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Reaction of Li with graphite at high pressures yields LiC2, three times as dense in Li than the ambient-
pressure graphite intercalation compound LiC6. We study the stability of this unusually high Li density against
Coulomb repulsion by neutron and x-ray scattering. Surprisingly, parameters which should be sensitive to
interlayer interactions are quite similar to the LiC6 values:c-axis compressibilitykc51.43310212 cm2/dyn,
sound velocityvs55.13105 cm/s, zone-boundary acoustic-phonon energy5 18.5 eV, and slightly higher
thermal expansionac56631026/K ~300–450 K!. Moreover, both compounds are yellow in reflection, imply-
ing that the delocalized charge densities are comparable. These and other results are consistent with partially
covalent in-plane Li-Li bonds, i.e., partial charge transfer to the graphene layers, as opposed to the more
conventional ionic picture which applies to most alkali-graphite intercalation compounds.
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I. INTRODUCTION

LiC 6 is an important prototype graphite intercalatio
compound~GIC! due to its simple crystal structure1 and
comparatively high metal/carbon ratio, highest of all alk
GIC’s. The unit cell is hexagonal~a54.305 Å,c53.706 Å!
and the stacking sequence is simply C/Li/C/Li. The ele
tronic structure of LiC6 ~and other alkali GIC’s synthesize
at ambient pressure! derives from~nearly! complete charge
transfer from alkali to the graphitic conduction band w
little or no metal-carbon hybridization.2 In-plane electrostatic
repulsion limits the in-plane Li-Li distance to 4.3 Å resu
ing in a commensuratea(A33A3)R30° superlattice. The
screened Drude-like plasma frequency is 2.85 eV, well
low the interband threshold,3 thus LiC6 appears golden yel
low in reflection. Higher stage compounds LiC12 and LiC18

also exist; these are pink and blue in color, respectively4–6

Here too, the intercalate is essentially Li1 and the color
change from LiC6 to LiC 18 is associated with the downshi
of the Drude edge due to reduced total charge density tr
ferred from Li to graphene layers. The decrease in delo
ized charge density with decreasing Li concentration is a
reflected in the elastic properties and interlayer interactio
such as increasedc-axis compressibilities, higher thermal e
pansion, and lower phonon energies.4,7

LiC 2, a related stage-1 high-density phase, is access
only by high-pressure synthesis.8,9 Volume measurements a
570163-1829/98/57~9!/5182~9!/$15.00
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ter pressure release indicate substantial metastability;9 no
rapid deintercalation of Li or swelling of the ampoule,
occurs with high-pressure reactions with heavier alkali m
als ~Na, K!. In the ideal ‘‘LiC2’’ structure, Li would be
located over every hexagon center. X-ray-diffracti
studies10 show that LiC2 decomposes slowly in several ste
at ambient pressure, to a commensurate hexagonal cell
a58.63 Å andc511.1 Å (33I c) and a(2A332A3)R30°
Li in-plane superlattice. A stoichiometry o
Li 7C24 or Li 9C24 is observed—the unit cell is Li21C72 or
Li 27C72, due to three inequivalent C/Li/C layers. Both com
positions correspond to the same hexagonal structure,
difference being that in the latter there are an additional t
Li atoms in-plane. A dramatic enhancement is observed
the metastability of the high Li density when the graph
contains 0.5 at.% substitutional boron.11 Average composi-
tions from x-ray (00l ) intensities, determined several mont
after pressure release are LiC2.2 and LiC3.8 with and without
boron, respectively. This enhanced metastability is ten
tively attributed to the pinning of the superlattice by;1
boron atom per cell, thus arresting the decomposition c
cade.

A variety of evidence suggests that the interactions a
stability energetics of LiC2 and LiC6 are qualitatively dif-
ferent. The Li density in the former exceeds that in Li me
at ambient pressure, while high-pressure studies of Li m
indicate core rehybridization andinternal transfer of valence
5182 © 1998 The American Physical Society
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57 5183STATICS AND DYNAMICS OF INTERLAYER . . .
electron density from 2s to 2p orbitals.12 Pressure-induced
directional 2.5 Å Li-Li bonds may be responsible for th
formation of the quasiplanar Li clusters which appear to
the stable unit from which the high-order superlattices
constructed, the resulting partial covalency compensating
Coulomb repulsion. Evidence of partial Li 2p orbital overlap
comes from IR spectroscopy13 and 7Li NMR spectroscopy.14

The resulting localization of electronic density between
sites reduces the charge transfer per Li atom to graphite c
pared to LiC6 and nicely explains the similarity in plasm
frequencies.

In this paper we study the statics~compressibility! and
dynamics~phonon dispersion, thermal expansion! of inter-
layer interactions in high density Li-GIC’s. The results su
marized above suggest that, viewed as one-dimensional i
lattices, thec-axis properties of LiC2 and LiC6 might be
similar, whereas all previous examples@LiC x vs x,4 KC 8 vs
KC 6 ~Ref. 15!# show quantitative differences which can b
simply understood in terms of electrostatic interactio
which vary with ~areal! charge density. Using neutron an
x-ray scattering and volume vs pressure measurements
find c-axis compressibilitykc51.43310212 cm2/dyn, sound
velocity vs55.13105 cm/s; and zone-boundary acousti
phonon energy5 18.5 eV; all comparable to the LiC6
values.7,16 The thermal-expansion coefficientac566
31026/K ~300–450 K! is slightly higher. The accumulate
evidence thus strongly indicates that the delocalized cha
densities are comparable in LiC2 and LiC6, with most of the
additional Li 2s charge associated with the higher Li dens
in LiC 2 remaining localized analogous to the 2s→2p trans-
fer in Li at high pressure. The interlayer potential is som
what more anharmonic in LiC2.

II. EXPERIMENT

High-pressure synthesis and stoichiometry characterization

Samples were synthesized using both highly oriented
rolitic graphite~HOPG! and 0.5% boron-substituted graphi
~B-HOPG! with metallic Li. 99% enriched7Li was used for
the neutron inelastic experiments to minimize thermal n
tron absorption. Stoichiometric amounts of Li and flat dis
of HOPG or B-HOPG were placed in self-sealing stainle
steel ampoules. High-pressure synthesis was performed
der quasihydrostatic conditions in an anvil apparatus usin
primary double acting hydraulic cylinder with a capacity
500 tons. The ampoule was enclosed in a graphite resist
furnace supplied by a regulated voltage that provided in
nal heating; the temperature was monitored with a therm
couple adjacent to the sample. Pressure was generate
compressing the ampoule within a lenticular pyrophyllite
sembly placed between pressure plates. Synthesis was
formed at 60 kbars and 300° C for several hours.

The samples had a light golden color; all sample hand
was done in an inert argon atmosphere. Both HOPG
B-HOPG derived samples were stage 1 with repeat dista
(I c)53.7 Å similar to LiC6.1 Weight and volume measure
ments before and after synthesis confirmed the stoichiom
of the synthesized Li-GIC. The diffraction and scattering e
periments were all performed at ambient pressure, so
was taken to determine the intercalated Li density at the t
of measurement;Q scans yielding (00l )’s and (hk0)’s were
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executed at the commencement of each experiment, as
before.11 These yielded the following results: compressibili
measurement—B-LiC2.3 and LiC3.1; neutron inelastic pho-
non measurement—LiC3.4; and thermal-expansion measur
ment—LiC3.1. Here again we reconfirm, that the decomp
sition of the LiCx sample based on B-HOPG is slower th
that based on HOPG.

III. COMPRESSIBILITY

c-axis compressibility experiments on HOPG and
HOPG based samples were carried outex situ at ambient
temperature by measuring the shift in (00l ) Bragg positions
with hydrostatic pressure. The results are compared toin situ
volume vs pressure measurements carried out in the s
apparatus used for synthesis.

A. Neutron elastic diffraction

Neutron-diffraction experiments were performed on t
H4S triple-axis spectrometer at the High Flux Beam Reac
Brookhaven National Laboratory. We used incident neutro
of 14.8 meV, pyrolitic graphite (002) monochromator a
(004) analyzer and 40’-40’-40’-40’ collimation.

Each sample, along with graphite which served as a p
sure gauge, was wedged inside a lead plated Al capsul~6
mm diameter, 14 mm long! filled with Fluorinert FC-75
which retains fluidity to 50 kbars at 300 K and is inert wi
respect to LiCx . The pressure transmitting fluid imparts n
stress inhomogeneities to the compressed substance an
stress distribution can reasonably be assumed to be hom
neous. We used the McWhan-Vettier hydraulically driv
pressure cell17 consisting of a barrel-shaped cylinder of hig
density polycrystalline Al2O3. The entire apparatus wa
mounted on the spectrometer table.

Elastic (00l ) profiles were recorded at varying pressure
l 51 peaks of B-LiC2.3 at the pressure limits are shown
Fig. 1. Above 21 kbars severe degradation of the mosaic
reduction in peak intensity was observed, indicating crush
of the sample due to physical contact with the cell walls. T
experiment was halted at this point and ambient press
(00l )’s were rerecorded. The lattice constants were co
pletely reproducible.

FIG. 1. Typical 00l ( l 51) elastic neutron diffractograms take
on the B-LiC2.3 sample at 0.5 and 21.5 kbars.
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Calibration of the hydraulic press was done by measur
the graphitec parameter over the same pressure range
fitting to an empirical nonlinear relationship established
x-ray diffraction:18

c

c0
5F S z8

z0
D P11G21/z8

, ~1!

where c0 is the ambient pressurec parameter5 3.354 Å,
z0 is the c-axis compliance5 360 kbars, andz8 is its di-
mensionless pressure derivative5 10. Normalizedc param-
eters vs pressure are plotted in Fig. 2. Ambient pressurc0
parameters were determined from Gaussian fits to Br
(00l ) reflections, yieldingc0 5 3.69 Å for B-LiC2.3 and
LiC 3.1 ( l 51,2) andc053.354 Å for graphite (l 52,4).

The relation betweenc and pressure is observed to b
essentially linear for B-LiC2.3 and LiC3.1, in contrast to the
proven polynomial behavior in graphite.18 Accounting for
experimental uncertainties, a linear least-squares fit give
satisfactory result and yields a constantc-axis isothermal
compressibility shown in Fig. 2, i.e.,

kc5
d„ln~C/C0!…

dP
. ~2!

The maximum departure from linearity was estimated by
ting to a polynomial

ln
c

c0
5k02kc8P2kc8

P2

2
, ~3!

and extracting the quadratic term. The results are comp
in Table I.

The quadratic component of the fit does not show sign
cant deviation over the pressure range for both samp
Thus, the linear fit describes the entire pressure range q
accurately within the established error bars—kc51.44
60.03310212 cm2/dyn for B-LiC2.3 between 0.5 and 21
kbars;kc51.4860.08310212 cm2/dyn for LiC3.1, between
1.5 and 17 kbars. In comparison,kc51.4360.02310212

cm2/dyn for LiC6.7 In contrast, the data shows that graph
becomes notably nonlinear in the same pressure range,

FIG. 2. Neutron-diffraction data show the variation of ln(c/c0)
vs pressure~in kbars!. Linear fits are shown for B-LiC2.3, (c0

53.70 Å!; LiC 3.1, (c053.69 Å!, and LiC6, (c053.701 Å!; qua-
dratic fit for HOPG, (c053.354 Å!.
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a compressibility that agrees with the accepted value,kc
52.7960.1310212 cm2/dyn.19

B. Pressure-volume experiments forkc

Thec-axis compressibility should also be accessible fro
V(P) measurements since the bulk modulus is dominated
the soft interlayer direction. Such measurements are rea
performed in the same apparatus as is used for synthesis
drawback being that only the global C/Li ratio is know
~from weighing the materials loaded into the ampoule!. Such
experiments were performed on ‘‘samples’’ predetermined
be LiC2.5 and LiC3; the results are shown in Fig. 3. Th
P(V) behavior can be broken into two segments to be
understand the mechanism in the piston-cylinder experim

Since LiC2 is unstable at ambient pressure, the conte
of the ampoule will undergo some deintercalation up
completion of synthesis and release of pressure. Thus a
beginning of the compressibility experiment atP51 atm,
there is some free Li present along with LiCx . This results in
an artificially large apparent initial compressibility (2.0
310212 dyn2/cm! in the first segment~between 1 and 5
kbars! due to the very high compressibility of Li meta
7.01310212 dyn2/cm, and the volume decrease accompan
ing the reintercalation of Li with increasingP. At higher
pressures the apparent compressibility drops as the free
consumed, resulting in a lower and more reliable value fr

TABLE I. Compressibility values calculated from the linear
and from the pressure limits of the quadratic fit. In both cases,
linear fit suffices to describe the entire pressure range.

Compressibility~10212 cm2/dyn!

Fit B-LiC 2.3 LiC 3.1 LiC 6 ~Ref. 7!

Linear 1.4460.03 1.4860.08 1.4360.01
Quadr~lower! 1.47 ~0.5 kbars! 1.55 ~1.4 kbars!
Quadr~upper! 1.40 ~21 kbars! 1.40 ~17 kbars!

FIG. 3. Pressure-volume~PV! data from piston-cylinder experi
ment compared with neutron diffraction. PV data are divided in
two segments~see text!. kc ~LiC 2.5, linear fits to PV data! in dif-
ferent pressure ranges: 2.07~2–5 kbars!, 1.72 ~5–15 kbars!; kc

~linear fits to neutron data! is 1.44~B-LiC 2.3) and 1.48~LiC 3.1): all
in 10212 dyn2/cm units.
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57 5185STATICS AND DYNAMICS OF INTERLAYER . . .
5 to 15 kbars,kc51.72310212 dyn2/cm for LiC2.5. This is
in better agreement with the diffraction-derived result, a
confirms the fact that the large increase in in-plane den
has at most a minor effect onkc . Similar deintercalation-
intercalation phenomena were observed in the neut
diffraction compressibility experiments. As expected, the
fect was smaller in the B-HOPG sample since less
deintercalates in a given time after pressure release comp
to HOPG.

IV. PHONON-DISPERSION SPECTRA

A. Neutron inelastic experiments

The neutron inelastic experiments were carried out at
H4S triple-axis spectrometer at the High Flux Beam Reac
Brookhaven National Laboratory and at National Bureau
Standards Reactor, National Institute of Standards and T
nology.

PG~002! monochromator and analyzer were used, with
incident energy of 14.8 meV. The geometry was chosen
measure longitudinal (00l ) phonons; these are characteriz

FIG. 4. Typical constantq (q50.3 and 0.5 Å21) scans repre-
senting phonon groups of the (00l ) longitudinal-acoustic mode fo
LiC 3.1.
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by the vibrations of the C/Li planes with displacement a
propagation vector along thec axis.

All phonon scans were reproducible, verified in two sep
rate measurements done at both reactors, as well as u
different conditions such as fixed monochromator/analy
energy. The ‘‘sample’’ consisted of four unopened hig
pressure ampoules~containing LiC3.1) lined up vertically, in
an attempt to maximize detected signal. Phonon groups m
sured at 300 K in constantq scans of the (00l ) longitudinal-
acoustic mode are plotted in Fig. 4. The phonon polarizat
was verified to be (00q) l , by rotating the (001) axis by 90°
in the scattering plane.

The c-axis dispersion of the longitudinal modes is show
in Fig. 5; wave vectorq is plotted in units of 2p/c, wherec
is the repeat distance5 3.7 Å. The data have been analyze
in two parts: the lowq, acoustic behavior yields sound ve
locities and elastic constants to be compared with values
tained directly from diffraction data, and a lattice-dynamic
model has been fit to the data in an attempt to obtain in
layer force constants.

B. Analysis from q˜0 data

The low-frequency data exhibit linear behaviorv;q as
q→0; the slopeDv/Dq of this line yields a sound velocity
Vs55.083105 cm/s. Subsequently, we can evaluate the e
tic constant, C3356.6431011 dyn/cm2, as C335Vs

2
•r,

wherer is the mass density of the sample~52.57 g/cm3).
The formula for the elastic modulusBc in terms of the

elastic stiffness constant is

Bc5X~C111C1222C13!
21, ~4!

where

X5C33~C111C12!22~C13!
2. ~5!

Additionally,

Bc5
1

kc
. ~6!

FIG. 5. Phonon dispersion for (001)l modes in LiC3.1. Experi-
mental data are shown by filled circles and error bars. Bes
Born–Vón Kármán models for LiC3.1 and LiC6 are also plotted.



tin

-
he

nd

r

Z
i
a
s

i-
id

a
n
t

rin

-
n

c-
e
c-
ll

th

f

era-
ures.
re-

om

a-
t

ig.

K,

.

t

d

5186 57CHETNA BINDRA et al.
Because of the strong coplanar covalent bonds in pris
and intercalated graphite, the compression of thea-axis spac-
ing is negligible and we can assume thatC13 is essentially
zero. So, to a good approximation,C33;1/kc . We obtain a
value forkc51.51310212 cm2/dyn. This compares very fa
vorably to the compressibility values calculated from t
neutron elastic diffraction in the previous section (kc51.48
310212 cm2/dyn and 1.44310212 cm2/dyn!. Phonon-
dispersion data of LiC6 were also taken as a comparison a
we obtained C3356.9331011 dyn/cm2 and kc51.44
310212 cm2/dyn from the low-q data. This is tabulated in
Table II.

C. Lattice-dynamical model

Attempts to fit the (00q) l acoustic modes obtained fo
LiC 3.1 with a simple Born–vo´n Kármán force-constant
model and the one-dimensional ion shell model used by
bel et al.16 for LiC 6 were made, by simply scaling the L
density in the GIC; the models essentially consist of an
sembly of rigid layers connected by Hooke’s law spring
The ‘‘best-fit’’ model shown in Fig. 5 yields a rough est
mate off ic ~interplanar force constant between Li-C rig
layers along thec axis! 5 985061000 dyn/cm per carbon
atom, to be compared withf ic(LiC6)57445 dyn/cm.19

However, the discrepancy between the model and dat
evident and the absence of the experimental optic bra
makes the fit unreliable. Attempts at measuring the op
branch were not successful here due to the low scatte
volume and high sample mosaic (;15°), hence a complete
lattice dynamical analysis is not possible.

The salient features of the experimental data are~1! the
qualitative similarity in the 00l longitudinal-acoustic disper
sion between ‘‘LiC2’’ and LiC 6,16 ~2! the zone-edge phono
energy,Ez518.5 meV is the same as in LiC6,16 ~3! the long-
wavelength limit calculations ofvs , C33, andkc agree very
well with direct compressibility measurements from diffra
tion in the previous section,~4! the notable inadequacy of th
Born–vón Kármán model to describe the interlayer intera
tions, in light of its success with all other alkali-GIC’s; a
this will be discussed later in more detail.

V. c-AXIS THERMAL EXPANSION

The thermal-expansion experiment was carried out on
RIGAKU diffractometer using x-ray CuKa radiation (l
51.54 056 Å!. The sample was mounted on the surface o

TABLE II. Comparison ofC33 from neutron elastic diffraction
and longitudinal acoustic~LA ! low-frequency phonon studies
There is very good agreement between theC33 values obtained
from the two experiments, for LiC3.1. Additionally, the agreemen
for LiC 6 is also excellent, compared to previous work.

C3331011~dyn/cm2)
Neutron LA phonon dispersion

diffraction Low Q data

LiC 2.4 6.97
LiC 3.1 6.76 6.64
LiC 6 6.97 6.93~this work!, 8.9 ~Ref. 16!, 7.1 ~Ref. 7!
e

a-

s-
.

is
ch
ic
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a

micro-miniature refrigerator~MMR!; the MMR is a Joule-
Thompson refrigerator, that uses a Pt resistor as a temp
ture sensor, and operates over a wide range of temperat
00l ( l 51,2) reflections between 100 and 400 K were
corded; Fig. 6 shows the variation ofc with temperature for
LiC 3.1 and LiC6.

The c-axis thermal-expansion coefficientac is defined as

ac5
1

c

dc

dT
, ~7!

wherec is thec-axis lattice constant at 300 K.c is observed
to increase with a quadratic~concave! curvature from 100 to
300 K, and follows an essentially linear increase above ro
temperature until 450 K~Fig. 6!.

The best fit of the low-temperature data is with a qu
dratic function, shown in Fig. 6~a!; the slope is evaluated a
an average temperature andac is calculated. The high-
temperature data is fit best to a straight line, shown in F
6~b!. The calculated values ofac are tabulated in Table III.

For LiC3.1, in the linear region between 200 and 300
ac54631026/K. In comparisonac53131026/K ~Ref. 20!
for LiC 6. The heating curves from 300 to 450 K yieldac
56661.531026/K for LiC 3.1 and 5531026/K for

FIG. 6. Thermal-expansion data for LiC6 and LiC3.1 from
Gaussian fits to x-ray (00l )’s. 300 K c parameters were 3.695 an
3.685 Å, respectively. Solid lines are quadratic~100–300 K! and
linear ~300–450 K! fits to the data.
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LiC 6. The values ofac for LiC 6 and the dilute phase
Li 0.89C6 and Li0.69C6 ~Ref. 7! are tabulated in Table III. It is
notable that with reducing Li density in the ambient press
GIC’s, the c-axis thermal expansion (ac) gets larger. This
arises from the enhanced thermal amplitude of effectiv
‘‘lighter’’ ions. The obvious discrepancy of this picture wit
LiC 3.1, in light of its larger thermal expansion~compared to
LiC 6), is discussed later.

The anharmonicity in the potential can be quantified
calculation of the Gru¨neisen parameter (g), studied in a one-
dimensional ~1D! quasiharmonic approximation, whereg
5aV/kTCv for the simplest case.a is the 1D thermal ex-
pansion andkT is the isothermal compressibility. We est
mate a value close to the Dulong-Petit value ofCv53kb for
ambient temperatures and for a system with 3 degree
freedom. Along thec axis, the ideal theoretical case isCv
52kb . However, guided by previous work,7 the experimen-
tal value obtained from the phonon spectra is less than
and in the particular case of LiC6 is 1.6kb .7 Taking the
unit-cell volume asV5(A3/4)a2c, wherea52.46 Å andc
53.7 Å, and the experimental values ofa andkT , we obtain
g51.96 for the LiC3.1 sample. This number is slightly large
than that for LiC6 (g51.80!.7

VI. DISCUSSION

The most interesting property of these high-pressure c
pounds is the nature of the intercalated alkali state that
mits the stabilization of such high Li densities within grap
ite under high pressure. The above experiments lead to s
very interesting conclusions that have been discussed
vidually with respect to elastic properties and charge tra
fer, inter-layer force constants, and overall potential anh
monicity.

A. Elastic properties and charge transfer

In LiC 6, ~and other alkali GIC’s!, the interlayer coupling
is described as a partially screened Coulomb interaction,
diated by~nearly! complete valence electron transfer fro
the donor to the graphite conduction band, thus making
bonding essentially ionic in character. It is semiquantified
view of experimental data as

kc;
1

s2
, ~8!

wheres is alkali chargetransferas opposed to chargeden-
sity as in~Ref. 4!. Wooet al.4 used a simple model where th
total elastic energy (ET) has a contribution from the C layer
and electrostatic energy (Ees) of the C/I/C sandwich.Ees

TABLE III. Thermal-expansion values for LixC6.

LiC x ac ~1026 /K!

LiC 3.1 6661.5 ~300–450 K!; 4661 ~200–300 K!
LiC 6 5561 ~300–450 K!; 31 ~Ref. 20! ~200–300 K!
Li 0.89C6 76 ~Ref. 7! ~450–650 K!
Li 0.69C6 110 ~Ref. 7! ~450–650 K!
e
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5Aoso
2ci ; s is the areal charge density per unit area,A0

is the area per atom, andci is the c-axis repeat distance
Compressibility of the C/I/C sandwich is k i5
(Ao /ci)(d

2ET /dci
2)21, where (d2ET /dci

2)5(1/3ci)
3(dEes/dci). This yieldsk i ; 1/s2. The dilute phases, LiC
12 and LiC18 show a progressive increase in compressib
ties~compared to LiC6), reflecting the decreased total char
transfer from the Li to the C layer.4

The experiments done above yield compressibility valu
kc ~or equivalently C33) for B-LiC 2.3 and LiC3.1. These are
observed to be exactly the same as in LiC6, Table II: kc
;1.43310212 cm2/dyn in B-LiC2.3, LiC 3.1, and LiC6, in
spite of the enhanced Li density in the former two co
pounds. This is in striking contrast to the dilute phases m
tioned above. From Eq.~8!, this reflects similartotal charge
transfer along thec axis from the Li layer to C in the three
GIC’s, and hence similar Li-C interplanar coupling co
stants. Additionally, the initial slope of the acoustic~00l !
branch is a direct measure of the elastic constant,C33. The
results show that there is excellent agreement between
C33 values obtained from the neutron elastic and inela
~long-wavelength limit! experiments.

These results support and reinforce the picture of the e
charge density in ‘‘LiC2’’ being localized near the Li core
resulting inreduced electron transfer per Li atom to C, and
hencesimilar total charge transfer from the Li layer to Cin
B-LiC 2.3/LiC 3.1 as LiC6.

This is consistent with the scenario proposed earlier,
follows. High pressure favors the partial transfer of electro
from the 2s to the more localized 2p orbital accompanied by
essential alkali metal volume decrease in Li metal.12 This
picture carried over to LiC2, forces the Li atoms closer to
gether and 2p orbital overlap leads to the formation of sho
covalent Li-Li ‘‘bonds,’’ permitting near-neighbor occu
pancy of Li over graphite hexagons. The rest of the Lis
charge is transferred to the carbon layer,this total charge
transfer being similar to that in LiC6.

Hence, the perception of the intercalated Li state
‘‘LiC 2,’’ electronically and physically, is that the tota
charge density is distributed between Li-Li in-plane bon
~some electrons are in localized, radially smaller 2p orbitals!
and Li-C out-of-plane bonds~electrons are in delocalized
hybridized Li 2s and Cp orbitals; LiC 6).

Evidence of similar charge transfer in the two compoun
also arises from another source. It is known21,22 that if elec-
trons are donated by the intercalate to the graphitic layer,
Fermi levelEf is raised in the carbonpz ~or p) band; re-
flected in a measurable dilation of the in-plane C-C bo
length. This has been confirmed from x-ray diffraction
work described in Ref. 23, which yields similar C-C bon
lengths of 1.43860.001 Å for B-LiC2.2 and LiC3.1, very
close to 1.436 Å for LiC6. In contrast the C-C bond lengt
for graphite is 1.42 Å.

B. Phonon dispersion and lattice dynamics

Attempts to analyze the phonon-dispersion data for LiC3.1
were made with a typical Born–vo´n Kármán model. This
was motivated by its successful application to the low
graphitelike acoustic branches in LiC6 and other
alkali-GIC’s.24,25 The least-squares fit shown in Fig. 5 is n
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very good, indicating that the data cannot be perfectly rep
sented by the Born–vo´n Kármán ~BvK! model at high-q val-
ues. Severaln-parameter (2<n<6) BvK models were
tested; consideration of longer-range force constants betw
successive Li-Li, C-C, and Li-C planes did not significan
improve the fit quality. Probably, with a large enough nu
ber of force constants, the acoustic-phonon branch could
reproduced; however, the physical interpretation of t
model may not be useful. Its failure in this case allows
qualitative physical description of the interactions, implyi
that a more complicated elastic and electrostatic interac
needs to be considered for LiC3.1; the ion shell model~all Li
atoms being treated as hard spheres! not satisfactorily de-
scribing the electronic interactions. This brings up tw
points: ~a! The presence of in-plane high-density Li cluste
in LiC 3.1 might create puckered intercalate layers and he
a deformation of the C host layers, rendering the rigid-pla
model insufficient. By considering the local strain that
generated around isolated clusters~instead of atoms! and its
effect on both inter- and intralayer interactions, the elas
and vibrational energetics might be more accurately e
mated;~b! In view of the charge-transfer model described
the previous subsection, one should consider the diffe
physical attributes of the partially filleds andp orbitals and
their elastic interactions. A complete calculation of these
fects would require comparison to the experimental op
branch and the layer bending modulus. Attempts at mea
ing the optic branch were not successful for reasons m
tioned earlier; hence these detailed calculations were not
ried out.

However, the present data, in the absence of a deta
model, provide a great deal of insight into thec-axis bonding
in LiC 3.1. A zone-boundary acoustic-phonon energy,Eza
518.5 meV~Fig. 5! is observed for LiC3.1, similar to that in
LiC 6.16 The linear chain, Born–vo´n Kármán model predicts
the relation:Eza;A2f ic /Mc, wheref ic is the interplanar
Li-C force constant andMc is the mass of the carbon laye
From this, we evaluate f ic57926 dyn/cm for
LiC 3.1, to be compared with 7445 dyn/cm for LiC6.16 This
enables us to make two predictions concerning the acou
and the optic branch. The acoustic branch is determined
the vibration of the carbon layers, whereas the optic bra
depends on the intercalate~Li ! layers. Additionally, it is
known that the interlayer force constant is primarily depe
dent on the intercalate mass density and the interla
spacing.16 Due to the similarity in interlayer spacing~3.7 Å!
between LiC6 and LiC3.1 and the twofold increase in L
density in LiC3.1, one would expect the acoustic zone-ed
energy to be a few meV’s lower in the latter, arising prim
rily due to the effect of the increased intercalate mass on
vibration of the carbon layers. This is notably not observ
here, giving rise to similar force constants for both co
pounds. Of course, the optic branch is required to unequ
cally determinef ic . The calculated value off ic from the
acoustic branch, however, can be used to predict the pl
ment of the optic branch zone edge fromEzo;A2f ic /MLi,
whereMLi is the mass of the lithium layer. This predicts a
energy,Ezo534 meV in LiC3.1. Tentative inelastic experi
ments done at NIST indicate an optic zone-edge energ
Ez530.760.5 meV in LiC3.1, measured at (hkl50,0,2.5)
with incident neutron energy 14.7 meV, in excellent agr
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ment with the above prediction. The same calculation, w
the same force constant, predictsEzo559 meV for LiC6.
Zabelet al.16 have experimentally observedEzo560 meV in
LiC 6, for the optic zone edge energy, again in excelle
agreement with the calculation. Additionally, due to the
creased Li density in LiC3.1, one would expect a relatively
dispersionless branch in the latter, compared to LiC6.

Thus, from the qualitative similarity of the acoust
branch, the similarity in zone-edge acoustic phonon ener
~18.5 meV!, the predicted optic branch energy~34 meV!
along with tentative experimental support for the op
branch zone-edge energy~30.7 meV!, we conclude that the
interlayer force constant (f ic) in LiC 6 and LiC3.1 are the
same (;7500 dyn/cm!. This implies similar Li-C bonding,
supporting the idea of a similar degree oftotal ioniza-
tion/charge transfer to Cof Li, in spite of the large Li den-
sity difference. This again points to similarc-axis energetics
and interactions and different in-plane chemistry. The lon
wavelength limit calculations ofvs , C33, and kc obtained
from the linear slope and their excellent agreement with
rect neutron elastic diffraction measurements have alre
been discussed in the context of charge transfer.

C. Anharmonicity

The thermal-expansion experiments on LiC3.1 and LiC6
~Table III! indicate greater thermal expansion~and hence an-
harmonicity! in the dense and dilute phases compared
LiC 6. A semiharmonic potential has a vibration frequenc

v;Ak/m, ~9!

that scales inversely with mass. As the ‘‘effective’’ mass
the Li layers gets lighter, one samples the higher part~higher
frequency! of the potential and the thermal amplitude ge
larger. This accounts for a largerac for Li 0.69C6 as com-
pared to LiC6.

However, in LiC3.1, the intercalate layers are ‘‘heavier
and if the potential,V(r ), were thesame, we should sample
lower frequenciesv and the thermal expansionac should
decrease. The experimental results however are contrary
one can imagine a different scenario for LiC3.1 ~schematic in
Fig. 7!. A potential that hasgreater anharmonicity than in
LiC 6, is proposed. In this picture, the ‘‘heavier’’ layers i
LiC 3.1 sample the lower portion of the potential and st
have a larger thermal amplitude, in accordance with the m
nonparabolic potential. This can be attributed to contrib
tions from two sources and contrasted from the typical io
vibration observed in LiC6. The metastable in-plane Li clus
ters would have lower-frequency vibrational modes, as th
are heavier and relatively more immobile. On the other ha
the intracluster modes representing the individual modes
the Li atoms would have higher frequency than the io
vibration in LiC6. The combination of these suggest an ov
all greater thermal amplitude in LiC3.1 and one can assign t
the Li clusters, a shallow~broad! potential well as opposed to
the deep~corrugated! potential well for the~stable and fixed!
Li ions in LiC 6.
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This result is consistent with the similarity inC33, even
thoughac is different in LiC6 and LiC2. This is understand-
able, asC33, unlike ac , is reflective more of the elastic an
electrostatic interactions between the layers and not so m
with the overall ‘‘parabolicity’’ of the potential. In the
lattice-dynamical properties, both the lattice stiffness and
phonon anharmonicity have an important effect on thec-axis
lattice expansion: where an increase in the lattice stiffn
reduces thec-axis lattice expansion, and an increase in
anharmonicity enhances the lattice expansion.

VII. SUMMARY

We conclude from the above results, that taken as a
ionic lattice, the interlayer interactions in LiC6 and LiC2 are
similar, despite the difference in potential that might ha
been expected due to the threefold difference in Li densit
Li was completely ionized. These experiments produce si
lar repeat distances,c-axis compressibilities, sound veloc
ties and longitudinal-acoustic phonon dispersion and slig
higher thermal-expansion values. More specifically, this

FIG. 7. Potential for LiCx : this is shown forx.6 andx,6.
See text for details.
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plies that thetotal charge transfer from the Li layer to C i
the same in LiC6 and LiC2, i.e., the charge transfer per Li t
C is incomplete in LiC2. This offers indirect evidence fo
and is consistent with the picture of the extra Li valen
charge being localized at the Li layer in LiC2. Earlier spec-
troscopic evidence13,14 suggest similar delocalized charg
densities in both compounds. High-pressure studies12 on Li
metal indicate pressure-induced partial electronic transfe
the 2s valence charge to the 2p orbital, which becomes en
ergetically favorable under high pressure. This localiz
charge in LiC2 creates stable quasiplanar Li7 clusters be-
tween the graphene layers through 2p orbital overlap, with
2.46 Å Li-Li bonds. This scenario of the intercalated Li sta
could explain the stabilization of the high Li density in LiC2
against Coulomb repulsion, which is thought to be the fac
limiting the Li density in LiC6.

Additionally, the experiments above yield further ev
dence for interlayer interactions. The longitudinal-acous
phonon dispersion spectra yield similar interplanar fo
constants for LiC2 and LiC6, emphasizing that the Li-C
c-axis bonding is similar; the Li clusters however probab
lead to the deformation of the C host layers. Therm
expansion studies yield a slightly largerac for LiC 2, indi-
cating greater anharmonicity in the potential. As alrea
mentioned earlier, the similarity in colors also indicates sim
lar delocalized charge, aside from interband transitio
LiC 6 is yellow in reflection with a screened Drude plasm
frequency is 2.85 eV.26 LiC 2 remains pale yellow; if the
delocalizedp charge scaled with Li density, it would b
colorless and emit a 5 eVplasmon.
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