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Bond-Length Change as a Tool to Determine Charge Transfer and
Electron-Phonon Coupling in Graphite Intercalation Compounds
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A theory is formulated that explains the observed bond-length change in graphite inter-
calation compounds in terms of the charge transfer f. The values of f obtained via the
bond-length changes are in good agreement with those derived with other methods. The
present analysis also provides information on the electron-phonon coupling that defines

the maximum conductivity.

PACS numbers:

To understand most of the properties of graph-
ite intercalation compounds one first has to de-
termine the charge transfer and the electron-
phonon coupling. These two quantities are essen-
tial for the calculation of the maximum conduc-
tivity of these systems.’

The purpose of this Letter is to show how the
value of the charge transfer and information
about the electron-phonon coupling can be extract-
ed from the changes in carbon-carbon bond length
upon intercalation. One advantage of this method
is in the availability of several high-precision
measurements of the bond-length change as in the
cases of graphite intercalation compounds with
Li,2 K, and Cs 3 (see Fig. 1). Also, with respect
to the theory, we can start from the methods that
have been used successfully to explain the bond-
length changes in carbon-based molecules”™!° and
extend them to intercalated graphite. ,

Following Kakitani® and using the tight-binding
method!® we can write the total energy per bond
between nearest-neighboring atoms at points »
and n’ as

En.n’T=En,n’0+En,n'1r) (1)
where E°and E™ are the energies of the 0 and 7

electrons, respectively. Neglecting the terms
that do not depend on bond length we can write

En,n’w=2Pn,n'Jn,n'ppny (2)
where
Jn, n'PP‘" = <pnz I Vn lpn'x> (3)

(z indicates the direction perpendicular to the lay-
er) is the (off-diagonal) tight-binding matrix ele-
ment between p? orbitals of nearest-neighboring
atoms'® at position #» and »’ and V, is an effective
atomic potential. Crystal-field (diagonal) terms
are not included (see later discussion). P, .. is

61.10.~-i, 62.20.-x, 71.90.+q

the bond order for 7 electrons defined as®

P, =2 _ 20 ¢ *K)c,(K),

n,n’ >
k (occupied)

(4)

where c,(K) is the coefficient of the p* orbital at
point # corresponding to the state K. Since we
are only interested in uniform contractions or
expansion we can omit the indices # and »’. It is
important to notice that systems with exactly the
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FIG. 1. Experimental values for the bond-length
change u=v—vr, (ry= 1.421 A) for various intercalation
compounds plotted as a function of the ratio of the num-
ber of intercalate molecules to the number of carbon
atoms in a given compound. The nominal formula of a
compound is CA,, where x =1/ps, s is the stage, and
p=6, 8, etc.
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same charge on the p? orbitals (one electron per and 7 is the bond length.
atom) but different geometries, such as ethylene, Let us consider for the moment a single layer
benzene, polyacetylene (without bond alternation), charged with an electronic charge f, per carbon
and a neutral graphite layer, have very different atom. This extra charge gives rise to the follow-
values of the bond order. These values are, re- ing effects: (a) A modification of the occupancy
spectively, 1,° %2 2/7,7 and 0.525."! of the = states that changes the value of the bond
The o band is described in terms of bonding order: P=P +AP(f.), where P,=0.525 is the
states between sp, hybrids.® This gives rise to'? value for the neutral layer. (b) A modification of
(apart from constant terms) all the matrix elements due to the fact that the

atomic potential is changed: J=J,+ AJ(f,). (c)
EXr)=5d%°(r) = 3 J#), () In addition, since the layers acquiore a ngtc charge
where, as in Ref. 13, we also estimate the contribution AE; (also de-
T5(r) = (s, | V. 5.0) fined per bond) to the total energy due to the Cou-
nl Vnl=al/s (6) lomb repulsion between the charged atoms. This
IO (¥ =D, F| V, D), | effect is linked microscopically to crystal-field
terms and as we will see it is quite small.

ET(fo37)=2[ Pyt AP(f)][JP7(r) + AT 9) [+ 5 [J,°°° (1) + AT ([ 5 7)]
=3 [P+ aT?Af 7))+ AE o (£, 7). (7)

We now write =7,+u, where 7,=1.421 A is the equilibrium bond length for the neutral layer (f.=0).
We then expand Eq. (7) up to quadratic terms in # making use of the condition that 7, is the equilibrium
position for f,=0. The equilibrium condition for the general case now gives the displacement « as (ne-
glecting the terms APAJ, AJAJ, and APAP)

. <2AP(f) JQ’”(r) PodAJ”“(r) LAAEC(fe;7m)| | dAEG(fe; 7) >, 8)
- dr 7o ar 7o ar 7o
where |
while in the second case the carbon atoms are
AE®(fo;7)=5 AT 5(fe; 1) = 34T Se; ), (9) neutral and only the bond order is changed.
and We now evaluate the various terms that appear
EET(f,=0; 7) in Eq. (8). The total force constant K can be com-
K= ——_E%—_ (10) puted both from the elastic constants of graphite!®
o and from the analysis of small molecules extrap-
is the total bond-stretching force constant of neu- olated to the bond length of graphite.® Both of
tral graphite. Note that since we retain only these methods give K =45 eV/f&Z. For the evalua-
terms linear in AP or AJ there is no problem of tion of the matrix elements J and AJ and their
double counting with respect to electron-electron derivatives we use Slater orbitals for the wave
repulsion. This problem would appear in terms functions with the exponent optimized for the car-
like APAJ, AJAJ, and AP AP that are neglected bon atom'® (£=1.59 in atomic units). The poten-
here. In addition crystal-field-type terms are tial is constructed as the electrostatic potential

only included phenomenologically in AE, because corresponding to these orbitals but with use of a
their eventual linear contribution would only be of different exponent (£’=1.27) in order to obtain

local-field type. J””(r )=2.4 eV.!%!7 This gives dJ** "/dr] =6.3
As one can see from Fig. 1 graphite expands if eV/A which is also the value we have used 1n the

electrons are added (donors) and shrinks if they calculation of conductivity.?*'® This value is in
are subtracted (acceptors).!* The opposite seems agreement with the observed gap of polyacetylene
to happen in small molecules because the bond and the analysis of its Raman modes,'? but it is
lengths of ethane (single bond), benzene (alternat- about 25% larger than the value obtained by Kaki-
ing single and double bond), and ethylene (double tani from small molecules.® For the matrix ele-
kgond) are, respectively,®1.536, 1.397, and 1.337 ments of type AJ we consider a AV due to the

A. The main difference between intercalated charge transfer from intercalate molecules to
graphite and the molecules is that in the first spherically averaged p* orbitals. The charge on
case a net charge appears on the carbon atoms the intercalate molecules is replaced by a uni-
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form (compensating) surface charge on a sphere
of radius R=3 A.'> The results are not very sen-
sitive to the specific model chosen for the neu-
tralizing charge as the main contribution comes
from the extra charge on the carbon atoms. We
obtain then

dAJ?"(7) A

Bz e 3.34f, eV/A,
$S0O A

AATAN) | 451, ev/A, (11)
dr ()

dAJ??(y) A

S| =0.ess. eV/A.

0

The change in bond order within the linear band
approximation is given by'? (corrections due to
nonlinearity decrease the value of P by about 10%
for LiC4 and much less for other compounds'?)

AE’H'

=-0.52|f, | ¥2 (12)

To estimate the last term in Eq. (8) we consider
the electrostatic energy of a uniform charge den-
sity within the volume of a graphite layer,®

dAE o(f.; v) __ 321 e £
ar . 2TV3 e rtie

7,
=-10.6072 eV /A, (13)

where €, ~ 3.4 (Ref. 19) is the dielectric constant
and ¢=3.35 A is the layer thickness. Since Je
<%, this term is always small. Besides this
quadratic term crystal-field effects also produce
a linear term in f, as a result of the interaction
of the extra charge with the neutral carbon po-
tential. With our parameters we find that for f,
= 0.01 the quadratic term already dominates. We
neglect therefore this extra linear term.

The final result for state 1 is then

u(1) (A)=0.157f,+0.146|f,| ¥2+0.23672.

(14)

Note that since f, <% the leading term is the lin-
ear one that is due to effects that are beyond the
vigid-bond model. 1t is this contribution that re-
sults in the interesting physical effect of the bond
expanding for donors and shrinking for acceptors.
The deviations from linearity in Eq. (14) are then
mainly due to the second term whose coefficient
is directly related to dJ#*" /d¥ and therefore to
the electron-phonon coupling that defines the max-
imum ideal conductivity of these systems.! In
order to generalize this result to higher stages
we assume (i) that the charge is localized in the

TABLE I. Values of the charge transfer per inter-
calate molecule obtained from the analysis of the data
of Fig. 1 through Egs. (14) and (15) compared with the
values given from other experiments. Note that in our
model the charge transfer refers to the filling of the
graphite 7 bonds. This does not necessarily coincide
with the ionization of the intercalate; therefore caution
must be taken in comparing the charge transfer ob-
tained with different methods.

f f
(previous (present
methods) analysis)
C¢Li 0.22~0.422 0.43
CypLi 0.54
CysLi 0.55
CgK 0.16—0.45 2 0.43
~0.3°¢
CyK ~12 0.63
CyK 0.1-0.4¢ 0.57
CuK , 0.50
C4Cs 0.17—0.442 0.41
~0.3¢
0.5£0.2°¢
CiAsF; —(0.26—0.44)2 ~—-0.35
—0.48f
-0.418
—(0.4—0.5)"
—(0.30—0.51)1
—0.227
Cq. ¢FeCl, —-o0.18% -0.26
Cy1.3NiCly, 13 -0.07
aRef. 20. 8Ref. 26.
bRef. 21. YRef. 27.
CRef. 22. IRef. 17.
dRef. 23. I Ref. 28.
Ref. 24. kRef. 29.
fRef. 25.

bounding layers'” (f, only refers to these) and
(ii) that the strain is equally shared by all the
layers. Note that assumption (i) is not strictly
valid'® but for total energy considerations is ac-
ceptable. We obtain then

u(s)=(2/s)u(l), s=2. (15)

In Fig. 1 we have plotted the available data for
u as functions of x=1/ps, where p=6, 8 etc. The
roughly linear behavior observed for groups of
donors for s =2 indicates that f, is about con-
stant. If the stage-1 compounds would also lay on
this line (they are actually lower), because of the
fact that the main term in Eq. (14) is the linear
one, this would imply that f is also compound in-
dependent for stage 1. By f we mean the charge
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transferred into the graphite 7 bands per inter-
calate molecule. This does not necessarily coin-
cide with the ionization of the intercalate.

In view of the availability of several values of
u determined with high precision we have used
the measured #’s in Eqs. (14) and (15) to deter-
mine f, and then f, The results are listed in
Table I together with values of f determined with
the other available methods. The overall excel-
lent consistency of the present analysis provides
strong support for the general picture we have
been describing. In addition to supplying a new
method for the determination of f it also validates
the approach previously used to compute the con-
ductivity,!+1°
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