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Introductio¡

Thc intercalation mcch¡ni¡m in thc tcrnary Kll-graphitc in-

tercalation compoundr (KH¡-GICs) was fouad to bc ¡i¡¡il¡¡ to

thaü in KH&-GICa ir th¿t thc procar involve¡ a¡ i¡itid in-

tercalaüion of K followed by the aubccquc¡t intcrcElrtio¡ of tbc

hydrogea or mo¡cury. Süagc 1, 2, 4 of KHt-GIC¡ a¡d rtage 1,

2 of KD'-GICr were prepa,red and cb¡¡a¡terizcd urilg (00|) X-

ray diffraction, higb rceolution transmislion electro¡ microecopy

(TEM) and R¿man rcattering. Tbe tcmperaturc dependence of

ihe magnetic surcepüibility for E ll *axi¡ (xl) of both rtagel

and atage-2 KH'-GICg wsl al¡o obt¡in¡d ushg ¡ SQUID magrc

tomet€r and wa¡ fou¡d to bc rcmartably difrerc¡ü Aom those in

K-GICs.r The rpcciic beaü con¡t¡nü 1 ia rüage-2 KH'-GICg e8'

tim¿ted from the PreEelrt ausceptibüty melsuramcnts w¡s found

to be in good agreement with tbc l obt¿incd from thc low temper'

ature heat capacity experiment.t The 1 valuel for boüb rtagel

and stage-2 KH'-GICs and KD'-GICs cstim¡t€d from rurccpti-

bility meaaurements ¿rc al¡o consiste¡ü with Shub¡ikov-dc Haa¡

,""oit'" oo aimilarly prepared ramplee.t

Intercalation Mechanigm

Stage I KII'-GIC8 and KDt-GICr cao only bc obtained by

the direct KH or KD-intercal¿tion metbod. Both interc¡l¡tes

h¡ve about thc samc repeat diatance¡ as mc¡¡ured by X-ray

diff¡action and TEM. After heaüing graphitc with KH or KD

powders in ¡ sc¡l€d ampoule for ¡ few bour¡ at const¡nt tcmper'

"t,r." 
(350'C < T. < 420"C), tbe sg4Plea bec¡mc goldea in

color, indicatini thá formation of atage-fK-GlC¡' Thc ramplea

wero üakeu out of übe furn¡ce aftar I or 2 dayl and studied by

(001)X-ray diFraction. They ehowcd ¡dmixturea of rtagc-l and

-Z litt--ClC". (Sometimer ¿ü ¡ lower i-ntercal¡tio¡ üenpcrature,

c.9. 320"C, sm¡ll tracer of atage-l K-GIC werc ¡l¡o found iu

tbese samples.)ó Though the volume Aacfion of aüage2 KHt-

GlCs decreaEá as a function of tirne, aome rtage-2 ¡emai¡ed in
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the sanple for temperatures up to 420"C a¡d intercal¡üion timc¡

up to lit dayr. TLe final equübrium state consbting of both

,i.gl (about 8p % tg 9 %) end stagr2 KH'-GICo mav be

d,rJto lbe st"rtiirg mateúal (C¡f ), wlic¡ can-easily form rtage-2

KIIx-GICs undcr expocurc io hydrogen t"''t Io contta¡ü to thc

usu4l svntbesi! of rtagc-2 KItr-GICa by a two-step chenisoption

iliñ:t; u""¿ tü- di¡ect-KH or iD intcrcalatio¡ methods

and found a remarlably differenü i¡tercalation mcchanism show'

ing the prefened ata,rting material for dirept rynthecir to be a

stage-2 K-GIC i¡¡tead of a rtag+l K-GIC (see Fig' 1)' To gain

furiher inrigbt into tbe interc¡l¿tion mechanism, dn odüu experi-

menüs on theac ramplea are in progrerc.

Abstract. Tbe rynthecis, ¡üructu¡al determination and magnetic propertiea of

iil-GIC" 4"" preeented. Stage 1, 2, { of KH¡-GICs and stage l, 2 of KD*-GICs
'*erl p."pa"ed td characterized uailg (OOt) X-ray diffraction, high reeoluüion

tra¡¡mi¡¡io¡ elcctron microccopy (TEM) and Raman rcattering' The temper-

aturc deperdence of ühe magneüic surceptibility for both stage-l and stage-2

KH.-GI& wa¡ ¡l¡o obtai¡ed. v¿luc¡ for the clectronic spccific heat constant 1

forbotbrtagc.-landeüagc-2KH'-GIcl¡ndKD'-GlCsegtimatcdfromsuacep
tibility mearurcmont¡ ¡¡c ¡l¡o co¡¡i¡tcnt witb tbc shubnitov{e H¿¡s resultr.
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Figure 1: (00t) X-ray traces for v¿lious times in the interc¿lation

sequence of KII'-GICs (aee text).
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Raman Scattering

As reported previously,6 the atage-l KH.-GICa have a bigher
E2., Ramaa ahifü (1596 * 3 cm-r) than the stagel binary altoli
meüal-GlCa and ternary KHgr-GICa due to the etrong electron
affiuity of the hydrogen atom¡. The liaesbapc for stagel KH,-
GICs is Lorentzian which indicate¡ th¿t no atrong coupliag to
couti¡uum moder occur¡ ¡ucü as i¡ obsc¡ved by thc Breit-Wigner
lioeshape for thc aüage-l K-GIC. Ia contrart, the rtage2 Ktlr-
GIC¡ exhibiü ¡ R¡man shift (f599 + 3 cm-l) docc to thc u¡ual
R¿m¿n shift for rtsgF-2 donor GICI. Thc rtagel KD'-GIC¡
arc reporüed herc to h¿vc thc ¡a¡¡c R¡man ¡hift a¡ th¡t i¡ KII'-
GIC¡ but with a larger li¡ewidtb. Thc R¡,m¡¡ obiftr of a stage4
KH¡-GIC werc ¡lso ¡üudicd ¡nd fou¡d to bc 1581 * 3 cm-l
¡nd 1612 * 3 cm-l) for tbe interior aad bouadirg graphite layer
modes, reapectively.

Magnetic Surceptibility

Tbe temperature dependcnce of thc maguetic ausceptibility of
both stage-l and rtage-2 KII'-GICs with magnetic field parallel
to the c-¡xis were obtained ruing a SQUID magnetometcr. The
result¡ ¿¡e fit by a functio¡al form (X¡)¡aa = cl * az/(T + ai
(see Fig. 2), where a¡ ) 0, a2 ( 0 and oe > 0 (aee Tatle f).
Since ¡¡o¡o¡ = XPauti * Xror, * X*xt¿, tbe constEtrt te¡m ¿t is
equal to the ¡um of Xr.¿¡ ed X-. co¡tribuüion¡. Thur only
f¿,¡¡¡¿ conttibute to the temperature depcndent tcrm. Thc
c1 valuc for übo rüago-l KI¡'-GIC! i¡ fou¡d to bc 0.8&l x
10-6 emu/gram CfK&.¡ ¿¡d 0.988 x 10-6 cmu/gran C¡KHg.¡
for the siage2 KH,-GICa. The ¡*r. value¡ wc¡c'calcul¡ted
and are listed in Table 1. Si¡cc Xpn¿¡ = lpzg/(r,h2"), if the
electron-phonon enh¿¡cement i¡ Xpn.¿¡ is neglected, the apecific
heaü constanü 1 evaluated by rubtracüing the corc c¡ntributio¡
from the al. va¡ues givcr 7 : 0.33mJ/(Ktmole) for etagc 1 and
1 = O.17 mJ/(Ktmole) for etage*2 KE -GIC¡. Compariug tbis
to the heat capacity measu¡cmenta on the atage2 KHr-GICsz
which give Z = 0.46mJ/(Ktmole) if ¡ = 0.6? in C'KH*, and
'y : 0.4 mJ/(K2rnole) if one cxtrapolate¡ to ¡ : 0.8 ia the
^l vE. t ploüt assuming 1 ia linear wiüh ¡. Exceüe¡t egrecment
is tbus found betwec¡ thc preoenü ruoceptibility mea¡u¡cme¡ts
and the heat capacity experiments. The ¡mü devi¿üion i¡ tbc
1 valuer if ¡ : 0.8 ir adopted may bc due to ou¡ ncgloct of tbc
electron-phonon cnh¿ncemcnt ia 7. We further ¡otc an unusual
resulü 1r¡.rr-¡ 1 1¿cort-2¡ whicb c¡n be explained ueiag the car-
¡ier densities per carbon ¿tom obt¡ined from Shubnikov-de Ha¡s
experimento.t Si¡ce the largeat frequencies are z-, = 650

Figure 2: Temperature dependence of the suscepübility for
stage-l C¡ K, stage-l KH---GIC and stage-2 KH¡-GIC.
The solid lines are ñts of experimental poinls to the model.

Table 1: Summary of the a and 1 valuee in variou¡ ramples

C¿KHs.s C¡KHo.s CeK Cz¡K HOPG(")

0.834
-6.00

6.11
(.)

-2.13

0.988
-?4.56

23.77
(.) 1.62(a)

-3.71 -9.39(a)
1.96(a) -21.1(a)

-9.39(a) -9.4(a)

9.64(4 O.2s(d) 0.0r6(d)
9.697(r) 9.241(r) O.Og0,r)

x$\"r, 2.96 4.65
,r(r) g.3g(, g.47Úl
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2
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I
(")S"" Ruf. 7.
(!)Au in units of 1o-6 emu/g.
( " ) a r 1 a 2 / ( ? 1 c ¡ )
(d)See Ref. 1.
(') Units of mJ/(Ktmole).
(/)Neglecting electroD-phonon enhancement.
(r)IJ, ¡,¡¡ro¡*¡, T. Kondow and T.B. Massalski, Piyr.
3165 (1e78).
(tr)B.J.C . Vsn der Hoeveu ¡nd P.H. Keesom, Págs.
1318 (1e63).
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Ico. 130,

tesla for rtage-l ud u^, = 1510 tesla for stage-2 KH.-
GICa, the estimated ¡umbcr¡ of electro¡¡ per carbon ¿üom ¡¡e
(fc),ut,-t = 0.016 ud (/c),tr.-r = 0.038 if tbc (2 x 2)R0"
in-plaac structu¡c i¡ ¡¡¡umed i¡ both rtageo. Thue it i¡ not ¡ur-
priring to 6nd ¡ ¡malter 7 ia etage-l aamples than iu etage-2
sarnpler.

Of particular interest i¡ the rem¿rkably diferent temperature
dependenco of X in KH*-GICs relativc to that for both atagel
and stage-2 K-GICa, for which ¡ ir paramagneüic aod nearly
temperature independent. la contrast, the temperature depcn-
dence of a for KH'-GICs is similar to ühat for pristinc graphite
though thc magnitude ig much smaller.¡'t Thc decrease of the i
values in the KH'-GICs relative to the K-GIC¡ i¡ attribuüed to
the reduction in thc mobile frce electron dcnsity in the graphite
layers due to ühe strong clecüroa affinity of the hydrogcn. We ¡lso
.concludc 

that it is aoü likely that paramagnetic Ez- Epecie! 8re
presenü in tbe KII1-GIC¡ boc¡u¡c of the largc paramagnotic con-
tributio¡ they would mate at low temperature (about 54.5 x 10-6
emu/gram CsKHo.a for the temperature range from 6K to 100K
if all the hydrogen were in the Hl form).
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