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Neutron spectroscopy of phonons in stage-1 rubidium-intercalated graphite
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Neutron scattering measurements have been carried out on the graphite intercalation compound
RbCS. Phonon dispersion curves were measured for c-axis longitudinal modes and for some trans-
verse branches with wave vectors in the basal plane and polarization out of plane. For the latter,
there is a strong deviation of the dispersion relation from that of pure graphite. In addition, a par-
tial phonon density of states was determined for intercalate (Rb) vibrations by in-basal-plane inelas-

tic scattering. Our analysis shows that a two-dimensional (2D) Born —von Karman model with

nearest-neighbor Rb-Rb force constants cannot account for the intercalate mode spectrum. A
three-dimensional model in which the Rb-Rb forces are due to an unscreened Coulomb interaction
agrees well with the data, implying that conduction-electron screening of the Rb-ion motions is sub-

stantially reduced in RbC8 relative to Rb metal.

I. INTRODUCTION

The highly unusual structural and electronic charac-
teristics' ' of graphite intercalation compounds manifest
themselves strongly in the physical properties of these ma-
terials, and the phonon properties are no exception. In the
present paper we report a study on the lattice dynamics of
the compound RbC8 by inelastic neutron scattering. In
general, most of the vibrational modes in such a solid can
be described as graphite derived or intercalate derived.
Since the Rb atoms are relatively massive and weakly
bound, most of the low-frequency motions are alkali-
metal-like. However, because of the weak interlayer bind-

ing, some low-frequency graphitelike motions also exist,
and for some modes there is a strong coupling or hybridi-
zation between the Rb-like and C-like motions. The dis-
tinguishing feature of this coupled motion is that out-of-
plane atomic displacements are involved, thus bringing the
weakness of the interlayer forces into play. The [001]L
(longitudinal) rigid-layer modes, and the transverse modes
with q vectors in the plane, but displacements out of plane
(hereafter denoted [100]Ti, or simply Ti), represent the
basic motions of this type, other similar modes being
describable as combinations of these two kinds of pho-
nons. The [001]L modes of alkali-metal graphite inter-
calation compounds (AGIC's) have been extensively stud-
ied by Zabel and Magerl. The [100]T&modes, on the oth-

er hand, have not been investigated in detail up to now,
our present study on such modes being one of the first of
its kind. In contrast to Ti modes, for phonons involving
in-layer displacements, the motions of alkali-metal and
carbon atoms are generally decoupled, mainly because of
the much stronger in-plane forces between C atoms. For
the alkali-metal-like in-plane modes, we have been able to
measure a partial phonon density of states which
comprises those alkali-metal-like modes with both phonon
wave vector and displacements parallel to the basal plane.

The primary goals of the present investigations are (i) to
obtain a comprehensive picture of the low-frequency pho-
non spectrum of RbC& and (ii) to obtain information about
the metal-m. etal and metal-carbon interactions which
determine this picture in RbC8 and the many related
AGIC's. A noteworthy feature of this class of com-
pounds is the occurrence of order-disorder phase transfor-
mations within the intercalate substructure. The exact na-
ture of the ordered and disordered phases has been the
subject of some controversy. One point of view is that
the intercalate in the disordered phase is liquidlike above
the transformation temperature, and solidlike below it.
The transformation itself is thus regarded as a kind of
sublattice melting, perhaps quasi-two-dimensional in na-
ture for high-stage materials. Knowledge concerning the
nature and magnitude of the M-C (metal-carbon) and C-C
interactions should be of value in forming a more accurate
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picture of the transitions. A more complete description of
the lattice spectrum at low phonon energies should also
account for the low-temperature heat capacity, which has
recently been measured, " and given enough understand-
ing about the electron-phonon interaction, the phonon
spectrum can be used to calculate the electrical conductivi-
ty (at least in principle}. Substantial progress in calculat-
ing the phonon spectrum ' for GIC's has recently been
made, and calculations of the resistivity due to electron-
phonon scattering have also been carried out. "

II. EXPERIMENT
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The sample was prepared by the usual two-bulb vapor-
transport method. ' ' The large size of the sample
(1.1 g 1.I )& 5 cm ) necessitated a long intercalation time of
about 10 d, although somewhat larger samples have subse-

quently been prepared by Zabel' in shorter times. Ap-
parently, surface conditions and graphite starting material
are important in determining the conditions and time re-
quired for intercalation. The starting material used for
our sample was Union Carbide grade ZYH pyrolytic gra-
phite, which has a somewhat larger mosaic spread than
highly oriented pyrolytic graphite (HOPG), approximately
4' full width at half maximum (FWHM) rather than less
than 1'. However, since the mosaic spread invariably be-
comes worse upon intercalation to a stage-1 AGIC, the use
of ZYH pyrolytic graphite as opposed to HOPG is not as
disadvantageous as one might imagine. Our RbC8 sample
had a final mosaic spread of O' FWHM, and was consider-
ably exfoliated after being intercalated. With more careful
sample preparation, descending slowly in temperature
through higher stages, it is probably possible to avoid ex-
foliation and thus to produce stage-1 AGIC samples with
mosaic spreads very slightly larger than in the starting
ZYH graphite, whereas even with HOPG, large stage-1
samples with mosaic spreads less than -2—3' are difficult
to prepare. For high-stage compounds or smaller sample
sizes, where lesser strains are involved, the use of HOPG
is to be preferred. The effect of large mosaic spread on
the phonon measurements on RbC8 is discussed in Secs.
III and IV.

The sample was characterized' with respect to stage
purity and intercalate ordering via (001) and ( —,

'
Ol) elastic

neutron-diffraction scans. The former revealed only
instrumentally-sharp stage-1 peaks, and no peaks of gra-
phite or higher-stage compounds, to within a sensitivity of
approximately 3)& 10 in relative intensity. The stage
purity of the sample is evidently very good. Our ( —,'01)
scan, shown in Fig. 1, is similar to that obtained after
high-temperature annealing by Ellenson et al. ' The
( 20l) scan is sensitive to the three-dimensional stacking
order, whereas the (OOI} scan is not. We conclude that our
sample has the usual' apy5 stacking order for the Rb in-

tercalate in RbCs, without requiring high-temperature an-
nealing. The larger widths for Qz&0.5 in Fig. 1 are
merely due to mosaic spread, but significant broadening
above resolution for Qz & 0.5 is also present, probably aris-
ing from stacking faults in the Rb substructure of a simi-
lar nature to those observed in KC2q by Hastings et al. '

In contrast, the (001) peak widths were not broadened, in-

0.5 1.0

0 (2~x Zc}

0.0

FIG, 1, Elastic ( —,OI) diffraction scan.
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FIG. 2. Measured phonon dispersion curves for RbCS.

dicating relatively few faults due to imperfect staging.
Stacking errors in the apy5 sequence have also produced
displacements in the peak positions near 1 = —,, —,, 4, and
—,
'

in the ( —,01) scan of Fig. l.
The reason why our sample had apy5 stacking' in its

"as-prepared" condition, while the sample of Ref. 15 did
not, is not obvious since our sample preparation method is
not likely to be very different from that of other workers.
As usual, our sample w'as cooled rather quickly after re-
moval from the oven. However, because of the large size
of our sample, the cooling rate was probably much slower
than is typically the case for the smaller samples used in
other experiments.

The convention used for indexing Bragg peaks and for
phonon wave-vector units throughout this paper derives
from labeling the (00l) peaks as (001), (002), . . . , consecu-
tively, and the first strong in-layer graphite Bragg ring as
(100). This implies wave-vector units 2n./I, =1.11 A ' in
the z direction, and 4ir/W3a=2. 96 A ' in the basal plane,
where I, =5.64 A is the interlayer Rb-Rb spacing, and
a=2.45 A is the graphite single-layer lattice parameter.
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Our convention does not correspond to the primitive unit
cell, which is defined by entirely nonorthogonal vectors
t i

——(0,2a,O), t z ——( —v 3a,a, O), and t i ——( —(t/3/2)a,
a—/2, 2I, }. However, our choice is more convenient ex-

perimentally and for purpose of comparison with other
phonon data.

The neutron scattering measurements were carried out
mostly on a triple-axis spectrometer operated by Ames
Laboratory at the Oak Ridge Research Reactor, ORNL.
Some data were taken on a triple-axis spectrometer at the
High Flux Isotope Reactor, ORNL. In both cases, the
(002) planes of graphite were used as monochromator and
analyzer. A fixed scattered neutron energy EF——3.3
THz=13.6 meV was used throughout, with pyrolytic gra-
phite filters between sample and analyzer to eliminate or-
der contamination. Constant-Q scans were always used
for the phonon measurements. Most of the measurements
were made with the sample still in its glass intercalation
vessel.

III. RESULTS: PHONON DISPERSION

A neutron scattering study on RbC8 has previously been
reported by Ellenson et at. ,

' who studied (i) [001]L pho-
non dispersion and (ii} the c-axis stacking order of the Rb
layers at two temperatures, approximately 290 and 730 K.
In the present investigation we performed measurements
only at temperatures T(295 K, and concentrated on as-
pects of the lattice dynamics not previously explored, i.e.,
intercalate modes and [100]Ti modes. We also repeated
the [001]L room-temperature phonon dispersion measure-
ments, since these phonons could be measured convenient-

ly and rapidly. The frequencies are generally in good
agreement with Ref. 15; the only perceptible difference
occurs for the modes near 3.5 THz at the I point in Fig.
2, where instead of the broad distribution reported in Ref.
15, we observed only a single, relatively sharp peak. The
[001]L data for RbCs can be fitted rather well with a
first-nearest neighbor, one-dimensional Born —von
Karman model, regarding the planes along the c axis as a
linear diatomic chain. The fit is not quite as good as in
the case of pure graphite, ' where a similar model fits the
data within experimental error. Departures for our model
are small (hv/v-0. 03) but significant. From our data
alone, one might conclude that first-nearest-neighbor
interplanar forces strongly predominate, with small but
non-negligible forces to more distant planes. It might be
noted, however, that when compared with the extensive
data of Zabel and Magerl for the [001]L phonon disper-
sion in many AGIC's, RbC8 stands out as the only case
where such a simple picture accurately accounts for exper-
iment. This is somewhat incongruous, since the similarity
of RbCS, KCS, and CsCS suggests that the physics under-

lying the lattice dynamics should be much the same in the
three cases. The possibility exists that the apparent
predominance of nearest-neighbor interplanar forces in the
RbCs case is an artifact of oversimplified analysis.

On the left-hand side of Fig. 2, the [001]Ldispersion re-
lation is plotted in a manner corresponding to the actual
dimensions of the Brillouin zone produced by aPy5 stack-
ing. Since the primitive cell contains atoms in four adja-
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FIG. 3. The )&'s indicate Q vectors used to measure [001]L
modes (A), [100)T, modes (B), and intercalate modes (C).

cent layers (two Rb and two C layers), there are four
branches to the [001]L dispersion relation. The conven-
tion used here differs from that adopated in Refs. 4 and
15, where a single graphite —alkali-metal bilayer is con-
sidered as a unit cell, giving rise to only two branches.
Our four branches are, of course, merely these two
branches folded once along c'.

The [001]L dispersion relation comprises the only pho-
non branches which can be measured entirely without am-

biguity, "if a pyrolytic-graphite-based sample is used. For
these and only these modes, the neutron wave-vector
transfer is directed along the common aligned c axis of the
crystallites, and one can use the identical method applic-
able to single-crystal samples. Substantially more infor-
mation can be obtained with an only moderately increased
degree of ambiguity, if the characteristics of graphite are
taken into account, viz. , the strongly layered nature of gra-
phite and elastic isotropy in the basal plane. The possibili-
ties were extensively explored in the case of pure graphite
by Nicklow et al. In the present investigation we at-
tempt a similar exploration for RbC&, focusing on those
aspects which differentiate the intercalation compound
from pure graphite.

As shown by Nicklow et al. ' for the case of pure gra-
phite, even with a pyrolytic graphite (PG) sample, it is
possible to measure the TAz and TO& phonon energies as
sharp peaks in the neutron spectra because of the near iso-
tropy of the dispersion relation in the basal plane. The re-
sults of analogous measurements on our PG-based RbCS
sample are displayed on the right-hand side of Fig. 2.
Typical wave-vector transfers Q employed in the

constant-Q scans are indicated as 81 and B2 in Fig. 3.
The middle branches in Fig. 2 were measured along B2,
whereas the highest and lowest-frequency branches were
measured along B1. We stress that even though we desig-
nate these branches as [100]T&for the sake of convenience,
these are dispersion relations averaged over all directions
in the basal plane. For pure graphite, Nicklow et al. '

found it possible to trace such average dispersion curves to
the Brillouin-zone boundary at (=0.5(4m/v 3a). For
RbCs, we found that measurements up to q
=0.25(4m/W3a) were feasible, corresponding to the zone
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boundary of a 2&2 Rb layer. Probably, graphitelike
modes can be observed at even larger wave vectors

q&&q, but reliable data on the coupled Rb-graphite
motion were found to be restricted to q &q~. The TAi
branch is very different from pure PG, as shown in Fig. 2.
In pure graphite the Tz phonons are essentially intraplanar
modes, with energies determined mainly by the strong in-

plane bonding of the carbon nets. Since it is unlikely that
the C—C bonding is very different in RbCs, large vibra-

tional amplitudes for the Rb atoms at these low frequen-
cies are implies. Qualitatively, the situation is reminiscent
of low-frequency resonant modes of heavy atoms in a ma-
trix of lighter atoms, ~here strong perturbation of the host
1attice frequencies occurs mostly at low frequencies and is
largest at some fairly well-defined resonant frequency.
The analogous frequency for out-of-plane vibrations of Rb
in RbC8 ~ould be about 3 THz. This co~responds to the
[001]L, )=0.5 zone-boundary frequency, in which only
the Rb atoms move, alternate Rb layers vibrating 180' out
of phase against each other. From another point of view,
the deviation from graphite tends to be largest at wave
vectors near the new zone boundary due to the 2 &2 super-
Iattice formed in each Rb layer. Thus the degree of cou-
pling for Rb and C out-of-plane motions should be
greatest near a frequency of 3 THz and a wave vector

q~ q, as suggested by the appearance of our experimen-
tal dispersion curves for RbCs.

Perhaps the most interesting feature of the [100]TAi
mode in graphite is the tendency for u-q behavior at
low q, i.e., a parabolic rather than a linear dispersion rela-
tion. An isolated thin sheet of homogeneous matter would

indeed have such a dispersion curve for Tz modes.
Graphite represents the closest realization' in the solid
state to such behavior, which is also apparent to a lesser
extent, in MoS2 and other layered compounds. ' The ef-
fect of interlayer coupling is to produce a finite slope as

q~0, so that the small-q dispersion relation has the form
~ =aq +bq, where a and b arise from interlayer and in-

tralayer force constants, respectively. The slope of the
dispersion curve as q~0, i.e., va, is a measure of
(C44/p)', where C44 is the elastic constant related to a
shearing motion of rigid parallel layers. The q~0 slope
of the [100]TAi branch is the same as that of the [001]TA
branch. This leads to the possibility of measuring C44 by
neutron scattering. Ultrasonic methods have so far had a
very limited application2 to AGIC's from which, to our
knowledge, no estimate of C44 have been made. Very re-
cently, estimates of the shearing elastic constant have been
made for RbC44, KC8, KC24, and CsC8 by Zabel et al.
through analysis of neutron scattering measurements in
which HOPG-based samples with 2—3' mosaic spread
were used. Unfortunately, the 6 mosaic spread of our
RbC8 sample is somewhat too large to permit a reliable es-
timate of C44 at present. In the AGIC's studied by Zabel
et a/. it was found that C44 was much
softer in RbCz& and KC2q than in pure graphite, by at
least a factor of 4 or 5. A smaller but still substantial
softening is present for the stage-1 compounds CsCs and
KC8. Thus it is likely that C44 is also somewhat smaller
in RbCS than in graphite.

Lattice dynamical models for graphite intercalation

compounds have recently been formulated by Leung
et a/. , Al-Jishi and Dresselhaus, ' and by Horie et al.
The calculations of Horie et a/. for KC& and RbC& em-

ployed a Born —von Karman model with ten force con-
stants, of which six are related to the intralayer forces in

pure graphite and are likely to be very reliable for the pur-

pose at hand. Two others are related to the C-K interlayer
interactions, and the last two to K-K intralayer forces.
The former were fitted to the [001]L neutron scattering
data of Ellenson et al. ' on RbC8 and assumed to be the
same for KCs, whereas the latter were identified with

force constants in pure-K metal, in the absence of other
information. The calculation of Horie et al. accounts
qualitatively for some Raman scattering observations on
the perturbation of graphite-derived modes. The calculat-
ed frequencies for the low-frequency zone-center modes
polarized parallel to c lie somewhat higher than the neu-

tron measurements. For 8&~ and Bi„modes, the calcula-
tion gives 6.09 and 7.26 THz for KCS, and 4.89 and 6.78
THz for RbCs, whereas the corresponding neutron-
measured values are 5.08, 5.98, 3.50, and 4.66 THz,
respectively. It thus appears that the carbon —alkali-metal
interlayer force constant should be decreased somewhat in

the calculation. Also, the alkali-metal —alkali-metal in-

layer force constants should be increased substantially, in
view of our data on intercalate modes described below.
Undoubtedly, if these simple numerical adjustments were

made, much better agreement with neutron experiments
(Refs. 15 and 4 and the present study) would be obtained.

Whereas Ref. 9 represents a relatively simple calculation
for two specific stage-1 compounds with the same crystal
structure, the calculations of Al-Jishi and Dresselhaus'
(AD) constitute a more ambitious effort to account for a
wide variety of data on the lattice modes of many AGIC's,
including higher-stage compounds with complicated
and/or disordered structures. These calculations achieve a
great deal of success in describing Raman scattering,
sound velocity, [001]Lneutron, and specific-heat measure-
ments. In order to avoid the difficulty of considering the
ill-defined or unknown in-plane structures of some
AGIC's, AD assumed that each unit cell of a stage-n com-
pound contained only one intercalate atom and 2n carbon
atoms. For modes which are mainly graphite derived, or
for those in which the intercalate layers move as rigid
units (i.e., low-frequency [001]L and [001]T branches),
this assumption allows a convenient, accurate, and fruitful
approach to the lattice dynamics of AGIC's. Its conse-
quences for modes in which the intercalate substructure
may be more important (e.g., [100]Ti and intercalate
modes) have yet to be determined, but there is good agree-
ment with neutron data on RbC24. Since the calcula-
tions were made without taking the most recent neutron
data into account, it is not surprising that there are at
present some points of discrepancy between the AD calcu-
lations and experiment. Like the model of Hone et al. ,
however, some attempt to adjust model parameters needs
to be made before a definitive comparison with experiment
is possible. Also, comparison of the Horie and AD
models with similar force-constant parameters should
shed light on the question of the effect of intercalate sub-

structure on phonon dispersion.
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IV. INTERCALATE MODES

In contrast to the out-of-plane modes, which generally
reflect strongly-coupled Rb-C motions at low frequencies,
the in-plane motions of RbC8 are largely decoupled, be-

cause of the very great difference between in-plane C-C
and Rb-Rb forces. Of course, there must be a region of
small q and co wherein the acoustic mode character is such
that C and Rb atoms move in phase. However, for in-

plane motion, this region is rather small, with q„„(0.03
(4n./V 3a), and the large majority of in-plane modes can
be regarded as almost purely graphitelike or Rb-like. As
described in a previous publication, ' the method for
measuring these modes is to direct the wave-vector

transfer Q in the basal plane, and to make constant-
~
Q ~

scans for a number of values of
~ g ~

to obtain a good
averaging over the in-plane intercalate phonon density of
states. This method is essentially the same as that
used to determine the phonon density of states of three-
dimensional (3D) polycrystals, except that in the case of
PG-based RbC8, we are dealing with a two-dimensional

(2D) polycrystal, i.e., one with random crystallite orienta-
tions only within a plane. The phonon density of states
that we thus determine is a partial phonon density of
states in the sense that only phonons with wave vectors
and atomic displacements in the basal plane are represent-
ed. The method is also rather similar to that used by
Taub et al. to study the dynamics of Ar monolayers ad-
sorbed on the c surface of graphite, except that the PG-
based material used here is much more highly oriented
than the exfoliated Grafoil material used in the adsorbate
investigations. The low incident energy and lack of high
orientation did not permit the determination of a phonon
density of states for Ar monolayers on Grafoil. However,
by comparing their data with appropriate calculations for
a 2D Born —von Karman model, Taub et al. showed that
the phonons were like those of a 2D solid with force con-
stants determined by the same Lennard-Jones pair interac-
tion as in Ar gas. Out-of-plane dynamics were dominated
by a resonant mode of the heavy Ar atoms, a situation
reminiscent of out-of-plane modes in RbCs, as described
in Sec. III.

The experimental method of in-plane scattering used
here implicitly tends to regard the intercalate layers as 2D
solids, in that we do not look at modes with wave vectors

q with out-of-plane components. That is, the partial pho-
non density of states (PDOS) that we determine is not sim-

ply the eigenvector-projected PDOS, which would be, us-

ing e for phonon eigenvectors, a 3D Brillouin-zone sum

g~(v)= g [e„(Rb,j)+e~(Rb,j)]5(v vj) . (1)—
Jexey&s

Rather we measure g„'z(v), a similar but not identical func-
tion which excludes the sum over q„setting q, =0. For
the case of completely rigid graphite layers and no force
constants connecting neighboring Rb layers, the two func-
tions would be the same. In practice, since g~~(v) is a set
of zero measure, some relaxation of the restriction q, =0 is
necessary in order to obtain a finite neutron scattering
cross section. Thus the function we obtain includes modes
with q, lying between limits +q, '" determined by instru-

m.ental q resolution, and more importantly, by the mosaic
spread of the sample. The out-of-plane angular accep-
tance due to these factors is about +3', implying

q, '"=0.07 A '. Since this is much less than
(2m/1, )=1.1 A ', the wave vector characterizing the
correlated motion of nearest-neighbor Rb planes, the func-
tion we determine is an accurate representation of g„'~(v).

Several scans with 4.0&Q&4.7 A ' were made, and
the sum was used to obtain the PDOS shown in Fig. 4. At
these low phonon energies, there is very little response
from the graphite layers, as shown experimentally by a
similar scan on pure pyrolytic graphite, which gave only a
gently sloping, featureless spectrum which was subtracted
as background from the RbCS spectrum. Dividing the
background-corrected spectrum by the factor
[[exp(Phv)] '+ 1]/v in the one-phonon neutron scatter-
ing cross section yields the PDOS in Fig. 4. The non-
response of graphite is to be expected from the very strong
forces opposing in-layer C displacements within a graphite
layer. The dispersion curves for pure graphite' show that
no graphite phonons below 4-THz energy can be excited
with in-plane scattering geometry except within a distance
in reciprocal space of 0.1 A to a graphite Bragg ring.
Such rings were explicitly avoided in choosing Q values
for the scans. The distance of closest approach to a ring
was 0.4 A '. Hence no graphite response was expected,
nor observed.

The general appearance of the PDOS is roughly what
one might expect for a 2D solid comprising an individual
intercalate layer, the lower- and higher-frequency peaks,
of roughly equal weight, being the in-plane transverse and
longitudinal components of the PDOS. However, the sim-

plest analysis that can be made by regarding each Rb layer
as a 2D solid does not permit an adequate fit to experi-
ment. Assuming a 2D Born —von Karman model for a
triangular lattice with nearest-neighbor (NN) radial force
constants a yields the PDOS shown in Fig. 5. The trans-
verse peak is too high in energy, and when resolution is
folded in the minimum between the peaks is too shallow.
Even if a second parameter vo, representing the C-Rb in-

teraction, is introduced, the best fit (Fig. 4) is not in good

~ II ~
~

I ll

I

FREQUENCY v(THZ j

FIG. 4. In-plane partial phonon density of states for inter-
calate modes in RbC8 at room temperature, compared with 2D
Born —von Karman model (NN) and Coulomb force model (C).
Both model spectra have been broadened with a Gaussian of 0.5
THz FWHM to account for resolution and anharmonicity.
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FIG. 5. Top: phonon density of states for a 20 Born —von

Karman model ( ), including interaction with graphite

( ———), and broadening due to resolution and anharmonicity

( - - . ). Bottom: similar curves for Coulomb force model.

agreement with experiment. The parameter vo has a sim-

ple interpretation. It is the frequency for in-plane vibra-
tions of an Rb atom when the Rb-Rb interactions are
turned off. It hence represents the curvature at the bot-
toms of the depressions in the potential surface for an Rb
atom due to the bounding carbon layers. A lower cutoff is
created at vo supressing the g (v)-v low-v behavior of the
2D solid. This improves agreement with experiment at
low v but worsens it at higher v, squeezing the transverse
peak further toward the longitudinal peak. The effects of
vo and instrumental resolution on the PDOS are shown in
Fig. 5 (top).

The inadequacy of the 2D Born —von Kirmin model
implies that longer-range forces need to be included. An
improved fit could certainly be obtained by introducing
more adjustable parameters to represent these forces, but
the validity of such a fit in the absence of more detailed
information (phonon dispersion rather than just a PDOS)
is questionable. In the following we show that a long-
range 3D force model can be constructed without intro-
ducing more adjustable parameters, and with a well-
defined physical interpretation. We identify three contri-
butions to the dynamical matrix of the Rb sublattice.
First, there is the Coulomb interaction between Rb+ ion
cores, in a uniform neutralizing negative background, giv-
ing a contribution which can be computed to infinite
range by the standard method of Ewald summation. i' Al-
though the background is usually assumed to be three-
dimensionally uniform in such a calculation, since the
modes in our PDOS involve only in-layer displacements,

we are actually only assuming that it is uniform in the a-b
plane. Second, there is the C-Rb interaction, which we

represent again by the single parameter vo, simply adding
m Rqvo to the xx and yy components of the dynamical ma-

trix. Third, the screening of the Rb-ion motions by the
conduction electrons and by the polarization of the ion
cores gives a contribution which depends on the details of
the electronic structure and is consequently more difficult
to calculate. In fact, for the lattice dynamics of most sim-

ple metals and transition metals, this screening contribu-
tion is considered to be the only nontrival one, since the
Coulomb part can be evaluated exactly. In our calculation
we neglect this third contribution entirely and yet achieve

good agreement with experiment.
The expressions used for the Ewald sum were those

given by Cohen and Heine in Ref. 31. At each of 200
wave vectors q in the basal plane within the irreducible
zone, the summation was carried out over 124 reciprocal-
lattice vectors and 124 real-space lattice vectors. Each fre-

quency was weighted with (e„+e„) to project out only
motions parallel to the basal plane. In order to »mplify
the calculation somewhat, an aPy stacking order of the
Rb layers was assumed, instead of the actual aPy5 order-

ing, reducing the structure of the Rb sublattice to a mona-
tomic rhombohedral structure. Otherewise an Ewald surn-

mation for a diatomic lattice would be necessary. Since
the stacking sequences only differ in the fourth-
neighboring Rb planes, a negligible effect on the frequency
distribution is expected. ~c note that thc summation is
fully three dimensional. The calculated partial PDOS
functions, with and without the C-Rb interaction, are
shown in Fig. 5. The lower-frequency peak is still the
transverse, in-plane phonon peak of the Rb sublattice. In-
clusion of the C-Rb interaction shifts its position from 0.7
THz to (vo+0.49)'~ =1.4 THz, taking vo ——1.2 THz.
Thus our only adjustable parameter vo in this model has
been used to fit the frequency of the transverse peak.

In the absence of the C-Rb interaction, the upper, longi-
tudinal peak occurs very nearly at the ion plasma frequen-
cy vz ——e/(nmai, V)' =2.10 THz, where V is the volume
per Rb ion, shifting to (v~+vo)' =2.42 THz when the
previously fitted value, vo ——1.2 THz, is taken. No addi-
tional fitting is involved here; the frequency of the upper
peak and the deep minimum between peaks arise naturally
from the calculation. The conclusion from the good
agreement between this Coulomb force model and experi-
ment is that conduction-electron screening is a much less
important factor in determining the intercalate mode
PDOS in RbCs than is usually the case for good metals.
We do not mean to imply that the loss of screening is to-
tal, but only that its effect on most of the phonons is not
large, so that the intercalate mode PDOS is not strongly
modified. At loiig plioiioii waveleiigths (q ~0), tlie
Coulomb contribution must be exactly canceled by the
screening contribution, since the conduction electrons will
readjust so as to nullify the nearly macroscopic electric
fields arising from the ionic displacements. Strong effects
due to screening are visualized as being confined to a re-
gion q~ &q~ in RbCs, where q~ is the component of the
phonon wave vector in the basal plane. The fraction of
longitudinal pllonons subject to scrccning is tlMn appI'oxi-
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mately r =(q lqs), where qs is a typical zone-boundary
wave vector. Experiments on phonon dispersion in heavi-

ly doped semiconductors have demonstrated that in
those materials q =2kF. Although the details of the elec-
tronic structure ' ' of stage-1 AGIC's remain a subject
of controversy, especially concerning the existence of an
s-like alkali band, there is no doubt that any reasonable set
of bands will generate some in-plane Fermi-surface
calipers with 2k~-qb, i.e., on this basis r -1 and all long-
itudinal in-plane phonons should be affected by screening.
In typical metallic elements and alloys, 2kF ))qb and all
longitudinal phonons are affected by screening to an ex-
tent that is dependent not merely on the dimensions of the
Fermi surface, but mainly on the conduction-electron con-
centration, as shown in Table I. The effect of screening
on the Rb motions in RbCS is apparently somewhat less
than for pure Rb metal, which has the same conduction-
electron —Rb-atom ratio. Most probably, this behavior ar-
ises because the conduction electrons now reside partially
or wholly on the graphite layers, and furthermore the elec-
tronic structure is much more anisotropic than in Rb, both
factors tending to limit the electronic response to ion dis-
placement. Thus to some extent the lattice dynamics of
RbC8 are reminiscent of an ionic solid, even though it is a
very good metal from the conductivity viewpoint.

V. SUMMARY

Detailed observations on the low-frequency lattice
modes in RbC8 have been carried out by neutron spectros-
copy. The appearance of the phonon dispersion curves for
layer "rippling"-type Tz phonons implies a strong cou-
pling between the graphite-layer motions and alkali
motions. Graphite and intercalate are effectively decou-
pled in the case of the intercalate modes, which involve
Rb motions parallel to the layers. The measured inter-
calate mode phonon density of states can be accurately ac-
counted for by a simple 3D Coulomb-force model, in
which conduction-electron screening of the ionic motion is
neglected.

As for prospects for future experiments, it would be of
interest to follow the phonon behavior as a function of
temperature through the order-disorder phase transforma-
tion, ' ' ' which should occur at temperatures in the range

TABLE I. Number of conduction electrons per atom and ra-
tio of maximum phonon frequency v~ in simple metals and in
RbCs.

Pb Al Na RbCs

ne

Vmax

Vp

0.20 0.30 0.53
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300—500'C depending on the external vapor pressure. '

The transformation involves not only disordering, but also
expulsion of some Rb from the sample to produce less-
dense intercalate layers, and significant changes in the in-
tercalate phonon properties should result.

Further analysis of the existing results in terms of a
more comprehensive model, to account simultaneously for
Tj modes, intercalate modes and other known features of
the vibrational spectrum, is desirable, but lies somewhat
beyond the scope of the present article. Incorporation of
neutron scattering data from this experiment on RbCs,
and similar data on other AGIC's into models like those
of Refs. 9 and 10 should be attempted. This should even-

tually lead to a definitive understanding of the lattice vi-

brational spectra of alkali-metal —graphite compounds.
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