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Phonon dispersion curves for low-frequency transverse modes propagating in the basal
plane have been measured in the alkali-metal —graphite intercalation compounds KCs,
CsCj, KC,4, and RbCy, by means of neutron spectroscopy. The acoustic branches show an
almost quadratic dispersion relation at small g, characteristic of strongly layered materials.
The optical branches of stage-1 compounds can be classified as either graphitelike branches
showing dispersion, or as almost dispersionless alkali-metal-like modes. Macroscopic shear
constants Cy and layer-bending moduli have been obtained for the intercalation com-
pounds by analyzing the data in terms of a simple semicontinuum model. In stage-2 com-
pounds, a dramatic softening of the shear constant by about a factor of 8 compared with
pure graphite has been observed. Low-temperature results on KC,, indicate the opening of
a frequency gap near the alkali-metal Brillouin-zone boundary, possibly due to the forma-

tion of the alkali-metal superstructure.

I. INTRODUCTION

Layered compounds with sufficiently weak inter-
planar interactions can have some unusual phonon
characteristics, including modes that can be
described as bending or rippling modes of the
layers. These phonons, which are the subject of the
present investigation, have propagation direction in
the basal plane but displacements out of plane
(sometimes designated TA, and TO;). For small
wave vectors g the dispersion has a characteristic
w ~q? dependence' in the absence of interlayer
forces. Weak interplanar interaction induces a
nonzero initial slope to the TA, branch, the magni-
tude of which is determined by the layer shear force
constant Cy4 (i.e., the same elastic constant that
determines the initial slope of the [001] transverse-
acoustic branch). The tendency for w ~g? behavior
is most clearly observed in highly oriented pyrolytic
graphite? (HOPG) and MoS,,’ which have especial-
ly strong-layered character and thus relatively small
values of Cyy.

In alkali-metal —graphite intercalation com-
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pounds (AGIC’s) the carbon layers retain their
strong intraplanar bonding, but are interleaved with
intercalant layers for which both the intralayer and
interlayer forces are relatively weak. The intercala-
tion of graphite to a stage-n alkali-metal compound
(the stage number n designates the number of gra-
phite planes between adjacent intercalate planes)
changes the bulk-bending modulus, as well as the
layer shear modulus in a systematic way, as we shall
describe below. In addition, it has been shown in
previous work* that intercalation causes zone-
folding and mode-splitting effects arising from the
larger size and (generally) reduced symmetry of the
unit cell.

Apart from an earlier report® on RbCy, the work
described here represents the first systematic inelas-
tic neutron scattering study of transverse out-of-
plane modes in stage-1 and stage-2 AGIC’s. This
study is a natural progression from other recent
measurements of low-frequency phonons in
AGIC’s, such as neutron scattering studies* of long-
itudinal modes propagating normal to the planes,
Raman scattering experiments®~% on rigid-layer
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modes in KC, and RbC, compounds, and a neu-
tron scattering study>® of alkali in-plane modes in
RbCs. Together with earlier'®!! Raman scattering
experiments probing the high-frequency graphite-
derived modes at the zone center, all the available
information constitutes a fairly comprehensive pic-
ture of the lattice dynamics of AGIC’s. The experi-
ments have recently stimulated several theoretical
and calculational papers on the phonon spectra of
intercalated graphite. The more recent work,!2— !4
which attempts to account reasonably well for all
the available experiments, should especially lead to
a fuller understanding of phonons in AGIC’s.

II. EXPERIMENT

In this study HOPG with an initial mosaic
spread of 0.2°—0.5° was used as starting material.
Single crystals would, of course, have been prefer-
able, but none of sufficient size was available to us.
The phonon dispersion curves that we have mea-
sured are therefore only averaged dispersion rela-
tions over all directions in the basal plane. Howev-
er, as demonstrated by Nicklow et al.? for pristine
HOPG the graphite dispersion relation for TA | and
TO, is nearly isotropic, even close to the Brillouin-
zone boundary, and thus well-defined phonon
dispersion curves can be measured with the use of
HOPG. The same considerations apply to the
present study of AGIC’s, although effects due to
the directional averaging and the tendency for in-
plane zone-folding effects appear to give rise to
more broadened and complicated neutron spectra
than in pure HOPG. Another difficulty arises from
the increased c-axis mosaic caused by the intercala-
tion process, which particularly limits the deter-
mination of the TA, branch at small wave vectors.
To keep the mosaic spread at an acceptable level the
samples were intercalated very slowly with alkali
metals, descending from high temperature in a
two-stage tubular furnace, and thereby passing first
through higher stages before reaching the desired fi-
nal stage. Typical mosaic spreads obtained by this
method were 1.5° for stage-2 compounds and 2°—3°
for stage-1 compounds. Alkali metals from A. D.
Mackay with a stated purity of 99.9% were used.
The purity of stage and homogeneity of each com-
pound was verified by x-ray and neutron elastic
(00)) scans. The samples were either kept in their
silica-glass intercalation vessels during the neutron
measurements, or, for KC,; and RbC,,, transferred
into thin-walled aluminum containers. In the latter

case the samples were removed from the glass con-
tainers in a box of dry ice, transferred, and then
again vacuum sealed. A sketch of the sample
chamber is shown in Fig. 1.

Phonons were measured with the use of constant-
6 scans on a triple-axis spectrometer at the High-
Flux Isotope Reactor of Oak Ridge National Labo-
ratory and partly at the research reactor of the Na-
tional Bureau of Standards. The (002) planes of
HOPG were employed as monochromator and
analyzer. A fixed final energy of 3.3 THz=13.65
meV was used throughout the experiment. Low-
temperature measurements were made with a
Displex closed-cycle helium-gas refrigerator.

III. RESULTS
A. Stage-1 compounds

In KCg, RbCq, and CsCy the alkali-metal atoms
are centered over carbon hexagons and form in each
layer a 2 X 2 superlattice commensurate with the ad-
jacent graphite layers. Four equivalent interstitial
sites a, B, 7, and 8 are available, and the three-
dimensional structure is formed by an ordered se-
quence AaABAYASAa ... for KCg and RbCy (Ref.
15), and AaABAyA . .. for CsCg (Ref. 16). (Capital
letters refer to graphite layers, and Greek letters to
alkali-metal layers.) The bending modes investigat-
ed here are affected by the alkali-metal in-plane
structure and by the stage number, but not, as far as
we can tell, by the alkali-metal stacking sequence.
Therefore, we obtain for all three compounds quali-
tatively similar phonon dispersion curves, as shown
in Fig. 2. The RbCjy results were obtained in an ear-
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FIG. 1. Sample chamber for alkali-metal— graphite
intercalation compounds used for measurements between
8.8 K and room temperature.
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FIG. 2. Measured phonon energies of [¢00] trans-
verse modes in stage-1 alkali-metal —graphite intercala-
tion compounds. The phonon energies of RbCy (Ref. 5)

has been included here for completeness. In the left
panel the [00g] longitudinal modes are reproduced (Refs.
4 and 17). Solid lines are guides to the eye. For details

see text.

lier study® and are included here for the sake of
completeness. In the left panels of Fig. 2 the
L[001] modes of each compound are plotted from
the data of Refs. 4 and 17. Note that at the I" point
L[001] and T,[100] modes have the same symme-
try, and thus the branches join together. (For con-
venience, we refer to the transverse modes we have
observed as T,;[100] modes, although, as we have
mentioned above, the measured dispersion curves
are averaged over all directions in the basal plane.)
It should also be noted that for each of the T,[100]
branches shown in Fig. 2, the wave-vector com-

ponent g, is constant, being either O (highest and
lowest branches) or /I, (middle two branches),
where I, is the intercalate-intercalate interlayer dis-
tance along the c axis. In spite of the a3AS stack-
ing of KCy and RbCg, the primitive unit cell spans
only two intercalate layers'? and not four, and thus
the T,[100] branches we have plotted do indeed cor-
respond to this cell, although the g, wave-vector
unit we have chosen, 27 /1., does not refer to the
primitive cell, which would suggest the use of 7 /1.
For CsCg, which has aBy stacking, the plot does
not correspond to the primitive cell. However,
since the dynamics are not strongly influenced by
layer stacking, we have made measurements and
plotted the data in the same way as for KCy and
RbC; for purposes of direct comparison. Experi-
mentally, this is done merely by fixing the value of
q, relative to an (00)) reflection at the desired value
(0 or 7 /I,), as shown in Fig. 3. The in-plane wave
vectors in the plots of Fig. 2 are in units of
41 /V3a, where a is the lattice constant of pristine
graphite. Owing to the alkali 2 X2 in-plane struc-
ture, the Brillouin-zone boundary in the [100] direc-
tion is located at 0.25(4w /v 3a). Although, as we
have explained above, there exists a directional un-
certainty in the powder-averaged (hkO0) plane, the
phonon branches do tend to have zero slope at this
wave vector.

The acoustic T,[100] branches of all stage-1 com-
pounds studied show a pronounced upward curva-
ture near ¢=0, indicating the tendency for w ~q?
dependence at small g, characteristic of a strongly
layered compound. Thus despite the fact that the
alkali-metal intercalate provides bonding of mixed
metallic and ionic character between graphite and
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FIG. 3. Part of the reciprocal lattice of stage-1 com-
pounds. The highest and lowest T,[100] branches were
measured along the solid horizontal lines, while the mid-
dle two branches were measured along the dashed lines.
Here, the Miller indices 4 correspond to the graphite
basal plane lattice parameter, and / to the package thick-
ness I..
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alkali-metal planes that is stronger than the van der
Waals bonding of pristine graphite,* the layered
character of stage-1 AGIC’s is still playing a dom-
inant role in the lattice dynamics. The optical
branches are qualitatively changed by the presence
of the intercalate, and can be described as dispersive
graphitelike modes that are hybridized with almost
dispersionless alkali-metal-like modes. This will be
discussed in more detail in Sec. IV.

B. Stage-2 compounds

In contrast to stage-1 compounds, stage-2 com-
pounds do not have well-defined three-dimensional
crystal structures. At high temperatures the alkali-
metal layers are disordered, exhibiting two-
dimensional liquidlike structure factors.'® At tem-
peratures 123 and 162 K, the K and Rb intercalants
in KC,4 and RbC,,, respectively, undergo order-
disorder phase transformations accompanied by
two- to three-dimensional crossover effects'*?® with
respect to the alkali-metal—alkali-metal spatial
pair-correlation function. The low-temperature
alkali-metal structure and the questions of commen-
surability and phase homogeneity are still contro-
versial.?*?> Since this point is not of major impor-
tance for our results, we will not discuss it further
here. However, in an average sense, it is convenient
to regard the alkali layers as close-packed triangular
layers with fundamental reciprocal-lattice vectors of
approximately 0.43 for K and 0.40 for Rb inter-
calants, in units of the (100) graphite reciprocal-
lattice vector length 4w /v3a=2.94 A~'. The
alkali-metal reciprocal-lattice vectors show some
variation from sample to sample, probably due to
slightly different in-plane concentrations. We our-
selves observe 0.408 in KC,,, while the V7XV7
structure observed by others?? corresponds to 0.378.
We believe that the dynamics of the T ;[100] modes
are quite insensitive to these rather small differ-
ences.

In Fig. 4 the TA, and TO, modes of KC,4 and
RbC,, are shown in the right panels, again together
with their adjoining L[001] modes in the left panels.
Note that here only the g, =0 transverse modes are
recorded. In both cases the measurements have
been taken at 295 K. Although in the high-
temperature phase the Brillouin zone is, in princi-
ple, determined by the graphite structure only, in
reality, the dynamics are strongly affected by the
average in-plane alkali-metal —alkali-metal spacing.
Consequently, phonon groups beyond |g |=0.25
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FIG. 4. Phonon energies for [q00] transverse modes
in stage-2 compounds (a) KCy and (b) RbC,,, measured
at room temperature. Thick bars indicate uncertainties
in the phonon energies at larger wave vectors. In the
left panel the [00g] longitudinal modes of the corre-
sponding stage-2 compounds are reproduced (Ref. 4).
Solid lines are guides to the eye.

are less well-defined and more difficult to interpret
than those for |g | <0.25. Hence we have omitted
data for |g | >0.25. In contrast, for pristine gra-
phite’ one can observe well-defined peaks up to
|g|{=05 (all g values are given in units of
47 /V3a).

The TA | branches of KC,, and RbC,, again tend
to show the characteristic  ~g2 dependence for
bending modes. Unlike the case for stage-1 com-
pounds, the TO, modes seem always to be of mixed
graphitic and alkali-metal-like nature. This follows
from examination of the eigenvectors at the T point
in linear-chain model calculations,?? as well as from
the observation that both optical branches have sig-
nificant dispersion in each of KC,, and RbC,,.
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C. Low-temperature results on KC,,

We have made temperature-dependent measure-
ments in order to detect the influence of the alkali-
metal order-disorder transformation in stage-2
KC,,. One might anticipate two effects: First, the
alkali-metal in-plane superlattice creates a new,
smaller Brillouin zone, possibly producing mode
splittings near the newly formed boundaries;
second, the shear constant C,4 might be expected to
stiffen below the transition temperature. It might
be noted that it is most difficult to perform ul-
trasonic observations?* on AGIC’s and thus to mea-
sure elastic constants directly. To our knowledge
no measurements of Cy4 in an AGIC have ever been
obtained by ultrasonics. Thus our neutron data
constitute one of the few reliable estimates of C,,.
The only other measure of Cs of which we are
aware comes from analyzing the recent Raman
scattering experiments®~% in which the ¢=0
TO[001] modes were detected in Rb and K AGIC’s.
The models fitted to the Raman scattering data also
give Cyy4 values that are much smaller than in pris-
tine graphite, in complete accord with our neutron
scattering experiment.

In Fig. 5 the phonon dispersion curves measured
at 8.8 K are reproduced. At this temperature the
acoustic branch shows mode splitting near ¢=0.2,
corresponding to the Brillouin-zone boundary of the
potassium superstructure. However, we did not ob-
serve any splitting in the optical branches at the

FREQUENCY (THz)
iy
ﬁ'\ T T T
|

KCaq
I . 8.8K 1

N 1 n 1 L 1
0 0.l 0.2 0.3
[qOO] T units : 4w//3a

FIG. 5. [¢00] transverse modes of KC,4, as measured
at 8.8 K. Note the mode splitting in the acoustical
branch, possibly due to alkali order-disorder transforma-
tion.

same wave vector. A limited number of scans over
this region for the acoustic branch at 110 and 150
K show that the splitting disappears with tempera-
ture not through a gradual reduction of the size of
the frequency gap, but by a general broadening of
the two-peak structure into a single peak. Although
it is tempting to associate the gap with the forma-
tion of the alkali superlattice, further analysis and
scans at more temperatures would be needed to sup-
port this interpretation.

Fig. 6 reproduces the initial slope of the acoustic
branch as determined at 8.8, 150 and 295 K. For
g <0.125 an overall increase of about 10% is ob-
servable between the highest and lowest tempera-
tures. Whether this rather large increase is a
smooth function of temperature and whether it is
due to the usual lattice anharmonicity, or instead
shows a sharp onset at the transition temperature,
needs to be explored in more detail in future studies.

IV. DISCUSSION

A first description of the bending modes in gra-
phite has been given by Komatsu.”’ In his semicon-
tinuum model the graphite layers are considered as
thin sheets of homogeneous matter stacked together
into an assembly of loosely bound plates. In the fol-
lowing discussion we extend this model to take into
account the ordered sequence of graphite and inter-
calate layers that occurs in AGIC’s. This simple
treatment of AGIC’s cannot replace more detailed
lattice-dynamical calculations, such as those of
Horie et al.,'* Leung et al.,”* and Al-Jishi and
Dresselhaus.!* However, it bears the advantage of
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FIG. 6. Temperature dependence of the TA [g00]
branch in KCy,.
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making transparent some important features of the
bending modes in these compounds.

In general, the bending modes have wave-vector
components g, as well as gy,q,, thus forming a
dispersion surface in reciprocal space. This is illus-
trated for the case of stage-1 CsCy in Fig. 7. The
phonon branches of Fig. 2 appear here as boundary
lines of the dispersion surface with either g, =0 or
q,=m/I,, as mentioned before. Figure 7 also in-
cludes a TA, branch taken at constant
q,=0.33(m/1,).

In- the general case of a stage-n compound the
dispersion surfaces may be described by the expres-
sion
n+1

2 lai|B;

i=1

1

©0Xqy ;) =Ags, +—— w1l

qx,y

+coz(q,) . 1)

Here the constant A is proportional to the macro-
scopic shear constant A =C,4/p and originates from
the interlayer interaction. p is the volume density.
The second term in Eq. (1) reproduces the well-
known ¢ dependence of the bending modes. B; are
the bending moduli of the graphite and alkali-metal
layers and the sum has to be taken over all n + 1
graphite and alkali-metal layers within the repeat
distance I, of a stage-n compound. |a;| are nor-
malized coefficients proportional to the eigenvec-
tors of the [001] longitudinal modes. Finally,
w,(q,) are the frequencies of the [001] longitudinal
modes with wave vectors ¢,. It may be noted that
the bending modes have a striking similarity to spin
waves in ferromagnets, where the spin exchange
operators J; play the role of the bending moduli B;.

CsCg
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FIG. 7. Phonon dispersion surface of CsC; spanned
by the [00g]L and T,[¢q00] phonon branches.

From Eq. (1) follow immediately some simple re-
lationships:

(i) The TA; modes are characterized by g, =0.
Since the planes are vibrating in phase, all |g;|=1,
and from Eq. (1) follows Eq. (2):
w2

2
9x,y

n+1

> B;

i=1

TAl

A plot of (coz/q,f,y )TAL vs q,f,y yields the shear con-
stant as intercept of the ordinate and the average
bending modulus as slope of the linear curve. In
Fig. 8 this plot is shown for most compounds stud-
ied and compared with similar data on pristine gra-
phite.2

At higher g, , values, deviations from the linear
relation (2) are observable, indicating the validity
limit of the semicontinuum ansatz (1). In order to
determine the intercept and slope with acceptable
accuracy, good data at small wave vectors are need-
ed. However, as mentioned before, this is the most
troublesome wave-vector region because of the rath-
er large mosaic spread inherent to low-stage gra-
phite intercalation compounds. Nevertheless, we
were able to deduce from the data the elastic con-
stants listed in Table I. Compared to pristine gra-
phite the shear constant C44 in stage-1 compounds
is smaller by about 25% and in stage-2 compounds
by a factor of 5—10. Thus, especially for stage-2
compounds, intercalation of alkali-metal layers
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FIG. 8. Phonon frequency of TA;[g00] modes plot-
ted as w?/q* vs g for pure graphite and alkali-
metal —graphite intercalation compounds. The solid
lines are least-square fits to the experimental points.
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TABLE I. Elastic moduli for shear (Cyy) and bending (B) derived, respectively, from the in-
tercepts A and slopes D of the lines in Fig. 8. Also see Eq. (2) and related text.

A (10" cm?/sec’)  p (g/cm®)®  Cyy (10" dyn/cm?® B (10~ cm*/sec?)
Graphite 1.740.2 2.26 3.84+0.4 2.55+0.15
KC;s 1.4+0.1 2.012 2.8240.2 1.66+0.1
CsCy 1.0+0.05 3.07 3.07+0.15 1.48+0.05
RbCys 0.20+0.1 2.19 0.44+0.2 2.48+0.1
KCp 0.45 1.98 0.89+0.2 2.45+0.15
2Reference 4.
b 1 n+1
B= B;.
n+1 El l

causes a dramatic softening of the macroscopic
shear constant. This observation is in very good
agreement with recent Raman scattering results on
rigid-layer shear modes of K and Rb AGIC’s.5~%
Also, in the stage-1 acceptor compound FeCl;-
intercalated graphite some softening of the shear
constant has been observed.?*

From the Raman scattering results®~% we know
that the soft shear constant in stage-2 compounds is
due to a very weak alkali-metal —graphite layer
shearing interaction. Assuming nearest-neighbor
interlayer interaction only, the interlayer shear force
constants obtained from the Raman shifts are relat-
ed to the macroscopic shear constant by

1 o €

Cu fo T F ®
Here c is the interior graphite layer spacing, ¢; the
graphite—alkali-metal — graphite package thick-
ness, f, the shear force constant between graphite
planes, and f; the shear force constant between
alkali-metal and graphite planes. With the use of
Eq. (3) we find reasonable agreement between the
Raman scattering results and the macroscopic shear
constant C, derived from the TA, branch. The
bending moduli of AGIC’s, also listed in Table I,
appear somewhat smaller than in pure graphite, al-
though the effect is not as dramatic as for the shear
constant.

(ii) At the zone boundary of stage-1 compounds
(q;=m/I.), |ay| =1 and |a, | =0 for the acous-
tic branch, and |ay | =0 and |a,, | =1 for the op-
tical branch. m and M refer to the smaller or larger
area-mass density of the planes, respectively. Thus
at the zone boundary the bending modes of graphite
and alkali-metal layers are decoupled. For instance,
the zone-boundary TA | mode of CsCy is determined
by the alkali-metal vibration only, since the alkali-
metal layer has the larger area-mass density,

whereas the zone-boundary TO, mode is due solely
to the graphite vibration. Similar arguments apply
for the other stage-1 AGIC’s, except that the role of
the zone-boundary TA | and TO, modes is reversed:
the lower branch being graphitelike and the upper
alkali-metal-like.

The alkali-metal-like branches are almost flat, in-
dicating that the bending modulus of the alkali-
metal layers is essentially zero. In the case of KCqg
and RbCyg, and at larger wave vectors g, ,, the flat
TO, branch has the tendency to cross the graphite-
like TA, dispersion curve, leading to a mode split-
ting and exchange of their character thereafter. For
the zone-center (g,=0)TO, branch |ay |
=|ay | =1 again, and apart from the term
w*(g,=0), this branch represents an image of the
acoustical branch.

(iii) In the case of the stage-2 compounds KC,,
and RbC,,, the TO, modes are of mixed graphite
and alkali-metal character. Nonetheless, the first
zone-center optical mode is predominantly deter-
mined by the large amplitude of the graphite layers,
whereas the second zone-center optical mode is al-
most entirely due to the alkali-metal-layer vibration.
This effect is more pronounced for the lighter po-
tassium layers than for the rubidium layers. As in
stage-1 compounds a crossover effect from alkali-
metal-like to graphitelike dispersion and vice versa
can be observed when both branches tend to cross.
(Compare Figs. 4 and 5.)

Apart from this qualitative discussion of the TA,
and TO; modes, the lattice-dynamical calculation of
Al-Jishi and Dresselhaus'* gives a rather good
agreement with our data on RbC,,. Their most
complete lattice-dynamical calculation on AGIC’s
to date requires only some refinements to obtain im-
proved fits for the other compounds too. There is
every reason to expect that eventually all the known
features of the lattice dynamics of AGIC’s, includ-
ing shear modes,® 8 in-plane intercalate modes,5 -9
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bending modes, and perturbed high-frequency
modes,!°~!! can be reasonably accounted for within
a unified lattice-dynamical model.

V. SUMMARY

We have measured and analyzed the layer bend-
ing modes in the layered structures of stage-1 and -2
AGIC’s. We found that the shear constants are
dramatically softened in stage-2 compounds, but are
already smaller in stage-1 compounds than in pure
graphite.. The bending modulus of alkali-metal
layers is almost zero, which is not completely unex-
pected. We have observed crossover effects from al-
kalilike to graphitelike optical-phonon branches,
and a mode splitting in the acoustic branch of
stage-2 KC,4, which may be related to the alkali-
metal order-disorder transformation.
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