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Phonons in the Graphite-Potassium Intercalation Compound C36K
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An inelastic —neutron-scattering study of the l001] L phonons in C36K shows, for the
first time, zone-folding effects along with frequency gaps between acoustic and optic
modes. Phonon dispersion and structure factors can be modeled by a linear chain with
two different masses and two force constants: Pt=8450 dyn/cm for the coupling of
graphite and potassium planes, and P2 ——2850 dyn/cm for the coupling between two adja-
cent graphite planes.

PACS numbers: 63.20.Dj, 61.12.Fy, 61.60.+ m

In recent years, graphite intercalation com-
pounds have attracted much research interest be-
cause of their unique properties as a test ground
for fundamental studies of electronic properties, '
dynamics, ' and of phase transitions' in quasi-two-
dimensional systems. In particular, our under-
standing of lattice dynamics has benefitted from
detailed infrared and Raman spectroscopy stud-
ies of graphite-alkali-metal and graphite-molecu-
lar compounds4 ' by Dresselhaus, Solin, and co-
workers. However, these studies are restricted
to infrared or Raman-active modes and provide
information only on q =0 phonons. Except for
early work by Ellenson et al. ,' a rigorous study
of the phonon dispersion in graphite intercalation
compounds by means of inelastic neutron scatter-
ing has been unavailable for two reasons: first,
the lack of large single crystals (which also re-
stricted the pure graphite study by Nicklow,
Wakabayashi, and Smith' to some particular
modes); and second, the achievement of satis-
factory homogeneity of large samples required
for inelastic neutron scattering.

In the following we report on a neutron spec-
troscopic study of the [001] L phonon branches
in stage-3 C„K. In this compound every third
graphite plane is followed by a potassium layer
in the ordered sequence along the hexagonal c
axis: A/ABA/ACA/A (capital letters refer to
graphite planes, solidi refer to potassium planes).
The [001] L modes are characterized by the vi-
bration of graphite and potassium planes along
the [001] direction, while the intraplanar distanc-
es of the atoms are not changed. Since these pho-
nons hre not sensitive to any stacking along the

e axis, stacking will be neglected in the following.
The measurements show, for the first time,

zone-folding effects along with the opening of fre-
quency gaps for [001] L phonons at the center and
at the boundary of the Brillouin zone (BZ), to be
described below.

We used pyrolytic graphite with a c-axis mosa-
ic spread of -O'. The sample had a volume of
about 50 cm' and was intercalated with potassium
in a two- stage furnace in the usual manner. "
The stage and the homogeneity of the compound
were determined by an elastic neutron (00l) scan,
shown in Fig. 1. From the position of the Bragg
reflections and the absence of diffuse scattering
between the (00l) reflections, we conclude that
the bulk sample is a pure stage-3 compound, with
a c-axis repeat distance of 12.07 A, in good agree-
ment with the literature. " The (00l) scan was re-
peated several times during the inelastic-scatter-
ing study to ensure stability of the sample com-
position.

The sample was mounted with its e axis in the
scattering plane. A cryostat allowed temperature
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FIG. 1. Elastic (00l) scan, measured at 300 K.
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FIG. 2. Dots represent measured phonon energies
for [001] L modes in C36K at 300 K. The phonon dis-
persion as calculated by a linear chain is given by full
lines. The dash-dotted lines show the phonon energies
in pure graphite (Befs. 9 and 12). For details, see text.

scans bebveen 78 and 300 K, although the majori-
ty of the spectra were taken at room temperature.
Constant-Q scans" were performed with use of
triple-axis spectrometers at the National Bureau
of Standards reactor with fixed incident energies
between 14 and 15 meV. The measured phonon
energies are shown in Fig. 2 in the BZ of C„K
(dots). For comparison, the corresponding pho-
non dispersion of pure graphite'" is also given
by dash-dotted lines. Here, we assume in anal-
ogy to C„K —a repeat distance of four (identical)
graphite planes. The artificial extension of the
graphite c-axis lattice constant causes a back-
folding of the [001] L phonon dispersion with four
branches in its smaller BZ. Note that three of
them have vanishing structure factors.

The salient features of Fig. 2 are as follows:
(1) Phonon spectra for the acoustical and two op-
tical branches could be observed it was not pos-
sible to measure an inelastic signal for the third
optical branch; (2) a mode splitting at the center
and boundary of the BZ could be measured direct-
ly—in Fig. 3 a neutron group showing the energy
splitting at the zone boundary is reproduced;
(3) for the three branches observed in C„K, the
phonons have up to 20% higher energies than the
corresponding energies in pure graphite"2; and
(4) an ezamination of the temperature dependence
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FIG. 3. Zone-boundary phonons, measured at Q

= {0,0, 4.5). Incident energy for this scan was 14.7
meV. The collimations from reactor to detector were
30'-12'-24'-40'.

showed that the lower part of the acoustical
branch decreases by about 10/o between 300 and
78 K.

A linear chain as shown in Fig. 4 provides an
adequate description for the [001] L phonons.
Two different masses represent the graphite and
alkali metal planes: My 3 25 amu for potassium
and M, =12 amu for carbon accounts for the cor-
rect areal mass densities in the planes. In the
model, we assumed only nearest-neighbor har-
monic interaction with force constants, p, and

p, for the C-K and C-C bonds, respectively,
representing the interplanar coupling constants.

Using only the two measured phonon energies
at q =0, we calculated y, = 3450~ 80 dyn/cm and

p, =2850+ 80 dyn/cm. Within the error bars, p,
is the same as measured for pure graphite, '"
demonstrating only minor influence of the inter-
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FIG. 4. Linear chain model for (001) L phonons in

C36K. @~=2.68 A and 6~ =3.35 A are the distances be-
tween C-K planes and C-C planes, respectively. c
=12.07 A is the repeat distance in C36K, disregarding
any stacking.
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calated layer beyond the direct neighbor planes.
p, is about 20% larger than p, . This agrees well
with a change for cp, of 19'%%uo with respect to p,
from compressibility measurements" on stage-1
C,K (corrected for the same number of atoms in
the planes as in stage 3).

Using the above values for p, and p„we cal-
culated the phonon dispersion and the neutron in-
elastic structure factors. The Debye-Wailer fac-
tor was not taken into account. The scattering
lengths used were 0.37&&10 "cm for potassium
and 0.66&10 "cm for carbon.

The calculated phonon dispersion, as shown by
full lines in Fig. 2, agrees very well with the
measured phonon energies and reproduces the
energy gap at the BZ boundary very well. The
model also predicts a third, almost dispersion-
free optical branch at 25 meV separated from the
second optical branch by an energy gap of about
10 meV. The displacement pattern associated
with this branch is characterized by a large and
predominate amplitude of the light potassium
planes. Nevertheless, their structure factor is
very weak, mainly because of the smaller in-
plane concentration and lower coherent scattering
length of potassium as compared with carbon.
Even for a favorable wave-vector transfer, the
structure factor of the third optical branch is re-
duced by a factor of 40, compared to the struc-
ture factor for the lower-energy peak in Fig. 3
and, therefore, could not be measured.

We wish to point out that the observed intensity
variation of equivalent phonon groups measured
around different reciprocal-lattice points always
followed the calculated structure factors. Within
the model the intensity ratio of the two phonons
in Fig. 3 can also be explained. Fitting the spec-
trum with two Gaussians and taking into account
the instrumental resolution, we find an intensity
ratio of 2.5:I, compared to a ratio of 2.8:1, pre-
dicted by our model.

In conclusion, we have measured the [001] L
phonon energies in C„K. A linear-chain model

with two different masses and only harmonic
nearest-neighbor interactions reproduces the ob-
served acoustical and optical branches, including
the energy gaps at the BZ center and boundary,
as well as the structure factors for the phonon
groups.
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