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ABSTRAcT
Q ..

"

Reactlon of'graphiU" with liquld antlmony,
pen t a chI 0 r 1 de, 'p rod U c ~ d ~ 5 tag e 1 a .n d 2. I fl t"e rca 1a t 1 0 n

co·mpoundS .. ' A.' s tage-l 'SbF ~-\o~p~und was prepared by r,eact Ion

I '

'of graphite'with nItryl hexafluoroantlmonat,e in solution'ahd

by reaction wil'th the SO-lId salt.: React~on of ~olid nItryl. '. \ . ~ .. ..

'.

, " ;

tetra.f 1uor'oborate WI th graphi t~producea' ,a stage-.2 comp~l-Ind.

'Th~ ~e'Hads-van'Alphen'sp~ctrum of tne stage-r ~bC15
.:

com po u n d' had ado jll 1 nan t 0 sell i a·t 1 0 rt ' i:::> f 1 ~ 1 2 T. The'. ' . I '

".
~ • c'

0~cillatl0p was IdentIfied wIth the b~Slc·giaPhi~ic·ban~.

The dHvA spectrym of t;he 6tag.e-2 SbC1'5 ~ompound dependeq' on-

•
'the coo1.lng rate· betw.een room "temperature and 77 K. The'

spectra of slowly-cdOlE:'d' samples, had' two
.

fund a men t'a 1 '

1\",;.

, ...

, ,

OS C·l 1 1a t IOn q 0 f f r e q u P. n c i €'" s- of 4 2 2 and 1 1 9 0' T which' were'
... .0 ....

identi f led wi th the 'bas lC graphi t'lf:' band~. Beat p'a t terns of

the fun \1 a men t a I f reg u e n c 1 e s we r e e XpIa 1 n e'd' by do Ub lin9 0 f . I,
I . ,
., I

the 'c - a XIS _ I ~ t t'1 \' (0' con s t d n t. F' r o·m the -be a t f .t;' eque n c i ,~,s

values of the intef,; .. tlon b~'twE'en s't~tE>S localized on

graphe,ne layers se~ar,ited b'y 'an ilit(?rcalate' tayer- we'r~
. -. . \ ..' ' . .
est 1. m,ated' to .b e' 0.6 'in e Van d .().. 7 me V. F(0 m :t he s e v. a 1u e s f'he'

anisotropy of the conO,uctivity was calculate'd' to be' 9;10 4. \.
,

Th~ diNA speet ra of stctge-l .SbF'6 - co;mpound depended \

on the method of prt;'.!p'H~t ion. Wlth "SClmples prepar~d by'

• : i'11

".-.

.'

' .., .
, 1



'wa.,S ob~erved. Two fundamental oscl-1la.t ions of frequencIes of
, ' , . . ,,' .

523 and .i;377 T('~ere o~served 111 th~ spectrum ~/ stage"':2 BF 4 -'.

. ':
",...

\ "

\ ;
"

"

J,

\.

..
"

.red..ctlon qf'so'lld N0 2 SbF 6 ,: a dOml.nciht frequen~'Y Q( 1'627'>1'",

"
\ J ",

cor:npo'und and were identified with the. basic graphItic bands.. " ('. .
The p~edictions of the:~lgid band model of Holz~ar~h

098'0) were in agre~m~nt with measured'dH":'A frE7quencies and\'
,

.... /I,' ., <J

cyclotron"mass~s wIth th,e Fermi: ener'gy adjuste~ to the

c h a'r 9 ~ t ran s fer 1 n' e a Ch com po U n d . i The fIt ted val u e S are

-1.,12 'f/V',for stage:-l' S.bC1 5 compoun'q,'~O',88 eV for'stage-2
. . ~ , ~ ;

Sb (' I'S I - L 2 8 .e V for S tag e -.1 I Sb F' 6 - a h ~ - 0 • 9 6 e V f~)[ s t.a 9 e - ~
~ .

\

BF 4::- c,ompOund. ',The sllnpler model of Bl1110Ws'kl et: ~.
a 0 • •

was ,found less ·accurate.

'~
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,CHAPTER I'

INTRODUCT,ION , '.

"

•

"

..

I

.'

Graphite ls:~~ailo~rope of carbon. The carbon atoms
f

in gra'PJ1ite are.' arr~nged in l~yer's' with strpD;g coval...~n~..
bonding within layers. The 'bonding between laye~s is of the

van-der-Waals type which is m~ch we~ker. Graphite can react

1 '" ..' "")

with many chemical species. During Olany 01 thes~- reaction~ ..
. . ¢'

interatomic bond; w;l~in layers are' not broken, instead~ the
•.. '

.. laye'rs are spILt and a r~acting sl,1bstance forms 'a monolayer

between two graphite' la'yers. This' p.artict,llaJ;, form of
'.. • -1

structure is ca lIed a' graphite in terca la tion,' ~ompau!1d (G IC).

The int~rcalati~n~r?Cess-is, 'not uniqu~ to g;aphi te.

'·if has been' 'observed in !lther ard,'sotroptc systems like
. ,

transition m'etal dichalco'genide~1 some silicates and metal
:y

~hlorid,es. HowevE>r, a' d~~tin,ct pr.operty of g.raphlte

. intercalatIon co~pouncts' is that. ther.e is a constalnt' number"
. ' .

.,o~' graph.lt"p. layers, between two' intE>r'ca'late, layers. This

rE>gu'lar orde'rlng of' 1,n'l.erca'late is called·stag.ing and the
, • ,'. • J

. .. '. ~, ,." , '~ \
number of. grapMl~e Idyers b~tween two Intercala~elayers 1S

t •

called the s~g~ index.

A large 'nu mbe r of Sp('c ies can be' in'te rca 113 ted' into
•

.,

','

:

. . graph 1 teo -At present t'hete

, tor 0 act. ,ThiS. erea t.e s a

,
.. ,

",

art'" 13€'vc~ I hundr~d 13pe..c:les, known.

lar~e number of similql: systems..
""
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2

" .

I

Figute 1.1. Schematic diagram of the staging phenomenon for'
stages 1, 2,and 3. Carbon layer.51. are indicated'
by (-c~) and intercaLate l~yers by (-j-). The

• :,' ',Ct Sa f3 s t a c kin 9 0 f 9 r'a ph e.n e 1aye r S bet wee n
intercalate layers is maintained for stages 2

} and higher. The ,stacklng of the graphene la.yers
'separated by intercalate layers varies from
co~pound to compoun~.

whose properties can often be: vaoiried C\lmost c-ontinuOlisly b~ ..

simply chdosing apprppriate intercalates. A large ~m0unt of',;
, . ' .

. vwork 'has been done studyll)g chemistry', thermodynamic"

structural and electropi<;: properties of the com,pounds (see

for example Dresse1haus aI:1? Dresselhaus 1980, and references

thereln)~ One of the ~6st s~rlking properties, of GIC is a
, '. ' "-

'dramatic change of the basal plane electrical conductiyity:,. ' , '

Graph'ite is a semimetai and a modetQte 'condu'ctor. The. .. ".

con~uctivity .1S ,highly .anisotropiC w,ith a h~gh value in the

graphite pl~n.~s·.· The coriductivi'ty along the ,..c-axis,. that is
I ·

t,

.. ' .



..

3

in the dir.ec·tion pe-rpendi'cu'lar to the graphi.te planes,. .is.
" '

about 1060 times lower. Gra~hite has about 10-4 carr{~rs per. ~ .., -. .
atom, hatf o'f t:pem befng 'electrons arid half of t'he'm holes.

. On the other hand., in-plane mobil i ties are high be,cause the
\ ....... ...

, I<' • ,

carrier eff~ctive masses are low,

el'ectron mass.

less than 0.1 of the free

•

"The intercalation 'pr6ce'ss is: accompanied by a ch~rge

transferbetw/?'en intercalate'specie:s and 'grap~ite.. The
, ,

directIon of th,e transfer can be 'eit'he,r way anq tbe',
• ,L ,,' ... "

'1ntercalates are classl.fled as dO,nors if el~ctro'ns·.are

transferred to gra-.e.IH te, and as "qcceptors 'in .the ca.s'e oJ
• 4· ~-- ... ~.. , J • {,-; ....""~
. - •. w ,~ ..

e 1,ectroI"\ t1?an.sfer from' grCipI:1i te to in terc~ la teo The amount

of charge transferred 'may be as h,i'g'~ 'as 00e elementary

charge,'per twenty c'a.rbo,n atoms. Since ,the' ch.arge on carbon,

.. ' layers is delocal'l zed, one obtalns up to two orders of

mag nit II d e .i n c- rea s e 0 to the car r 1 e r .con C e n t rat ion' and

,compCf,r'able increaSe 'of t'he- bd$ql-plane conductivity .. In
..

fact, basal plane cQnductlvl~Y'values co~parable to,~hat of..
copper have be~n n;>porled (foley at al. 1977).

" --- --- ,

T~i'S 'quali,ta:lve <~xplanation of th~. enhancement of

the conductivity. of ~ia~hit~ ,l~tercialation compounds 'by
~. . ~

,~, " '

charge t:-ansfer has e~~rged 1 r\llil earl?! systematic stu<;Ues of.

their ~lectronic' propefties. Quantiiatjve·~odels.of the,
.. < ,. < • " - • '.. • • "

e.lectroni'c' strl)ctu~~ of ~C' w~re developed" later ,pased on
'. , .. . .

the band~ of graphit e-.' .'Phese model shave be,e,n use.d to
<,

" ,
"

"

"

". ~
"



\

"

4..

.;iccount f'or a variety 9f observ'ed' el~ctr,<?n~ic ,properties - of,

GIC. How,ever, the su'ccess of the models in ~xplainin~

quantum osci.l~~torY phenomena has been rather limited: One

, ."

I

..

, ,

of the ,reasons for.,this '1-5 the fa·c.t that there 'are many
• - I .. ~ '~(.. •

. possible st~,uctrs and compositions of nominally ident~cal.

,systems. In mo t cases, the' measuI;ed electronic properties,
.' . .

are averaged out over all carr~ers and are not. sensitive to,

the details of structure and composition. This.is not the.

case in m~asurements of quantum oscillatory phenomena where
~~ ".-• 0> "

the measuring'tools ar~ the ~~r~ler~~of the crygt~l.

The conductivity along the c-axis also increases in
eo ~ , • • ..

, ' . .
donor ,compounds. I n acceptor. <;ompoU,nds ~ t decr~ases. even

, ,
thou.gh'the number 0'( c.arriers increases. ,This resuI.ts i·n a

, . . .

tar.ge anis'otropy, of conduc'ti.vi ty, r~e..ching.the order of: 1'0 5
.

in most acceptoF c;~po'Ynds. This; anisotropy still r.emains.-~"
. '.

'.p1,.lzzle. I twa s bel i eved t hat i n t e r c'a 1 a, t e ,} aye r s are .n.0 n -
, Q'" •

"

, ',... 1 •

tran s paren t fo7' free c~t; r.ier tr,ra n s po r. t and at te mpt$' ,were,

'mac;le to. explain. ,c-axis c.onqu·ctl~~ty bY' hOPPi'l)9 mo'dels

(Suglhara 1 ~,8 4 ~ or by c.ha'nne 1 ing carrIers ~cross', in terca la te

l~yers throug~'~efects (Morel)i and Uh~r 1983). At pre~~~t~1

ther'e are no ,.~easurements of ~and paramete~s relating to the, .:

c~axis car~ier'~iBpersion:andc-axis conductivity models are., ,
necessa'rily spe'culative.

. . .
This 'work presents the' .reslll ts. of th,e tDvestigati ons

(j.f the ~lec·troni'.(· bands"of severai dcc'ep,tor graphite

\

. 0 •






















































































































































































































































