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Based on band-structure calculations presented in part I, the valence charge density of LiCy is evaluated
and presented in contour diagrams and iinear plots. The hybridization of the Li 2s states with the bands of
graphite is studied and quantified in terms of the Li contact density. It is found that the Li contact density

of 0.15 electrons/a.u.’

is mainly contributed by the bonding C # band and only 6% by the weakly

antibonding Fermi-level band, as is consistent with the experimental value of the "Li Knight shift.

I. INTRODUCTION

In paper I,' we presented results of a detailed
band-structure calculation for LiC,. We found
that the occupied bands of LiCg are essentially
those of graphite with A-A layer stacking. The
conduction bands are formed from the 7 bands of
graphite with an excess of & electron/(C atom),
making LiCq a 7-band metal. An s-like band
derived from the Li 2s state is completely un-
occupied, lying at least 1.7 eV above the Fermi
level. The Li 2s state hybridizes to a small ex-
tent with a low-lying bonding 7 band of graphite;
but to a negligible extent with the Fermi-level
bands. To discuss these hybridization trends on
a more quantitative basis and, more generally,
to discuss physical properties of this 7-band
metal, we have evaluated the partial and total
charge densities of the occupied bands of LiCq
(excluding core-electron contributions). A knowl-
edge of these quantities also enables us to dis-
cuss how the results of a self-consistent calcula~
tion would differ from the present results which
are based on the ionic potential “Li*C,~”,' and
enables us to make qualitative statements about
cohesive properties® of LiC,. Contact can be
made with experimental nuclear-magnetic-reso-
nance (NMR)? and phonon Raman spectra.*

Paper II° is organized as follows: In Sec. II the
numerical methods used to generate the charge
densities are discussed; in Sec. III the total and
partial charge densities are presented in the form
of contour plots. The amount of Li hybridization
is quantified in terms of the Li contact density.
Qualitative remarks about bonding characteristics
and comparison with experiment are included. In
Sec. IV, we attempt to understand the hybridiza-
tion trends from energetic considerations which
are then used to discuss differences between LiCq
and other donor intercalation compounds. Section
IV also includes a brief discussion of the self-

consistency of the present results and general
conclusions.

II. NUMERICAL METHODS

The charge densities presented in this paper are
based on the band-structure calculations' for the
potential Li*C,~. The electronic charge density
for a band a is given by

pa®) =225 [ a*hO(E, - E, @)
27)™7 g,

x|v (&, . 1

Here Q denotes unit-cell volume, © is a step
function, E (k) is the band energy derived from
the solution of Eq. (4) of Paper I, and ¥ (K, ) is
the corresponding wave function evaluated ac-
cording to Eq. (2) of Paper I. The evaluation of
the muffin-tin basis functions #(k, ) which com-
pose ¥, (K, ¥) is described in the Appendix of Pa-
per I. For the fully occupied bands and as an ap-
proximation to the partly occupied bands, the par-
tial charge density (1) can be written in terms of
an integral over the entire Brillouin zone

n_on 2 3 = om 2
pa(® =0, (277)3_/‘;1(1 k|, & ). @)

Here the occupancy O, is 2 for the fully occupied
bands and more generally,

Q o o
Oa=2§;)-§_/;zd ROE - E, @) . (3)

For the partially occupied bands, the values of

O, were estimated by evaluating (3) via an LCAO
interpolation as discussed in Sec. V of Paper I;

the resultant values are listed in Table III of Paper
I. The Brillouin-zone integrals (2) were evaluated
by a special-point integration procedure® using the
single special point K,=2IM + 4TA. This choice of
special point is such, that if the integrand is ex-
pressed in terms of a Wannier expansion,’® all
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terms corresponding to lattice translations in the
first three shells, having lengths <10.7 a.u., are
treated exactly. The first neglected lattice trans-
lations have lengths =14.0 a.u. Unfortunately,
without further work, it is not possible to estimate
the error introduced by evaluating Eq. (2) by this
special-point procedure, nor the error introduced
by approximating the density (1) of the partially
filled bands by the Brillouin-zone integral (2).
However, we expect that the qualitative features
‘of the charge density are properly determined by
the present approximate treatment.

II. TOTAL AND PARTIAL VALENCE-ELECTRON
CHARGE DISTRIBUTIONS

It was suggested in I,1 on the basis of the form of
the band structure, that the 25 valence electrons
of LiC, are accommodated in bands characteristic
of graphite having A-A layer stacking; nine ¢ bands
and five 7 bands. The highest two 7 bands contain
one electron and correspond to unoccupied weakly
antibonding states of graphite. The remaining 12
bands are fully occupied and correspond to the
occupied states of graphite. It will be seen that
the forms of the total and partial valence-charge
distributions are consistent with this picture.

Contour plots of total and partial valence-elec-
tron charge densities of LiCy were constructed
in the five planes z =0 (Li plane), 3¢, +¢ (mid
plane), Zc, and ¢ (C plane), in the sectors shown
in Fig. 1. The large triangular sector illustrates
the nearest in-plane Li-Li bond in the z =0 plane
and the two types of nearest C-C bonds in the z
=3c plane. The crystal structure of LiCq is such
that the point symmetry of each Li site is Dy, (12~
fold symmetry within a layer) and of each C site
is C,, (two-fold symmetry within a layer). The
small triangular sector shown in Fig. 1 contains
two irreducible sectors and can generate any
larger sector by 60° rotations.

Contour plots of the total valence-electron
charge density are shown in the large triangular
sector in Fig. 2. To compare the charge density
of LiC, with that of A-A graphite, one may be
guided by such qualitative features as the trigonal
symmetry of the charge density with respect to
a C c-axis (e.g., ¢ axis passing through a carbon
site) and the concentration of charge near the
carbon layers. It is evident from Fig. 2 that the
trigonal symmetry of a C ¢ axis is essentially
preserved in LiCq except near the Li site. The
distortion of charge toward the Li site indicates
the extent of Li 2s hybridization in the occupied
states of LiC,. The contour plots for the z =3¢
(C plane) and 3c planes exhibit perfect trigonal
symmetry with respect to a C ¢ axis, within the

FIG. 1. c-axis projection of LiCy structure showing
location of Li atoms (0) and C—C bonds (full lines).
Contour plots for the total density (Fig. 2) is given in
large triangular sector denoted by dashed lines. Con-
tour plots of partial charge densities (Figs. 5 and 6) are
given in small triangular sector denoted by dotted lines.
Drawing of thee-dimensional unit cell for LiCg is given
in Fig. 1(b) of Paper I.

accuracy of the plots. Contour plots for the z =}c,
5¢, and 0 planes show increasing amounts of
charge attraction toward the Li site, relative to
that of the z =3¢ (C) plane. It is also evident from
Fig. 2 that most of the valence electrons in LiCy
are concentrated near the C plane, as should be
expected for a graphitelike material. Since LiCy
has 25 valence electrons per unit cell, the average
valence density is 0.06 e/a.u.®. With the excep-
tion of a small region near a Li site, the density
throughout at least one-half of the unit cell in-
cluding the volume between two midplanes en-
closing a Li plane, is substantially less than the
average value,

A distinctive characteristic of the valence
charge distribution is its form near the Li and
C sites. In Fig. 3 the charge density is plotted
along the c¢ axis starting at the Li site (z =0) and
extending to the C plane (z =3¢) where it inter-
sects the center of a C hexagon. Figure 3 shows
that the density near the Li site exhibits a cusp
and a minimum which is characteristic of a Li
2s orbital, the minimum occurring at a distance
within 0.1 a.u. of the node of the atomic Li 2s wave
function.” The density at the Li nucleus is found
to be 0.15 e/a.u.® which is the same order of mag-
nitude of, although smaller than, the corresponding
atomic value—0.21 e/a.u.®.” Although the form
of the charge density near the Li nucleus indicates
the presence of Li 2s character in the occupied
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FIG. 2. Contour plots of total valence charge density in units 10”2 e¢/a.u.? within large sector shown in Fig. 1
and in planes as indicated. Contours are equally spaced at intervals A. The plot in the C plane was generated by
visual interpolation; all other plots were generated by standard computer algorithms. The crosshatched lines
replace the high density of contour lines near the Li and C sites.
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FIG. 3. Semilog plot of total valence charge density of
LiCg along ¢ axis starting at a Li site (2=0) and ex-
tending to the C plane (z=3¢). 7 (dashed line)and ¢
(dotted line) partial densities are also indicated.

states of LiC,, the amount of accumulated charge
within 0.75 a.u. of the Li nucleus is only =10-2

e and is thus itself not effective in screening the
Li* ion. The degree of ionization of the Li atom
in LiCg will be discussed briefly in Sec. IV. The
concentration of charge near a graphite layer is
seen in more detail in Fig. 4 where the total va-
lence charge density is plotted along the c axis
starting in the Li plane (z=0) and extending to a
C site (z =3c). The charge density at the C nu-
cleus, 4.55 e/a.u.?, is the same order of magni-
tude of, although larger than, the corresponding
atomic C 2s’ contact density of 3.1 e/a.u.? (Ref. 7).
The charge density near the C site in both the C plane
and parallel to the ¢ axis exhibits a double-peaked
structure characteristic of a 2sp2, hybrid wave-
function component. )

It is instructive to consider the separate con-
tributions from the C ¢ and 7 bands. The mixing
between C o and 7 bands in the occupied states
of LiC, is very small as evidenced by the fact
that the 7 band density in the C plane is at maxi-
mum only 102 e/a.u.®. In Figs. 3 and 4 C o- and
m-band contributions to the total valence density
parallel to the ¢ axis are presented, passing
through the Li and C sites, respectively. Figure
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FIG. 4. Semilog plot of total valence charge density of
LiCq (full line) along c axis starting in the Li plane (z
=0) and extending to a C site (z=%c). 7 (dashed line)
and o (dotted line) partial densities are also indicated.

3 shows that near the Li site, the C r-band con-
tribution to the density is at least 5 times greater
than that of the C o-band contribution. The den-
sity along the direction presented in Fig. 3 has
increasing C o-band contribution near the C plane;
the C 7-band contribution starting to decrease
near z =3 c. Figure 4 shows that near the C site,
the charge density is dominated by the C o-band
contribution, which has the pronounced double-
peaked structure characteristic of the C 2sp2,
hybrid wave function. The C 7-band component
shown in Fig. 4 has a maximum density at a
distance of 0.5 a.u. from the C nucleus and domi-
nates the total charge distribution below the C
site in all planes given in Fig. 2 except the C
plane. It is this relatively larger spatial extent
of the C 7 components that favors hybridization
with the Li 2s states over that of the C o0 compo-
nents. These points are illustrated further in
Fig. 5 where separate contour plots of 7 and o
partial charge densities are given within the small
triangular sector denoted in Fig. 1 in the planes
z=0 (Li plane), ic, ic, (midplane), and 3c. The
z=%c (C) plane contours are not presented in Fig.
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FIG. 5. Contour plots of 7 and ¢ partial charge densities in units 10”2 e¢/a.u.? within (smaller) sector indicated in
Fig. 1 and in planes as indicated. (Number of electrons per unit cell denoted in parentheses.) Plots for C plane are not
included since the 7 density is essentially 0 and the ¢ density is essentially equal to total density illustrated in Fig. 2.

Contours are equally spaced at intervals A,

5 since the 7 density is essentially zero and the
o density is essentially the same as the total
density presented in Fig. 2.

It was suggested in I that the Li 2s state hy-
bridizes with a low-1ying bonding C 7 band to a
much larger extent than it does with the Fermi-
level C 7 bands. We are now in a position to vis
ualize this result on the basis of the charge dis-
tribution for each type of 7 band. The types of
bands of LiCy may be classified by comparison
with the 7 states of benzene.® The lowest state
of benzene, A, is a bonding state having all 7 or-
bitals superposed in phase and it corresponds to
the lowest band of LiC; which has extrema
T';-A,-A/. The next-highest states of benzene,

E, and E,, are each doubly degenerate. Their
wave functions have one and two nodes within the
carbon ring and they are termed weakly bonding
and weakly antibonding, respectively. These four
states correspond to the four Fermi-level bands
of LiC, which have the extrema I'}-A,-A; and
T';-As-A;. In fact, the distinction between' E,-like
and E,-like states in LiCg is not precise since a
wave function which has one node within a given
carbon ring of LiC; may have two or more nodes
within a neighboring carbon ring. Nevertheless,

it is consistent with the available facts to term

the lower two Fermi-level bands of LiC, “weakly
bonding” (E,) and to term the upper two Fermi-
level bands of LiCy “weakly antibonding” (E,).

The nodal properties of the three types of occu-
pied 7 bands of LiCg are important for determining
the tendency to hybridize with the Li 2s states be-
cause they are related to the spatial overlap of the
wave functions. Since the Li 2s state is isotropic,

it follows that its spatial overlap with the node-
less bonding band of LiC, is larger than it is with
either the weakly bonding or the weakly antibond-
ing Fermi-level bands. If we can quantify the
amount of Li 2s hybridization by the Li contact
density we see that the predicted trend is consis-
tent with the calculated results listed in Table I.
In particular, of the total contact density of 0.15
e/a.u.?, 53% is contributed by the two electrons

in the bonding 7 band and only 27% by the five
electrons in the Fermi-level bands including 6%
by the electron in the weakly antibonding 7 bands.
The remaining 20% is contributed by the 18 elec-
trons in ¢ bands. To investigate possible covalen-
cy arising from C 7-band-Li 2s hybridization, we
consider the partial charge densities of the occu-
pied 7 bands. ‘In Fig. 6, contour plots for these
partial charge densities are given in the small
triangular sector denoted in Fig. 1, in the planes

TABLE I. Li contact densities (determined for the
crystal potential Li*Cj as described in Sec. II).

Band Density at Li site

All occupied bands 0.15 (e/a.ul)

Occupied o bands 0.03
Occupied 7™ bands 0.12
Bonding 7 band “A” 0.08
Weakly bonding 7 bands “E,” 0.03
Weakly antibonding 7 bands “E,” 0.01
Unoccupied metal band : 0.17
(if it contained 1 electron)

Li 2s atom (Ref. 7) 0.21
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FIG. 6. Contour plots of m-band components of the charge density in units 10~ % ¢/a.u.’ within (smaller) sector indi-
cated in Fig. 1 and in planes indicated. Plots for C plane are not included since the density is essentially 0. Compon-
ents are labeled A, E;, and E, for the bonding, weakly bonding, and weakly-antibonding bands, respectively, with the
number of electrons per unit cell denoted in parentheses. Contours are equally spaced at intervals A.

z=0 (Li plane), }c, ¢ (midplane), and 3c. For
each plane the contour values have been chosen

to scale with the number of electrons of the three
types of bands. In Fig. 6 it is clearly seen that
contours for the bonding band A are “attracted”
toward the Li site. This is not true for the Fermi-
level bands E, and E,, which, as expected, show
evidence of nodal contributions along the C-C
bonds. The average mean-squared wave function
for each of these bands and for the atomic Cp,
state are plotted along the C ¢ axis in Fig. 7 (low-
er panel). The shapes of these curves are very
similar and their magnitudes vary according to
the bonding and antibonding attributes discussed
above.’ The average mean-squared wave function
for the three 7 bands and for the atomic Li 2s
state are plotted along the Li ¢ axis in the upper
panel of Fig. 7. The r-band wave functions show
the characteristic two-peaked structure of a 2s
density although the magnitude of this feature is
reduced by a factor of § to & from that of atomic
Li, all 7-band densities passing through zero in
the C plane. Of the three r-band densities along
the c axis, that of the bonding A band resembles
the Li 2s density most closely, having peak den-

gities in this direction roughly } that of the Li

2s density. However, the magnitude of the second
peak in the charge density of the A band is re-
duced by a factor of 4 in a Li plane from its value
along the c axis. This highly anisotropic charge
distribution associated with the hybridization of
the bonding 7 band of graphite and Li 2s states is
suggestive of a covalent component to the inter-
layer bonding.

From the charge-density results, some qualita-
tive comparison with experiment can be made.
Experimental results for LiCg have been obtained
for "Li NMR spectra® and for Raman spectra of
phonon modes. Conard and Estrade® find the
Knight shift for "Li in LiC, to be AK/K=0,004%,
a value which is roughly % that of metallic Li.?
Approximating the Fermi surface average of the
Li contact density by the Li contact density due
to the average over all states in the two partially
filled weakly antibonding E, Fermi-level bands
listed in Table I, and using the experimental
value'® of the spin susceptibility, we estimate a
theoretical value for the Knight shift of LiC4 to
be AK/K=0.005%, in good agreement with the
experimental result.
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FIG. 7. Average mean-squared wave functions
pa(F) /O, for bands of LiCg; bonding band (4, full line),
weakly bonding band (E,, dashed line) and weakly antibonding
band (E,, dotted line); plottedparallel to ¢ axis passing
through Li site (upper panel) and through C site (lower
panel). Also plotted are the corresponding atomic func-
tions (Ref. 7). In upper panel atomic Li 2s squared
radial wave function has been multiplied by (4m)"!. Inlower
panel atomic C 2p, squared radial wave function has
been multiplied by F-x3(4m)~1],

Some qualitative information about differences
in C-C cohesive interactions in LiCq and graphite
is provided by comparison of corresponding lat-
tice constants and of corresponding vibrational
frequencies. Guerard and Herold" find that,the
C-C nearest- (intralayer) neighbor distance in
LiC, is 1% dilated with respect to its value in
graphite. Zanini, Ching, and Fischer® find that a
Raman-active phonon mode involving intralayer
C-C stretching, is shifted by 1% to a higher fre-

quency with respect to its value in graphite. Thus,
the experimental results for LiCy suggest that

the intercalation process both lengthens and stif-
fens the C-C bond. On the basis of the electronic
structure of LiCg, a -possible explanation of this
effect can be made. If one assumes that the main
source of bond alteration in LiC, is the additional
electron in the weakly antibonding E, 7 bands of
graphite, the experimental trend can be under-
stood in terms of the addition of two potential con-
tributions. In the appropriate coordinate sys-
tem, the effective potential-energy diagram for
graphite can be assumed to have a well-defined
minimum, while the corresponding potential-en-
ergy diagram due to the weakly antibonding bands
is undoubtedly repulsive. The repulsive poten-
tial-energy contribution is expected not only from
the nodal structure of the E, states, but also from
Coulombic repulsion of the “excess” electron den-
sity which is concentrated near each C site. Itis
easy to imagine that the range of the repulsive
potential-energy curve can be such that the sum
of the two potential contributions can result in a
total effective potential-energy diagram for LiCy
having a larger C-C equilibrium separation and

a more narrow potential well (having greater
curvature) than that of graphite. Alternatively,
the bond alteration in LiCy could be due to the
hybridization of the Li and the graphite bands
which, as we have seen, mainly affects the bond-
ing A 7 band of graphite. In this case, one would
expect the C-C stretching normal modes to be
slightly altered through their coupling with dis-
placements of the Li atoms. Without a detailed
study it is difficult to predict on theoretical
grounds in which direction such a mechanism
would alter bond lengths and vibrational frequen-
cies. However, further experimental studies,
such as infrared reflectivity measurements of

the C-C stretching modes'? and neutron-scattering
measurements of the interlayer modes,'? could
distinguish between the two possibilities discussed
above.

In summary, although the present results have
not yet been seriously applied to a study of co-
hesive properties of LiCg, they are not in con-
tradiction to the experimental indications avail-
able at the present time.

One general question about intercalated graphite
compounds is whether or not there is charge
transfer between the intercalant and graphitic
layers.®® There are structural and thermody-
namic data for K, Rb, and Cs donor intercalation
compounds® which suggest that long-range ionic
interactions are important contributions to the
binding energy of these compounds.? Qualitative
features of our results for the valence density
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of LiC, enable us to address, if not answer this
question. For LiCg, we have firmly established
that the electrons associated with the 2s state of
atomic Li occupy weakly antibonding 7 bands of
graphite upon intercalation as predicted by a sim-
ple rigid-band model. Nevertheless, the physical
distribution of charge which is derived from the
rigid-band result is not necessarily ionic. As
seen in Figs. 4 and 7, the 7 bands of LiCg have
peak densities at 0.5 a.u. from each C plane, but
have small tails in each Li plane. The magnitude
of the density tail of each 7 band is small, but
the total contribution of seven C 7 electrons for
each Li atom has approximately the same order
of ‘magnitude as the density which would be con-
tributed by a single atomic Li 2s state. This ef-
fect together with the hybrid contribution of the
Li 2s state in'the A 7 band indicate that the Li*
ion is screened in LiCy anisotropically but within
an average distance smaller than the atomic
screening length. This result suggests that long-

range Coulomb interactions in LiC4 are small.

In fact, one cannot draw such a conclusion without
additional study of the actual binding energy LiC,.
As pointed out by Alonso and Girifalco,'® the ionic
contribution to a binding-energy calculation is not
unique, but strongly depends upon the details of
the calculation, particularly on one’s choice of
volumetric partitions. We hope that the present
charge-density results will serve to suggest suit-
able models for future cohesive energy calculations
in donor-intercalated graphite compounds,

IV. DISCUSSION
A. Energetic considerations

In Sec. III we demonstrated how the nature of the
interaction of the Li and graphite bands could be
understood in terms of the forms of the corre-
sponding wave functions. In this section we will
consider how the hybridization trends can be also
understood in terms of energetic considerations.
We can envision two possible ways for the Li 2s
band to be formed. One possibility is that the Li
2s band is formed from resonance states that are
spatially localized near each Li site. Such a pos-
sibility would require a strong local potential near
each Li site. In this case, the Li 2s states would
form a narrow band energetically located below
the maximum energy of the effective one-electron
potential of the crystal. A second possibility is
that the Li 2s band is formed from highly de-
localized states. In this case the local potential '
near each Li site is not strong enough to cause
a 2s resonance; the resulting band would have a
metallike width and would be energetically located

above all maxima of the effective one-electron
potential of the crystal. The results of the band-
structure calculation indicate that the second case
is operative for LiCg, suggesting that the poten-
tial near a Li site is relatively weak. In contrast,
the potential near a C site in LiC; is relatively
strong. The filled states in the Fermi-level bands
are energetically located below the maximum in
the crystal potential, and as seen from the charge-
density plots presented in Sec. III above, are
spatially confined near the C planes. In addition,
it is evident that the potential barrier which acts
to confine the graphite states near to the C layers
is by no means uniform. In particular, in the
C-Li direction, the local potential barrier is —1.3
Ry, indicating that a “leakage” of graphite elec-
trons toward the Li site could occur at energies
near or above this value. In fact, the low-lying
bonding 7 band of LiCg has its minimum at -1.2
Ry; as discussed in Sec. III above, this band has
an electron distribution which demonstrates the
expected highly directional distortion of graphite
charge towards a Li site. The Fermi-level bands
of LiC, lie at higher-energy eigenvalues than that
of the bonding 7 band, but are even more spatially
confined near the C planes as shown in Fig. 7.
This trend suggests that the Fermi-level bands
are characterized by an increased average kinetic
energy component parallel to a C layer, as evi-
denced by the nodal structures of the charge dis-
tributions, with little or no increase in average
kinetic-energy component perpendicular to a C
layer.

B. Comparison with other donor-intercalation compounds

A point of major interest is whether the elec-
tronic properties of LiCy are unique or whether
similar properties can be expected for M C, do-
nor-intercalation compounds, where M=K, Rb,
and Cs. As discussed in I, there is both experi-
mental*>~*7 and theoretical'® evidence that MC,
compounds have some “three-dimensional car-
riers” in addition to the “two-dimensional car-
riers” derived from the graphite rigid bands.

One of the most direct pieces of evidence for this
result, which was used to fix some band-structure
parameters in the calculations of Inoshita, Nakao,
and Kamimura,'® is the relatively large ***Cs
Knight shift of 0.29% in CsC,.'* We note that the
relatively large Knight shift for CsC, with respect
to that of LiCg is partly due to the larger atomic
number of ***Cs vs "Li. In fact, the ratio of the
Knight shift for CsC, to that of Cs metal is only
+, whereas the corresponding ratio for LiC, and
Li metal is . Although the Knight shift depends
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upon the spin susceptibility as well as the Fermi
contact density, the fact that these ratios are the
same order of magnitude would suggest that the
metal content of the Fermi-level states for the
two materials could be comparable.

The major structural differences between LiC,
and the M C; compounds are due to the increased
core size of the heavy alkali metals K, Rb, and
Cs with respect to the core size of the Li atom.
To zero-order approximation, one would expect
the one-electron effective crystal potentials for
the M C,; compounds to be very similar to that of
the LiCy compound except for the scaling of dis-
tances according to the increased metal core sizes.
One major difference between the LiC, and the
MC; compounds, however, is due to the fact that
the nearest in-plane Li-Li distance in LiC; is
30% greater than the nearest Li-Li distance of
pure Li metal, whereas the nearest in-plane
M-M distances of the M C; compounds are com-
parable to the nearest M-M distances in the cor-
responding metals. Therefore, although the dis-
tance between nearest-neighbor metal atoms in
LiC, is smaller than in the M C,; compounds, the
overlap among metal core electrons is less in
LiC; than in MC,. Thus, conclusions drawn from
the LiCy calculation which depend on the small
metal core electron overlap may not be valid for
the MC, compounds. According to the arguments
presented above, the smallness of the hybridiza-
tion between Li and graphite bands is, in fact,
partly caused by the smallness of the metal core

- electron overlap. An increased overlap could
increase the hybridization between the metal and
the Fermi-level bands by reducing the local poten-
tial barriers and generally lowering the potential
in each metal plane. The M states could then form
two-dimensional bands, which for energetic and
wave-function overlap reasons could more easily
hybridize with the Fermi-level graphite 7 bands
than does the 2s state of Li. This trend is seen
in the band-structure results for KC, of Inoshita,
Nakao, and Kamimura,'® as discussed more fully
inlL

C. Self-consistency

By comparing the valence charge density derived
from the band-structure calculation with the cor-
responding density assumed in order to generate
the crystal potential, one can get an idea of how
the present results differ from self-consistent
results. In Fig. 8, the band-structure valence
densities (solid lines) which are based on the ionic
potential Li*C,~, are compared with the corre-
sponding superposed atomic densities for the

ionic configuration Li 2s” C 2s'2p2 2p7/° (dashed
lines). For contrast, the superposed atomic den-
sities for the neutral configuration Li 2s* C
2s'2p%2pL are also included (dotted lines).’

The numerically largest difference between the
two charge densities occurs near the C site,
where the band-structure density is larger than
the superposed ionic density.. This suggests that
a self-consistent potential would screen the C
site better than does the Li*C,~ potential. Screen-
ing of the potential near the C site affects the C
o components.of the wave function more than it
affects the C 7 components since the latter are
expelled from the immediate vicinity of the C site
by the I=1 centrifugal potential and also have a
node throughout the C plane. On this basis, a self-
consistent density would have C components some-
what more extended from the C plane than those
of the present results and would have C 7 compo-
nents similar to those of the present results. In
addition to the discrepancy near the C site, there
is a qualitative difference in the shapes of the two
densities near the Li site. From Fig. 8 it is ap-
parent that the band-structure density exhibits
the cusp and minimum characteristic of the Li
2s wave function while the superposed ionic charge
density is nearly constant. This difference in
shape is due to the fact that the states which com-
pose the band structure density satisfy the Schro-
dinger equation near the Li site (as well as every-
where else) whereas the states which compose
the superposed.ionic density do not. On the other
hand, the shape of the band-structure density near
the Li site is similar to that of the superposed

. neutral density.

In I, we suggested that the neutral and ionic
potential models bracket the relative strength of
interactions between the Li and C sites as it would
be determined in a self-consistent calculation.

If this is correct, we expect the superposed neu-
tral charge density to overestimate the charge
near the Li site and the superposed ionic charge

- density to underestimate the charge near the Li

site. The band-structure density should be some-
where between the two model densities. From
Fig. 8 it is seen that the expected behavior is ex-
hibited in the immediate vicinity of the Li site
(within a sphere of roughly 0.5 a.u.). On this
basis, we expect that the self-consistent Li con-
tact density would be smaller than that derived
from the present band-structure calculation, in
support of the bracketing argument. The compari-
son of charge densities near a C site is harder to
analyze since the differences in the model densi-
ties involve the C 7 states which have nodes near
the C site. More generally, a systematic study

of the effects of self-consistency should be based
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FIG. 8. Total valence charge densities for LiCq (full line) compared with corresponding superimposed atomic den-
sities formed from ionic (Li 2s° C 2s 12p2,2p7/¢ dashed line) and neutral (Li 2s' C 25'2p2,2p}) (dotted line) configurations.
In (a), the c-axis plot starts at a Li atom and passes through the C plane (cell boundary) at the center of a C hexagon
while the a-axis Li-plane plot starts at a Li atom and extends along the nearest intralayer Li~Li bond. In (b), the plots
are along lines parallel to the (a) plots; the c-axis plot starts at a Li plane below a C atom and passes through a C site,
while the a-axis C plane plot starts above a Li site and extends through a C site and then along a C—C bond.

on the comparison of crystal potentials, which
is not included in the present work.

D. Summary and conclusions

We have established that the conduction bands
of LiC, are essentially derived from unoccupied
7 bands of graphite having peak densities 0.5 a.u.
from each C plane and having weakly antibonding
character with respect to the C~C bonds. This
result is consistent with the experimentally mea-
sured Knight shift for "Li in LiC,.® The conduction

properties of such a 7 band metal are expected
to be quite different from those of the more com-
mon sp- and d-band metals. In addition to the
anisotropy of the Fermi velocities discussed in
I, the electron-scattering mechanisms of a 7-band
metal are expected to be highly anisotropic. Hav-
ing available the form of the average charge den-
sity from the Fermi-level E, bands in Figs. 6 and
7 helps us to visualize this effect.

We have also established that the main source
of hybridization between graphite and Li states is
the low-lying bonding A 7 band of LiC,. That the
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A band hybridizestoa larger extent than the Fermi-
level bands E, and E,, can be understood from the
forms of the wave functions, as presented in Figs.
6 and 7, and from energetic considerations dis-
cussed in Sec. IV A above. The distortion of
charge toward the Li site from the trigonal sym-
metry about a C ¢ axis suggests that there is some
covalent contribution to the binding in LiC,. Be-
cause of their relatively localized spatial extent,
the occupied C ¢ bands are found to be relatively
unaffected by intercalation. This is undoubtedly
an important factor in determining the stability

of a graphite intercalation compound versus that
of the corresponding carbide since the C o bonds
are important for maintaining the integrity of the
graphite layers.

These qualitative conclusions have been esta-
blished by means of a detailed band-structure
calculation described in Secs. II of Paper I and
II of Paper II. While the present results are not
self-consistent we have argued in Sec. IV C above
that the C 7 bands and therefore the conclusions
discussed above would not be significantly altered

if the present results were carried to self-con-
sistency. In addition, we have seen that the pre-
sent results are consistent with experimental data
available at the present time including the spe-
cific heat and the optical reflectivity discussed in
I and the “Li Knight shift discussed above. Con-
sequently, we hope that the present results can

be used as a basis for constructing models suit-
able for understanding more complicated physical
properties of LiCy and related compounds.
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