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Reaction of'graphite‘with liquid antimony
[ ] - M - .

%

.pentachlorlde produced “stage 1 and 2. 1ntercalation

compounds= A stage-1 SbF6\\Sonp6und Waé prepared by reaction

‘of graphite with nitryl hexafluoroantimonate in solution'and,

by reaction wi&h‘the sdli1d salt;Reaction of eolid nitryl
tetrafluoroborate w1th qraphlte-produced a stage 2 compound

The de’ ‘Haas- van Alphen spectrum of the stage T SbCl5

<&

cempound*had a domlnanp osc111at}on of 1212 T. The'

) ! B y
-

oscillation was identified with the ba31c'gfaphitic‘bandi

< -

The dHVA spectrym of the stage-2 SbClg compound depended’ on-

-

6 - . N 3 .
‘the cooling rate.between room-temperature and 77 K. The

spectra of slowly—céoléd ‘éamples had two fundamental'

osc111at10nq of frequenc1es of 422 and 1190 T which- were

LY

'ldehtlfled with the basic graphiti¢ bands. Beat patterns of

the fundamental frequencies were ekplalned'by doub}inq of,“

-y

the ‘c-ax1s.lattice constant. From the beat freguencies
4 . . o

values of the intera-tion beiween ekatés 'localized on
_graphene layers separated by an intercalaté- layer wefe
estxmated to be 0.6 mevV and .0.7 meV. From these values the

(]

anlsotropy of the conductlv1ty was calculated to be’ 9x104

L]

, The dHvVA spectra of stage—l SbFﬁ_ compound depended

~on the method pf preparation. With samples prepared by-

.. N 4

-

g
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reactlon of-solid NOzsbPG, a domlnaht frequency of 1627 T

was observed Two fundamental osc111at10ns of frequencies of

1
523 and 1377 %idere13bserved in the spectrun\of stage-2 BF4

compound and were 1dent1f1ed w1bh the,ba51c graphitic bands.
The predlctlons of the’ rlgld band model of Holzwarth

-

(1980) were in agreement w1th measured deA frequenc1es and”

cyclotron masses with the Ferml enerqy adjusted to the

charge transfer 1n' each compound The fltted value s are

-1. 12 qV- for stage- 1 SbClS compound,~—0 88 eV for-stage-2

SbClg, ~-1.28 eV for stage 1. SbF6 and -0. 96 eV for stage—z‘

s

BF4x compound ‘The 51mp1er model of Bllnowskl et al. (1980)

was -‘found less «accurate.
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- CHAPTER I’ . ? .
VAR . . - . . .

INTRODUCT.ION

-

-~

+.  Graphite 155§n“éllotrope of carbon. The carbon atoms

*

'1n graphite aresarranged in layers with strong covalent
. s . . ~s

bonding within layers. The ‘bonding between laye?s is of the

van-der-Waals type which is much weaker. Graphite can react

-

with man“y chemical species. Durlng many of thesé- reactlons‘ .

‘ &
interatomic bonds w1bh1n layers are not broken, 1nstead the

’

nlayers are spllx and a reactlnq substance forms ‘a monolayer

hetween two graphlte layers. This particular, form of

structure is called a’ graphite intercalationfébmpound (GIC).
The intefcalation"prqcess iﬁ‘not unique to graphite.

.

It has been observed in ether anisotropic systems like

L

transition metal dichdlcogenides, some silicates and metal

v

 $h1orides. Howeyer,'a'distinct property of gfaphlte
.intercalation compounds-is tha¥ there is a constant number

, of gréph;te layers between two intercalate layers. This

regular ordering of'Lniercélate is called~staging énd the

number of. graphlte lay@xs betWeen two 1nterca1ate layers l¢
¥ N 1Y

called the stgge index.

P

A larqe number of species can be intercalated into

?

‘graphite. At preqent there are beve754:hundred spe01es known '

to react. Thls.creates a Iarge number of SLmr1a1~systems

. -
PR - . “ s

w« .1



“STAGE 1

-¢crCc-~“Cc-Cc-*C~- -

-

—i~i-i-i-i-i-

~c-c--c-c--c- .

mimimi-i-i-i-

~Cc-c-=C-C—=¢~

—i-i-i-i-ieic

104

STAGE, 2

-Cc-C--C-C--C-
I

-C==C=C=-C=C—

—i-imi-i-i-i-

o,
~“c-c=-c~dg-c-

~C=-C-C-~C-C~

—i-i-j=i-i-i-

Cejei-i-i-i-ic

STAGE 3
-c-c-~c-c-~C-
~g==c-c—~C-C-

~C-C=—-C—=C=~C-
P .

. =f-c--c-cr-c-

' ’ }
-C==-C=C=~C—=C~-

< . ‘ B \\ ‘ .
ot . ; ]
rq;C*{Ftc:—c- ~C=C=~C=GR=C— -C—=C==C—C-=C~
& - ST LSRN

comimi-i-i-i-i- tC-~C~C-=C—C- -i-i-i-i~-i-i-

L4

M &

‘Figure I.1. Schematic diagram of the staging phenomenon far

. " _stages 1, 2.and 3. Carbon layers are indicated

by (-c-) and intercalate layers by (-i-). The
“apgaB stacking of graphene layers between -

‘intercalate layers is maintained for stages 2
"+ and higher. The stacking of the graphene layers .

‘separated by lntercalate layers varies from
compound to c0mpound. ‘

-

)

whose properties can often be vdried almost continuously by -

simply choosing appropriate intercalétes. A large amount of\fr

".work has been done studylng chemlstry, hermodynamlc,‘

structural and electronic propertles of the compounds (see

'~ for example-Dresselhaus and Dresselhaus l980.and references

therein). One of the més& strlkinq properties of GIC is a
"dramatic c¢hange of the basailplang‘eléctrical conductivity.
The

Graphite is a semimetal and a moderate cdnductor.

‘ qoﬁﬁuctivity 1s ‘highly anisotropi¢ with a high value in the
that 1is

graphite planes.’ The conductivity along the ,c-axis,.

J
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in,the direction perbendiceiar to tne graphite planes, is.
abbut 1000 times lower. Graphite hasqabOUt 1074 ¢artfers per
atom, half of them being électroms and half of them holes.
antne other nana, in-plane mobilities are‘high negause'the
carrier efféctive massee are low, less than 0.1 of the free

electron mass.

The intercalation précess is accompanied by a charée

transfer ‘between intercalate ‘species and graphite. The
direction of the’transfér can be ‘either way and thé

. [N . . - ‘ . Coe .o
intercalates are ClaSSLfled as donors if electronsaare

transferred to graphyte. and as “acceptors ‘in .the case of

2 ‘\-»..3
o , .
electron transfer from graphlte to lntercalate The amount

of charge transferred may be as high ‘as one elementary

charge- per twenty tarbon atoms SlnCe the’ charge oh carbon

Y

layers 1is delocalzzed7 one obtalns up - to two orders of

-~

‘magnitude increase @f the carrler\concentrathn and
‘comparable increase'of the basaljplane conductivity~‘1n'
fapt, basal plane CQHdUQthlty values comparable to that of
copmer have been reported (loley et al 1977L

Thls qualita ive -xplanatlon of the enhancement bt
the conduct1v1ty of qrdphlte 1ntercalatlon compounds by
.c§2rge transfer has emerged 1rom-early systematic studies of.
thelr electronlc propertles. Quantitatjve‘models‘of the‘.

electronlc structure of @IC were developed later based on

- the bands of graphite. 1 hese model have been used to

<
-



acdount for a variety of:QbserVed-électron}c properties-of“.",-
GIC. However, the success of the models in eXplainin§
duantum oscill%tory phenomena has been rather limited. One

of the . reasons for. thls 1s the fact that there are many‘

- possible structu s and comp051tlons of nominally ldent;caL
.systems. Inymo t cases, the'measured eleetronic properties‘

are averaged out over all carriers and are not. sehsitive to

[

the details of structure and comp081t10n Thlo.lS not the.

caseé&n measurements of guantum oscillatory phenomena where

r,o .~

.the measurlng tools _are the car¥iers- of the crystal.

W

The conduct1v1ty along the c- axls also increases ln

donor_COmpounds. In acceptortcompounds it decreases even

thouqh the number of carrlers 1ncreases. This results 1n a

large anlsotropy of conductJVLty, reachlng the order of 105

in most acceptOr compounds. Thls»anlsotropy still remalns &,,«””i_

‘puzzle. It was belleved that 1nterca1ate layers are non-
#

transparent for free carrler transport and attempts were

'made to. explaln c-axis conductrvxty by hopplng models
(Suglhara 1984) or by channeling carriers acrOSScintercalate' _ g
lapers through:hefects (Morelli and Uher 1983)2 At'presenty'

there are no“measurements4of pand parameters relating to the

~C-axis carrier dispersion’and c-axis conductivity models are,
1 ' \ A "0 T . AN
necessarily speculatlve“ ) - CLe
This work presents the results of the anestlgataons

df'the electronlc bands of several acceptor graphlte
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N
lntercalatlon compounds by the de’ Haas van Alphen effect. .

The' compounds studied are antlmony pentachlorlde graphlte'

and 1pnlc'compounds SbF6 and’ BF4 graphlte._The flrst

) reection, of antimony pentachlorlde w1th graphite was.

Q

,reported b& Croft (1956). A compound contalnlng 35 % of:

¢

. SbClS was obtained. A syetematic study;of graphite—SbClS'

system (Melln and Herold 1969) shoWed the existence of a’

[y

'serles of dlstlnct st01chlometr1c composxtlons whlch were

ldentlfled w1th dlfferent stages. Stage l to 4 1nterca1atlon

compound were obtaineéd and thelr compos1tlon was descrlbed

‘by a general formula ClanbCls where n is the stage 1ndex

The stage 1 was found to qulckly decompose when exposed to

" air. Higher stages were found more stable in an amblént

atmospnere In the work-of Murthy et al. (1980) stages two -

and hlgher were synthe51zed by a two zone method Optlcal

‘ reflectance spectra of the compounds were found to remaln

unchanged-after months of air exposure. Stage—l compound was

»

not;obtained. ?he Mossbauer study of the antimony

_‘pentaohlorlde compound (Boolchand et al. 1981) squested

A

that the.;ntercelate undergoes a dlsproportlonation Yedction

3SbClg + 2e” —» SbCly + 28bCly . . . .

Y

. where two electrons are donated by the graphlte host Later

[

studLes y Frledt et gl. (1 984) questloned ‘the
1dent1f1cat10n of ‘the SbC16 1on and the Raman studles (Jones‘

et a’l 1%@3) showed the presence of. several 1nterca1ate

N
4

R
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spec1es 1nc1ud1ng SbCl ' SbCl ~, SbClg and SbClB_,
_ 30 5 6 ,

' the fIrst measurements\ of quantum osc111atory

phenomena of the SbC15 compound were. reported by Batallan et

~ai. (1978). Stage 2 and 4 were lnvestlgated and the

_frequency of" osolllatlons were found 1ndependent of stage

The de Haas van Alphen work of’ Takahashl et al. (1981)

showed stage dependence og\the deA frequenC1es. The

:theoretlcal explanatlon of “the observed 050111at10ns in the

_stage~2 compound was done (Tanuma et l;tl981)‘p51ng;the

- — ——

rlgld band model of BlanWSkl t al. (1980) tSince'thef

—r—— ——

.'\number of observed frequenc1es was larger than that expected ,

from the model, 1n plane zone foldlng technlque (Harrlson

1966) based on 7x7 intercalate superstructure was. udede'

However, the.value of charge transfer'ad;usted to fit the

data was not in agreement with the one obtained from‘bptical

- reflectance data of Blinowski gt'él; (1980} and Eklund gt R

al. (1981); '

.

The validity of;the zone falding constructioh“ueed«

by - Tanuma et al. was put in doubt W1th the dlscovery of a.

commensurate 1ncommensurate phase tran51tlon at around 220 K

. from x- ray dlffractlon studles (Clarke et al. 1982) On the

* other hand,,electron dlffractlon exper;mehts (Tlmp et al.

1982) showed that the low temperature phase has a glaSSy

structure. Thls apparent dlscrepancy was resolved recently

l 'by‘Roth et al.(1984) who shoWed that the transxtion to the

-

\ .

%



glassy'phase is induced by the electron~heamr‘No trénsition
ls observed in . the stage~l compound (Clarke'gt._l 11982).
' The c-axis. re51st1v1ty of stage 1 and 2 SbTlg
aphite 1ncreases linearly w1thntemperature (Morelll and
Uhér 1983) It was postulated that the traisport of carrlera
- along the c- axis is channeled ‘through defects
B ‘ The actlon of nltryl salts (Nozst@, NOZBF4; NOZPFG)
on graphlte produces ioiic 1nterca1atlon compounds (Blllaud
et al. 1980a, Billaud et al. 11980b). The chemistry of the
reaction is 51mp1e The n1try1 lont(Noz) ox1dlzes graphlte‘
and the anion is 1nserted 1nto the graphlte 1att1ce.=‘~
N02 T mC > o x + N02 & v
The reactlons were carrled out 1n the solutlon of
nltryl salts in‘dry nitromethane and varlous stages WQre-
"obtalned dependlng on the concentratlon of the salt Wlth ‘
nltryl hexafluoroantlmonate stages 1 to 9 were ebtained..
<
Reactlons of nltryl tetrafluoroborate produced stage 2 and
hlgher. Similar compounds can bhe obtalned by an electro-'
'. chemlcal reactlon of llthlum salts (Jobert et al. 1981) The’
compounds obtained in solutlon and by electrochemlcal method
decompose ‘when removed from the reactlon Vessels They can N
-only be studled by technlques that permlt measurenents in
s1tu hese 1nclude x—ray characterlzatloh hasakfplane E

conduct1v1ty (Blilaud et al 1980a, élllaudzgt él. 1980b)

- and Mossbauer spectroscopy (Boolchand et al. 19§3l.1Andther
! » o . Co o

-



K

‘ mechanlsm. o~

.8

. il

way of inserting fluoride'anions was devised by Biliaud and

Chenite (1983). The starting materials. were nltryl salts.
: 4

.
-

‘They were thermally decomposed and the gaseous decompos1tlon

products reacted ‘with graphlte..

El

. Thls work 1nvolves the preparatlon of oompounds

_using known technlques and the development of new methods of.

préparation to obtaln the pure homogeneous samples needed

for the ihvestigations. The enefgy'bands_are studied in:
graphlte SbClS stage l and 2, graphite SbF6"Vstage 1 and .
graphlte:BF4 staqe 2 compounds. The experimentar data -

‘relating to'the in-plane .carrier dispersion are cOmpared to

-

the rigid band models of the electronic strucbure‘of G1C.,
Fhrthérmore, quantitative 1nformat10n about c- ax1s

dispersion is obtalned from the ana1y513 of the deA data of

.-stage 2 SbC15 compound The anlsotropy ‘of - the conduct1VLty

.

Sin that compound is explalned by. a band conductlon v

[
]

.
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CHAPTER Tl -
THEORY - .

‘The constituents of'graphite intercalation compounds

.are‘atomrc ‘and molecular monolayers rather than\indiVidual

a
AN

atoms, The 1ayers have macroscoplc size in two dimensions

" and the 1nteractlons between them are.weak. Consequently[

b - v ]

‘many ba51c propertles of the compounds can be obtalned by

2

*ﬁddlng the contrlbutlons of. 1nd1v1dual layers T

r

The 1ntrapianar bondlng of carbbn atoms 1s stroncs
due to thelr covalent bonds and remalns lntact during the
lntercalatlon process The spac1nq between carbon atoms
.w1th1n Iayers remalns essentlally unchanged (hlxon and Parry‘
.1969), the frequency shlft of graphltlc 'Raman llnes is. léss
than 4 % (see ‘data comprled by Dresselhaus and Dresselhaus
1980), and the - 1n plane mechanlcal strength of the'
lntercalated compounds is sxmllar'}o that of prlstlne
‘graphlte (Herlnckx et al. 1972). The simldarlty,between the
pristine graphite and the'intercalatron compounds is also
observed in electronlc prOperties. An example is the high
basal plane mobillty of the carrlers observe%’ln both

graphlte and lntercalatlon compounds. This 51m11ar1ty is a

'bas1$ for the development of phenomenolcglcal models of the

. électronlc structure of intercalatlon compounds based on the

| — L . . .
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band'structure of 'graphite. Bécause the intrelayet bonding
of <carbon | atomf remains. essentially unchanged‘ during’
'1nterca1atlon -one expects that the electronlc interactions

!

‘are also preserved.

II.}. Electronic struétune of graphitet . | -

A carbon atom has fou;_vaiedce’electtons which
ieccupy‘ZS*and‘Zp etatesftln qraphite;therexie,three-fold
‘eymmetr& of the neefest.neighbops ehd mg}e apptopriate'bésis
states are 2p, ahd three hybridVStates made of 2s, épx and

2 statesf

2py orbltals (sp2 hybrldlzatlon) Crystalllne ZSp
: give rlse to bonding ¢ and antlbondlng o bands which are
'separated by 6-12 eV. iIn between there are n‘and n" bands
made from 292 states. Three electrons of each atom
.completely flll a bands, the remalnlng electrons go to the

'n‘ bands ' There 'is- a small (~0.4 eV) overlap of the energy
of " ahd bands and wtherefore, the top of the T bands

is 1eft unoccup;ed and a few electrons are 1n the bottom of

the E'h kan : Thus, grap tte 1s a cmmpensated semlmetal with

the total Sarri centration of_aboutll carrier.per 104

atoms. ’ ’

N ~dhe'of the first band‘st;uetdre ceicﬁlatipns of
gkephite was done by Wallace ~(1947). A. ‘simple taght blndlnq
approki&ation was used but, nevextheless, it ahowed the

gharacterlstlc features of the bands ;

\ 2! N , N N ‘a
. . . . . . N ) .
" . B .
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¢ -Figure I1,1. Structure (top) and E\rllloum zone. (bottom) of
x slnqle qragomte layer. - N
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~2X2 Hamiltonian whose matrix elements are given by

12

Wallace theory starts with a model of two-
dimensional gfaphlte consisting of a sanle graphite layer.

The carbon atoms are arrdnged Ln a honeycomb array as shown
A4

in Figure II1.1l. The primitive lattice translatlon vectors

are a; and a,. There are t'wo atoms per unit cell. The

reciprocal lattice is hexagonal with vectors Jp; .and by, of
magnitude 47/v3a. The electron wave function 1s taken as

w:‘(bl + )\¢21 ) - ‘ ) {I1.1)

,fﬁhere \is a constant and ‘¢, and, . b, are Bloch combinations

of 2p, orbitals of atoms A and B, respectively. ,

’

il

¢y
¢

Y explikry} Y{r-r,)
A A A (11.2)

1]

Jexpiikrg! X(r-rp)
B .

.
v

N ’ . c
Following a standard tiqht_blndlng procedure one obtains a

Hy, - IINJ/' A b0 . o L HI1.3)
where N 1s the numoer 0f unit cells 1n the crystal. From
symmetry Hy, < H, , furthermore H,, -.H3;. The cnergy

<, o .
solution 1s then 4given by

Hy o ‘ o : (11.4)

!
-

The elements ng are evaluared 1n an approxXimation

that includes 1nteractron between nearest and second nearest

nei1ghbors. Terms,ot the formj/*x*(r—rA)ﬁ XLr—rA)d?r are
uonstant and can bc¢-set to zero by vhooban an approprlate

ﬁnergy scale. The element ”11 13

—,
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R ‘ " A ' ’
”ll = Legp[ik(rA-rAl)]J[x*ir-rA)H1k(r-rA1)d3r (I1.5)

1 , .
where the 1ndex 1 runs over six A atoms located at (a,0),

(a/2,-av3/2), (-a/2,a/3/2), (-a,0), (-a/2,-a¥3/2) and (a/2,
-av3/2). 2p, orbitals have circular symmetry in the ky plane

B A
.and the integrals v = f X*(f~rA)H x(r-—rAl)d3

r depend only
. Y
on |rp-rp,| and are the same for all the atoms considered.

Performing summation of exponentials.one goets

Hyy = -2vgleos (kya) 2cos(k av3/2)co>(k «a/2)1 1.6y

H12 denotes 1nteract10n between an atom A and 1its
three B neighbors Iocated at ta/2,-a/2+3), (O,a,JB) and
(-a/2,-a/2:3). Denoting ¥, = jfx*(irrA)ﬁ \(r-rg)d’c (the
resonance lntoqrél bétween'atom§ considered) one obtéins

Hyp ~ %*ol.@xlekya/»ﬁ) + 2exp(-ikya/2v§)cos(x¥a/2)l

(I1.7)
(o

The resultant band structure 18 ghown schematically

1n Figure 11.2, There are two bands' that meet at the porint U

of the Brxlkouln zone. The number of states 1n a band 1s

équal -tc 2N.where N 18 the number of unit cells in the

(1

crystal. The numbor of electrons 1s also pquhl to 2N because

there -are two atoms per unit cell and each donates one’

&
el@ctron. This gosulrb tn a complnrely f11led bottom band

and an empty upper band. ln «ffect, rwo-dimensional graphite

1s a zero gap semiconductor with no free darr;@fs at T - 0.

At finite temperature there 1s a thermal generation
. . l +

of carriler s, the e¢ledtrons are excited inty states at the

-
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v bottom of .the -conduction band leaving free lioles at the téﬁ -
bf the valence band. The carriers occupy 'states” in the
- kegion around the corwer of the Brillouin zone.' Expanding

Hamiltonian elements around the point U. one obtaans
) ~ ) B 3 . 2 :'é é . . .
: Hyp = 3vg + gvpasl&fe + ... : . (11.8)

ahd

- - = . Y
Hyp, = -YO%(KX + lk&l + ... (11.9)

where K = k=ky. In the lowest order, the°¢hergy is iinear in

K, that is . ' -

[y

5 -3 r 03 Inla . Carao)

The linear dispersion corresponds-to a low carrier effective.

-

mass whith is observed experimentally. - -~

. A three-dimensional crystal of graphite consists’ of
layers spaced by Cg = 3.35 A (Figure II.3)._Thé layers are

) ’ ) ) .
stacked 1n apaf order with every second layer totated by 60

degrees around an A*atom. This gives a c-axis lattice vector

* ‘equal td‘2£0 and leavgs the in-plane ‘lattice

¢ & .

vectbrs the

4

same as in two-dimensional graphite. There are four atoms
per unit cell which we denote by A, B, A‘fand B'.,

The electron wave function is taken as a combination

[}

- of ﬁbur Bloch sums of atomid 2pZ orbitals
- v kam{‘% eXp(ikry p) X (r-ry g)) (11.31)

' where index 1 numbers unit cell dnd m numbers base atoms.

‘ . -

vers

. A . ) " . .
Interactions between atoms AA, AB, AA', BB' and equivalent

~

pairs are included inh the calculationg. This leads to a -4Ax4



oA ofoiﬁs.
B m‘oms
oA otoms '
0B o’ronms‘

1 ’ ‘.
Figure 11.3, Crystal structure and Brillouin zone of -
' . qraphlte '
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~ Hamiltonian whose diagonal elements are the same ‘as in the -

case of two- d1mens10na1 graphite

»

‘Hll = H22 = H33 = H44 = - 2Y6[C08(kxa)°'{'

+ 2¢os(kyaV§/2)cos(kya/2)] ' ¢ (1I.12)

Simjlarly,- " ]
Hyp = ~Yolexp(ikga/v3) + 2exp(=ikja/2v3)cos(ka/2)] -
v (I1.13)

H13Hdenotes interactioﬁAbetween A.and A' atoms
Hy3 = 2Ypc0s (k,¢q) . ' S (11.14)
where ?1 j’x (- rA)H X (xr- rAdd r. The element H14 denotes
interactions between atoms A and:B'. Denoting Y the
appropriate resonanee integral one gefs ‘
“Hyg = 2YiCOS(k co)[exp(-ik a/“?) + ! )
+ 2exp(1k af2v3ycos(kgas/2)l . ‘ (If*lé)
The remalnlng elements are obtalned assumlng that the

"resonance 1ntegrals are dependent only on the relative

positions-of atoms and using fthe symmetry of ‘atomic

positions
(M3 = Mg . o
Mag = Hp3 - | (11.16)
. *" . ) ! - ~ , - i . '
Hag = By o o

3y

It is convenient to denote diagoral matrix elements

by HO and parameterize I‘=\2cos(kic0) and

RYERE f)cos(k al2). . o

)

The secular equatxon 1n this noratlon has the followlng form

i

S = exp(lk a//i) * 2exp(—1k

%
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Hg=E - =Yg$ "ylf ‘ ‘yifs* N
* ) pg* R . N S
. "'Yos Ho"E Yl S . Yl I's ., ) . )
det, ‘ ) . N = 0 (II‘.'17~)‘
Y{FS - y{Ts™  '-ygS- Hy-E

which is a fourtn degree equation with no‘general gnalyfié;
selupion. Qne can‘neglect~§i in Qﬁe }owesﬁ appfoximaeion and
éhen the approximate soluelons become' ' ‘

Coeg s by s egis2E 0 arae
'S Van}ehes.élong-the zone edge HKH and oneuobtqiné~fwo

degenerate nands of E5 = Eg = HO. The energies of the two

~ - -

-

‘remaining ban@é,ére Ey = Hy - Yl and E4 = Hy +er: Away
from Ehe'edge éne lowest term 1s quadratic-in the in—plane‘
vector K = k - kg (Flgure II. 4) Elements contalning Yi are
multlplled by § and are zero at the zone edge. For'smell
values of K they can be neglected because thelr’lowest'order
contrxbutlon to energy lS proportlonal to‘(aK)4 Thefe is no
overlap between yalence and conduct1on bands and w1th1n this
,qppqoxrmation graphite remains a zero-gap semiconduqtot.
The modeI of Wallace‘felleé to pfedict«the
semimetallic bropertiesxof graéhige. Neverehéless, it showed
that the carriers are located in theﬁnéﬁion around the ngéw
of ﬁhe,Brillouin'zone: &h}s was the basis forifne'
development of éhe model'by,SIOnCZewski and~weissi(1958§ and
McClurex(1957[-(SWMcC);that 1 e widefy used for the

«

description. of the electronic prdperties of graphite.
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Flgure Ii.4. Schematic energy bands near HKH zone edge of

graphite obtained from 'the three dlmen81ona1

modei off Wallace.




The ba51c idea of: the model 15 to use the fact thaﬁ

the reglon OCCupled by carriers is small éompared w1th the

'1n—p1ane ree;procal 1att1ce.vector:and make a Taylor

-

*egpansionsof‘the‘Hamlltoniqn'in the kky plahe and a ‘Fourier

expansion in“the k, direction The in—plane'expansipn uses

k. p formallsm which, is_ based on the followj ng. - .o
) Suppose for a glven value of kO a Bloch wave
fpnction, W(ko,r) satlsflee the Schrodlnger equatlon
i w(ko,r) = EO Uikg,r) - S (11.19)
Eor‘the.value;of-k = kO*K' one'loqké'fbr.e solut;on‘of‘the
K “form . ‘ |
‘?ff . Wk, ) = elrt W(kﬁ'r)’~y - o Do (11.20)

.f substltutlng the wave functxon .into the Hamlltonlan one gets

fvon.s (B2 + viryiel T yixg, o) =

. ’ 1\2' . .. - I
ce : ‘ C s 1Krfﬁ7K_ “Kp v By vir)} ¥(kg,r), (11.21)

-
.

 J
he last two terms q1ve EO because

B v ) kgir) = B kg 0) = By etk r) T (11.22)
Therefore, one ohtains a. new equatxon o \
i1 w(ko,r) - Bl : ‘ © {11.23)
~where B = [&7&~ +-kp} and D(K)= E(k)—EO. - ‘; o
’ -Thus, the problem 18 reduced to andlng the energy

chahée 1nduced by the perturbatron HJ which ‘is. desgrlbeq by

the momentum operator p actlng on sLates V'(ko,r)

The values of the p matrly can be. evaluated kn0w1ng'i

'thfveﬁacg solution to ‘the Hem;ltonran tor,the value Qf kg

e - 20
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In practice, dgroup theory considerations are used to derive -

the form of the .matrix and the values of elements are

obtained .expe, imentally: . a ..
In twojdimensional graphite the carrier propertieg”
are determined by the band structure in the vicinity of the

corner U of the Bfillduin zone. A k-p expan31on Qf the

1
)

Fl

bands glves the electron energy as

AR

< . ¢ w .
E =B~ —po lxl . . - : (II.24)

which is 1dent1ca1 to the result obtalned by Wwallace from

the tlght binding calculataons w1th Weygla ;fﬁpo..

~In the case of three- dlmen51ona1 graphite, four
) AN

‘bands are 1ncluded.‘They are Blopch states of atoms B, B' and

Bloch étates madé of symmetrica}~and antlsymmetrlcal

comblnatlons of the states of atoms A and A'. A Fourier

-

expans;on Lifgsed for the kz dispersipn and a k.p expansien

is used for the.dispersion in the’kxy plane. The Hamiltonian
. . ’ . ‘ '
is commonly written in the form

. & , * . -
El - 0 Hlj H13 v -
o' E -t | |
' 23 723 C .
W= - f 2 o IR (L1.25)
. Hips Ha3 B3 Hyj } ' '

=

. . *
Hyz -Hps H33 3 .

.

For an accurate descrlptlon of the Fermlosurface

propertleq, seven expinsion parameters are satlsfactory
you.ws ‘and 4. In terms of these parameters,. the” matrix

’
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elements are

.= 2
E; = A + Yy [+ ?YSF

2
132 = A - \Kl‘r + ?-ysr‘ . , »
By = &y, s | | (11.26)

Hé3 =¢%( Yé'; Y41 Yoexp(in)
Hyy = Y4!0exp (ix) ..
where‘1=“2ccs(k;c0), q =V%a|KI and K isf%hé in—piane wave
vector, améja 15 the‘amgie between K'and‘rhe K direction.
\The‘values @ﬁ.expansion parameters and their phys;cal
meaning are given ih-Table I}.l. & ‘

Tie Eermi surface of graphire 18 sbown-in Figure
11.5. It ccnsiSts of threeAelongatee trigonally warped hole’
and electron pockets, The Fermi surface has three fold
symmetry with respect to HKH edge of the Br1110u1n zone{ The
Fermi surface is hlghly anlsotropic, the length along the ¢-
axls is about 13 tlmes the width perpendlcular to that
d{rec}icn. The center pocket contaiqs electrons‘and the:
oute{ pockets CQntajn'hoies The zone boundary cuts hole
_pockets into two pleces‘whlcﬁ are referred to as ma]quty
and mlnprlry holesv It is interesting to note that the band
overlaé and, ccnsequéntly, the numbet cf‘carriers depends on
' the width of E4 bands along the HKH edge determined by Yz,r

‘the parameter descrlblng 1nteract10n between the second

nearest neighbor in the ¢ dlrectlon.

," " ‘ . . ; \
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Table II.1. Slonczewski-Weiss-McClure band pdrémeters:for
graphite (from Dresselhawus and Dresselhaus 1980)

‘Band
Parameter

Order of

"Magnitude (eV)

Physicai origin
(- v “

Yo ..

71

Y2

©3.16+0.05

-~

. 0.39+0.01

~0.020+0.002

" 0.315+0.015

0.044+0.024

L

~0.038+0.005

-0.008+0.002

Overlap of neighboring atoms.
in a single .layer plane.

‘Overlap of orbltals associated

with carbon atoms located one
above the other in adjacent™
planes. Width of- ™ bands at-
point K 1is 4Y1. 2

Interaction between atoms in
next nearest ‘layers.and from
coupling between "™ and ¢ bapds.
Band overlap is 2y,. Majority
de Haas-van Alphen freqnen01es
determlned by Y2'

Coupling of the two E3 bands by.
a momentum matrix element.
Trigonal warping of ‘the Fermj
surface determined by vY3.

Coupling of E; bands to E; and

E, bands by a momentum matrix

.efJement. Determines inequality

of K-point effective masses in

valence and conduction bands.
s .

Interactidvn hetween second

,nearest layer plames. Intro-
duced 1in E, and E2 to be .
consistent in the order of the
Fourier expansion. '

Difference in c¢rystalline fields - .

experienced by inequivalent

carbon sites in layer planes.
Volume of minority hole carrier
pocket sensitive to A.




_graphite.

v

.
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. ’ The model of Slonczewski, Weiss‘and‘McC1ure 15 based

'

“on a first order expansion of the bandé in the region of the

Brillouin zone around the HKH edge. Therefore, 1t is not

v s -

valid for the description of the electronic structure far

away frpm_thé'edge. A full bqnd'structufe model was proposed'

by Johnson anq Dresselhaus (1973) to éccount for the optical
proﬁerties of graphite-i1n the vigiibe and ultraviolet range,

The model wuses a Fourler\égpansiom in which the

9

Hamiltonian matrixX elements describe i1nkteractions between-

~

orthdgonalized atomic functions, e.g, Wannier functions. The

» N

matrix elements have the:form h
- ‘ ' .o

. Hyj = § exp(LkR%J)y%j ) (11.27)
.. where the indices 1 and j dencte base' atoms and {}J denote

interactions betweéen ‘Wannier functions centered on atomic

sites separa§9d~by‘a vector R% The form of the Hamiltonian

. 1’
is similar to the one developed by Wallace (1947) for thr@e:
: « PN
s dimensional graphite. In the notation used by Johnson and

Dresselhaus, the Humiltonlan matrix elements are written 'in
thee form N <
)
{ - v nmi
Coompy =) M
nml . ] . : _ .
where symmetrized Fourier tunction fﬁml(k) 18, apart from an

nmi (k) ' (11.28)

integqer factor, a sum of expenential functions of--equation

-

T (11.25) performed over all atomic sites separated by vectors .

whose magnitudes are equal to that of. the vector
\

(na,ma/'ﬁ.lco) and Fodrlep coefficients MF?llare equal -to

»

’



Table I1.2. Values of:

the Fourier-expansion parameters.

Parameter Value (eV)
Meo0 0.0069
390 0.0136
M310° -4.20
M930 0.0
MJ30 6.0‘
‘Mgéo 20.677
'Migo -0.135
M9+ 0.267
) - ey 0.36
S wdlt 10.60
M392 ~0.0069
M52 ~0.002

L*g
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corresponding Y's times thelinteger facf§} where 1t is left
out 1nvcalcui;tlons of the function fnmi(k)’

Ten interaction parameters are 1ncluded in the
Eodel..The valueé of pafameters are obtained by expanding
‘the Hamiltonian in the lowesf ordeftr around thé edge of the
Brlllgtin zone and comparing the c?eff1c1enT oféfxpan51on to
the SWMcC band parameters. Additional pa;?ﬁ”fé;s are derived
from opticai data. The values of Fourier expansion

i ' .

coeffitients are given in Table I1I.2. The parameters Mégo

and Mégo were set to zero because they downot contribute to

(
the frequency-dependent dielectric constant.

11.2 Development of the rigid band model of GIC.

Graphite 1s a compensated semmetal with a total

£

carrler‘concéntratlonfof about—l carrier per 104 atoms. The

‘smatll number of carriers results from the fact that the
'

valence band 1s almost full and the conduction band almost-

empty. The intercalated\specfes are eithér'fully or |

paftlaJIy roni1zed. A charge of equal magnitude and opposite
$19n on carbon atoms mainptains the neutrality of thu
compcocund. This Chdréz 13 obtained by ei1ther removing

electrons from the top o! the valence bands or by filling

the bottog of the conduction bands. In ei1ther case, a large

increase of free carrier concentrattion results (Figure 11.5).

~

This mechanism of charge transfet between rigid graphite

1

. i Y
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Figure 11.6.“-(,;’_£1arge transter i1n graphite 1ntercalation
compounds. The hatched areas correspond to
filled states. 3
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bands and Zntercalated potassiuh and bromine was proposed by

'%iZiziill et al. (1951) to qualitatively explain a large

1 ase of electric,conductivity of the respective

v

compounds. The idea of.a rigid band model was then explored
to descrige‘the eiéctronic properties pf*higher s%age
“intercalation' compournds (Dresselhaus et al. 1977). The band
strgcture of GIg was a%éu%ed to be described by the SWMcC
model. The effect of 1ntercélantuwas primarily to increase
the nu%ber of carriers by moving the Fermi energy.
Fo}lowing.thesé simplé models, strictly quantitative |
models of thé electronic structure ofrgrappité 1ntercalation
"compouwnds were developed ghat accounted for sevéral major
modificathons of the.structure of the/graphitiﬁ’ﬁ bands'in
intercalation compounds. The ﬁod}ficatlons‘tesult‘from:
1 The staging,‘fhat 1s the presence of a regular Lntercg-
late-staéking every n grapﬁqne layers for a stage'n
compouhd. This 1s a long range ordering that changes the
c-axi1s spacing which reéul;s in'qpanges in the number of
‘afqms per unit cell and the number of bands.
%urthermope{'1nteraCtloh§ between q;dphehe-énd
tercalate layers change c~axis band bara&eters.
11 Charge-distribufion betweeﬁ graphene layers.,Tﬁls charge
dis£ribution depends on the Spatlalndistrlbutlon of the

electronic wave functions which,..n turn, depends on the

atomic electrostatic potential which depends on the

“



’

charge distribution: The solution ‘has to be self-

consistent. .

-

iii Change of intéractiog parameters due to charging of the

bands.

iv Possible interaction betweenzcarbbﬁ'an intercalate

orbitals - -

-

v In-plane intercalate structure which

*

-plane lattice spacing.
.» In gereral,’all the factors listed.above. introduce

’ [ d
their own parameters which should be included in the band

structure -calculations. THese parameters are hot known

a priori and have to be determined experiméntally. One 1is

then forced to consider special cases in which not_all of

o<

the modifications are necessary.

Firstly, in the lowest stage compounds (1 and 2) the .

problem of charge distribution is eliminated because all the

carbon atoms are adjacent to inte}:alate. Furthermore, there

are only one or two bdsic bands which can be easily

f

identified 1f detected.

\

Secondly, among the large number of species that can.

be intercalated there are '‘a few whose in-plane structure

does not affect the Fermi surface.
Thirdly, one can assume in the first approximation

that the interaction between carbon atoms.and intercalate
. . . o \
and between carbon atoms separated by intercalate layei/ps

<
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-

zero while the remaining interactions between carbon atoms

‘are the same as in, the pristine 'graphite. This giVves a

system consisﬁing of two—dimensionél mutually decoupled

. conductors made of n graphene 1ayer for a stage n compound

-~

@

The last assumptlon is appllcable in the case of
acceptor compounds because the large anlsotropy 1105) of
conduéﬁiv@ty suggests that the c-axis electron‘d}spefsion 15
gmall. ThlS results from smali interéctions annd the, c-
axis whlch can be assumed’ to be zero or included as’ a small
perturbatlon. In donor compqunds, the distance between
carbon and .intercalate atoms is smallé} than the suﬁ of
ionic radii which implies thevhybridizatibn of grqphlté and
intércalate bands. In this Case the riéid band model based

on the ™ bands of graphite is not expected to be valid

13

(Fischer- 1977).

11.3 Rigid band models offGIC.

BRI P ‘ . ‘ :
The band structure models of graphite, intercalation

compounds are based on fhe following assumptions:

i The bands aré' made f;oh éarbon 2pz orbitals.

11  The band structuré of stage,l 'and 2 compounds is the
same -as a structure of a single and double graphene

.

layer, respectlvelyﬁf' ; : . ° \ “

.iii Thé interactions .between carbon orbitals are,the same as

in .pristine graphaite, o . .



5

'iv  All interactions with an intercalate are ignored

1

//C\\ The in-plane lattice vectors are the same as those in

pri:stine graphite

+

vi The Fermi energy i@radjusted to accommodate all'cafriers

comirlg from the intercalate. : o s
. x‘_‘ ) .
P2 There are several gqualitative conclusions that

r

fofﬁow directly from these assumptions. The electronlc

", structure is two—dlmenSLOnal and the energy depends on the

in- plane component of the électron momentun1 There are 2n
atoms per unlt cell that gives 2n base states and 2n bands.
y

Because the interplanar inreractions are an order af

magnitude weaker than the in-plane interactions, one expects

that there will be n valence and n ‘conduction bapds'with
lietle overlap between them .and. either the valence or
conduction bands will be partially occunled; Finally, the
Ferm1: surﬁace‘siae.154aboutfi/100 of the in-plane é;illouin

-

zone size "and is. located near the corner of the zone!

]

It has to be ‘emphasized that the models describe the -

-

electronic’structure of 1ntéfcalat1on>comp0unds rather than

s
i, ]

that of graphite. The 1nteractions between carbon atoms in
GIC are assumed torwnm>the same values as those in pristine

graphlte. However, the number ot atoms per unit. Cell,varles

<

from stage to stage and, in fact, for var;ous stagee

¢

different band structures are obtailned.

The -simplest model of the electronic structure has

"’
‘
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1]

been proposed by Blinowski et al. (1980). The model is based

on thé tight binding approximation and includes nearest

-

neaqhbor 1nteractlons.

For a stage 1 1nterca1at10n ¢compound there are two f

"atoms per-unit cell denotgd by A and B andg only the .

interactions between ‘the nearest neighbor A and B atoms are

rncluded. This gives the Hémiltonian matrix element Hyq =.

constant which can be set to zero by choosing an*apppopriate

.energy scale The element H;, is equal to

) Hip = - Yo lexpliky a//§) + 2exp( lkya/Z/_)cos(k a/2?]
§ it
) (I11. 29) ’
The energy* solutions’ are then
S ke o amoao

=

This result cap be obtainedefroh the two-dimensional

,graphlte model .0of Wallace (1947) by -putting Yo =0 ..

-~ )

plane Brillouin zone size, the energy'is,wéll approx1mated

by the linear relation . L oo '
E = i'/g—yoalx.l ' ' ~ (I1.31)

where K = k—kU The resultant dlsper51on in' the vicinity of

-

the point U is shown schematlcally in quure II7

¥

.3 , In. a stage 2 compound ‘there are two graphene 1ayers
and one has %o include 1nterplanar Lnteractlons in addition

to the in-plane interaction. In the model of Bllnowskl et

—— .

1., only Yl is 1nc1uded The Hamlltonlan has the form,

-

. . i3
2 . . ‘ ‘ 9 A o

Since the Fermi surface is small compared to the "in-



Lo amd e
A

- ) %
’ < o . . . ) ’ . .ﬁl@l ) ,
’ o 19 Tysmoutlid 3O [epow 3yi o3 putrpxoooe, n jutod ay3 Jesu spunodwod . )
’ uotje[eoisjul z-obels pue 1-92beas JO0 spueq m‘muwcm. 5>Taewayss ‘L T1I aanbig
© .2 39V1S I 39VLS
&
3




~¢

35

* *
Hi3 0 0. Hpy
0 0y, 0

(11.32)

where le is the same as in the 2-D.case and Hl3 = Yl.-This‘_

result can be. obtalned from Wallace s model by neglectlng'

all parameters except Yy and Yy and sett;ng =1 Again,

one assumes that the wave vector is small and the energy is

glven by (Flgure II 7 )

~

E = 7[(Y2 + 3v8a%K?) % + Y] . (1I,33)

£

In this case.two valence and two conduction. bands are

obtained. The  valence and conduction bandé meet at the point
U, but there is no errlap between ﬁhen. '

The modei has also peen extended to higher seages
(Blinowski and Rigaux‘;980).in'which{oase the eleotrostatic

effect due‘to charge distribution has also been included.

¥

A more elaborate. model of the band structur? of GIC

was proposed by Holzwarth (1980) The model-uses é Fourler'

expan51on formallsm, the same one that’ was used By\Joﬁn§Qn

and Dresselhaus (1973) for calculation. of the full‘zone band-

./

structure of qraphlte.«

, The bas;sstateq are Wannler functlons, tnat ié,

-

orthogonallzed 2pz—11ke functlons centered on atomlc sites.

The lnteractlons between states of atoms separated by a

vector (na,ma//§ 100), where n,m, l are Lntegers whose values

?
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nml
MaB

where -a and B denotes types of atoms (A or B). There are two
L4

atoms per 1ayer that give a 2nx2n Hamlltonlan size for an n-

anéﬁrestricted by -atomic positions, are denoted by

¢
stage compound. All dlagonal Hamlltonlan matrix elements are

real. Also,.the A atom sublattice is invariant with respect

to'in-plane inversion and the Hamiltonian matrix elements

between A atoms on different layers are real.

HLD (k) = 1 38 mER D re g0k ) (11.34)
The remaining elements,are - /

oo = 'R g punGeDe (11.35)
) ‘ nm ) ’

where 1 and j denote ‘layers. For stages 2 and higher the B

‘atom sublattice is not invariant with respect to the in-

plane ihversion'and the corresponding matrix elements do not

have to 'be real as was squested"in the original wofk of’

Holzwarth (1980). The factor 3-2 comes from ?ﬁ loss of

L\?1c1ty along the c—-axis. The function fomik

f\m(k) cos(nk a)exp(lmk a/vﬁ) +

+ cos[% n+m)k a)]exp[1%13n m)ky /V‘] +

+ cos[zin m)k a]exp[ 1?(3n*m)k a/v3] (I1. 36)

The- values 'of the malrix parameters Mng(l J) are given in

‘Table II 3. The 1ntralaye1 elements were obtained by flttlng

the’ model to the first- prlnC1ple band structure calculatlon
of two- dlmen51onal grapbf“b (Painter -and Ellis 1970)
espec1ally qround the point U of the Brlllouln,zone. The

inperlayer elements were derived from SWMcC band parameters.

-,

~

a

‘i

“

N
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Table I1.3..Values of 'interaction parameters for
graphlte T bands.

Parameter : Valug (eV) _ AI//ﬁ<,

=t

MIRO 0.0 - .
Mm% ©0.37 .

R0 ~2.59 ‘
M50 T 0.0s.
M2 L el

L S L

Mot ©0.25 « :

M9 . . 0401 T
Mgttt . 0.2

maLt C0.58 7

Mgz - . -0.01

.

This parameter describes the' dlfference in
crystallinme field resulting from different
configurations of out-of-plane neighbors of A
and B atoms. It~1s zero in stage 1 and -0.01.°
eV in stage 2.

R
L]

Al
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The.Banq structures of stages 1 and Z’thained ffoﬁ this
model are shown in Figure 11.8. 1

The band.struéture obtaineé from’the Holzwarth mogei
is qualitatively simil%r to that from élinowski et gl.tnhat‘
is, the number of baﬁds and their essential features .are the
same. There are n valence and h.conduction bands for. a
stage—n‘compouhd.:The valence énd conduction bands meet at
the point U of the Brilléuin zone. There is no overl?ﬁ
-B@tweeh valence and conduction bgnds in stage 1 and 2.
| The addition of -extra térms into the‘Hamiltonian of
the Holzwarth mégel moéifieshthe energy dependence on the
electron moment.qm~ The model is expected to be valid. for ?
larger Fermi surface size ¢than the simpler 6ne.prdﬁﬁsed‘by
'Blinqwski et al. This is an important factor since a typical
Fermi_éurface size is about 10 i of £he érillouln zone §ize,
fhe effectivé masses of valence and cdnduction bands aré no'

longer the same and, furthermore, - the bands are trigonally

warped with three-fold symﬁet;y around the point UJ

4

A
.

N



CHAPTER III

EXPERIMENTAL TECHNIQUE AND APPARATUS

The major tool of study of the elebtronic properties
of graphn.{e intercalation'compounds in this workﬂis the\ de
Haas-van Alphen é%feét. In thi;'chapter the effect 1is
des&ribed'Sriefly. Following this, the d;tails of the

apparatus are presented.

¢

III.1. De Haas-van Alphen effect.

- The ddantum mechanical solution to the problem of an
E}ectron in a crystal innfhe presence of a magnétic field
can‘noty in general, be obtalned: Instead,’a semiclassical
approximation and tﬂe éohr—Sommerfeld quantizapion céndition
‘are used;(bnsager.l952). The motion of an electron in the
presence of a magﬁetic fieldﬁis described by the Lorentz
force equatioq |

Ak = elv x B) . ) (I11.1)
where B 1s'the'magnetic field vector and v is the electron
velocity. Th% consstants of "motions are energy’éné the’
combonent of momentum k,, parallel .to the direction of the -
magnetic field. The electron orbit in reciprocal space 1s

then an intersection of a constant-energy surface with a

plane\normal to the direction of the magnetic field. The

‘40
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shape of the orbit depends on the particular band ‘structure
and need not be a closed curve; The rea; space Qrbit can be
obtained by integrating (I11.1)

1 (k - kg) = e(r - rag) x B ' ; (II1.2)
That .is, theqreciprocal~space trajectory has the same .shape
as a projection of a real space‘ﬁraﬁectory on a plane normal
go B except it is scaled byaa =\eéﬁh ggd rotated by n/2.
When the orbit is a closed curve,‘it becomes quantized. The
allowed sfates are obtained déing the Bohr-Sommerfeld
guantization rulé | .

“JApd? = )%(hk —}eA)-dr = 271 (n + v) . ' (III.3)
where A is the vec?or potential; n an"integer and Y 1s a
phasetfactor t% for free ?lectrons). Sﬁbstitutingﬁequation

" (I11.2) and using Stokes' theorem’éne gets

® = 20 4 y) : ' (I11.4)
théé is, the flux through ailéwed orbits is, apart from a
phase factor, an integral malfiéle'of the fundamental flux

quantum 2mwti/e. The reciprocal, spate areas of orbits are

[

scaled by &2 and are given by Onsager's condition
A = 5B (n v ) . v (I1I.5)

That 1s, the area of allowed orBits in the plane’normal to

-

the magnetic field is quantized. The wavevector component
parallel to the magnetic field ky,1s not quantized and can

assume the same values as 1n the absence of the field. :The

-

*allowed states. form tubes in reciprocal space whose axes are

-
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parallel to ‘the magnetlg field dlgectién and cross-sectional
areas are ¢given by (III.S}. These states aré called Landau
levels.'

Th% quantization of the allowed states leads to

quantization of the ehergy spectrum .and only energy values

corresponding to orbits that satisfy Onsager's condition{are;

allowed. The difference between areas of two subsequent

Landau levels 1s 27eB/N. The energy difference is

AE =[%§)‘}m . heB/(%% %{;‘;) ‘ B (111.6) |

The quantity(%%tgé) 1s called the cyclotron mass by apalogy

with the case of free electrons in a magnetic field whose

energy levels are given by the formula

_ HeB: ‘ 1
. Eq = (n >+ 3)

(I11.7)

-

The quantization of allowed states has a.dramatic

A

A

1

effect on the electron gas 1n a metal. At zero field, the .

number of statés that electrons can occupy is equal to the’

number of atoms 1n a crystél that 1s about 1021, 1n-.a
magnetic field of about 1 Tesla, there are about 10000

Landau levels that cgﬁ be occupied. This. number has to be

£ .}\

multiplied by the number of allowed ky states, about 107,

This giyves a reduction of rhe number of allowed states by

ten orders of maén;tudh. Fach Landau level 1s highly:.

-

degenerate to accommodate the clectrons from all the states
which are no lohger allowed.

The electronic properties of a metal depend on the

PR
.



electrons at the Fermi energy'whichsean be e;cit%d to empty
states of highet energy etates under a small pérturbation..
In the presence 6f a magnetic-field, there is a large number

o

of these electrons when é Landau levéijis tangent to the
Fermi surtece. When the magnetic\field is‘increased; ghe
level méve5~awey from the Fetmi surface and‘heqomeé»empty;
‘The number of "aetive" elettrone decreases: Further increase
of the magnetlc field brlngs the next level tangent to the
Ferml surface and the mumber of electrons at the Fermi
energy becomes large again., This periodac variation of the -
'number of eJectrons.at the Fermi energy 1s ohserved in
effects called quantum oscilietoty phenomena.'The best known
are oscillations ofveleetrical conductiVJty ($hhbnikov~de
Haas effeét)d maénetic susceptibility (de HaaS*vénnAlphen

effect), and magnetothermal osc111at10ns (MTO). The period

of osc111at10n is determlned by the condition that a Landau

'_level is tangent to the Fermi surface which occurs whenever

the area of an orbit is equaI to the extremal Ferml cross-

section area., .

A, = 2288 (h o+ v) = A . | . (LIL.8)

.

~which 1s periodic invlﬂB ana‘the ber&od 1s inveﬁsely'proppr-

tional to the Fermi cross-sectional area . _
N - \
21e 1 .

= . : oo I1.9

am) = B | S IL)

in gractiée,-the frequency of 5scilletxon 1s measured and the
. P . . ' 3

cross-sectional area'is calculated from

. .43 .
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-

. Ap =42 N - (IIT.10)

where f is the dHvaA frequencyﬁ
&

The quantum 05c111atory phenomena, espe01a11y the de

Haas van Alphen effect, are -very prec1se\tools,that are

4

>

widely used to measure the'size of a Fermi eurface.,They”

also give other information about the Fermi surface. The
N ’ ‘

amplitude of the dHvA oscillations depends on the curvature

.

- of the Fermi surface along k .. Other factors that affect the

dHvA amplitude are scattering time and temperature. The
e

scatterlng of. carriers increases thé w1dth ‘of Landau levels

" and reduces the deA amplltude. Temperature further reduces

the amplitude of the oscillations of magnetization because
thermal:excitation of carriers decreases the sharp change of

populatlon of levels when they ¢ross the Ferml energy ‘The

;effect of temperature is expected to depend on ‘the ratlo of
temperature to the energy differernce betweem Landau 1eye1%

‘descrlbed by a dlmenSLOnlebs parameter X o= BT/AE The

theory of Llfshltz and Kosevich (1956) ‘shows that the dHVA

amplitude lsAprOportional to‘X/sxnh(Z*%X)«f@he difference of

enerqgy of Landau levels is dependent on the magnetic field

and the cyclotron mass of carriers. The dHVA measurements

& .

are done at very low temperatures .at which the “phonon

indepéndent of the temperature. Thus, c}clotron_mass‘can be

>

~J

.scatterimg is negligible. The scatteritg time 1% then.

determined by fitting the temperature dependence of the dHVA

e



amplitude ‘to the formula
A & T /sinh(bm.T/Bmj) o o (I11.11)

is the cyclotrom mass, B is-

where T is the température, mg

the magnetic field, ho is the free elecﬁron mass and b is a

constant equal to

b = 2n2kgmg/fie = 141693 Tk™L . C . (111.12)
I111.2. Apparatus. . L ' . .

The de Haas-van Alphen measurements‘were‘performéa
with a standard low-frequency ﬁodulation‘technlque. In this
method, a sample is placed i1nside a set of coils. An

alteinaxing"current of audio frequenéy (47-517 Hz ;anéé.of
f;eguency was péed’fjgihe experjmeﬁtS)_is fed go one coi1l
wﬁich_produces modulation of the‘mégn;tic.field. The sighal
which is’proportional té the rate of chanqe of the sample
magnetlzatlon 1s detected by another corl placed around a
sample. A)seqond q01} is connected antiparallel to t@e plck—
up qoil tor offset a steéaf_cémponent of_ﬁhe ihduced\§61£age.
The céxl éssembly was blacéd“insiéé a 5.5 Tesla

a

%uperconductinq solenoid. ~‘}\11 the measuzoments were done

with the c—@xes of the samples para}lel to the dlrectlon of
vthe magnetic field.’ n‘order to fa&llltate reproduCLble
‘ positiénind of sémples apd also 1nsu1ate'tﬁem from the
' \\ambient‘atmos§here, a,épocia] céiT\gssembly Was’made_(Fmguxé

I1I.1). The innef part could bé'removed easlly and put into
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a dry box. Samples were lald against a smooth surface 1ns;de

the-plck—up coil and sealed with.a tlght—flttlng plug. This

rellablllty of sample pOSlthhlng was checked by measurlng

Py

the dHvA effect of antimony with samples of 51m11ar shape’

and size. The antlmony samples” had their trigonal ax1s;

‘éerpendiculaf to the flat faces of. sémples. From the
analysis ¢f the dHVA signal of anélmcny it was found,thet
the reproducibility of orientation was within 2°.

Figure II1.2.shows a block diagram of "the detection

.

system. Modulation CUrrent has supplied by a low diéfortion

amplifier driven by a preC1510n,31ne wave oscxllator A

large reSLStor (250 ) was connected between .the output of

the ampllfler‘and the modulatloh'c011 to stablllze the

. ~ .
. modulation current. The signal from the plck—up coil was fed

into a lock-in ampllfler set to operate at the second
harmonlc of the modulatlon frequency. The Output of the

ampllfler was recorded on a chart. Dlgltal proceSSLng was

-
-

’~fac111tated by sampling and reCQrdlng the data. The deA

signal was measurcd at the output -of the lock-in ampllfler.

* The'value of the magnetic field was obtained by measuring

the current of the supe.conductlngﬂmagnet. Ini%lally, the

recording system consr ted of a lﬂultlpl xer that fed
alternately signal and fleld values to a digital volfmeter.

The output.from the voltimeter was récorded'on\maqnetlc tape.

* 4

‘The tape was then read and data analyzed By a CDC 6400

t
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Figure II1.2. Block diggram-of the dHVvA detection system.
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- computer. This system had two disadvantages. Firstly,'the

data were stored on'tﬁe tape as a continuous stream of "bits

and had to ,be decoded. A single error could make the whole
record dnreéaable. Secondly, “the multlplexervand the .

»voltmeter were triggered by a timer. The signal was'sampled
co . ©oA o ) S -

in regular -time intervals that did not corréspond to regular
. : ) L7

inverse magnetic field intervals reqdirea-by the Fast-.

Fourier Transform réoutine. The values reéuired had to be
: . . . C
‘interpolated from the recorded data. The interpolation
' . 2 . . . . \‘ . .
‘calculations were time-consuming, introduced "ghost"

frequenc1es and broadened the spectra. Later, to improve
rellablllty of recordlng, an aqulsltlon system controlled by

"a microcomputer was bujlt. / ) -

. The systeﬁ consisted of two 16-bit analog-to-digital

converters directly 1nterféced to a Pied Piper compbter. In

. *

this system the signal and fleld values were simultaneously
read every O._ S and only the SLgnal values correspondlng to

the equally spaced 1ntervals of Lhe inverse magnetlc fleld

were stored for analysls. in practice, two reflnements were
* t M - %

ﬁouﬁd-neceséa}y tv obtain good data. Firstly, the field
readlngs were digitéllyuf11£éred to reduce noise. setondly,
o, . .

vsincé the' signal waskﬁshally‘sampled for  the magnétic field
. values sllghtly dlfferent from the requ1red ones,*tBF valug

of the signal at the correct fleld was 1nrerpolated from the -

~daba. However, because the‘readlngs we'ré taken very .

. - .
« v .
N . . .
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frequently, a linear interpolation between two points was

’

found sufficient. These calculations, field frltering,and_

interpolation,‘were simple'and were performed by the

“

computer during data aquisition. The Fourier transform of

the data obtained by this technidgue was'free of'"ghost”

¢

frequencies. The spectrum peaks were- about %0 % sharper than\

those 6btained from the old system for the same, number of

data points.
i LY.

The Ccy¢lotron mass values were determlned from the

.

temperature dependenCe of the deA‘amplltudes between- 1 3A

and 4.2 K (typlcal) Varlous methods of measurlng amplltudes

-
were used in the present .work. 'In the casé where one

L3

domlnant 050111athon was observed the amplltudes were read

v

off the recordlng chart.. The second method used was to fit

/
amplltudes of osc111atlons to a small magneflc field range

.of the recorded data. Sometlmes.a Fourier spectrum of the

P

Signal was truncated to contain only the contribution.of the

frequency of 1nterest and then the spectrum was transformed

' back into inverse f1elq domain and plotted. The results of

«(t
all methods were conslstvnb withinl_the limits of ‘error.
A .

“
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fWater vapor and oxygen.

‘Lntercalatlon re

et

\ - " CHAPTER IV

SAMPLE PREPARATION

During this study a substantial amount of work was

‘done on the p;eﬁaration of intercalation compounds of

graphite. This work involved improving ‘existing methods of.

"préparatidﬁ and develooing new ways of carrying out

reactions. N

n The high feactivity of‘materials used~£dr

ired: handllng in an atmosphere free of

st of the handllng was then d%?e
in a glove boxffilled w1th dry nltrogen The content«o{e

water vapor inside the dry box was less than].ppm

The startlng materlal for most of the work presented'

here was hlghly orlented pyrolitic¢ graphite (HOPG) suppyled

by Dr Moore of Union Carbide. The siabs'of.HQPG were cut

into pieces ofvabout 3 x.3 mm . The'piecés were cleaved to
. L 1

about 0,5 mm thickness. The outer layers were remOVed by

peeling. The pLeces Were then washed in acetone in an

ultrasonlc cleaner. Slngle crystal natural qraphlte was alao'

Ay

,used and was obtalned from a quarry near Harrlsv1lle N.Y..

h v

. washing the pieces in boiling distilled watef, Clean single .

The flakes of graphlte were embedded in & marble-llke

mineral. They weré pemoved by cnushlng the stones and then .

51 L .
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crystal and HOPG pieces‘were put’ into a glass container and

dried under vacuum at an elevated' temperature.

>

IV.1. X-ray characterization. '

The stages of samples were aeterminee with x—éay
-diﬁfraction meaéuremenés using a powder diffractometer Aand
CﬁAKa radidtion. Both single crystal and pyrolitic‘g;aphite
samples gere flat plates with the c-axis pergendicular to
the plane of the saniples;. The samples wex_“e mounted iin the

»

diffractometer 'in the, manner shown in. Figure IV.1,

., - L ¥-ray g
) ’ . : detector *

(;S o
S . ~
- ‘ X rays N sample
' o - N . 4%%{i )

- N

Figure IV.l. Geometry for measurement of x-ray (001)
‘reflections., . o o , -

The lncldent X rays were at the angle ¢ to the c—axls of the
'samples and detected at the angle ‘of 26 to the dlrectlon of

1nC1dence. The 1ntensxty of reflected radlatlon was recorded‘

.

as a functlon of the angle zb(bxgure "IV. 2) The 9051t10ns

sk
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of the (001) refleéction peaks 8;, were read off the recorder
chart and values of d, = Ic/l, Whéreﬂlc is the identity

-

period along the Cjaxis, were calculated from the Bragg
“formula . . ‘ 1 - ‘ ‘

d; = M2sin(8) ) - (1v.1)
A straight line was fittea to the order of reflection 1
veréusvl/di and the va}ué of I, was qalcuiated(from the
slope of the line. For sampl.es that would decompose in air a

holder was made CFiéure IV.3) which permitted the isolation

of samples from the atmosphere b§ two polyethylene discs.

S Iv.2. Prépﬁration\of an;}méhy.pentachloride graphite.

Antimony bentachloride Q;s pﬁrified by three
suécessive trap-to-trap vacuum disﬁillations. Pure. SbClg Qas
pale ﬁzellow in color and wgs stored in a pyrex tube ‘that was
kept ‘in the dry box. |

Stage‘l and 2-saﬁples were obtained by the reaction
of liquid SbClg with grabhité. Some stage-2 samples were
also ‘obtained by a F@o—zone method. The two-;one method of
preparation oféthe stage-2 compbund:followed the preparation
of Takahashi et al (198l). Most of the sé&gles were‘obtalned
by‘reactions in liquid.

‘ Reactions inuliquia were perforﬁed in pyrex tubes
(Figure IV.4). A piece of graphite was put into a tube and
'ghen a constriction was made in the middle of it. The tube

. :
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Polyethylene discs

<

Figure 1V.3. X-ray holder used for sample's decomposing in air.

L
— Graphite

R Bt
.

Liquid SbClg

Figure IV.4. Reaction vessel used for preparation of SbClg

compounds.

-~/

«?
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= was then connected to a vacuum l:ing and evacuated for a few
hoursxgt an élevated témpgrar@}o. After that, it was
"transferred inta a dr? box where antimony péhtachlérldé was
addeé to graphife.‘Nltrégenfd1§§olved in antimony
pentachloride was removed by pumping‘and periodically
"freezing SbhC 1’y 18 thé tube .in 1iquid nitrogen. Then, the
tube was sealed and put 1nti!iﬁ\oven; After the reaction was
completed the tube was ;nv rted gnd the lgwer end was put'
into liqui@’pitrogen. When all unreacted SbClg condensed 1%
that end, the sample was sealed of f. ‘

Bo th stage 1 énd 2 compounds we;e obtaiﬁed by this
me thod. Stage~l‘compound was obta{ned by carryrng out thle

Rt

reaction at about 200°C for one week. Stage 2 was obtained
s . “
¢t 1 reaction of -four days at approximately 100°c. The c¢-

ax1s repeat distances were I - 9.42 + 0.02 & and 12.72 +
0.02 K'for stage 1 and 2, respectively.

Stage-1 samples obtained by this. 'technique had

greenish-blue color and were relatively' stable 1in. the

i3

ambient atmosphere. Although, after a long air expofure, the

o

surface of the samples jhowed si1gns of deéterioration, the

h bulk was found to remain 1n stage 1 for up:to five mon;hs.
It should be mention-d that some reactions did not
produce a stage~1l compound. !nstead, a mixture ol stagés"I
and 2 was’ ' obtained with stuage-. ;aferlal‘ogohpylnq the

anterior layers while outer layc)r. were mostly Stage 2. The

hY

~
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resilts of x-ray and ¢HvA measdrementsn performed with these

. N NI . v R A .
samples with.outer layers.removed-were 'the same as those

wlth pure stage—l'samples. However, the samples that did not

f} ’

‘react domplétely deéqmposed in lair in ra few days. This

indicated that.athe decomposition of stage-1 antamony

beng@bthri&e‘graphite is accelerated by the'presence,of
N - - [ 4

~ .

» <«

-
.

kN ' ¢

IV.3. Preparation of SbF.~ stage-1 compound. e
Y = —— >

The SbF6flcé¢pouhd was obtained py'the reaction éf;

nitryl hex&{i;:ifaqﬁimonate with graphite and three methédsj{

of preparatiohe were used. In the first® method nitxomethare

4
-

2,

solution of NO,SbFg was used. Bigquid sulphur dioxide was

. Used as a solvent in the second“method.. In' the third method

graphite was reacted directly with solid nitryl salt. '

2
» -
5

.
s

a) Reaction in nitromethane. solution.

A small amount {~2 ml) ‘'of dry nitromethane was

< ‘-

poufed into a g%@ss. NOZSbF6"sa1t was added .untuil sbme of

)

‘the salt was left undissolved in the glass, One or two’

pieces of.HOPG were then put into the solution. All the

handling-and reactions were done 1n th'e dry box. Reactions.
. . .

were carried out at room ,t'empe'ratiure and at about-60°C. Roam

"y )
temperature rédaction proceeded slowly: After about ohe hour.

ae

samples turned bluish on the su;facesindjcaﬁing formation of.

N ‘

4 .

&

1
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a'stage-1 compound The samples were left in the solution
\l

" for one day to make sure that the reactlon was completed

Samples decayed 1ntoa mixtyre ofstage land 2 in about one.
day after they yere removed from the solution.
~ .

The reaction at higher - temperature was much faster.

Ssamples turned bluish and ‘exfoliated after a feiw minutes.

[N
s,

After about one hour the reaction changed characfer:;the\
samples started to loose their bluish.colour and the
presence of a bfown gas lNOZ) was obsefﬁed;"ThYS'proEess had

to be avoided and the subsequent reactions were terminated

\before it‘startedu Samples prepared by~this me thod were

P

stable up to 3 days aftler they were removed from the

solutLOn The colour (blue black) was more 1ntense than in

3 . *
-

v

;samples prepared at ropm temperaturex' - ., .

A fresh . solution had‘to‘be prepared “for each,

PR S
reactidn. Attempts to reuse a solution for subsequent

. ,
» . .

reactions failed” to produce a stage-t.compound., This might

_havée resulted from the‘presehce of reaction by-products

whlch couhd have been dlssolved 1n the solutlon and could

have thlblted subsequent reactions. . o

b). ~Reac¢tion in 802 mOlUtLOH.‘

-

The reaunlon was carried out in a, glass vessel
s A Y I4

contalhlnq two’ parts separated by a fllter %Flgure 1v.5).

n

A smallvamount of NOZSbF6 salt wasfput Into part A of the
b4 ¥

ﬁ, L . ( . “ ' .,'
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/‘Snr'r_mg bar

L . \Aj' Graphifef/?q

Figdre' IV.5. Reaction vessel used for preparatlon of SbFg™
. compound in liquid. 302 solutlon
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) vessel. The vessel was then evacuated and 502 ‘was dlstllled'
:’2’:‘ s} ’ 7 - -
t@ part B. Then the valve was closed and lquld SO, was

poured into part A and mlxed w1th the salt ‘Some undlssolved‘

,,v.

salt was left”’ indicating that the solutiontwas saturated.
_Then pieces of HOPG were put lnto part B .and the soiuticn“
was‘pouredlont6ﬁit. After one day ‘the solution was poured
back into patt A and excess S0, was gradually removed from-

paft B by distillation with part A kept in cold water.

[

-

“Samples appeared bluish;blacﬁ\ﬁéd were unstable in
a dry nitrogen atmosphere. Mass' spectros opy, analysis of gases
fevolved durlng the decomp051t10n of th samples showed that

the decomp051tlon was caused by evapor tion of SOZ whlch was

v

“trapped ‘inside samples durlng the reactlon Freshly prepared

samples were used for the dHvA study. X-ray characterlzatlon

e

was done after the deA measurements.

Unlike nitromethane solutlon of NO2SbF6,'the

solutlon of the salt in 11qu1d 802 could be used for

1

' subsequent reactlons,'

-

c) Qeactlon‘of”HOPG Qitn solid NOZSbF6f

Durlng reactlon of - dlssolved nltryl salts Wlth

graphlte, solvent molecules are co—xntercalated ‘with anions

(Blllaud et al 1980b) After samples are removed from the

solution, the solvent molecules evaporate slowly from the

samples causxng decomp081tlon In search fox more stable

~

samples, the reaction was tr1ed,w1thout using a so]utlon.
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Pieces of HOPG were.put 1nto 1/4" glass tube sealed at.one
" end. Then a small amount of ‘NO,SbF¢ powder was placed in-
'conteCt with the graphite. The tube was evacuated sealed
\and put into an oveéns Varlous temperatures were tried ln the
range of 40~180 °’C. In all cases, ‘a blue black compound was
‘obtalned indicative of a stage—l sample. A high temperature
reacrion went/fd%t (~l§ minutes):but, dnfortuhafely,.the

graphite exfoliated considerably and no d&HvA oscillations

-

.mere detected with tHose samples. Effoliation was‘Smaller
'whem the reaction temperature was reduced. éood samples were
~ prepared ac‘temperatures io'the.rahge of 40 ~—-60"C..All
sampreqhweré bluerblack and stable 1n a dry‘niprogen
atmospheregand under vacuum,

The c-axis identity ﬂ%rioé'of samples prepared 15.
nltromethane solutlon was I, = .8§.08 ¥ 0 02 A and was
'1ndependent of the reactlon temperature‘ Semples prepared in
802 solution had Io.= 8.24 A and_ those prepared w1thout‘
solution had 1C = 8.19 A. The'drffractlon.peaks were sharp
and:ho_eraceslof,higﬁer’stages were opserved in any bf the .

sanples prepared.

*

V. 4. Preparatlon of BF4 imtercélation compoundf

»»

1)

‘The BFA” compound was obtalned by the réaction of
graphite w1th solld n1try1 tetrafluoroborate. Pleces of

pyrolitic graphlte (HOPG) were put 1nto a: qlass tube ln
: : LN ‘
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contact with solid NO,BF, salt. The -.tube was evacuated,
sealed and put into an_oben at 85 ?C for one day. A.black

compound with greenish shade was obtained. The (Ob}) Xx-ray

"diffraction, pattétn showed that a pure staqe-2 compound was

"obtained.. The c- ax1s ldentlty perlod was I. = 1. 13 + 0 02

.

&. The welght uptake during the reaction was also measured.
The 1n1t1a1 w1ght of one graphlte plece was 5.6 + 0.1 mg and
- 3

lncreased to 9.4 + 0. 1" mg after the reactlon._Thls-gives the

welght uptake-of~68;g3 %.The‘sampleS‘were stable in a dry

‘atmosphere- and under vacuum.

o~



CHAPTER V' .
o~ EXPERIMENTAL RESULTS AND ANALYSIS oL

This work concentrated on, the study oﬁtelectronlc

-

propert&es of stage 1 and 2

.cceptor—type graphlte

I

1nterca1at;on compounds. It:was shown in éhapter I1I that a

compound, there are two valence and two deA-

oscillations are.expected. Howevel, in Ompounds th&tkm
have been” studled previously, thefe,were;more dHvA
dsciiiations than (ﬁe ndmber of basie graphit&c~bands; The
large numper of dﬁVA oscillationelcoula have beén\cadsed ny
several phenomena. The most meortant is the presence of an’
1ntercalate superlattlce The extra perlod1c1ty created b; )
an 1nterca1ate superlattlce redeflnes the basic unit’ cello:
" and may lead-te splitting of the Fermi.surface into smaller -

pieceSu‘Additional;pfbb}ems are created by'the presencé'of

inhomegeneities. The inhomogeneoué'reglons of macroscopic
size give their own QHVA oscilﬂatlbns that mdke the dHVA °

"'spectra more complex\ The correct 1dent1f1catlon of the

A}

observed dHvA frequenc1es is thus a key factor in the study;‘

£

of the compounds. . - L.
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A proof of the ‘«correct 1dent1f1catlon of t e
MOSClllatlonS can be obtalned by comparlng the observea

frequen01es with the amount of - ch 'ge transfer for- a

partlcular compound The charge transf 'alned from
dHvA data 1n the follow1ng way. The numbéer of carriets per
unit ceLI le.equal to ZVF/VB &vp. Vg is -the total
reciptocql spece vgolume endloéed‘by the Fermi surface ?hd.VB
is the reciprocal spafe volume of tﬁe Brilloui;'zone.‘fhe '
factor of 2 comes from epin deééﬁeracy. The leome of the
Br1110u1n zone of a- graphlte 1ntercalatlon compound is
vy = (2n)3/0’§ 2o * .
‘In the case of an. acceptor compound the energy dependence on
k, 1s-negllqlble,end the'volume-enclosedtby one’ plece.of ghe
‘,pFerﬁi surface is.,’ c
'vFi' én}xp;/.l WO e \ (v.2)
where Alels the Fermi éurface crdss—sebtionaikerea
perpendlcular to the k, deECthn The total volume is a sum
of the volumes enclosed by all pleces of the Ferml sﬁrface
| multlplled by two The factor of‘two comes from the fact
that each band is doubly deqenerate thh two‘symmetry—
related pockets of .carriers around poxnts U and U of the

Bt;llouln zone. The total volume lS

' ’ - N
. R K
-

V.F’ i ZAFl | S PE L
The total charge pel carbon atom x5, 15’equal to the'ratio of

*ZVy/VB Qequatlons V. 3 and Ve l) d1v1ded by the 2n ‘atoms ln

. . - . i : ':
\" - \ | , E
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the unit cell of an'n—sﬁage compound - . .

&,

A

o~
M

The areas A; are directly proportionai.to dHvA frequencies

£, = 48 Api . ; e ; , (v.s)

Thus, the deA effect measures the charge transfer directly..

'Equatlon (V.4) was derived for basic graphltac bands.. In the-

" ‘case of Fermi surface splitting due to an intercalate

superlattice, one has to use the appropriate Brillouin zone

'size, the number of carbon atoms per unit cell and add all

N N .

Fermi surface areas with opposite signs. for electrons and

holes including. the appropriate multiplicities. This
y REE o - .
information cannot be obtained\from'the deﬁweffeCt alene.

Therefore, one can determlne the charge transfer only from

dHvAa’ osc111atlons of the basic graphrglc bands -

-

: Unfortunately, the amount of charge transfer in most

compounds is not known. Therefore, the agreement of the

measured band parameters w1th theory was used to verlfy the

'catlon of the deA frequencxes. The use of theory as

‘an ald in data interpretation ‘seems lnapproprlate in the:

LI

work Wthh 1s -aimed to chock its va11d1ty Nevertheless,
‘there lS a methodologlcal gustlflcatlon for thls procedure.

The basic assumptlon is that the theoretlcal model is at

»
A N

least approx;mately correct Then, the observed data have to

‘
y , a A

a2 :
L xes Z%fg %AFi SR - L (V. 4)”

RSLE
.
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_ Agree approximately with ‘the theoretical predictions. If the
discrepancy between theory and experiment is small, one can

re%rne the theory using the experimental data.'ff, however,

the model is not correct, there will be substantial .

| ‘ , . )
disagreement in most compounds. In other words, the
. . . 3 , .

'verification of Eheory is done on the basis of self- .

+ rd

'con51stency ‘

The rlgld band model. of Holzwarth (1986r is used
throughout this chapter. The model’ is the mest-eaaborate and
should be valid for, any sxze of Fermi shrface The model of
Bllnowskl et al. (1980) can be obtalped as . an approx1matlon
:by neglectlng terms other than the nearest nelghbor:~
interactions; Ln‘this'chapter the' comparison with theory is
used to check the-iaentifieation of the~deA oseiilationsn
The detalled dlscussion ofagpe valldlty of the theoretlcal

models is presented in the next chapter

V,l: Antlmony pentachlorlde gkaphlte stage l

Stage 1 ant;mony pentachloride samples were handled
in alr. They were put into the dHyvA holder and cooled slowly
between room temperature and liquid’ nitrogen temperature. A
typical'recqrqer trace of the dHVA oscillations ot,a;stage—l”
. sample is, shown in Figure V.1. fhere'is essentlally a singIeV'
oscillatlen, However, the onvelope cf the oscxllatlon is
. sllghtly modulated and that Lndlcates the presence of other

-
"
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dHVA oscillations. The Fourier transform of the data (Fiéure
V.2)- showsvthat there are two weaker oscillations of
frequenc1es lower then that of the domlnant one. The
'ﬁrequency‘afthe dommnant osc111atlon 1sfl-1212+ 2 Tesla
and the frequenCLes of the ‘weaker oscillations are £, = 1110
+ 5 T and £f5 = 1026 * 5 T. The. relatlve amplltudes of £, and
£ varied from sample to sample. Thl; variation was found to
be correlated with the time the samples were exposed to air
prior toc an experiment. For instance, tﬁé amélitudeé of £,
and f; relative to that of £, were 0.16 and 0.07,
respecfive{y, for a sample exposed to air for several
minutes and increased to 0.25 and 0.1, respectively, for a
sampf@'képF in air for 10 days. After 2.5 months of air
expos&re, the amplitudgs reached 0.9 and 0.16, respectively.
In all cases (001) x-}ay traces showed no deviation from‘;
tgpical stage-1 (001) tergK\The values of tbe ffeguenCLes
~of the oscillations Q;i:SEBéroauc1ble from sample to sample
and did not depend on air exposure. A | .

' The carrier gffectiVe mass corresbondlnq to £, was
obtained from éhe temperature dependence of the dHVA
amplitude between 1. 3 and 4,2 K (Flgure V. 5) The value‘of
O 271 .+ 0. 001 mg. where mg is the free electron mass, was
reproduced with different samples within the limits of

error.LThe effeCthP masses of_f2 and>f3 could not be

determimed'accufately. In sanples with limited exposure to



W W

Ln (A/T) -
i

B | L.l
T 1.5 2.0, 2.5 3.0° 3.5 : 4.0

TEMPERATURE <K

o

Figure V.3: Temperature dependence of the amplitude. of the
. 1212 T oscillation. The data were fitted to the
. formula A=T/sinh{bm T/Bmgy) (solid line). The
fitted mass .is 0.271 mg with statistical-
uncertainty of 0.001 mg. )

4y
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air ‘the presence of tJe strong fl.OSCillatidn of similar

¢
Ay

VfreQuency introdﬁced large errors 1n amplitude deiermlhation

~

of‘fz and fj and in samples w1th long air exposure, the dHvA

. . effect was detected only at the 1owest possible temperature.-
: -

waever, the modultation of the‘dOmlnant osc111at10n
yo ) amglltude.observed on the.recorder trace was not found to,

"depend on temperaturg and this sugéests thét“§he masses

-

‘correspondipg to fz,ahd f5 are similar to that of fi' The

spectra obtainad with fresh samples that had not reacted’

. ' * FE
completely and had stage-2 layers removed were the same as

those W1th pure gamples ' L
The varlatlon of the amplitudes of f2 and f3

Sl .. oéc1]19tlons from sqmple to sample indicates the presence of -

.

3 ‘maeroscopic,regions of différent,.althoughowell defkned,

b electfgnic‘structure Withi%.the samples. The‘presehCe.of
. - those regions 1S likely eaqsed by some gnVZroﬁmeﬁtaleelated
v aging proceeees.;)‘ . ' “_ . .

o‘x'ﬂ ) 'The déminant frequency'is.Lnterpﬁefed‘to,be,

intrihsic to pure End‘hemogeneOUS stage-1 antimony ;
pehtathloride intercalated graphite. and 1dentified with the

* basic graphitic band. From equation V.5 the' Ferma surface .
M 7 LY , L]

u: area correspondlng to’ the frequency, fl is O. 116 R' . Ueing

the band structure model of Ho}zwa(\h and the experlmental

v . L]

value of the Ferml surface areafeavalue of Lhe Ferml energy

oo ©oof “1.12 ev and the Cyc.lotrﬁn\mdSS of 0.274 mo . -
» /\v' ‘, \ . ‘ . , . .
‘ ’ LN , ' \ ) ) - ’ e ’ \

5 ,
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calculated. This theoret1ca1 cyclotron mass is in good’

.

agreement with, the measured value of 0 271 + 0. 001 maq-
< .
The fitted’ value of the Fermi energy also agrees

w1th that of -1 1 to ~-1. 2 eV determlned from Optlcal data

4

(Heln;.g&lal. 1983) The good aqreement between theoretlcall
predictions and experimenﬁal band,parameters confirms the .

*1Qentifica£;on of the observed oscillation with the basic

graphitic band. ‘ ’

L3

D 72 .

Having 1dentified the basic graphitic band one can’

5 . ®

_ determine the amoun&\fi‘charge transfer in. the compound.

- charge per carbon atom.

Substituting the experimén$al\Valne of the Fermi:area into

eduation V.4 one obtains the value of 0.0307 elementary

N

. -

v.2. Stage—2 antimony pentachloridé;grgphite,'

The'deA spectra of stage-2 samples do not change

-

with air expOSure nor do they depend on the method of

preparatlon (reactlon in 1iquid or in vapor phase). On the

other hand, the spectra were found. to depend on coollng raLe'

N
¥

between r.oom temperature and 77 K. The frequencies and

relative amplitudes . of osgillations observed\w1th samplee

. .
© . R .

cooled at varjous rates are*pfesented in Table V.1. The

-, oo - 2 .
experiméntal‘conditions were chosen to. maximize the

amplltudes of medlum frequency osc111at10ns (200 400 Tesla).

-

The amplltudes ‘of frequenc;@s lower and hlgher than that

\ ‘.

-"
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Table V.1. . Thé GHVA " ‘oscillatigns and thelr
¢ '+ ‘amplitudes of stage~2 SbClS samples cooled with
different rates. The ranges of magnetic fileld

,analysed were similar for each sample (2-5 -
Tesla)., The fregquencies of oscildations are in
Tesla and the numbers -in brackets are Fourier
amplitudes relative to the amplitude of <the-

& strongest osc111atlon in' each sample.. The sample‘
" 4B was cooled down in about 1l-<hour. The sample
D21 was cooled down in 24 hours. The sample J10
,was cooled to 240 K within “about 1 hour and .then

overnight. to 77 K. The sample number 30 was~

cooled slowly flrst, warmed to room temperature

Fourier

and quenched to,4.2 K w1th1n mlnutes.

-
I3

A

(8) -

1189

4B . . J1o0 D21.- . 30
Y
13 (*a 13 (*) - o
58 (30) o
- : 85 (21)
N 94 (57) 94 (4) :
110 (14) 114 (2)
123 (27) :
136 (29) 136 (6) L137 (2)
1148 (14) o .
158 (14) . .
242 (36) 244 (3) 254 (1). . 256 (43) -
300 (67) 302 (6)
352 (67) 354 (19) 350 (2) 355 (100)
363 (100) 364 (16) .o ‘366 (58)
) 387 (41) 387 (8) 382 (67)°
398 (40) 400° (6 :
. - 420 (100) 422 (100) 421 (57).
L © 582 (5) . 512 119)
626- (10) 627. (4) ) : © 633 (2)
648 (16) . 647 (8) 650 (2) . -
’ 842 (4) 847 -14), X
1126 (3) . )
1185°

PeEd

-

ﬁ%ls frequency was not, seen ‘in Fourzer transform because
it was observed at lower magnétlc fleld than that taken
for Fourler analyses.f L
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'temperature and 77 K in about one hour. The spectrum is.

74

were‘reduceo by effects relating to the fieid modulation
‘fechnique (see’for example Shoenberg-1984)..Furthermore, the
cyclotron masses of carrjiers that produce high freguency
oscillations are usual&y_larce and the amplitddes of the

dHVA oscillations are decreasing almost exponentially with

quantitative comparfson of the dHvA amplitudes can onli be
made with oscillations of similar‘freqoencies._..

‘Figure V.4 shows the ‘Fourier.transform .of dHvA data

’

obtained with a sample (#4B) that was cooled between room

complex w1th several fundamental frequenc1es present. The-
spectra obtained. w1th samples cooled slowly (about 24 hours)

between room temperature and 77 K were much s1mp1er and a

typ1cal Fourer transform of the data (sample D21) is shown

1n Figure V.4. The dOmlnant deA osc111atlon of slowly—

cooled‘samples has the frequency £, =422+ 21T, 1ts second

'harmonic'is'observed~at 845 + 2 7T. In the high frequency

range an 05c111at10n of frequency f2 =t1190 1 5 T is

observed Sometimes a comblnatlon of fl + fz = 1610 T was

A}

also observed. The carrier effectlve masses correspondlng to
*f, and f2 are mCl = 0. 146 * 0. 002 mq and mcz s 0. 267 + 0.003 .

mo, respectlvely In addlblon, a strong.osc11latlon of

frequency'of lBi?was obseryed below alnagnetlc field of].T

with all slowly cooled samples. These oscillations were nog

"the cyclotron mass fsee Chapter I11). Therefore,

»

»

Il
:
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oscillations“on the cooling rate fndicates that they have

K 77

»

observed with Samples cooled Quzc;ly.’There are also some of .

S

the frequenc1es that were’ observed w1th fast—cooled samples

but their amplltudes are much smallér than that of fl’ One
. P
sample was cycled a few tlmes Jbetween room: temperature and

-

77 K The first time it was.cooled slowly (241”, then fast

.

(1h) and.then”slowly again. The dHvVA spectra. were taken

after each cool-down and no change of the spectrum on

thermal cycling was observed ThlS 1ndlcates that the first

”cool-dow§~ls impertant in determlnlng,the lgw—temperature

P

-4

electronic structure of the compohnd. However, the spectrum .

obtalned with a sample whlch was cooled down slowly, ‘warmed
‘to room temperature and then quenched rapidly (w1thin~a'few
minutes)'to.4.2 K'0#30)-had‘frequencies'characteristic of
both fast and slowfy—cooled samoles'ofncomparable
;agolitudes. Ih this case, there is a memory of the'first
cool-down and;an'effect of the later rapid‘coqling.

'The~dependence-of the.relatlve amplitudes of the

£

ldlfferent orlqlns and shoulg\be analyzed separately

"~y 2 P 4

'Although, some frequencies were- observed w1th all samples

'they are claSSLfled as characterlstlc of slow or fast

cooling depending on the change of ‘their relatlve amplltudes

with the coolxﬂg rate. The frequen01es characberlstlc of

slowly cooled samples are fl' fs and the 13 7T osblllatlon

+

o

™

%
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observed at low magnetic fields. The remaining frequencies

areAattributed to samples cooled fast. The fundamental‘

N

frequencies, él and -fy, are identifie&*ﬁithgthe basic

.graphitic. bands v, and v,, respectively. The comparison with

theory supports that'assignment in the following way. The

.

experimental values of the Fermi surface areas corresponding.

to fl and £, are calculated using equation V.5 aa‘Al~='

0.0403 &2 and Ay = 0.1136 272, The Fermi energy is adjusted

to fit the sum of Al + Ay, to the rigid band - model of

Holzwarth {1980) and the value of -0. 88 eV'is obtained %he

calculated Fermi areas of the bands at EF = —O 88 eV are Al

= 0. 0396 3"2 and“AZ =" 0. 1&39 whlch are in agreement w1th’

the experimental data The cyclotron masses are predlcted toi

be 0.144 m0 and 0.271 mo and these also aqree wlth the

measured values of O 146 m0 and 0.267 Mo, respectlvely. The
X4

fltted value of the Ferm1 enerdgy also -agrees W1th &he

7

estimation of .—0:.91 .to -0.95 eV obtalned from optical

reflectance studles 4%einz ét”al l983f

!

From the values of, the deA fr‘equenc1es of thé ba51o

graph1t1c bands the charge transfer (equatlons V 4 and .V.5) "

' ¢

1s Calculated as 0: 0204 ele mentary charge per carbon atom.

The, Oquln of the 13 P oscallatlon 1s, not known B
. . N L
Quantnm.0501llatlons in rhe stage 2 antlmony

o

‘pentachloiide compound- have been observed prev1ously.

Batallan et al. (1978) rprLth that the deA frequenCLng
}' ’ ' . 0

. .
[ s R . ~

2
F

2

— -
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aqe independent of stage index and explained their results
using ‘a free-electron model 1in which the carriers from
the intercalate were localized on graphene layers adjoining

the inteﬁca}ate. Takahashi et al. (1981) found different

dHvA frequencies whi h depended on stage index ‘and explained

thelr data by a rlg d band model of Bl'inowski t al. (1980)1

4.-_—_.._..

- They also 1ntroduced,zone folding to explain some of the

<« °

observed ffequencies (Tanuma et al. 1981). The zone folding

from the action of an intercalate
.‘ L \ A (.A

The ffequehc‘es,observed in this work with sfowly—

was ‘assumed’ to com
3 . .

superlaﬁtlce. ’j

) Cooled samples agre with some of the f equencieS‘observed

-

by Takaﬁ%shl et al Other'fredﬁéntiesireported by Takahashi
:gg'gl, and most of the fregiencies observed by Batallan et

_ : S " . .
al. were also observed in this work with sampke

——

cooled fast

(Table V.2). The exper;mental data of this

both prev1ous results and JnGLCate that <th. dependence of

the spectrum on coollnq rate mlqht account for the

discfepancy between them. "The 1nteppretatxon_of‘the results
ln thlS work diffvrs substantially from that-of both

previous woxks In th15 work'the'Spedtra of slowly Jand fast-

poo}ed samples were separated and only “the fl and. f2

freqoenbies were,lnterpreteo uqlng the rlgld band model‘
while Tanuma et él.‘attempged to fit all of the frequenc;es-'

' observed. .They postulated that ‘the g?x?)-xnte;calate'

‘

R - . .
’ B % .
v ' . . . ' Ll
0 A . . ~ '_ N

Ik confqrms :
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Table V 2, The de Haas-van Alphen’ frequenc1es of the stage 2

antimony ‘pentachloride: compound The values of
frequencies are in Tesla. Thé assignment of
frequencies to slow and fast-cooled samples of
this work is based on .the change of the relative

amplitudes of the freguencies with cooling rate.
. M N . . © .

-

-

! .8

fakabashi *  This work . Yoshida and

. Batallan
et al. et al. Slow . 'Fast - . ‘Tanuma
1978 1981 cooling , cooling - 1985
¢ Lol 4 T e - .
R LT T T = %ﬁﬁ“f*“’“
‘ 13 L - uw*ﬂ
r . g ) oL T 32 »ﬂ::
"~ 48 o o 58 . 52 7
' 86 ' 85 . . -/4
.95 . 94 - 92
110
" 123
. 136 - .
143 - 148 T 142
158
191 ° - . 185
‘ 256 . : 250 250
: S : 300
332 s o : 352 :
; - 364 362
: ) . o . 387 . 374 °
398 ' o 399 . 399
422 . 422 '
’ . 442 '
532 oo 580 :
o : 626 ., -l
- roo . 648 ‘
847.. - .845 s
. 1126
1190 ' : 1190
1520 ‘ “(‘LGJO
. ‘ ] 3 y
N ,
0 J ‘
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superlattice splits tne Fermﬁ surface of the basic qraphitic
bands into smaller pieces and assiqnea four of the observed
d“Hva-'oscillatiohs (29 T, 86 T, 256 T and .422 'T) with the
Ferml surface sectlons obtained from the model. The value of
the Fermi énergy of —1 12 eV obtained by Tanuma et al. was

—— —

not in agreement with the values obtained from ‘optical.
-studles,of BlanWSkl et al: (1980), Eklund et al. (1981) and
a more elaborate work of Heinz gt.al.'ll983L

The origin of the complex spectra opserved with
‘fast-cooléd sampl is related to an lntercalate phase
. transition observediat around 200 K (Clark et al. 1982).
Eleetrlcal resistivity shdws.a kKink at the transitien
temperature and a hysteresis on thermal,eypllng.JDuring
subsequent cycllng, the resistlvity‘kink and hysteresis are
reduced. It 1§ likely that fast-cooled samples do not reach
the equlLlprlum structure and fhe complex deA spectrum
observed ln this-work is a result of the presence of
:stralned’reqlons of different structure. Tne effect.of
Pcoollng rate on the deA effect and intercalate structure
was studied lndependentl} of thxs work by YOSLda and Tanuma
‘(1985) They showed that w1'h samples cooled rapidly thTough
*the transltlon temperature o aubstantlal portlon retains the
high temperature structuref/The amplltudes oaf dHVA -
3frequenc1es were found to be correlated w1th the amount of

Y

‘the hlgh temperature phase that was present within samples.
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" The frequencies of oscillations studied by Yosida and Tanuma

correspond to the ones observed in this work with fast'
cooled samples (Table V:ZL

Further work was done go elucidate two features of
the dHVA effect of the stage-2 comboupd, an unuéual:

dependence of the amplitude of the f; oscillation with the

magnetic field and’a splitting, of the f, frequency observed

in the Fourier tfansform sPectra Samples used were pfépared
from sxngle crystal graphlte that permitted the extenSLOn of

the measurements to lower magnhetic field. The magnetic field

“ was varied so that. the inverse magnetic field 1/B, was

proportionaLvto'the. The dHvVA o§c1llét£ons‘were then
periodic 1n real pime and were separate@'by,é low-frequency
band-péss analog filter. Thé recorded signals.afq shown 1n
Figure V.GJlSuperimposed on a typlcai monotonic incﬂease'pf
thé amplitude of the 422 T oscillation, a beat pattern is
obsgrved wgtﬁ.nodes‘at 1.7 aAd 4,2 T In the caSG;of the fy

oscillation, one node is clearly obqerved at 3.7 T. The,

;other node is masked by the presence of the rhlrd harmonic

of fl whose frequency J3xf, = 1266 T 18 sxmllar to that of £5

.and could not be filtered out. effectively. The third

,hérmonic of f, mixes wi;h £ and produces a short beat.

patt rn.of a perlod of a few £, 030111at10ns This short

&.
W

beat dlsappears at, around 2.35 T whach 1nd1cates that thls

* is a node bf the IQng beat,pattern. From the posxtions of

~ . % . .
N .
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the nodes, one calculates different1a1 fréquenc;es.of Afl =
3 T and Afz = 6.5 T.

The positions of the nodes did not depend on
tepperature, modulation field amplitude dnd:freq&ency. Thus,
they are not due to Bessel function zeroes from the
modulation technique (Shoenberg 1984). The nodeslof the fl
oscillations were a&SO observéd with all slowly-cooled
sam?lg; (th; frtoscillation dominates the spectrum and its
amplitude can be ﬁraced without filte;ing). i shows ;ha}

it

there are two pairs of bands with simila ermi surface

cross-sectional areas and simllar cyclotron mas;es. The
exXistence of four partlally filled bands is anon51stent
with a 81mple unit cell of a stage-2 compound composed of
two graphéne layers -and haVénq a graphitic’ 1n:p1ane
primitive lattice vectors. It was shown i1n Chapter II.that
such’ a structure qivesltWO partially oc&upxedﬁbands only andl
this prediction 18 deb@ndent on theisymmetry of the crystaf
" and charge E;ansfer mechanism and 1s'1ndepe6dent of
approxlmataohs-used Ln~the particular banq structure
calculations, Thus, thege hés t§ be symmetry breakdown to
double the number of bands. It 1s very unllk ly that an 1n~-
plane. 1ntercalate sup@rldttlge gives doubllng of both ba51c
graphirtic bandq becaube the Fermi areas of the two bands

t

differ by almost a factor of three. Furthermore, the band '

~
v

parameters were. found to be 1n good agreement with

P
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thedretical predictions. On the other hand, if the c-axis
N

unit vector is twice the distance between two intercalate.

layers then the states localized en two sides of an
intercalate layer‘are'not equi&aleﬁt (breakdown of the c-

axis translational symmetry and form two bands. The in-

e -

plane parameters of the two bands remain unchanged and the
eneigy separation between them is determined By the

interaction between atoms separated.by an intercalate layer.

L)

This in;eraction is muéh smaller than the~o€her interatomic .
interaction§ and résults in the large -anisotropy of ther
conductivity of ghe compound (Morelli and Uher 1983). The
anisotropy of coﬁductivity is thfee orders of magnitude

‘higher than Ehat of prgstihe graphite and,. therefore, the

inte}action is,expectéd to be also three orders of magnitude
)‘ . . -

smal¥er than the interlayer interaction in pristine

N

graphite. “Since the.differénce of the energies of the basic
graphitic Bands.is«due\}o graphitic interlayer ‘interaction,

one expects that the sp}i:ZIHE‘bf dHvA frequencies of the

<y .
A}

bands due to the c-axis 1nteraction should be ﬁhfee‘ogders

of magnitude smaller that the difference between frequencies

f, and f,. This gives the value of the splitting to be of."

the order of 1 to 10 Tesla which agrees with the measured
values of 3 and 6.5 Tesla. Thus, the q—axis superstructure

can account for the splitting observed.
4 * 1



by . .

.
~

Figure V.7. Precession photograph of .the (h01) plane of

. stage-2 SbClg compound. Three vertgcal arrays of
points correspond ‘to (101), (00} and (101).
refections, respectively, .where the in-plane
sindices refer to graphite sublattice.

»* ~ *
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tlh ordef'to support thig hypothesis the <c-axis
structure of- the compound was re-examined. A small piece of
‘single crystal qraphite Qas lnteréalated and a precession
‘phbtograph of the d;ffraCtlon paétern of the‘ihOI) pian¢ was .
taken (Figure V.7). From the spacing of the (004)
‘féflections;the c—axis repeat d;stancg.pf i2.7 & is obtained
thch'isdj1agfeement‘wiéh the éccepted value of Ie of 12.72‘
%. The spacing of (101) reflections corfespond‘ﬁo 25.4 f
twice the‘value,from (OOIi.refleCtions. This indicaﬁes that,
indeed, "there :is a doubling of the~c—éxxsilattlce,vector.

This doubling was also observed recently by Homma and Clarke
~ 1 - ) :

PN

(1985) . : S Ca
' The ébseryation of the doubling éf the Cﬁakls
lattlce'éongtanf explains.the obskrved band splitting and
permifs one tb determine the interacﬁ1§n.between sé&tés
sepagated.by an intercalate ‘layer. Since the value o% the
interaction is sma.l lt‘pan‘be added as a small perturbatiqn'

to the two-dimensional Hamiltoqlan. '
. We star{‘from a fwo—@xmenSLOnAI wave function
kay,z) describing an eledtrdn»srate of énergy E(kxy)
localized within a subcellléon51st1ng of two graphene layers

.

and extended fn the basal plane. The total wave‘function for

the ‘three-dimensional crystal 1's a sum of Bloch combinations

-

of the functién localized on.even and odd subcells

R ) o ' -
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. - ' . : ‘ o0 -
b (Kyyrkye2) = '%exp(kzzl) phyy 272]) 5
: L s )\l};exp(l?zzm) b (Kyyr2=25) ‘ (V.6)

- where 2y and Zm'denohe positions along the c¢c-axis of even

and- odd subcells, réspectively. Denoting the interaction
between the function localized on neighboring subcells by &,

one obtains the squatfix of the Haﬁlltgnian containing

.

interaction between states of the same energy localized o

s

different subcell_é in the “form

E(k..) - 2d8cosik, i)
B = xY : e ¢ ) (V.7)

- 268008 (k,Ig) . Elkyy)

This givés two energy solutions

E = Elkgy) * 26c.os(k'zlc‘) 4 ‘ (V.8)
which?correspond to two bands separated:at k, = 0 by 46.
o Using’ ﬁhis.simple model, one can estimate the values

-

of thg parameters § from the dHyA)"da'ta. The difference
between the Fermi areés‘of the two bands NA,'i§ proporélonal
to thc:z splitting of.'the‘deA frequghci_es Af (equation V.5).
Now, AE- = AA (g-%)—‘-l and the derlx{ative %%: 1s p'r'o_pé)r‘t.i’onal to

the cyclotron mass : .
) ‘ ;
. o
' A _., 2T . . .
. 5E ‘“%Z Me S vL9)
The value of the interaction is’ then ’

s - T2 LA

= 4 , (v.10)

" Substituting the experimental values of AA into f(v.IO) and

using the measured cyclotron masses, one” obtains the wvalues

of 6, = 0.6 meV and 8§, = 0.7 meV for the interactions



4

.

between the two-dimemsional bands vy and v,, respectlvely.

. ' The interaCtTon between states of neighborlhg.

!

subcells of dlfferent energy introduces correctlon to the

+ ¢ . +

band energies | of the’ order of GZ/Enm“where.Enm.{s the

dlfference of unperturbed band energles 'Thls correction 1s

-

three orders of .magnitude smaller than the correction, due "to’
interaction between, the degenerate states and can- be totally
\neg&ected.' ‘

The spilttlng of the £ oscillatibn'hasfbeeh
observed under hlqh pressure (Iye et al. 1982) and explalned

qualltatxvely by the ex1stence of a few extremal dross-

sectional, areas of the Ferml surfa

varlops'values of

k Wlth lncrea31ng pressure the' 1nt atomic distances

-
decreae@ that increases the 1nteract10ns between them and -

leads to the 1ncrease°of the spllttlng Thls conflrms the

-

1nterpretat1on~presented above’ but in thls work, the

* 1

spllttlng of both bands was pbserved and.measured at ambient

pressure aﬁd'analyzed quantitatively to obtain vaiue of

v

1nteractlon between states localized on layers separated by
an 1nterca1ate layerL This is a first expertmental
estimation of the.interactlon of~any graphite intercalation

compound .



T V.3. Stage - 4 SbF¢ graphite.

?

The measuremente -of +the deA effect of SbF6

antercalated graphite were. performed on samples prepared by

. v . » ) .
the three® methods. described in Chapter IV. Although, in all

A

- R 5
cases the same ion is responsible for the charge trangﬁer,

the. data show- d1fferencels 1n thé electronic structure

arising from the presence of othet species co=intercalated

with the ian. fﬁe de ‘Haas~-van Alphen frequencies of-.several

>

SbF,~ samples are llsted in Table V.3.

A typical deA spectrum of a sample prepared 1n

nltromethane solutlon at room temperaturo 18 shown in quure

1

V.8. The spectrum’ con31sts of . a IOW'frequency.osc111atLpn

.

f1 = 46.5\Tesla and a strong oscillation of. frequency f2 =

524 ‘Tesla., There are‘otﬁer osélllafioﬁs at hlgher

frequencmes. Thelr number and amplxtudes varled from sampI

to samplé {see T@bge V.3}. Wrth samples prepared at,60°Cathe

¢ [

fl gscillation. wa* not Ob%erVLd and there Were fewer

0
[ .

1rreproduc1ble hlgh frequency Oqcxllatlonb Lhan with samples.

prépared at ‘room LemperaLure sdmpl“s.
~ - 5 -

14

A dlfferent Spentfum’wa% obtdrned withh samples

‘prepared in 802 soluflon (Figure v 9). .There- are three

'peaks in the Fourler traneform at about 600 Tééla. The

relatlve amplltudeb and frequencleq Vdrled from sample to

sample. For example, the frequon01eb ot rho peaks in quure

. V.10 were 583, 602 and 608.Tesla, while another sample (M5)

. S : ' L9
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Table V.2. De Haas-van Alphen frequenbies of several stage-1

- . SbFg~ samples. -
PRI « . ,
Sample ., Method of - Frequency Relative
number - preparation ~  (Tesla). . amplitude
F9 -~ . Nitromethane 47 o 16
. ; solution - - 524 100
at 20°c > 1047 8
o > o, . 1380. - 18
< L o 1408 . 11
. : B 1568 . . 8
: ‘ 1905, - ) &
F12 Nitromethane 47 . 16
T ‘ solution \ - 525 100
_ at 20°C .- 1048 . e .3
= - ‘ 1382 6
L) t . 1408 3 \
: . .. 1421 2 .
. ' ) , - \ 1572 3
. ’ . . . s 1599 3
T e S o . 1898 2 .
" J28 . . Nitromethane 520 - 100
' solution ’ 1031 o 3
at 60°C . 1362 - 3
' 1633 o 1l
M5 Ligquid 802 ' . 953 _ 47
solution ‘ 574 100
) " 673 : 13
’ ' : ‘ ‘ « 1464 : 2
7] : - 1806 2
M27 " Liquid S0, - 583 100
. : solution 602 - 14
Do ‘ . . 608 " 24
T ' co 1488 ' 3
: - . ' . 1506 o .2 7
" a1l ' Reaction with 1600 ’ 100
solid 70°Cc ° '
Al7 . Reaction with - 567 .15
. ' solid 65°C,. " <1627 100 -
]
MAl14 . " Reaction with. = 543 - 25

solid 50°C | -~ 566 © 100
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had frequencies 553, 574 and 673 Tesla.
The simplest dHVA spectra were obtained in samples

prepared by reacting graphite with solid NOZSpFG salt..In

. two saﬁples {(All) a single frequency was observed at 1600

Tesla and in a third one (Al7) the dominant'frggue
simiiar value of 1627 Tesla (Figure V.10). &
fréquency with a value of 56.7 Te§1a was also observed 1n the
third*sémple.‘These samples were prepared at‘temperature;
above 65 C for three days. Dif ferent spectra were‘obtained
from ;amples (MA14) which were made ét a lower temperéture
for‘londer’tfmes (?igure V.1l1l}). Two\pscillations of
frequencies 543 and 567#Téslaidom£nated the spectrum..

The chemical: composition of the stage-1l SbFg~

compound synthesized in nitromethane solution was determined

N /
by Billaud et al. (1980b) as C,3SbFg(CH3NO,), 7. The .
MOssbauer studies {Boolchand et al. 1983) of the stage .l
’——-—:-/" ~

SbF¢~ compound showed that antimony is in 5% state. The’

“ “

?
. isomer shift and quadrupole coupling constant suggest thiat

the molecule that i's i1ntercalated 1s the SbF¢~™ ion. Th}§\
indicates that the charge transfer 1s 1 elementary charge}

per 23 carbgn atoms. Ele;trochem1ca1'reaction of LlstSV

(Jobert et gi.'1981) gavé 1 charge p;} 24 carbon atom. \J/
Knoﬁledqe of the charge Fransfer:permlts one to

estimate the range of frequencies expected for osclllations

of basic graphitic bands. From gequations ‘{V.4) and (VLS) one
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'

bl
. , F

obtains a dHvVA frequerncy of 1719 or 1647 Tesla corresponding
« ‘ {

_to the charge transfer of L/§3’and 1/24 electron pér carbon
atom, respectively. This 1s cJOSe#Eo tgat observed with
saﬁples prepared by reaction of éraphite with solid nitryl

‘ hexafluoroantimonate.‘Th@ observed ;627 Tesla frequénqy
corresponds to one elementary chérge pe;‘é4.3 éarbon atoms
and is theregsre 1dént1f1ed wlith the basic grapﬁitié‘béhdl
Theoretical calculét}ons give theivalue for the Fermi energy
as Ep = ;1.28 eV and for the carriers effectlve»masé as
0.331 m g for the Fermi surface size corresﬁondlng Fb the
1627 Tesla frequenéy. The measuried efgectlde mass value of
0.321 my compares very well w&gh,thé theoretical p?edﬁctlon.
This further sppports 1dentification of Lh;s frequency with

the basi¢ graphitic band. 4

The agreemeh% between the number ofmcarrlers
obtaxnea from the dHVA .effect with the amount of the charge
transfer‘found from st01chkometry proves that the.anions
reméln‘}ully ionized within the compound and all the charge
on the graphene laQers 1sidelocallzed. |

' Thé samples érepd}ud warh‘sqlld NOéSbF6 at tgmperé—
turésﬂlowe; than ©0°C sHOWeg no signs of the 1627 ?ésla
oscillation. .Instead two.frequencxpsiln the range of.SSO

Tesla were observed. This suggests that,fof a lower reaction

b 1)

temperature thé intercalate forms an ordered superlattice

. : !
that splits the Fermi suyrface 1nto smaller pigces.

.ﬁ» ) ' ’
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< . .
. The presence of a superlattice would explain the low

values Qf_frequencies observed in samples intercalated in
nitromethane and SO, EOlutions. The absence of an
intercalant superlattlce at room temperature (Billaud et al
1980) does not contrad;ct its presence at low temperatures.
The re51st1v1ty anomalles (B&llaud‘gg al. 1982) could

result ffom an intercalant phase transition rathér than from

nitromethane freezing. : e

This mechanism, however, does not account for all
™y

frequenc1es 1n the dHvA spectrum. Varlatlon\gn tn/ number- of
frequencies from samnle‘to sample and some 1r;é§r ‘uc1b111ty
suggest that the samples prepared in the solutions are no£
homegeneous. During the flrst reaction by- productsldlssolve
in the’spluthn and inhibit subsequent reactlons\(see

" Ghapter IV) and one might expect that they also affect-the

first reaction.:

« .

With samples prepareg in 80, solution, none of the-

1! . , ,
frequencies were the same in .different samples. This

suggests that the charge transfer varies from sample to

Al

sampﬁe.

©

bl
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3

Vi4. Stage-2 BF, . intercalated graphite.’

The dHVA spectrum of the B§4' is simple. It-does. not
depend on the cooling rate of tHe'samples and consists of

- five oscillations with f;equencies of 523 + 1, 857 + 2, 1044

+ 2, 1377 + 2 and 1895 + 4 Teslg' (Figure V.12). There aré -

. v
two fundaméntal oscillations of frequencies £fq = 523 and

r
e

fé 1377 T.: The other oscillations correspond to f2 - £,

-

2 * fl and fl/i\fz. The cyclotron masses corrgégggdlng to £q
] .

o ¥

and 52 are 0.162 + 0.001 mO and 0.28 *e0. 01 mg s

respectively.

The  1nterpretation,of the dHvA data of the(compohnd_

is straightforward. The fundamenhtal frquenciesyobserved are
identified with basic graphitic bands. The identification of

the bands can be checked by

"with the weight uptake. Sulfstituting the Fermi surfacelareas

cbrresponding'to t £, and £, frequencies into equa ion
(V.4), one obtains charge transfer of one elementary‘b 5rge

:per 41.5 carbon atoms. ThlS ~gives one BF4 “ion pe 41.5

carbon atoms. It 1s llkely that two neutral NO,BF, molecules_

are c01ntercalafed with each ion as 1s_the case of the

reaction of thermally decomposed nitryl tetrafluoroborate
. : ; o

N I

"with graphite (Billaud et al 1983). Thus, the compound

formula is C41‘SBF4OKQBF4)2. ?he.calculated weight uptake
is 70.7 % which is in agreement w;th the measured value of

68 + 3 %. The charge transfer and i1ntercalate concentration

omparing the charge’transfer
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iﬁ this work aré‘higher ‘than those obtaingd‘by methbds
reported previously (Billaud et al, 1980b, Billaud.and
Chenite 1983). =

"The comparison with theory further supports the

. *

identifléation of the bands. The Fermi energy-is aajusted to
fit the sum O% areas ‘correspond_ing_to.'fl and f2 frequencies
and. the valg; of -0.96 eV }s obtained. For thét yalde of the
Fermi energy théorywpredicts that the Fermi greas of the two
bands c?rregpond to frequencies o©of 520 and 1 92 Tesla whlch

are Wbthlrll $.0f the experlmentélly‘observed values of £,

3
? -

and fz,'respectlvely. The cyclotron masses are predlcted-to

be O 16 mgq and 0.30 mO for the two bands. The first value

" matches exactly the exﬁ?flmental one for - the f1 frequencyf

the second predlctlon is slightly larger than the observed

’ v

mass of 0.28 mg.



CHAPTER VI

BAND STRUCTURE -OF GRAPHITE INTERCALATION COMPOUNDS

Graphite intercalation cgmpouiés are highly
anisotropic add‘oftén‘tre;ted as*t@o—dimensioﬁéL materials;
In this éhapter the anisotrop} of bahd parametefs and:
“diménsionality of the compopnds are discussed. Following
this, theoretical models of e€lectronic st:uctu%é gfe
éxéﬁined..The anisbtroéy ofjtheoconduétiv1ty-is alééi
discussga and expfained by a.bgad conduction mechanism.

« -

vi.l Dihensionali;y of the Band structure of acceptor GIC.

‘The fundamental éssuhptioﬁ of-ridid‘pand models of
the electronic strﬁctﬁre-of graphite iﬁféfcalatioﬂ qdmpouﬁds,
is that tﬁe structure is two-dimensional, that is the
interaction between carbon aééms'separated by\an intercalate
layer is zero. This assumbtion is jusﬁifiéd pftthe large
anisotropy of the coﬁdﬁciiviﬁy, a typicai ofdér of magnipude'
being 10°. In this WOi%, an estimate Qag obtained of the
‘ipteraptidn‘between bqﬁds séparatéd'by‘am intercai;te layer,
;hetone'thaf.is %espggéibfe fof thé.gnisqﬁfqpy 6f‘the
eleqtronic propefties. In ihe‘stage—é Sbcfs cém.ouné, the
- valﬁes,of thé-inﬁeractions between valence bands ré‘b.6,and
0.7 mevijrﬁése valhés are four érders of magnifude émaller

v

- / . - ‘102
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-
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than the largest iniplane.interaction parameter Y, = 3.2 ev '

and three orders of magnitude sialler thdn the value of'Yl'=

-

0.4 eV for the 1n§eraction between‘carbon~atOMS of diffe}ent
layers. The resultant width of the band due to:c- axis
dlsper31on is also four orders of magnltude smaller- than the

Eotal width of the bands. However, these numbers’are

-

‘somewhat misleading because _the electronic properties are
~dependent on the band parameters near the Fermi éurfaqe onl}

and the Fefmj surface size Ls a.small fraction of the .in--

-

plane zone 31ze and extends to the zone boundarles 1n the k,
‘dlrectnon. The anisotropy of the Ferml surface of the

compounds is much smaller, the relative difference of the

¢
Ferml surface cross-sectional area at "the zone boundary and -

<

af k; = 0 is"less than 1 %, the actual values for the bands
in stage 2 SbC15 are O 7 and O 5 % for bands Vi and Vo
respec@avely The average 1n—p1ane Ferml vectors are
proport10na1 to the square root of the areas and the“s
relative’ dlfferences are half the relatlve dlfferences of
respectlve areas. This means that the approximation that the
.Fermi surface-is independent Qf)kz is accurate po‘beétei

than 1 $ in graphite antimony pentachloride stage -2, There
is no 1nfo:matfon about the c-axis band-parameters of any

-

other agceptor compound However, one ekpects that the '

AIEY . + N

‘lnteractlons are of the same ordér of maqnltude as Ln the

. - -

SbClS compound Thus, the Ferml surfacc 1s approx1mated well

»



»

104

by two—dymensional moaels: Howe&er; it does not implfithat
tne carriers'are localized on.one or- two graphene layers. In
:fact,“it will be sh&Wn 1ater that. the carriers can move:
. £ [ . .

freely across-layers giving rise to metatllic conductivity
' dlong the c-axis.. -

. . ~

VI.2. Rigid band models. - . .-

3

Having established the two-dimensionality of the
band structure; oné can now‘check whether the theoretical
,band parameters are in agreement with experlmental data. The

experlmentally observed parameters are Ferml surface areas

+ X

and cyclotron masses. The Ferml surface areas A, are dlrectly

-

proportional to the'corresponding deA\OSCLllatlonsgf

£ 278 2 | o c (V1.1)

<

The cyclotron maSSee ~are obtalned from the temperature

dependence of deA amplltudes (see Chapter II11). The

procedure used Ln thlS work 18 as Eollows. from the, -

theoretlcal MOdels ,the re01procal space areas encircled by

A

constant energy contours age calculated for various
energles. The -area dependence on energy is differentiated to

. obtain chlotron mass according to the definition

e . K/ I " _ - N ‘ o
S Mg = %*n' - e T (VI.2)
where A is area and E ls energy ‘There is a single’

qraphltlc band in a stage 1 compound "The value of the Fermi
_energy JF,ad]USted to fit the Ferm: surface area and then

»
L
.

» i
i i.hd“
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* Blinowski ‘et a1 (1980) as was presented in Chapter II.” For a

linear with momentum - ' i

)

4

the cyclotron mass corresponding to that area is determined.

In a sEage—Z éompound, one has two‘bandsl The Fermi energy

is adjusted to match the sum of the Fermi areas Qf 'the two

. L4
bands. ‘ ‘ - i .
g : o

-

; ThedevA oscillations of the basic éraphiﬁic bands

werg observed in SbClg stage 1 and.2, SbF¢~ stage 1 and BF,~

stage 2 compoﬁnds. The measurgﬂ/baad paréméterS»aré giben in

Table VI.i: =~ . . . .

-

.?& ' g .

. Table VI.1 Summafy of the ekxperimental band parameters.

Compound . Frequeﬁcy . Fermi 3fea . Cyclotron
(Tesla) T [R79) mass (mg)
SbCly stage 1 . 1212 . 0.1157 © 0.271.
SbFg~ stage 1 1627 01553, . B.321
N SbCls stage 2 © 422 < .0.0403 G.146
S T 1190 0.1136 - 0.267
BF,™ . stage 2 523 0.0499 " 0.162

1377 .+ 0.1315. - 0.28

-

.

The first model discussed h;fe was proposéd by

S

stage-1 compound the model predicts that the\énergy 18

* NV

-

. ‘ _— y
E =‘—%)'oa|kl Coe ‘ VLY

The dispersion is isotropic and the Fermi energy for an

acbébtor cémpound is related to .the Fermi.surface areé by
R - 4 , : ,42' .

. v . . : \‘ g -105 -
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The cyclotron mass is given_bj

R X L e s
7?/ Yoa f%' : N (VI.S)

The nearest nelghbor 1nteractlon parameter yo'ls taken to

E = -3vpala/m (V1.4)

be 2.4 eV 'in the model rather than 3 2 eV accepted for

? ~

graphite.

L]
)

Table VI.2. Comparison of .experimental data of.sﬁage~f
compounds to the model of Blinowski et al.

T e

L RS ;
B Measured . " calculated
. Compound ‘Fermi Cyclotron - Fermi . Cyclotron
areg mass . energy mass
(B74) - (mg) . lev) (mg)
SbClg ©0.1157 . 0.271 .—0.98 0.285 -
SbF¢~ 0.1553 0.321 . o-l.14 0.331

it

The valldlty of. the model of the electronic

’ « -,

structure of stage- 1 lntercalatlon compounds can be checked
by,cgmparxng the cyclotron mas§,dependence‘op,the Fermi
cfosé-sectionalharea (Table VI.2L..The célculatgd c?plotron
‘mass of the stage-1 SbClg qéﬁpouﬁd of 0.255 AO is 5 ¢ larger
: .phanfthe observed §ne.§f 0.271 mg. In the case of stage-1
QgFg”'compound, the calculated Qalue of 0.331 mgy .is oply‘B'%
larger than ghQ ?bserved value' of Ol}Zl Mgy . Thg‘agréementn

between theory and experiment -1s fair but the d{sénebancy is

.
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larger than the experimentai error. If one takes the value

QZKB.Q‘eV for Yy, the discrepancy between observed. and

theoretical masses 'is greater; the calculated masses are..

a

0. 213 mo and 0.241 mg for SbClS and SbF6 . respectively. One

-

. can also compare the valué of the Ferql energy fitted to the

‘dHVA. data of the stage 1 SbClS compound with the value

t
obtalned from optlcal reflectance measurements (Heln et al.

— —

1983) - In this work, the Ferml energy is found to be ~O 98 .

eV below the top of the valence band. The work of Helnz et
al. placed the Fermi energy_at -1.1 to ~1.2 eV.

In & stage 2 compound, there are two valegnce bands

whose enerqles are given by ‘ ‘ V™
El = - 7[('7(1 +. 3y azlklz % + Yl] - : - 6:
By = - Flv§ +-3vga® k(A% - vy - T
The Fermi areas of the bands are givenby .
Ay = 4m3v3a?) " H(E? + Evy) , . e
. o (Vi.7)
AZ = 4“(3Y ac) (B - EYl) Lol

equal to 0.337 eV. Using this formula, we can

relate the Fgrmi energy t¢ the sum of Fermi syrface.areas '

: . (VL.8)
The cyclotro
Me1
' (1V.9)

‘Mep
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.The theore;ical prediction and experimental data are .
shown in Table VI,3. The value.of Fermi energy of -0.80 eV
fits both areas of the stage-2 SEClg. compound. The cyclotron

‘masses are predicted by the model to be 0.178 ﬁo and 0.288

mq for bands vy and v,, respectlvely. These predlctlons are .
Pt

larger than the experlmental values of 0. 146 m0 and 0. 267

mg.. In the case of the BFn compound, the comparison yields
similar “results. The value of Fermi energy of -0.87 eV fits
we@l‘thé Fermi surface areas of both bands. The °*fitted

vallues of cyclotroﬁ magses are larger than'experimentally
b 2

" observed ones.

Table VIL3. Comparlson of experimental and calculated band -
b parameters of stage-2 compounds. Blinowski et
al. model. .

Measured ' Calculated
Compound: * _.Fermi Cyclotron Fermi Fermi  Cyclotron.
' arg mass €nerqy arei mass
(872) mg) . eV, ) (mo)(
.SbClg . -0.0403  0.146, °©  -0.80 0.03.94‘ 0.176
L *0.1136  0.267 : . -.0.1144  0.289
BF,”  0.0499  0.162 -0.87 . 0.0515  0.199

0.1315 0.28 : ' 0.1304 *0.31

A "
The agreemént between theocy and experiment is fair,
the tqeorerlcal predlctlons are w1thxn 10 ¥ of the

experlmental values One cah uqe r'he modei of Blinowski et

)
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él. to make qualitatiwé°p}edictiops of the electronac
p;bperpies of the acceptor c&mpodnds. &évé:theléss, the
- discrepancy observed is 1;fger than expefimental error.
—Analyziﬁg the‘data of stage~l1l compounds, one can
assume that tﬂe‘value of. the nearest neighbor interagtldn'in
graphite in£e¥calation compounds 1is, different from that‘in
‘pristine grabhite.‘ﬂowever, 153 one assumes any other value
of Yy than 2.4 eV the model fails to fit'Fermi surface areas
of the two vailence bahds in stdge-2 cémppugdsagnless a
* proportional change of ;he Y, parameter 1s also assumed.
Befo£e<jumping go that,coﬁclusion one should analyze'ghe
e}ectronic strucéure of the xnteréalatién compounds more
caréfully. ‘
The model of Blinowsk: et al. is a first order

expansion around the point U of the Brillouin zong. The

Hamiltonian matrix elements are linear in momentum.
r ﬁ' . . “

- .Therefore, it 1s a good approximation if the Fermi surface

1s much smaller th&n the Brillouin zone size. However, the

Fermi surface of the compounds studied has a large size; a
. , ) . P ~ N
‘typical order of magnitude of the Fermi vector KF,is 0.2 K"L,
’ v

which 1s 'more than' 10 % of the magnitude of ky. It 1s

therefore unreasonable to expect thit a single or double -

'parameterAexpansion can accurétely_éescrlbe the Férml
surface properties of the compounds.

. - . .

B4 - »

.
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' The model aimed at describing quantitatively the.

electronic structure of graphite intercalation compounds was
E

proposed by Holzwarth (1980). The model was presented

earller'in this work. It assumes that the intefactiong
betwéen(carbon atoms are the same ;g fn graphite and four
in—plane( interaction an@ foﬁr binteiplanar intéfaction
parameters are inéluded. The "interplanar’ interactions are,
of course,,éppropsiaée forogtages 2 and higher.

The proceduré qséd*éo compare the expérimentql data
to theory is analogous to Ehe,one Qsed with the QlinOWSkl’gﬁ
al. model. Because thé'mddel of Holzwarth is ﬁére comple%,
the analytic solutions could not be obtained and, ingtead,
nﬁmerical,calculétions were performed.

™ , SN

s

0,28

Table VI.4. Comparison of experimental data to the theory of
) ” Holzwarth.
. ’ L'
Measured Calculated
- Compoundr Ferm:» Cyclotron Fermi ' Fermi - Cyclotron
r are ~ mass energy are mass
(7€) (mg) (eV) (874) (mg)

SbClg 0.1157  0.271 21,12 0.274
stage 1 . o
- SbF¢” '0.1553  0.321 -1.28 0.331°
stage 1 ’ . :

SbClS 0.0403 0.146 -0.88 00,0396 0.144
stage .2 0.1136 0.267 0.1139 - 0,271

BF," 0.0499  0.162 -0.96 0.0496 0.161
stage 2 0.1315 0.1329 0.30
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For stage-1l compounds the Fermi eneréy was adjusted

to fit the area of the band calculated from the dHVA:

frequency. The cyclotron mass was then .calculated and
compared to the measured value. For stage-2 compounds the

Fermi energy was adjusted to the sum of the areas of thé two

bands. The areas and cyclotron masses of each band were then

calculated. Thesresults are shown 1n~Taple VIi.4. The

calculated cyclotron masse of the stage-1 SbC15 compound is

“y

wihin'l % of the measured one.-In-the qase'of the stage-l

SbF67 compound the calculated mass is 3 % larger than the

measiyred one. For stage 2 compounds, the values calc¢culated .

from theory are within 1 % of'experimental pafameters. This
aqreemenf is véry.qood after wé have rounded off the véiues

of the Fermi energy. to two’@eéimai places,. "
. Tﬁe’Qalues‘of Fermi energy obtained from fitting the
dHVA data to’theory/ére compared to tge results of opticél
. reflectance studies of»SbCIS intercalated comp&unds. In this
w;rk'thé fitted value of the Fermi énergy of the séage—l
compound is -1.12 eV and in the stage-2 compoundthe fitted

K
value 1s -0.88 eV (Table” VI.4). These values are compared to

— —

the data of Heinz et al. who give vdlues of ~1.1 k0 <1.2 eV

for the stage 1.and =-0.91 to =-0.95 eV for the stage-2.

compound. The aqréement is very éood for stagé.l‘éﬂd”gogd

. . o .
for stage 2. One has to note, however., that the dHvVA .data -

-

are obtained ‘at very low temperatures, below 4.2 K, whereas

A‘ u'

M 0
’ . . . I
< -
. ~
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the optical ;orh was done at room.temperature. One <an not
\~exclude the possibility that the charge transfer bhanges
‘\Qlth temperature especlally in the case of stage-2 SbClS
where a phase transition 1s known to occur at around 200 K.

. The cyclotron mass used in the ao;ve conSLderat;on.
is the band mass obtained directly from band structure
"calculatlons according to equatlon lbI’S) ln metals and
semlmetals, ‘there is an interaction of’ mov1ng electrOns with
phonons that results in an increase of energy needed,to
accelerate an electron by an amount necessary to create a
cloud. of phonons that follow it. ThlS leads to an increase
of the effectlve mass due to the’ electron phonon LnteraCtlon
(see for example Grlmvall l981)rand_the measured mass’is

7

larger than the band mass'by‘a factorrof 1 + A where A is
the electrbn—phonon mass, enhancement §arameter. This
parameter is of the- order of 0. 5 in 51mple metals and has to
'be taken into account in any consideration deallng w1th
effective masse; of carrlers. The value of the l parameter
is .temperature dependent and at temperatures much-.lower than,
the Debye temperature it approaches the zero temperature
limit given by’ (Grimvall,(l98la) - : ‘
A (k) = E/T'E]é‘l hﬂg—’f}—‘%l—{,—} - " (VI.10)
where w 1s the phonon frequenCy for the phonon vector of k-k/

g(k-k',u) is the electron~phonon coupllng functlon, the

‘summation is done over a11 phonon branches and lntegrat;on

O
.
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is carried out over the Fermi surface. The imtegnai eoutains
ﬂVkEl“l multiptied by a non—uegarive function. Therefore,
‘the value of the integral increases 1if the density of states
at the Ferml,energy 1néreases. In fact, w1th 1sotrop1c bands
the A"parame&er is proportionaljté the density of states
_accordlng to the formula -
M) = 2N (Eg) Zf ' g ek U] 2. . (VL.11)
In graphite lnterpalarlon compounds, the densmty of states‘
at the Fermi energy is only a fraction of a typical density
of states oﬁla mepal. The effect of the electron—phenon
interaction 'is then expected to be'mueh smaller. Oné should,
however', make.an'estimate of an-order of magnitude of the
effect. The use of equation (VI.11} is not'suitable in this
case because the‘couélinq function g(Kék{ﬂU is-unknown. An
altérnate route is to~estimateithe éarrier-scattering time -
from electrlcal re81st;v1ty measurements The seatreriug‘
rate due to phonons at high temperatures (kéT2>ﬁmD)‘ is
related to the value of the A parameter in the zero
temperature limlt By a simple relation4(Grimva11 1981b)
1}r : ZWAKBT/h o ' CL (VIL12)
The electrlcal COnduct1v1Ly 1s related to the square of the
electron veloc1ty at the Ferml surface by ‘_' .
]fﬁgigT | _” - . vria

The electron velocity -can’ be- calculated from the band

- ’

'structure model. The conductly;ty is obtained experimentally
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and, hence, one can estimate the scattering time. For

estimation, we choose the SbF6_ compound which has the

Iérgest‘Fermi surface and the highest dens;ty’of states and

one expects that ‘the electron-phonon mass enhancement

parameter is the largest in 'this compound. The resistivity
of the compound at roem temperature is 4x10_§ Qcm (Billaud

t al. 1980). Using this value and ‘ the band struqturé

——

parameters in the "simplified Blinowski model, one obtains a

scatterindg time of é x.10"13 s. Assuming that.the scattering
at roam temperatqr; is phonon-dominated and using equation
kVI.lZ) one obtains thé value of A= 0.02 which is of the
order of the ex?erimentgl unce;tqinty and can be néglected.'

| ‘The agreemént_&f the measured band parameters with
theoretical predictioné ;onfifms the validity of the rigid
band wmodel of the electf&nic struéture of acceptor
1nterdaiétioﬂ éompounds. Theé Entercalateg used - in thig work.
are highly oxidizing ana produce compoundé with high charée
tranéfer. This is éarticulaflf true for the ionlé comﬁounds
(Sbe"and BF, ) where oxidatian of‘cérbon-ié done by fhe

nitryl ion (NO5'). The charge transfér of the SbF¢~ is close

ioftheAionicAlimit of one charge per 24 carbon atom. (Jobert

et al. 1981). In the BF,” compound, 'the carbon charge.state

of Chi.5 is larger than For most stage-2 compounds
(Markiewicz et al. 1983). In all compounds studied here, the
rigid band model was found to be valid to'describe the

o
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o

electronic structure and..no influence of ‘charging of bands

on. the interaction parameters were observed. -

¥

Vi.3. C- ax1sfconduct1v1ty :

! . -

The electrlcal conductivit9 of acceptor-

.

Pl

Lptercalatlon compounds is very anlsotroplc‘ The basal ‘Plane
u ‘

chduct1v1ty is comparable to the conduct1v1ty of a metal

LY

The c~ax1s conductivity 1is typlcally 1ve Qqrders of
' magnitude smaller. The.low:'values of tlie con&ugtivity along

. 4
the c—éxxs is a matter of controversy and various mechanisms

have been sugqested to e&plain it (Khanna et alg 1978,
Sugihara 1984) The temperature dependence of the c¢-axis

conductivity of stage l -and 2 SbClS compounds shows a

0y

typical free-carrier behav1or that 1s a linear lncgease_of

. Y B [

the resistivity with‘temperature (Morelli and-Uher 1983).

Similar dependehce was observed w1thjo£hef acceptor

’ . .

compounds of graphlte (Ubbelohde 1972)‘. "
In thls work an estlmate of the c~- axxs dlsper51on-

'péfameters in stage 2 SbC15 compound has been obtalned ‘One

can, théfefore;‘verify~the banq.conductlon_mechanlsm for the

c-axis conductivity gquantitatively. .

¢ The conductivity tensor-€lement 1s related to the

PR

'square of the electronic velocity -of carriers at the Fermi

surface accordinb‘to the fdrmula‘ . E C. ..
27 (dSy .2 . , o
©0% S g3 fIWEl TV% . .. , (Vi.14) .

-
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To\estimate an ordeﬁ of magnﬁtude of the conductiuityT
anisdtrop}, one can useé the simplified model_of Blinomekl et
al. for the in- plane dlsper51on and add s;mple tlght blndlng
energy dependence along the k dlrectlon The cotal,energy/

'

is then . .

|2%

FurtHermore, becauBe § is much smaller than .v's "the

E =~ $(v} + 32243 1k ] i 28cosik,l.) - (VI.15)
slgnlflcant contrlbutlon to the gradlent VﬁE comes from -the
‘in-plane dlsper51on The basal plane conductlv;ty 1;

_,}__ b’?)’ﬁb‘ ' A gv11.16)

~and the c-axis conduct1v1ty is - ‘

o, = %ﬁg—zl'azkpfﬁ% S i

“ At room temperature, the scattérinélis dominated'by
phonons and the scatterlng tlme is 1sotroplc and the s&m\',
for all bands. The anlsotropy of the conduct1v1ty depends
only on band parameters.‘Substltutlng the experlmental
':values of the 1nteractlon paraheters " and the Ferml momenta
for the stage—2 SbC15 compound and addlnq the contrlbutlons
of both valence bands, one obtains the anlsotropy of th
conduct1v1ty as 0,/0, R x.lOA. measuremente'pf basal plane.
'conduct1v1ty gave values arom?d 2 X 107 9;1'"1 (McRae §£ _l;' :
~.1978). The c- ax15 conductlulty was -measured by ngrelll and
Uher (1983) and at’ room temperature, a value of 1’ x 102r‘
Q;i -1 yas obtained DlVldlng these two numbers one -obtains

a conductlv;ty ratio of 2x,105 whzch agrees w1th1r1an<3xder '

,1 *

. . . s . A
. : . . : . 2
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¢ . ' T
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of ﬁagnituﬁe~with the galcuiatéd ratio. This agfeement shows -

[}

m can account for the "large

that‘the'Band conduction mechanis

anisotropy of-the conductivify'of stage-2 SbClslcompound.‘f
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CHAPTER VII .

s ' CONCLUSI@NS

. N N v,

©

The purpose of this work was to study the electronic )

‘

properties of acCeptor—type'graphite intercalation compounds. -

The - work 1nvolved sample preparation, characterization;

R

measurements-of de- Haas -van Alphen.effect and theoretlcal
calculatlons of the_band structure. A
Sample preparatlon technlques were perfected and new

-~

.‘methods of Rreparation were aeveloped to obtaln pure and
) homogeneous samples needed for the dHVA study The reactlon-
of graphlte with llggld_spCIS was carnled;0ut to pro&uce-
stage,l-and 2Iintercalatlon'compounds, The pure stage-1_
SbClS compound obtalned by this technlque was stable for
several months 1in alr. DecomeSLtlon of the, compound

reported ip the 11terature, was.found to be accelerated by

the presence of small regions of stage 2 materlal wlthln

~

O

samples. The stage 2 SbClg compound was obtalned by reactlng
igraphlte w1th lquld bbCI5 at qbout 100 C‘ The samples were
’pure and homogeneous. This shows that ‘there 'is no need for a
-bemperature{gradrent_us;d‘rn,prepararlons.repqrted

-~ - . . ..
previously. =~ -+ . e ’ : ,

Lo
¥ o ELd A

- KIonic‘compodnds‘of'qraphite were ontarned‘by
' reagtion with nLtryl saits. The.intercalated‘ions were SbEé"
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" by metﬁods'reported previously.- e

. ' : ' - c. 119

[ ~." __ A » ’
end'BF4~.’The reaction of nitryl hexafluorocantimonate- with

graph}te was carried\out'in solution of the}selt in dry
nitromethane, liquiad sulphur4dioxide and by reactrogqyith
solid salt. Samples obtained in solutions decomposed after
they Were left in a dry atmosphere. ‘The samples obtalned b{
reactlon with SOlld nltryl hexafluoroantlmonate were stable‘
in a dry atmosphere and undér vacuum. The BF4 c0mpound was

-

synthe51zed by reactlng‘graphlte with solid mitryl‘

‘ ﬁetréfludroboréte; ‘The compound had higher intercalate

concentratlon and higher charge transfer than those obtalned
° ¥

Measurements of the de Haas van Alphen effect were

performed on stage 1 SbC15 1ntercalated graphlte for the

'flrst tlme mhe fundamental deA frequency was 1nterpreted

‘in terms of the basic graphltlc band The measured cyclotron

A

lmass agreed w1th the theoretical predlctlon for the value of

. the frequency observedu-Addltlonal dHvA frequencles that . ..

s .
L4 . . LY

'_ were observed were interpreted'as resulthg from aging of

samples thdt changéd COMPOSltlon whlle preServ1ng staglng.
The de Haas-van Alphen spectrum'of stage-2 SbCIS
compouhd were found to'depend on the rete of cooling betweep‘

room temperature and lquld nltroqen temperature. The

lnfluence of the srgnal .en coollnq rate- is' one of the

[}

" factors that‘tan account\for d}screpanCLes,between

.'pgev1ous;y reported)results of Batallan et al. and Takahashi

—— —

PRRE B
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et al. The dHVA spectrum of slowly cooled samples consisted

— o—

of two fundamental oscillations which were identified with

-

. basic graphitic bands. Both deA frequencies and both‘

cyclotron masses adree with thé pgedactlons of the rigid
band model with the‘Ferml energy as’ the only adjustable

parameter. : r ot

Beat patterns of the fundamental frequen01es of the
stage ~2 SbClg compound were 1dent1f1ed ‘With spllttlng of the
ba51c graphltlc bands due to doubllng of the lattlce
constant along the'c-axis. The" doubllng of the lattlce

constant was' obserVed in x-ray dlffractlon measurements.

From the - beat frequency, 1nteractlon between states
localized on layers separated by an 1ntercalate layer was

estlmated‘for the'flrst time. Values of interactions of 0.6
mev and 0.7 meV for the two‘oands are four order of
.magnitude smaller than the values_oé Jn;plane31nteractions.
between ;arbon atoms. o | ‘

~ “%he de Haas-van Alphen measurements on ébFG'

¢
3

;'compound showed qualltatlvely that the electronlc structure”’
‘depended on the method of.preparatlon. leferences in

electronlc structure are attrlbuted to dlfferences in the
~ .
structure. and orderlng oi 1nterca1ate layers. The dHvA

»
- v

spectra of samples prepared in solntlons.showed_the,presenoe\
of inhomogeneities"of carbon charge state and/or intercalate

structure. The ‘spectrum of the compound prepared by reaction



s

_is two dimensional by assuming that the interaction between

_estlmated The calculated ‘value of Y x 104 ‘is of the same

of graphlte with SOlld salt had one dHVA frequency of 1627

.Tesla. The cross- sect10na1 area of the Fermi surface wmth

1

this frequency ‘is in agreement w1th the charge transfer

expected from st01ch10metry ThlS 1nd1cates that all the
cherge-on”graphene layers le de;ocalazed. The" measured
cyclotron mass 1s in egreement with the one célcdlated-from
the rigid .band model. ‘ o : - S ( .

'The deA spectrum of‘theIStage~2 BF4'"compound

con51sted of two fundamental frequen01es. The frequenc1es

and cyclotron masses are in agreement with the predlctlons

0

of the rigid band model. . S ‘
The rigid band madels of the electronic structure of

graphite intercalation compounds consider that;the'structure

-~

~

states localized on graphene Layers(separqted by ‘an

<

1ntercalate laver is zero.. The valde of interattion was

F «

measured 1nthls work amdls lessthan lmeV. This shows tha't

therc 1S a sma]l, fln;te 1nteractlon and the dependence of

the Fermi surface cross«S@Ctlonal area on the momentum

]

component perpendlcular to the layers is less than 1 % in

the stage-2 SbCleg compound. From the .measured anisotropy of

*

the Fermi surfacé, an-anisctropy of the COnductivity was

A
K
order of maqnltude as the measured anlsotropy

?

. .
S ’ [ s,

The predjctions of the rirgrd band models of. the

9
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'electronlc structure of GIC: ‘proposed by Holzwarth (1980f

were found to he in agreement w1th experimentally measured

»

frequencies and cyclotron masses with the value"of‘the Fermi

€.

energy adjusted to the charge transfer of each compound
studled The model assumes that the interactions between’

carbon atoms are the same in lntercalatlon compounds as in

prlstlne graphite. The good agreement between theoret10a1

predlctlons and ‘the experlmental data shows that this

‘assumption is valid in the case of the.compound studled }n

‘this work.‘?he compounds studied here, especially the- ienic
onds, have high charge, transfer. It is likely that this
conclusion can be intgrpolated to most of the accegtér

compounds which have lower charge transfer.

The model of Blinowski et al. was found to be less

accurate, the discrepancies between the model predictiqns‘

and~exberimental data were up, to 20 $. This is a.result o?‘b

/

simplific?tipns of the model which includes only nearest

. . A .
neighbor interactions. -

< -

o
-

v

¢ r



REFERENCES

i

Batallan, F,, Bok, J., Rosenman, f.~and_Me1in, 1978. Phys.
" 'Rev: Lettérs 41, 330.
Billaud, D.Band Chenite, A. 1983. Mat. Res. Bull. 18, 1001.
Billaud, D., Flanders, P.J., PrSn, A. and Fischer, J.E. 1982.
- Mat. Séi. Eng. 54, 31 I n
Billaud; D., Pron, A., and Vogel, é.L. l98§a. Synth. Met.
2, 177.. e |
Biiiaud, D., Pron, A., Végel, F.L. énd'HeroldA A.'19805.
Mat. Res. Bull. 15, 1627. | |
\élinowski, J. and,Riéaux, C. 1980. J. Physique 4i, 667.
Blinowski,.J.,.Nguyen, H:sH., Rigaux, C., Vieren, J.P.,
LeToql%ec” R.,; Furdin, G., Heréld, A. aqd Melin, 5.
1980. J. Physique 41, 47.
_Boolchand, P., Bresser, W., McDaBJel[ D., Sisson, K., Yeh, V.-
and Ekiund, P.C. 1961: Solid State Commﬁn. 40, 1049.
Boolchand, P., Bresser, W., 'McDaniel, bi' Exlund, P.C.,

Billaud, D. and Fischer, J.E. 1983. Mat. Res. Soc.

Symp. Proc. Vol. Zb intercalated Gtaphite,_§389.

Clarke, R., Elz'inga, M., Gray, J.N., Homma, H., Morelli, D.T.,
" Wihokur, M.J. and Uher, C. 1982. Phys. Rev. B26, 5250:
Croft,'R.C. 1§56. Austral. J. Chem. 9. 184,

oy . . . -

N T

123



124
‘/
3

Dresselhaus, MiS.’and Dresselhaus, G. 1980. Adv. Phys. ’
30, 139. . ‘ .

Dresselhaus, M.S., Dresselhaus,'G. and Fischer, J.E, 1977

- ‘-Phys. Rev. B15, 3180.

Eklund, P.C., Smith, D.S. and Murthy, V.R.K. 1981. Synth. Met.

3, 111, . , ///;V/Q

Fischer, J.E. 1977. Mat. Sci. Eng. 31, 211.

Foley, G.M.T., Zellér, C., Falardéau, E.R. and Vdgel, F.L.
1977. Solid State Commun. 24, 371.
F%ledt,'J.M., Poinsot, R. and. Soderholm, L. 1984.. Solaid State

Commun. . 49, 223,

Grimvall, G. 1981. The électron-phonon interaction in metals,

" {North~Helland), New York.
19814. ibid., plo8. , .
1981b. 1bid., p251.

\

Harrison, W.A. 1966. Pseudopotentialé in the Theoryﬁof Metals,

(Benjaminn}, New York,

Heinz, R.E., Doll, G., Charron, P. and Eklund, P.C. 1983.

Mit. Res. Soc. Symp. Proc. vVal. 20 Intercalated

Gragﬁl}e, pé7. : ,
Herinckx, -C., Perret, R. and Ruiand, W. 1972. Carbon 10, 7T11.
Holzwarﬁh, N}A.w.11980. P#ys.*Rev' B21, ‘3665. A

Homma, H. and Clarke, R. 1985. Phys. Rev. B3l, 5865.

iye,'Y., Takahashl, 0., Ténuma, S.., T§uji, k. an& Minomura, S.

v1982. J. Phys. Soc. Japan 51, 475.



125
Jobert, A., Touzain, Ph. and Bonmétain, L. 1981, Carbon 19, 193.
Johnson, L.G. and Dresselhaus, G. 1973. Phys. Rev. B7, 2275. -
Jones, W., Koféul, P., Schlogl, R. and Thomas, J.M. 1983.

J. Chem. Soc., Chem. Commun. p468.,

Khanna, $.K., Falardeau, EiR., Heeger, A.%. and Fischer, J.E.

1978. Solid. State Commun. 25, 1059.

¢

Lifshitz, I.M. and Kosevich; A.M. 1956. Sov. Phys. JETP 2, 636.
McClure; J.W, 1957. Phys. Rev. 108, 612, ‘
McDonnnell, F.R.M., Pink, R.C. and Ubéelohde, A.R. 1951.
J. Chem. Soc. Part 1, 191. .
McRae,'E.,.éusellier, H., Melin, J., Mereche, J.F. and
| Hereld, A. 1978. Proc. Sth London Int;'Carbon conf.
Markiew1c£, R.S., Lopatin, C. and Zahopoulos, C. 1983. Mgt;

Sci. Qoc. Symp. Proc, Vol. 20 Intercalated Graphite, '135.

" Melin, J.,kand Herold, A, ;969. é.R.-Acé@, Sc, éaris 269,'877.

7

Morelli, D.T. and Uher, C. 1983. Phys. Rev. B27,:2477,

Murthy, V.R.K., Smith, D.S.-and Eklund, P.C. 1980. Mat. Sci.
Eng: 45, 7.

PR P

Nixon, D.E. and Parry, G.S. 1969. J. Phys. C2, 17324 )

Onsager, L. 1952. Phit. Mag. 43, 1006.

Roth,. G,, Salamanca-Riba, L., Kortan, A.R., DresselhaUS,_G;
" and B{rQeneau, R.J..l9§4.‘Extended Agiggacts Graphite-

Intercalation Compounds, Proceedings of Symposium I

1984 Fall Meeting of the Material Reseérgh Society,

4

Nov 28-30, Boston, USA, plb8.
. /



- ‘ . ' v 126

Shoenberg, D. 1984.'ngnetic Osc¢illations in Metals,

(University Press), Cambridge.
Slonczewski, J.C. and Weiss,. P.R. 1958. Phys. Rev. 109, 272.

Sugihara, K. 1984: Phys. Rev. B29, 5872.

and Tanuma,  S. 1981. Solid State

Takahashi; 0., Iye, Y.
Commun. 37, 863.

Taruma, S., Takahashi, O. and Lye, Y. 1981. in Physics of

Intercaldtion Compounds, ed. By L. Pietronero
and E. Tosatti, (Spr;ngér—Verlag) Berlin, p90.

Timp, G., Dresselhaus, M.S., Salamanca-Riba, L., Ebrils A.,
\ . it -

/

’ Hobbs, L.W., Dresselhaus, 6., Eklund, PSC. and Iye, Y.

1982. Phys. Rev. B26, 2323.

'Ubpelohde, A.R.'l97?.vPro;;‘§, Soc. A3§7, 289.

Willace, P.Rs 1947. Phys. Rev. 71, 622. 4

osida, -Y. and Tanuma, S. 1985, J. Phys. Soc, Japan 52, 701;

1bad.; p707. ' . ,‘ '

Zalfska, ﬁ.,vamat, P.K énq Ddtaré: W.R. 1984. J. Phys. C17,
3151.

Zalfskl, H-,/bmmat,'R.K and Data:s,'w.R. 1985. Solid State

Communi. 55, 40%1.
&>

Zaleski, H,, Ummat, -P.K and Datars, W.R. 1985. Synth. Met.

(rn- press).
o



