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Dramatic differences in structure, elastic properties, and order-disorder tempera-
tures are observed for stage-2 Li-graphite of different in-plane density, indicating
the importance of long-range interactions in cohesive properties. LiC&, is three-di-
mensionally order ed up to —500 K with ~3 && ~3 Li superlattice and AA graphite stack-
ing, whereas LiC&8 is disordered at 30o K and has AB stacking. Z,O and LA (00l)
phonon energies are 30% greater in the former, which can be understood in terms of
electrostatic effects.

PACS numbers: 63.20.Dj, 61.12.Dw, 62.20.Dc

We report several dramatic differences in vi-
brational and structural properties between dense
and dilute compounds of state-2 Li-graphite. Spe-
cifically, we have observed major differences in
intercalate ordering, graphite stacking sequenc-
es, order-disorder temperatures, and (00l) lon-
gitudinal phonon energies by means of neutron
scattering measurements. The considerable re-
cent interest in the ordering transitions of graph-
ite intercalation compounds' (GIC) and the simi-
larity of ordering and/or staging phenomena to
those in related systems [e.g. , rare gases ab-
sorbed on graphite' and intercalated transition-
metal dichalcogenides' (ITMD)] impart a wider
relevance to the results reported here.

GIC's generally progress from small to large
intercalant density through staging. A stage-n
compound consists of a sequence of n graphite lay-
ers and one intercalant layer repeated along the c

axis. In contrast, most of the ITMD's are stage
1 at all accessible concentrations with continuous-
ly variable filling of the van der Waals gap. Sev-
eral recent results' imply that stage-2 I.i-
graphite occurs with two different intercalant
densities within the occupied van der Waals gaps,
both of which are at least metastable at 300 K. It
is the only known graphite system to do so. The
unique possibility of exploring crystal structure,
phase transitions, and lattice dynamics via neu-
tron scattering in intercalation compounds of dif-
ferent in-plane stoichiometry is provided by our
ability to synthesize large samples of Li-graph-
ite. The ITMD's can only be prepared in the
form of powder or small crystals and are thus
not amenable to lattice dynamics studies by neu-
tron scattering. The present work represents
the first such study of an intercalation compound
as a function of in-plane density.
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Stage-2 Li-graphite is prepared in two distinct
colors, pink and blue, by immersing Union Car-
bide highly oriented pyrolytic graphite (HOPG) or
Goodrich pyrolytic graphite (PG) in molten Li/Na
alloy. We used 99%%uo enriched 'Li. The blue sam-
ples' are grown in 3.5 mol% Li at 200-300 'C
while pink is obtained with 5—6% Li at 400 'C. Oth-
er reaction conditions as well as the vapor-phase
technique' also appear to give two distinct phas-
es. Experiments were carried out on both HOPG
and PG samples using a triple-axis spectrometer
at the Oak Ridge high-flux isotope reactor with
fixed incident neutrons of 14.77 meV or fixed neu-
tron final energy of 13.65 meV. The HOPG and
PG samples had about 5' a,nd 12' mosaic spread
after intercalation, respectively. The samples
were packaged in stainless-steel envelopes. ' Re-
sults were identical for both types of starting ma-
terials; most of the inelastic data were obtained
from the larger PG samples.

The Drude edges of the pink and blue materials
are 2.6 and 1.45 eV, respectively, , indicating that
the pink samples have higher in-plane Li density. '
DiCenzo, Basu, and Wertheim' conclude from x-
ray photoemission core-level intensities that blue
samples have a chemical formula LiC»„. In this
work, we observe a v 3x v 3 Li superlattice for
pink samples, consistent with Guera, rd's original
report on stage-2 Li-graphite of unspecified col-
or' and with more recent data of Billaud et al.' on
stage-2 Li-graphite described as blue. We find
that the pink color degrades superficially towards
blue even in clean argon atmosphere, so that Bil-
laud's blue material can reasonably be consid-
ered to be the same as Guerard's stage-2 and our
pink compound. The v 3x& 3 Li superlattice im-
plies an ideal chemical formula LiC». Using the
intensity of Li(100), Li(200), and graphite(100)
reflections, "we estimate that the pink samples
used in this work are I iC,3 5 ] 5 Weight-uptake
measurements are unreliable because of variable
amounts of alloy which occupy gross defects in
the starting material. ' The repeat distances of
LiC» and I iC» were found to be 7.024 and 7.055
+ 0.005 A, respectively, consistent with stronger
interlayer Li-C Coulomb interaction in the dens-
er phase. Simila. r effects are observed in over-
charged acceptor compounds. " Intermediate
compositions either do not exist or are much
less stable. In samples with overall Li concen-
trations between LiC» and LiC», two distinct
phonon branches characteristic of the pure phas-
es are detected, suggesting separation into blue
and pink phases.
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FIG. 1. Schematic reciprocal-space diagram for
LiC&2 at 295 K and LiC&8 at 10 K, indicating the scans
performed {heavy lines) and the reflections observed
{filled circles: predominantly graphite reflections;
open circles: Li reflections). Indexing is in units of
the LiC&2 cell. Implied structures are shown as insets.

Figure 1 is a schematic representation of the
elastic scattering results. For LiC» at 295 K
(400) scans reveal cylindrically averaged (100)
and (200) reflections from the v 3xW3 Li super-
lattice, while the (10l) and (W30l) scans con-
firm' "the unusua, l oAAoAA ~ ~ ~ sta, cking. In con-
trast, no Li reflections are found in LiC», and
the (W30l) scan shows a doubling of the unit cell
along c indicating AB/BA/AB ~ ~ ~ stacking. This
sequence is locally similar to graphite (ABAB ~ ~ ~ )
but different globally from all other stage-2 alka-
li GIC's (AB/BC/CA ~ ~ ).' The same diffracto-
gram is found for LiC» quickly cooled to 10 K,
implying either that the order-disorder transition
(if any) occurs below 10 K or that the ordering
process takes place very slowly below 300 K. In
contrast, LiC» disorders at T,- 500 K; the cor-
responding process in stage-1 LiC, (nAnA stack-
ing) occurs at'" 715 K. Intensity estimates for
various ordered LiC» phases indicate that their
reflections would have been observable in the
$0l) scans had they existed. Details of the phase
transitions will be presented elsewhere.

The Li-graphite system is unique in that one
must invoke attractive interlayer Li-Li interac-
tions, in addition to the repulsive elastic and/or
electrostatic interlayer interactions, "in order
to arrive at an eclipsed intercalant stacking se-
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quence in LiC, . This attractive component must
be fairly long range because it is still important
in the stage-2 compound LiC». Since LiC, and
LiC» have the same in-plane structure and inter-
calant stacking, the -200 K difference in T,'s is
a rough measure of the difference between the
net Li-Li interlayer interaction acting at distanc-
es of 3.7 and 7.0 A. Even at the larger distance,
this interaction is apparently strong enough to
override the C-C interlayer interaction, forcing
the unusual AA sequence as long as the Li's are
locked to their C neighbor layers. In LiC„, on
the other hand, either the lower density or the
absence of a commensurability term reduces the
Li-C nearest-layer coupling such that the C-C
nearest-layer interaction (which favors AB stack-
ing) takes over, yielding the usual graphitic se-
quence. This weak Li-C coupling may be a fac-
tor contributing to the lower Tp of LiCys.

Figure 2 shows the measured (00l) phonon dis-
persion for LiC» and LiC», along with the fits
of a one-dimensional nearest-neighbor force-
constant model which we discuss later. The pho-
non energies are -30/0 greater in the denser ma-
terial. Since the two branches observed are pri-
marily graphitelike, "we are directly probing the
effect of intercalant density on the host elastic
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properties transverse to the layers. To the best
of our knowledge, this is the first time that such
an experiment has been possible. The low-fre-
quency slopes yield sound velocities v, and com-
pressibilities k„, as follows: 5.56&& 10' cm/'sec
and 2.69x10 ' cm'/dyn for LiC», 4.07x10' cm/
sec and 1.42x 10 "cm'/dyn for LiC». These
values, along with previous data" on MC„(M
=K, Rb, Cs), a,re consistent with a simple model
for the elastic energy, in which the contribution
of the two adjacent C layers k, is graphitic and
the C-I-C sandwich is represented by an electro-
static term k, . The composition law gives k„,
= (c;k, +c,k,)/(c;+c, ), where c, and c, are the
appropriate layer separations, 3.70 and 3.35 A,
respectively. We estimate the concentration de-
pendence of k,. as follows. The electrostatic en-
ergy for the C-I-C sandwich has recently been
shown to be" E„~A,c'c, , where o is charge/
area and A, is area per I atom. The electrostat-
ic and total energies for the sandwich are related
by" 8E„/8c, = Sc; 8'E„,/8c . But the sandwich
compressibility is defined as k, = (4,/c, )(82E„,/
8c,') '. Combining these equations gives the par-
ticularly simple result k; ~0 ", i.e. , k; decreas-
es with the inverse square of the concentration
(assuming unity charge transfer). Interestingly,
k,. is independent of sandwich thickness c, These
results combined with the composition law pre-
dict a linear relationship between the experimen-
tally measured quantities plotted in Fig. 3, with

an intercept equal to the graphite value. The fact
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FIG. 2. Experimental (Ool ) phonon dispersion for
LiCg~ (circles) and LiC, 8 (triangles). Solid and dashed
curves are the corresponding fits of a nearest-neighbor
force-constant model (Ref. 15), shown as an inset.
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FIG. 3. Scaled compressibilities vs the scaled in-
verse square of intercalant concentration for stage-2
alkali GIC's. Solid line is the electrostatic model re-
sult described in the text and the symbols are from
neutron data (present work plus Ref. 15).
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that these predictions agree with all the available
data" to within 1(P/o indicates that the interlayer
C-I interaction is indeed primarily electrostatic.

We attempted to analyze the data of Fig. 2 with
a nearest-neighbor force-constant model, moti-
vated by its successful application to the lower
graphitelike acoustic and optic branches of stage-
2 and -3 heavy alkali compounds. " The fit to
LiC„ is good, yielding y, = 5750 dyn/cm and y,
= 3000 dyn/cm for C-Li and C-C force constants,
respectively. In contrast, the LiC» fit is poor
for the optic branch (Fig. 2). Further evidence
of the failure of this model for LiC» is that y,
=4070 dyn/cm is unphysically large, whereas the
four dilute disordered stage-& GIC's (I iC„,
MC„) give y, values comparable to graphite (as
would be expected from a nearest-neighbor mod-
el). Zabel and Magerl" subsequently found it
necessary to use a mixed one-dimensional ion
shell/Born-von Karman model to fit the upper
alkalilike optic branches of MC„and KC„. While
this latter model might also produce a better fit
to the lower optic branch of LiC», it is signifi-
cant that LiC» is the only stage-(n) 2) compound
for which the nearest-neighbor force-constant
model does not fit all the graphitelike branches
reasonably well. This failure could result from
the greater charge density (~e per C in LiC» vs
~e per C and ~e per C in I iC» and MC,~, re-
spectively, assuming M' in all cases) or from
the long-range interactions implied by the struc-
tural data.

The C-Li force constant cp, = 10040 dyn/cm for
I iC», twice that found for LiC„. This difference
could be partially due to the inadequacy of the
nearest-neighbor model, although it is consistent
with stronger interlayer interactions as deduced
from the structural and T, arguments as well as
with the greater in-plane density.

The dramatic differences observed in the elas-
tic, structural, and order-disorder behavior of
the two stage-2 compounds LiC» and I iC» result
from a complex interplay of in-plane density,
commensurability, and interlayer interactions
beyond nearest neighbors. Similar differences
in electronic properties probably exist. Com-
pounds of Li-graphite with stage &2 have been
reported; it is not presently known if they too
exist with different in-plane densities. Detailed
studies of Li-graphite may help to explain why

staging dominates in GIC's while variable in-
plane density is the rule in ITMD's.
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