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ABSTRACT

Quasi-elastic neutron scattering experiments oralaietalgraphite intercalation compounds are arzag by
treating the alkali-metal system as a viscous agké two-dimensional liquid. The coherent scattefimction and
its full width at half maximum is analyzed by tiegtthe potential between the intercalant atomsaaaim of two
potentials. We have studied intercalant atoms siffiu in stage-2 Csz and RbG, graphite intercalation
compounds. We have shown that in the dynamic steudactor there is a competition between a singgeticle
potential, due to the graphite bounding layers,ahifiavours a registered for the alkali metal inilent, and a pair
potential between alkali atoms which prefers anegistered phase. The explicit temperature deperaénthe
dynamic structure factor enters through the kinédoms in the frequency moments. The other inpkiés dair
correlation function g(r) and the Fourier coefficis in the modulated potential have been taken fthm
experimental measurements at 300 We have taken them to be same at all valuabeotemperatures. This
introduces appreciable error, especially at largamiperatures. That is the reason why our calculatedshow
considerable error when compared with experimemtahsurements at high temperatures.

Keywords. Graphite intercalation compounds, quasi-elastic ecatt scattering width, frequency moments,
Dynamic structure factor, pair correlation function

INTRODUCTION

Graphite intercalation compounds (GIC) exhibit theisual phenomenon of staging where nearest phigsast
layers are interspersed by graphite layers in ekistg sequence that repeats to yield long-rangeradrdthe c-axis
direction. Interest in the study of GIC’s is grogibecause the graphite layers provide galleriesritich a wide
variety of guest species can enter to form the da@sowell as acceptor GIC's [1-4]. Much of the et was
initially motivated by reports of highly anisotr@pelectronic transport [5], and the complex streadteonfiguration
[6-7] of intercalant molecules within the graphizsh

Attention to diffusional response has been drawrhgyquasi-elastic neutron scattering experimehizabel et al
[8] on RbG,4 and CsG,. The experiments performed at various temperaiartdse disordered phase region indicate
that the quasi-elastic peak is narrow and can bewied experimentally up to wave vectors lying wedyond the
main peak of the in-plain structure factors. Thmgerature and wave-vector dependence of the wiofthbe
spectra (full width at half maximum) show that fivee broadening is due to alkali-metal in-plane itigh Both
similarities and differences emerge when theseruhtens are compared with those on three- dimeasi(BD)
liquid Rb [9]. Therefore, from a dynamical point\aéw, suggestions have been made by Zabel andockevs [8]
whether the disordered alkali- metal layers magheracterized as highly viscous and dense 2D fltings"floating
solid" model proposed by Nelson andHalperin [10]th@ hopping motion in a lattice gas. So far t® lkest of our
knowledge not much theoretical work has been dorkis direction.
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A preliminary lattice gas calculation with nea-site hopping over a lattice without interaction epicthe avoidanc
of doublesite occupancy was carried out Chaturvedi and Toshi[]1o study the frequen~dependent diffusional
response. The liquid like structural disorder ie tuas-elastic coherent scattering width was incorporaig
assuming a spread in jump lengths around a preffesee of jumps. Phy<ally this means that particles oscill:
around its mean position before theop to a nearest- neighbor site.

The intercalated alkalretal atoms are assumed to interact via a scre€natbmb potentialobtained earlier by
Plischke [12]. The structurednd dynamical properties of intercalants itaphite intercalation compour are

governed by a competition between the intercalaaplyte interaction and the intercalintercalant interactions.
The frustration exhibited in the partially ordedesv terrperature structure of stageheav-alkali-metal GIC's, for
example, full width at half maximum is a consequeatthis competition

A knowledge of these potentials is therefore esslefir a theory of diffusion in the high tempenatuguas-2-
dimensional intercalant liquisdbf the freezing (meltir) transition at low temperat. or of the temperature-
dependent phonon spectréhe selection of potentials for computer simolal13-15 has been guided

(i) Two-dimensional electron-gamodel calculations of the intercalant pair potditi&] and

(i) The modulated intercalahist potentials extracted from-ray measrements bySmith et al [16] have also
derived this potential for Rb and K GIC's from tataergy calculations within thlocal-density-functional-theory
(LDFT) frame work The predicted potential for ste-2 Rb GIC is in excellent agreement with potentidsived
from X-ray experiments, although some discrepancy wagféamstag-2 K GIC.

(iii) Our objective in the present fer is to study diffusion in the quasi-twdimensional intercalant liquid of ste-

2 RbG4andCsG,. We analyze the coherent scattering functionignéull width at half maximum by treating tt
potential between the intercalant atoms as a sumampotentials.

The outline of the paper is as follows. In Seavél describe our model and use N-Zwanzig™ projection operatc
technique to obtain the dynamic structure factos. gAtime evolution operator the usual Liouville ater is
replaced by the Kologorov operator. In Section Ill, we describe théeptial as a sum of two potentials. In sect
IV we calculate the frequency moments with thiseptil. In section V we calculate the Dynamic stuue factor.
Numerical results and the conclusionssummarized in section VI.

The M odel
The coherent dynamics structure factor Sulk,is the Fourier Transform of the den-density correlation functio

S(k,w) = (2nN) "1 [ el@t < p(k, 1) p(—k,0) > dt )
-\- 1= 3

withp(k, t) = Z e (2)The static structure factor S(k) is then give!
=1

S(k) = N1 < p(k) p(—k) >(3)Where p(k) denotes the t=0 value @f(k,t) and <-- > is the ensemble
average. The density correlation function can beressed in terms of the time evaluation operatoas

p(k,t) = et p(k)(a)

Where al ¢ 1 ér é 5
L=2v————=] ©
= ¥.  mor

Where V is the velocity of the'jatom and V is the interaction Poten

In order to obtain S(k) from Mori-Zwanzig projection operator technique one use<eitile memory functio
approach or the continued fraction method. Wethe later approach and express the Laplace Transfdrthe
density correlation function as the infinite conta fraction &
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¢(k2) =

z+Db,

aZ
a,,
z+R,(2)
Where@(k,z) = N1 fﬂme_“ < p(k,t) p(k) >dt , Rez=0 (7)

z+h,

(6)

is related to the dynamic structure facto
Stk,w) = %Re plk,z = —iw) (8)

The coefficienby, a, are defined ¢
by =—<A, LAy 4 > <A, A, 1 >71 9)

a, =< Ap A, > <A, A, >71 p=1.23......... (10)

HereAp, denotes the t=0 value of th™ order random force andy = p(k). Herea, is the static factor S(k). Tt
coefficientsa, an(bp are related to the frequency moments of the densitelation function S(ky).

In applying the continued fraction expansion to taéculation of S(kw) one faces two problems. First, as «
proceeds to higher stagesg) the coefficientsap andbp involve higheorder frequency moments which in tt
requires the knowledge of therthiand highe-order static correlation functions. These correfl&iare not known
priori. The second is to find a suitable approxiomatfor the remainder paer (z), of the infinite continued
fraction. In this paper we shall terminate the oomd fracion at p=3 by making the assumption that
consecutive terms, thatRs, (z) andR 44 (z), which are connected by

_ Op
R,(z) = b, + R ® (11)
are approximately equal. This leads to a quadeafi@ation foer (z) with solutions
1 1
R,(2) = S[Z+ b, 2 {(Z+ by)* —4a,}z ] (12)

[I. Interionic Potential

The alkali metal atoms in graphite donate theilenaé electron to the carbdayers and interact via a screer
Coulomb potential. The electrostatic potential ggev(r ) of a pair of ions of charge e, distancapart, midway
between the two similar carbon layers has beenledéd by Plischk [17] as

v(r) =ﬁ—[% —S(r)}

0 (13)

The explicit expression for the screening contidnutS(r) has been obtained by Plisc [12] following the
treatnent of Visscher and Falicov [] The dielectric constant fmay be treated as a parameter or can be tak
unity; we have taken ¢&1. The other contribution to the potential eneigythe graphite modulation potent
induced in the alkali metal liquid. Recently Farak]13-14] and Karnita Kaharet. al[19] have tested this potential
in the molecular dynamics simulation of liquid Rbgraphite and found an anisotropic S(q) in conepéegreemer
with experiments [20].

The total potential energy of the intercalant atamans be expressed
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U=2 V(1) + 2 Va(r) (4)

i£]

Where V(r) is the intrdayer screened pair Coulomb potential i}, ( ) is the modulated sin¢c-particle periodic
potential due to graphite substrate. Tr-plane modulation potentidf, (r ) , mag written as [2]

V,(r) = Z:VHKeIGHK'r (15)
H,K

WhereGyy is the basallane vector of the graphite reciprocal lattice Vi is the set of Fourier coefficients.
the HK.O basaplane the reciprocal lattice veciGy can be written as

GHK :Hbl ‘l‘K.bz (16)

Where H,K are integers and, b, are the twadimensional hexagonal reciprocal lattice vectonseré are thre
basalplane reciprocal lattice vectol

by = (3% —79) (17)

y

4w
bZ = \,-"id ¥ (18)
by =~ (31 +7) (19)

The third vector is however not independent bec
by = —(by + by) (20)

In the above d is the distance between two carb@msin the graphite plane. For differevalue of the HK.O the
modulated potential can then be express

V.,.(r) = 2V slcos(b,.7) + cos(bs.7) + cos(bs.r)] + 2Vi4[cos(b; —b;) .7+ cos(by — bs). 7+
cos(by — b3).1)] + 2Vxelcos(2by.7) + cos(2b,.7) + cos(2bs. )] + 2V5[cos(2by — by) .7 +
cos(2b, — b;) .7 + cos(2b, — b;) .7+ cos(2b; — b;).7 + cos(2b; — b,) .7 + cos(2b, —

bi).r]+ 2Vaalcos2(by — by). 7 + cos2(b; — b3 ). 7 + cos2(b; — bs). ] + 2V3g[cos(3b,.7) +
cos(3b,.1) + cos(3b;.7)] (21)

In above equation we have droppeg since it gives only constant contribution to theéemtial energy. Using
nonlinear response theory that accounts for cdioek in the liquid, Moss and Coworkers [-22] determined the
modulation potential for B Rb liquid in graphite from a measurement of the d®ntribution to he graphite et

Bragg peaks. In Table-1 we hagiwen the evaluated values filVyx (8 = 1/kgT) for different values of HK &
T=30C%. Within a graphite hexagon the resulting moduwatpotential is attractive at the cen
V,,(r =0) = —0.0735ev) and repulsive at the carbon atc.

Table-1 Experimental values of the alkali metal (Rb) contribution to the graphite structurefactors.

HK | BVyk
0] 045
11| 006
20 | 001
21 | 003
30 | 001
22 | 002

While numerically evaluating the potential anddésivatives from the above equation care shoulthken becaus
the contribution from Coulombic and screening parttch evenly so that at large distances V(r kfaff roughly
as > with small Frie@! oscillations
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. Frequency Moments of a Correlation Function
The Frequency Moments say S¢, are defined a

< wm >= _f_mm w™S(k,w)dw m=0,1,2,... (22)

Where< @ > s the static structure factor S
From inverse transform, we can wr

< W™ >= N 2 < ok, 0p(—k,0) >]ezg @)

T
he frequency moments of S¢g) are also related to the frequency moments ohtinmalizedlongitudinal current

correlation functior;"* (k) by the relatio
meLy — < wmt2 > :[M] 2
o) = /a a=|2|k (24)

The explicit expression of the second moment ofesurcorrelation in terms of ttpotential energy can t
expressed as

Q (k) _3_k2+ N—lz< 2U _lN_lZ |Q(>S_Xj) > (25)
ax ax

I¢J

After substitution of (14) in (25), we observe ttia¢ contribution of the last term in (25) is zéwothe modulatior
potentiall],, as it is a function of eithey, or x. Thecontribution of V(r) is same as calculated by tDheedi&
Singh [23] Therefore after some calculations, we

07 (<) = 3a + = [ dr(k V)? Via (1) + = [ dr g(r)[1 — cos(k.n)] (k. V)2V(r)
10} (0] + = [ dr(k. V)2 Vi (r) (26)

Similarly, we have evaluated the fourth frequene@mments of the current correlation function. Heregivee ony
the final result which can be expresse

Q4(k) = =22 [ dr(k.V)? Vi (r) + L [ dr[k. V)2V, (0] + Q2K (27)

Where

@ (k))s = 1502 + 222 [ drr g(r){(15(k.V)? V() + 6k sin(k.7) (E.V)* V() + kﬂir [1-—
cos(k.r)][fc.VW(r)]z} +

%j dr [dr' gr,r"){1—2cos(k.7) +

cos[k(r — T’)]}(f{.?) (1:' V’) (V.Y W(E)V(r") 28)

V. Dynamic Structure Factor S(k, ®)

To study the dynamics of intercalated atoms in &i@ use the continued fraction formalism describexction
II. The continued fraction i®rminated by using the quadratic approximatiorugtion 12) for the remaindery(z)
at p=3. The coefficients,ab,are given e

'bl =0 y A = — (29)
g
(]
by =0 ; ag = a5 [0f(k) — (a; + ay)? (31)

Here moments)? (k) anff(k) are given by (26)\and (28) respectively. Thus the effect of the mathd
potential enters through these moments

35
Scholars Research Library



Rajinder Singh Arch. Phy. Res,, 2014, 5 (3):31-39

We have calculated the second and fourth frequemayents of current correlation functions CsC-, with aerial
densityp = 0.0318(A") ™%, experimentally ctermined g(r ), the ipplane modulation potential extracted fror-
ray measurements at T=3R0In order to see the effect of modulation potntve show in Fig. 1 the value
Q7 (k)/w; and)j(k)/w, as function of wave number k at 2’k. The quasielastic coherent scattering widw
are plotted in Figs 2-as a function of the wave number k at differealtigs of the temperature. It is interesting
note that at 280k the calculated scattering width is quite similarexperimental results. It shows a-gennes
narrowing at the wavaumber where S(k) is maximum and flattens at ldgehich is due to the interaction
intercalant atoms with graphite substrate. As #raperature increases the disagreement with thelasd anc
experimental width also increases. For examplhigh temperature (6£&) experimentaAw shows a second peak
at k=1.6(&)" whereas calculated width becomes flat at large rkafb the temperatures. Also, calculatAw
becomes lower as temperature increases. In Fig $hew the dynamic structure factok,w) as a function o at
some selected value of k at some selected temperdtoe shape of S(k) is Lorentzian and the qu-elastic peak
becomes narrower as the temperature decre

0.8
2
0.7 - 0/ wy?
2
2 06 -
£
€ o5 -
2 0.4
S T=28Ck
S 0.3
s 7
o Q4w
@ 02 P
w
0.1 -
0 T T T T T
0 1 2 3 4 5 6
k(units of ry1)
Fig.1 Results of the Q;%(k) and Q,*(k) as a function of wave number k.
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0.2
D
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Fig. 2 Coherent scattering width Aem asa function of wave number k. Solid curve shows our
result and solid circles denote experimental values. Dashed curves are guide to the eye.
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Fig. 3 Coherent scattering width Ae asa function of wave number k. Solid curve shows our
result and solid circles denote experimental values. Dashed curves are guide to the eye.
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Fig. 4 Coherent scattering width Ae as a function of wave number k. Solid curve shows our
result and solid circles denote experimental values. Dashed curves are guide to the eye.
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Fig. 5 S(k,0) asa function of o for various temperature at one selected k values. Theunitsof k and @ arerq® and o, respectively

CONCLUSION

In this paper we have studied intercalant atom$usldn in stag-2 CsG4 and Rb(, graphite intercalation
compounds. We have demonstrated that in the dynatnicture factor there is a competition betweesingle
particle potential, due to the graphite boundingeta, which favours a registered for the alkaliahéttercalant, an
a pair potential between alkali atoms which prefarsuaregistered phase. The explicit temperature rbpeee ir
the dynamic structure factor enters through theticnterms in the frequency moments. The othertgfike pair
correlation function g(r) ah the Fourier coefficients in the modulated potantiave been taken from t
experimental measurements at 400We have taken them to be same at all valu¢iseofemperatures as we do
have the corresponding experimental data. Thisdinices appciable error, especially at large temperaturest’

is the reason why our calculatéddy show considerable error when compared with experiateneasurements
high temperatures.
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