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Abstract. Thls paper revier¡s the current statua of understand-
lng of lhe structure and phase transltions of graphlte-bromine

intercalatfon compounds. Enphasis 1s glven to Ehe room teupera-
ture comenaürate phaae, lt¡e room tempereture incomensurate
phase and the high ter¡perature Lncomensurate phase, together
l,lth the aesocia¡ed conÍtensurate- lnco¡mensurate, lnconmenEurate-
comnenaurate and nel t lng t ransi t lons.

An attractlve property of graphite Ínterc¿la-
tlon compounds is the hlgh electrlcal conductlvlty
in the in-plane dlrection. The hlghest conductf-
vities ln these oaterlals are foqnd in acceptor
compounds,  e.g.  SbC15, AsF5, I f l l  e tc.  ¡ louever,
that these lntercalates are not pure elemeots
conpllcates theÍr structure. Bromine is practlcal-

ly the only elemntal acceptor lntercalate, so lt
ls attractlve for a fundamental study.

Synchrotron single crystal x-ray diffraction
results have establlshed the ln-plane structure of

the roo[ ter¡perature com¡ensuraEe (B) phase of
stage-2 graphl te-brouine.z ' r  The solut ion of  th is
structure has opened up nee ground for understand-
lng the behavlor of thls phase, for r¡hlch ¡¡uch
lnfor¡ratlon ls available 1n the literature.
Further¡¡ore, lt sheds l1ght on the structure of
other graphite-broolne phaees, such gs-the room
tenperature incomensurate (Y) pheseq')  and qhe
hlgh tenperaEure incomensurate (c)  phase.o ' /  For
these inco¡mrensurate phases, do¡nain wall nodels
have been found to agree with the experlmntal
data,  but  the 1n-plane structure¡  gf  these phases
have not  been fu11y establ fshed. ' "  Other th¿n
the $,  y and c phases,  three other phases (6 '  €,  r l )
have been observed at lower tetnperatures, though
thelr 1n-plane diffractlon patterns have not been
lnterpreted.  Di f ferent la l  scanning calor lnetry
and x-ray di f f ract lon showgd-that  che 6-1 phase

translElon occurs at  2g7 19'9 '?-and the e-b phase

translEion occuÍs ax 277 ¡f'8-10 lloreover, x-ray
dfffracttono shor¿ed Ehat the rFe phase transition
oecurs at 226 K and that thLs transltion corres-
ponds to the change from strealis to spots ln the
electron dl f f ract ion pat tern.6 '11 The var lous
observed phase transitlon teuperatures are
suo¡¡arized 1n Table l, where TyPe B refers to
stage 2 prepared ln llquld bromine at room ter¡iPera-

ture, Type A refers to stage 2 prepared ln vapor
bronine at room tenperature' and Type C refers to
an lndef in i te stage(s)  obtalned by delntercalat ion
(or desorpt ion) of  Type A.

The current staEus of knowledge on each phase

is su¡marized in the followlng sectlons.

Phase B

Phase I refers to the rooe temPerature co¡nrnen-
surate phase. It ls the nost cotmonly seen phase

of graphlte-bromine, exhlbittng a three;fold

lwinned rcnocl{n lc unir  cel l  (a = 8.87 A,  b -  4,26

Á, Y -  103.9())¿,  r r i th negl lg ib le correlat lon
between the lntercalate layers,  as,{n{ lcated by
Bragg rods along the c*-dl rect lon.L¿' t t

The ln-plane strr¡cture of Phase I has been
solved for  Type A (stage-2 C78r) f ,and Type C
(overal l  scoichiometry of  C35Br) ' *  at  room temPera-
cu re .

Phase Y

Phase Y refers to the roou tenPerature lnco¡lF

Deosurate phase. It had been observed in stage-2

graphl t ¡ l ronlne prepared in bromine l lquld '  i .e.

Type B.a ' )  This phase was also observed in a

saturated stage2 compound (of no¡ninal coÍrPoaitlon

CgBr)  prepqred by using the two-zone furnace

technfque. 
-

Table I Phaee transfclon teEperatures of
graphl te-broDine
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Fig,  I  of  Ref .  4 and Fig.  5 of  Ref.  9 shosr
the in-plane df f f ract ion pat tern of  Phase y.  I t
suggests that the bromlne chalns along the b-
dl rect lon ln Phase ' ¡  are per iodical ly  spaced
along the a-dlrection, whfle the atorFto-atóttr
corre lat fon along ghg b-di rect lon arnong the
chains is  l in í ted.a ' )  -The s i tuat lon 1s thus
quasl one-dlmensional.) A one-dLnenslonal analysl-s
shor¡ed that Phase y probably exhl!1te donsins wlth
Mertl and fhorel type uareglstry. 15

Upon heatlng Type B, Phase .y,transfor¡us

reverslb ly to Phase I  at  3 l l t l  K.q ' )  This 1s
terDed gn fnconmensurate-comensurate (y-B) transl-
t lon.4 ' )  Upon fur ther heat ing Type B, Phgse B
transforus reversibly to Phase a at 332 Kq; this
fs Ehe coÍmensurate-lncompnsurate (B-a) transltl,on
wt¡lch ¡¡as also observed Ln stage 2 (Tyoe A)4,
s tage  34 ,  s t age  44 ,7 ,12  ¿nd  t y l e  c . 4  

- i h " " "  
y

(ehe lor¡ temperature fncomensurate phase) 1s
nuch more lncomensurate than Phasg c (the hlgh
te¡operature lncormensurate phase).4 The y-B
transi t lon is  character ized by the disappearance
of the lnconnensurate peaks at  Q.( l -0.033) and Q"
(f+0.058) and the appearance of ihe corurenÉ¡urace
peak at  Qc,)  l t r  contrast  to the s l ight  shÍ f ts  of
the peaks ln the 8-o t ransl t lon.o ' /  Tt |e cr l t lcal
exponent was 0.25. )loreover, Ehe 001 peaks shifted
reversl-bly at the Y-g transftton,IÓ 1tt¿t..tl.ng a
change of the sandwich thlckness fron 10.40t0.01 I
for Phase '1 to 10.22 r0.0L n for Ph¿se 8.16

Phase c

Phase c refers to the hl.qh Eemoerature
incorensurate phase.6,7,12 ic  r"  , ,ot  as incors-
nensurate as Phase .¡. It had been reported to be
a str lpe domaln phase of  the Frank-and van der
Iterve iype wTth 4tr/7 phase shifts.12 The
incormensurabtl.lry as a function of reduced
Eemperature exhlbfts a power law with an exponent
of  0.50+0.02.  "  Furthernnre,  ponrer- law behavlor
at tlve-harnonics (i¡ of Che oass density save had
been demonstrgted and the scal ing g!  the structure
factor  wi th G¿ had been c<¡nf f rned.r /

The 8-cr (comensurate-lncom¡ensurate) transl-
tion had begn observed reversibly ln stager_2 (\pe

B) at  332 Kq, ln,stage 2 (Type A) at  333-K:r  ln
s tage  3  e r  337  Kq , , i n  s t age  4  aE  342  y41 t ¡ r t  ^n¿
fn Type C at  350 Kq. Thus,  the 8-c ¡ ransl t lon
temperature appears to lncreaae rtith lncreasing
stage number.q Dlsordering r¡ag observed upon co¡¡F
plet lon of  the B-o t ransl t lon,  so rhe 8-a l ransl t lon

fs an order-dlsorder transitlon lnvolving the
change of an ordered comensu¡apg phase co a dis-
ordered íncomensurate phase.4 '  ro

Uoon heating Phase c undersoes a conEinuous
nelEin;  t ransl t i in6 '12'  18-20 f rJn a two-dínen-
síonal  sol ld,ghase to an anlsotropic l iquid phase
at 373.41 K.  r¿ Di f ferent ia l  scannlng calor imetry
(DSC) revealed Chat the mel t lng t ransl t ion
involves two steps.  The f i rs t  sEeP Save a DSC _,
peak at  373.0 K (enthalpy change = 178 cal  mole '

Br2) ;  Ehe second step gave a p9?k aE 3J1.5 K
(eñthalpy change = 26 cal  mole- l  Br2) . t t

Phase 6

Phase 6 refers to the phase exhiblting the in-
plane di f f ract ion pa¡Eern shown in Flg.  6 (b)  of

Ref.  9.  The phase was observed by x-rqy di f f rae-

t ion upon cool lng Phase Y below 297 K.v
Di f ferent ia l  scannlng calor l ¡netry revealed an

endothernic peak at  297 K dur ing heat lng.6,8
Upon cool ing,  an exothermic peak vas observed a!
286  K .o ' ó  S fnce  t he  d i f f r ac r i on  pa t t e rn  has  noc
been lnterpreted,  neiLher the in-plane uni t  ce1l
nor the in-plane atomlc arrangement fs known.

Phase e

Phase e refers co the phase exhibi t lng Ehe in-
plane di f f ract lon pat tern shown ln Flg.  6 (c)  of
Ref. 9. The phase r¡as observed by x-r¡y diffrac-
t lon upon cool lng Phase 6 belor¡  277 K.v
Dl f f ,erent la l  gcaoning calor loetry revealed an
endothernlc peak aE 277 K dur ing heat ing.6,8, l0
However, a correeponding exotherolc peak at or
below the transition temperature nas not observed
upon cool lng.6 '8

Phase n

Phase n refers to the phase exhlbiting che
di f f raccion pat tern shoú¡n in Flg.  5 of  Ref.  6.
It r¡as observed by x-ray diffractlon upon cooling
Type C below 226 K.o The t ransl t ion corresponds
to the change of  st reaks Eo spots,+n rhe electron
d l f f r ac t l on  pa t t e rn  on  coo l l ng ,o ' r r  and  i c  does
not give rlse to any calorlmetry peak.o The appear-
ance-of sh6rp spots upon coollng C14Br between 240
and 230 K¿¿ Ls probably Che sane a; ' the-t ransf¡ lon
to Phase ¡  obeerved in Type C ac 226 K.6

References

1.  N.B.  Brandt,  S.G. Ionov,  S.V.  Kuvshlnnlkov,  V.A.
Mukhanov, V.V. Avdeev and K.N. Seuenenko, Plsrma
Zh. tekh.  Fiz.  8,  1494 (1982).

2.  D.  Ghosh and D.D.L.  f r*g,  l la t .  Res.  Bul l .  18,
727 (L983);  Bu1l .  Ao.  Phy.  Soc.  27,  273 (L982).

3.  D.  Ghosh and D.D.L.  Chr¡rg,  t {at .  Res.  8u11. 1-8,  " .
1179  (1983 ) .

4.  D.  Ghosh and D.D.L.  Chung, Mat.  Res.  Soe. Syrup.
Proc.  Vol .  20,  p.  15-20,  Elsevler ,  1983.

5.  D.  Ghosh and D.D.L.  Chung, J.  Physlque Let t .  44,
L761  (1983 ) .

6.  K.K.  Bardhan, J.C.  l lu  and D.D.L.  Chung, Synth.
Me t .  2 ,  109  (1980 ) .

7.  A.R. Kortan,  A.  Erbl l ,  R.J.  Birgeneau and ü.S.
Dresselhaus, Phys. Rev. Lett. 49, L427 (L982).

8.  J.S.  CuLik and D.D.L.  Chung, Mater.  Scl .  Eng.
37 ,  2L3  (1979 ) .

9.  R.  l loret ,  R.  Cores,  G. Furdln,  I l .  Fuzel l ler  and
F. Rousseaux,  I lat .  Res.  Soc.  Symp. Proc.  Vo1.
2O, p.  27-32,  Elsevier ,  1983.

10 .  J .S .  Cu l l k  and  D .D .L .  Chung ,  Ca rbon  22 ,  102  (1984 ) .
I l .  I . l . T .  Ee les  and  J .A .  Tu rnbu l l ,  P roc .  Roy .  Soc .

(London) A283, L79 (1965).
12 .  A .  E rb i l ,  A .R .  Ko r t an ,  R . J .  B l r geneau  and  M .S ,

Dresselhaus,  Phys.  Rev.  R 28,  6329 (1983).
13.  D.  Ghosh and D.D.L.  Chung, unpubl lshed.
14.  D.  Ghosh and D.D.L.  Chung, Synth.  ! let .  7,  283

(  1983 )  .
15.  C.  l ' lar t i  and P.  Thorel ,  J .  Physique C4, 26 (1977).
16 .  D .  Ghosh  and  D .D ,L .  Chung ,  Ma te r .  Le t ¡ .  ( 1985 ) .
17 .  S .G .J .  Moch r l e ,  A .R ,  Ko r t an ,  R . J .  B i r geneau

and  P .M .  Ho rn ,  Phys .  Rev .  Le t t .  53 ,  985  (1984 ) .
18 .  A .  E rb l l ,  G .  D resse lhaus  and  M .S .

D resse lhaus ,  Phys .  Rev .  R  25 ,  5451  (1982 ) .
19 .  D .D .L .  Chung ,  G .  D resse lhaus  and  M .S .

Dressetrhaus,  Mater.  Scl .  Eng. 31,  107 (1977).
20 .  K .K .  Ba rdhan  and  D .D .L .  Chung ,  Ex t .  Abs t r .

P rog .  -  B i enn .  Con f ,  Ca rbon  15 ,  p .  l l 3 -4  ( 1981 ) .
21 .  J .S .  Cu l l k  and  D .D .L .  Chung ,  Ca rbon  (1985 ) .

22.  R.  Moret .  F.  Rousseau¿ G. Furdin and A.
He ro ld ,  Syn th .  Me t .  7 ,  289  (1983 ) .

209


