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Introductl .on

Tt¡e stage 1 and 2 graphite lntercala-
t ion compounds (crc,s) ior ired by the
elecürochemical reactlon of qraóhlte wlth
su l fu r ic  ac id  (H2SO4)  can be-prLpared w i¿h
a wl_cte range of charge transfer values.
For a-glven slage com¡round, ¿he charge
¿rangferred bétween cirbon and interéalate
Iayers ls changed by the electrochemical
converelon- of.H2SO4 to negatively eharged
HSO4-  in  the  ln te rca la ted  layerc - t I l .  T t ¡ l s
relaLively Emall  change in the che¡nlcal
character of the lntercalate layer ¡nakea
95anni-!e-H2SO4 an ideal system io study
the effec¿ of charge tranefer on the
electronic and latt lce dynamlcal proper-
t ies  o f  acceptor - type  GIó 'e .  In  áno lher
paper  a t  th fs  conference [2 ] ,  we present
resu l ts  o f  neut ron  d i f f rac t ion  s tud ies
carried out on graphite-H2SO4 which ehow
tha¿, aa the stage I and 2 compounds
u-ndergo lnéreasee in charge ¿ránafer, both
the  c -ax i7  and a-ax is  la t€ lce  conBtanta
contracty'  Tl¡ese contractlone r¡ould be
expected to lead to an upahlft lnq in
frequgócy of both an. 1¡-plane añd out-of-
plané graphlt lc nodes. Recent Raman
scatterlng atudles t3l report that the-160O .cnr- r intralayer graphlt lc phononc
upshift  l inearly with Incieaeing- charge
trangfer ln both the stage I anó 2 com_
pounds. In thig paper wé report the
reeults of lnelast ic neutron scattering
studie¡ of the c-axis longitudonal phoñons
of .  s¿a_g€ I and 2 graphlte-tt2SO4. t t¡e c-
ax is  phonons are  a lgo  obeerüed ' to  upsh i f t
tr i th lncreaslng charge tranefer. lüe data
are.analyzed ln terma of a phenomeno-
logical force conetant model in whlch the
r2 !O4/HSO4- layer  l s  t rea ted  as  a  r ig ld
ro lecu la r  sheet .

Experlmental Detai ls

- Plates of .  hlghly-oriented-pyrol!¡t ic_
graphite (HOPG) obtained from Uñion
Carbide rrere electrochemlcal ly reacted
r i rh  98 t  D2SO4 (Vent ron-A lpha)  ug ing  a
constant current source (- l0O nicroanps).
feuterated H2SO4 is used ln these stuáles
because,hydrogen,hae a hlgh abaorption
:oeff icfent,fo¡ ¡eutrone. At theie cur-
=ents, h¡i th the init ial  graphite nasses

uged, a t lme of -70 hours r¡as needed to
reach rhe  s tage l -  c2 l+(Hsoe-  )  (n2soa)  2 .  tconpound. The cetr current uas reduééá to-l .microamp while ¿he phonon data was
b-eing recorded, which éssential ly f ixed
the- sa¡nple stoichiometry during Lh" aot"
col lect ion period. The sampleá were
suspended in the acld by a plat inun ct ip,
and a PL- foi l  coun¿er elec¿iode rras used
!9 cornplete the electrochemical circuit .
Tt¡roughout the paper we abbrevlate the
sample gtol.chio¡ne¿ry- by the .form C+p. The
charge transfer ts L¡eñ f=L/p holes per
C-atom. Ttre neuLron data neie taken using
a- t r ip le  ax ls  spec t rome¿er  in  the  H igh
F lux  fso tope Reactor  (HFIR)  fac i l i t y  a t
the Oak Ridge National Laboratory.

Resu l ts  and D iscuss ion

fn  F ig 's  la  and Ib  we d isp lay ,  re_
Epectively, the resul¿s for ¿tré tów_ anA
hlgh-charge-transfer forms of the stage I
and 2 com¡rounds. The experimental data
are lndicated by the symbols and ¿he re-
su l ts  o f  our  ¡node l  ca lcu la t ione are  ind i_
cated by the sol id l ines. Tlre data were
taken 9n pure stage compounds as determin-
ed  by  (OOl )  e las tLc  sca l re r ing  acaÁs.  A
phenonenologlcal force conetañt model was
uged to  ana lyze  ¿he da ta .  In  the .ca lcu la -
t l .ona the Ln¿erealate layers eere ¿reated
ag r lgld unl¿s. Thls reáuces the size of
the d¡manical r¡atr ix to a 2x2 for s¿age I,
and a 3x3 for stage 2. The just i f lcat ion
for-thfs approxlmation is th;¿ the s-O
DonCl stretching frequency is a factor of-10 larger then the obseived (q-O) s¿age I
Ló phonon frequency. As can uJ seen iñ
l ig 'e .  la  and lb ,  t rea t ing  the  molecu la r
layer ae r191d is evldentÍy a gooa
approxlmtr¿ion, as the da¿a are reasonably
well  described by neareat neighbor force
conatants only. These force conatanta are
ehoyn scl¡emati.cally above the data in
F ig 'e .  la  and tb .  In  the  caae o f  the
sllfte I com¡round, the fi¿ rrras improved
s[ghtly by adding ¿he second neighbor
force constant (C). The values fór ¿he
respective force congtants are l isted in
the f igures in the unlts ev2-amu. To puL
these unj.ts into perspective, a good f i t
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to the c-axis I,A and l,O phonon data [4]
for prist lne graphlte (t tOPC) ras
was obtained uslng only nearest-
neighbor forceg,^rdith the force 

.cons¿ant

value D-. 0176 eV¿-amu. Thé effect on the
LO branch due to the ¡naxlmum charge
t ranefer  inc rease dur ing  the  e tage 1 ,2
"overclrarging" periods, ag the electro-
chemical conversion of, H2SO4-in the
intercalate Lay€rs is cal led ln the
l i te ra tu re ,  Is  about  0 .5 -O.7  meV.  T 'he
correaponding change ln the force
conatantE, as determlned by ¿he data
ana lys is ,  i s  lnd ica ted  ln  the  f lgures .
For the caae of the stage I compound, the
LO branch upahifts by 0. ? rncV as the
charg€ transfér tncreages from f-I /28 to
f-Ll2L. In the stage 2 caae, the lower Lo
phonon branch upahlfte by 0.5 meV,
whereas the upper I.o branch remalns
essentlal ly unchanged ae the charge
¡ranaer f  increases fron I/60 Lo L/4a.
TheEe observatlone rd' i l l  be discueced ln
termÉ¡ of the nature of the long and short
range elaetlc and electrostat lc forceg
betrdeen the layers.
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