th heacing and

subsequenc cool ing.  Sural ler  loops uay also be obser-

ved sith ICI coopounds.

We suggesced í t  1972 a nodel  I  
,  uhich expla i -

ned lhe ABCDA cycle of the dianagnecic anisotropy
(f ígure 2)  by a succession of  incercalat ions (AB and

DA) aud de-incercalacions (SCD) of bro¡¡ine. The in-

creases (A¡,  DA) and dec¡eases (Bc,  CD) of  ¡he hole

concentracion in figure 2 are an excellent confirna-

t ion of  these hYPotheses.
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Fígure 2. Saryles of bromine residue corpounds of

P.C. doped r¡ i th 400 ppn of  boroo (0.04 Brt

mlecule per c aton) : variatione of the
- 

- . .d ianagnet ic anisotroPy ( fu l l  l ine)  aad of

n'--.' 
:-ithe hole concentration (dashed line) du-

' 
ring heating frou 300 to 800 K and subse-
quent cooling down.
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