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Multiphonon response in corrugated two-dimensional systems
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The vibrational density of states associated with the in-plane dynamics of intercalants in graphite in-

tercalation compounds obtained from inelastic-neutron-scattering (INS) measurements shows a charac-
teristic two-peak structure. Using molecular-dynamics simulations of screened Coulomb systems on a
strongly corrugated substrate we show that the high-frequency peak is due to two-phonon response, thus

providing a correct understanding of the INS experiments. The temperature and q dependence of the in-

coherent dynamic structure factor confirms our picture.

Intercalants inside host layers and atomic overlayers
on substrates exhibit a rich variety of structures depend-
ing on the size of the intercalants (or atoms}, planar den-
sity, and the strength and period of the host (or substrate)
corrugation potential. ' In particular, melting and dy-
namic properties of systems that show an incommensu-
rate ground-state structure have been of considerable ex-
perimental and theoretical interest. ' For melting, one is
interested in the physics underlying domain and domain-
wall melting, ' ' and in the existence (in certain systems)
of the fluid phase even at zero temperature. As regards
dynamics, a fundamental question is how the in-plane vi-
brational modes reflect and probe the discommensuration
structure and intercalant-intercalant and intercalant-
substrate interactions. Here we address this question,
using alkali-metal intercalants inside graphite layers as
our model system, and the versatility of molecular dy-
namics (MD) simulations.

Stage-n graphite intercalation compounds (GIC's) are
characterized by a stacking sequence of n graphene layers
and an intercalant layer. The most extensive neutron-
scattering experiments to probe intercalant dynamics
were carried out by Kamitakahara and Zabel (KZ) in
alkali-metal GIC's. ' KZ proposed an unscreened
Coulomb interaction model for the alkali-metal inter-
calants to explain the observed double-peak structure in
the in-plane vibrational density of states g(v) they ob-
tained from the experimental dynamic structure factor
S(q, v). This unscreened Coulomb interaction picture is
in conflict with the screened Coulomb' model proposed
for these systems, and found to be successful for RbC24 in

explaining the static structure factor (both in the
liquid" ' and the solid phases' ), the solid-liquid phase
transition of the intercalants, ' ' and the low-frequency
dynamics in the liquid phase. ' '

KZ extracted the phonon density of states (PDOS) g(v)
from S(q, v) using the relation g(v) ~ [n(v)+1]S(q,v)/v,
where n(v) is the usual Bose distribution function. [Gen-
erally, g(v) depends on q.] This is exact for a harmonic
solid when S(q, v) is the self dynamic structure factor,-
and if the multiphonon contributions to S(q, v} are negli-
gible. ' ' The two observed peaks in g(v) for stage-2
alkali-metal GIC's were assigned to transverse (TA) and
longitudinal (LA) acoustic modes. Further, the low-

frequency peak (TA) was unusually sharp for an incom-
mensurate system, and was still dominant above the melt-
ing temperature, whereas the high-frequency peak (LA)
broadened remarkably. This is difficult to understand
even when one considers the effect of corrugation; the TA
mode should be weaker than the LA mode in the liquid
phase.

Although KZ did not carry out lattice-dynamics stud-
ies for stage-2 compounds, they could fit g(v) obtained
from lattice-dynamics calculations to their experiments in
stage-1 Rb and K GIC's (where a two-peak structure was
also observed) (Refs. 7 and 8) only when they assumed an
unscreened Coulomb interaction between the intercalants.
They assigned the high-frequency peak to the collective
mode (plasma oscillation} of unscreened Rb+ and K+
ions modified by the corrugation potential. If there is no
screening in stage-1 GIC's, there should be also no
screening for higher stage GIC's because of their lower
electronic density. Therefore one should be able to fit the
high-frequency peak in RbC24 (KCz4) using the un

screened Coulomb model. For RbC24 (KCz4} we find this
collective mode frequency to be 1.35 (2.03) THz, which
increases to about 1.68 (2.52) THz in the presence of cor-
rugation potential. ' However, the observed high-
frequency peak is 2-2.6 (3—3.5) THz, thus making the
unscreened Coulomb model unsatisfactory.

To understand these puzzling issues, we have calculat-
ed the PDOS using MD simulation. Although KZ made
extensive studies for many alkali-metal GIC's, we will

focus on RbC24 because of successful studies in this sys-

tem with the repulsive screened Coulomb potential mod-
el." ' A distinct advantage of MD simulations is that
one can obtain easily the self-part of S(q, v), i.e.,
S;, „(q,v}, and by probing this quantity at diff'erent

length scales one can separate single-phonon and multi-
phonon processes, something impossible to do in experi-
ments when the intercalants are coherent scatterers such
as alkali-metal atoms. We argue that the previous inter-
pretation of the two-peak structure seen in inelastic-
neutron-scattering (INS} experiments at large q (Refs. 7
and 8) is incorrect, and we provide a correct explanation
of the INS spectrum in terms of a multiphonon response
whose pronounced spectral weight is a consequence of
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the strong corrugation. In fact, this multiphonon peak is
seen even in the liquid phase, a characteristic feature of a
lattice fluid.

For RbC24, whose ground state is an incommensurate
structure, ' ' it is not simple to calculate the harmonic
PDOS

2N

gH(v}= g 5(v —v;)
i=1

associated with the dynamics of Rb ions via the usual
lattice-dynamics calculations; v s in Eq. (1} are the fre-
quencies of 2N planar modes. Vibrations of intercalants
perpendicular to the graphite layers are not considered
here. One way to handle this problem is through MD
simulations. The Fourier transform of the velocity auto-
correlation function (VAF) for a harmonic system is
directly related to gH(v}. ' In this paper, we study the
PDOS obtained via both the Fourier transform of VAF
[denoted as gH(v)] and the incoherent dynamic structure
factor [denoted as g(v}] using MD simulation. Our re-
sults for g(v) not only agree with that obtained from the
INS experiments, but also elucidate both the origin of
the two-peak structure and the nature of interaction be-
tween the alkali-metal intercalants. The relationship be-
tween g(v) and the harmonic density of states gH(v) be-
comes transparent by looking at the temperature (Q and

q dependence of g(v). The details of the MD simulations
can be found in our earlier publications. ' '

To understand the experimental results, we review the
procedure KZ used to obtain g(v) from neutron-
scattering data. Although Rb is a coherent scatterer, for
sufficiently large q and for all possible planar orientations,
one can use the incoherent approximation, i.e.,
S(q, v)=S;„„h(q,v}. For a harmonic solid, S;„„h(q,v}
can be expanded as follows

S;„„h(q,v)= QS~„„„(q,v)
P

We define a new function A (q, v) given by

A(q, v)=S,'„„„(q,v) -gH(v) .
n v+1 (6)

Therefore, when (1}the incoherent approximation is val-

id, and (2) multiple-phonon contributions to S;„„h(q,v)

are negligible, A (q, v} is the PDOS associated with one-
phonon excitations. Thus g(v) is equal to gH(v) only
when the two above approximations are valid, and in gen-
eral they should not be equal.

Let us now calculate S(q, v) and A(q, v) using MD
simulations at q=4 A ', which is in the range of the q
values used by KZ. Figure 1 (upper panel) gives the ex-
perimental S(q, v) at 210 K, and our calculated S(q, v)
for the liquid at 248 K. The reason we have chosen a
slightly higher temperature to compare the experimental
data is because the melting temperature with our poten-
tial is 220 K, ' compared to an experimental value of 165
K.' Clearly the agreement is remarkable. In the lower
panel we give the calculated A(q =4, v) for two difFerent
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This A(q, v) is what KZ referred to as g(v) (Ref. 23)
within a normalization constant which depends on q and
T. If the one-phonon term in Eq. (2) is dominant, then
one can obtain gH(v) from S;„„),(q, v), i.e.,

e
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S;„h(q,v)=e 2pr(q) Iqq n(v)+ 1
gH(v),

8 m v
(3)

where p corresponds to the p-phonon contribution, and
W(q} is the Debye-Wailer factor. The one- and two-
phonon contributions in Eq. (2) are 0
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FIG. 1. The symbols are experimental data, and the solid
lines are MD simulations for RbC24 in the liquid phase. MD re-

sults have been scaled to fit the experimental data which are in
o —]

arbitrary units. Upper panel: S(q, v) at q=4 A . Lower
panel: g(v)= A(q=4, v) obtained from the MD simulation at
248 (solid line) and 299 K (dotted line), and compared with ex-
perimental g(q, v). The experimental resolution is -0.3 THz
near 1 THz, and —1 THz near 3 THz.
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temperatures. Again the agreement between MD at 248
K and experimental g(v) is good. The discrepancy seen
in A (q, v) is due to (1) multiphonon corrections made by
KZ to S(q, v), and (2) any additional scattering in the
high-frequency region (3—4 THz) which is accentuated in

going from S(q, v) to g(v) due to the multiplication factor
v/[n(v)+1]. To understand the origin of the high-
frequency peak in g(v) at 2 THz, we increase the temper-
ature to 299 K and see an increase in the relative weight
in the high-frequency peak compared to that in the low
frequency. When we increase T to about twice the melt-

ing temperature, the intensities of the two peaks become
comparable. This is clearly seen in the experiments for
both KC24 and RbCz4, ' thus confirming the two-phonon
origin of the high-frequency peak seen in g(v).

The large intensity seen in the experiment near 3—4
THz (where the experimental resolution is about 1 THz)
is most likely due to the intercalant dynamics perpendic-
ular to the graphite plane, because dispersion curves for
the (00q)LA modes show frequencies up to 4 THz. s

Since polarizations of phonon modes are well defined in
the solid, these perpendicular modes should show up in

g(v) more prominently in the solid phase due to the
mosaicity of the samples. In Fig. 2, we give the results
for the solid at 144 K which indeed show a large
discrepancy in the high-frequency region. The doublet
structure we obtain near 1 THz is from the TA and LA
modes; it is not seen in the experiment since the energy
resolution is -0.3 THz. When we cool the solid to 125
K, we find the relative intensity of the high-frequency
peak decreases, which further supports the multiphonon
explanation.

In addition to the temperature dependence, the p-
phonon contribution to S;„b(q,v) [and therefore to g(v)]
is proportional to the q

i' [see Eq. (2)]. The characteristic
dimensionless quantity that determines this q dependence
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FIG. 3. A(q, v) at q=0.4 A . This is found to be a replica
of the Fourier transform of VAF, g&(v). The inset gives g&(v)
for the same system in the absence of corrugation potential.

is the ratio v /vH, where v =hq /8n m, vH is the har-
monic phonon frequency, and m is the mass of the oscil-
lator. Therefore multiphonon processes should be
suppressed at sma/l q. ' Since we are not restricted only
to large values of q to pick up the incoherent part of the
dynamic structure factor, we calculated A (q, v) for
q=0.4 A ' (Fig. 3), which does not show any high-

frequency peak and is found to be a replica of the Fourier
transform of the VAF. Thus, to obtain the correct one-
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FIG. 2. Temperature dependence of the two-phonon contri-—1

bution (using MD) to A(q, v) at q=4 A for RbC24 at two
different temperatures T=144 [-0.6T, where the melting

temperature T =220 K (Ref. 13)] (solid line) and 125 K (dotted
line). Experimental data (circles) are in the solid state at 100 K
(-0.6T, where experimental T —165 K). The discrepancy in

the high-frequency region is likely due to the intercalant modes

perpendicular to the layer.
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FIG. 4. A(q, v) at q=4 A . The solid lines are for the

RbC24, and the dashed lines are for the system without corruga-
tion potential. The top and bottom panels correspond to the

liquid and solid, respectively.
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phonon density of states gtt(v) via S;„„(q,v), one must
confine oneself to small values of q for which Eq. (6) is
valid. ' However, this is difBcult experimentally since Rb
ions are strong coherent scatterers, and, for small q,
coherent scattering dominates in the INS spectrum.
From the result of A (q =0.4, v}, we assign the LA-mode
frequency peak to 1.2 THz. When we compare this with
the bare plasma frequency v& =1.35 THz, we find that
the screening effect in stage-2 alkali-metal GIC's is not as
large as pure alkali metals, which show a 0.2-0.5 reduc-
tion of the bare plasma frequency.

Stage-1 alkali-metal GIC's also show a similar two-
peak structure in g(v) in the solid phase (see Fig. 4.27 of
Ref. 8}. We have not made an extensive MD study of
these systems because of the unavailability of good inter-
particle potential. However, making a simple single
harmonic-oscillator model with vH equal to the lower-

peak frequency, we estimate that the weight in the high-
frequency peak at 2vH is about 60-80% of that at vH at
300 K, qualitatively consistent with experiment.

Finally, to single out the effect of corrugation on both
one and multiple PDOS, we calculate gH(v) for a repul-
sive screened Coulomb system with the same density as
RbC24 but in the absence of the graphite corrugation po-
tential (see inset in Fig. 3). We find that gH(v) is broad
and has appreciable value at low frequencies. Thus the
corrugation potential strongly supp resses the low-

frequency modes in RbC24. One important feature of
A(q=0. 4, v) in RbC24 is its narrow width (-0.5 THz),
which not only gives the sharp low-frequency peak near 1

THz seen in experimental g(v}, but also leads to a pro-
nounced well-defined two-phonon peak when q is large.
For the corrugation free case, glt(v} is large at low fre-

quencies, and consequently A (q =4, v) in Fig. 4 does not
show any discernible multiphonon peak in either the
liquid or the solid phases. Thus a strong corrugation po-
tential is necessary for one to observe multiphonon peaks
in g(v) or A(q, v) at large q. In fact, it should be a
characteristic feature of many two-dimensional (2D) sys-
tems in the presence of strong corrugation.

In conclusion, we have addressed the in-plane inter-
calant dynamics of a 2D-corrugated system using MD
simulations which give both the S;„„„(q,v} and the
Fourier transform of the VAF. From the T and q depen-
dences of A(q, v) [see Eq. (6)], we obtain a clear under-
standing of the origin of the two peaks in the PDOS ob-
tained from the INS experiments in alkali-metal GIC's.
The INS experiments of Kamitakahara and Zabel for
RbC24 have been reproduced by MD simulations using a
screened Coulomb model, indicating that this model not
only explains the structure, ' thermodynamics, ' and
low-frequency liquid dynamics' of this system but also
its high-frequency ion dynamics as well, thus clarifying
the puzzling situation discussed in the beginning of this
paper. Finally, the general ideas discussed in this paper
are directly relevant to INS experiments in other alkali-
metal GIC's and systems such as alkali-metal atoms, H2,
and HD overlayers on different substrates.
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