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The structure of domains and domain walls in the low-temperature solid phase of stage-2 alkali-
metal graphite intercalation compounds is studied using molecular dynamics (MD) simulation and a
model potential obtained from fitting to the liquid structure data. For RbCa4, we find small domains
of (V7x~/7) structure containing mostly seven Rb atoms and with domain walls consisting of (2x2)
and (2x3) elemental placquettes. These nanostructures provide a clear picture of the discommensura-

tions and a consistent understanding of the x-ray-diffraction measurements.

Based on the simulation

results we propose a periodic domain-wall model that explains very well the dominant features of the
x-ray structure factor for both RbCzs and CsCys when we allow for small changes in the planar den-

sity.

Structural and dynamic properties of systems with com-
peting interactions continue to be one of the most interest-
ing areas of condensed-matter physics.! Of particular in-
terest over the past decade has been the study of structur-
al properties of binary and ternary graphite intercalation
compounds (GIC’s).>* Considerable amount of experi-
mental®?® and theoretical* work has helped in elucidating
many of the interesting physical properties of these sys-
tems. One area where a detailed microscopic understand-
ing is still lacking is the incommensurability of stage-n
(n=2) GIC’s containing Cs, Rb, and K ions as inter-
calants. In this paper we address this issue by probing the
structure of domains and domain walls using molecular
dynamics (MD) simulations and then propose a simple
mode! for the low-temperature structure of the alkali-
metal GIC’s.

Stage-n GIC’s are characterized by a stacking sequence
of graphitic and intercalant layers in which the neighbor-
ing intercalant layers are separated by n graphitic layers.
The intercalant ions interact predominantly via screened
Coulomb repulsion and are affected by an effective one-
particle corrugation potential produced by the graphite
layers. Thus, these systems exhibit a competition between
two length scales, periodicity of the substrate corrugation
potential and the average separation between the inter-
calant ions controlled by their layer density (p). In addi-
tion, there is also a competition between two energy
scales, the depth of the corrugation potential and the in-
teraction energy/particle which is determined by p and the
strength of the interparticle interaction.

In the stage-1 GIC’s of K, Rb, and Cs, the intercalants
form a commensurate triangular (2x2)R0° structure
where R0° and (2x2) imply that the unit-cell vectors of
the intercalant superlattice are parallel to the graphite
unit cell (a,b) and are twice as large. The layer stoi-
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chiometry is M Cg, where M stands for the intercalant and
C for the carbon (note there are two carbon atoms per
graphite unit cell). This gives p= 4% [in units of 1/(area
of the graphite unit cell)). In contrast, structures of
stage-n (n=2) systems are more intriguing. Chemical
stoichiometry of these compounds is in general MC,,, and
the layer stoichiometry is MC,,, giving p=¢ . In the ab-
sence of the corrugation potential, the ground state is a
triangular lattice with arbitrary orientational epitaxy an-
gle ¢ (measured with respect to graphite a* axis, also
known as Novaco-McTague angle”). A question of fun-
damental interest is the effect of corrugation both on the
intercalant structure and the intercalant dynamics.

The liquid state structure in stage-2 compounds is well
understood through the careful MD work of Moss and
co-workers® ~% and Chen, Karim, and Pettitt® in terms of
a highly structured liquid close to the liquid-solid phase
transition. The nature of the solid structure, however, is
not as well understood although qualitative models have
been proposed by Clarke and co-workers'®!'" for MCy4
(M =Cs, Rb, and K) in terms of different types of com-
mensurate domains separated by discommensurations
(domain walls). Also Ginzburg-Landau models have been
proposed to understand the domain structure.'>~'* From
x-ray-diffraction measurements in CsC,4 and RbCsy,
Clarke and co-workers'®!" suggested the coexistence of
commensurate (v/7x+/7) and (2x2) regions. They ex-
plained their diffraction results for Cs by postulating the
coexistence of (v/7x+/7) R¢ domains with ¢=F19.11°.
The commensurate domains were ~—40 A in size contain-
ing about 30 Cs atoms along with narrow domain walls
oriented parallel to the graphite (110) directions (see Fig.
3 in Ref. 10). However, they neither discussed the precise
nature of the domain walls nor analyzed the spatial distri-
butions of (v/7%+/7) and 2x2 domains which is necessary
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to satisfy the density constraint for their postulate. In the
case of RbCy,, it was not quite clear whether (2x2)
domains were present or not.

Following the suggestions of Clarke eral.,'® several
theoretical studies based on Ginzburg-Landau theory of
discommensuration in the incommensurate phase were
carried out pointing out the importance of third-order
terms in stabilizing the (+/7x~+/7) domains.'>~"* These
theories were able to explain the observed Novaco-
McTague angle ¢ and intensities of the higher-order su-
perlattice reflections semiquantatively, although they did
not address the structure of the domain walls in detail. As
we will show later, domain and domain-wall sizes in these
systems are comparable and one should therefore also
know the microscopic structure of the walls.

MD calculations were carried out for RbCsy4 using the
potential model of Ref. 9. The one-particle corrugation
potential in this model was obtained by Moss et al.® by
fitting to the liquid structure factor S(k) and is given by

V(1) =2K[2cos(2nx/a)cos2ny/~/3a) +cos(4ny/v3a)].

(1)

In Eq. (1), 2K/kg=—270 K and a (@ =2.46 A) is the
graphite unit-cell constant. The two-body potential is
given by

Va =qzzexp(_rrij)/rij s 2)
i

with ¢ =4.8028x10 'Yesuand F=0.49 A "

The above potential has successfully reproduced the
liquid structure data at 250 K. We have repeated the MD
simulations at this temperature using both constant ener-
gy and constant temperature algorithms and our results
agree with the earlier results of Chen, Karim, and Pettitt.’
Before discussing the solid structure results, let us discuss
some energetics. The strength of the corrugation potential
as measured by V44 — " =1080 K, i.e., we are in the
strong to intermediate corrugation limit for 7 <300 K.
The energy/particle for different commensurate structures
are 17742 K (¥/3x+/3); 9825 K (2x2); 4476 K (2x3);
3114 K (v7x+/7). Although the (2x3) structure has the
correct layer density, the lower energy of the (VTx7)
structure favors the latter.

MD simulations were performed with 216 and with 864
Rb ions distributed to insure a planar density of p = + and
with 301 Rb ions for a slightly different density of
p=1/6.15. The MD cell edges were arranged to lic on the
corrugation minima and periodic boundary conditions
were imposed. MD equations were solved using sixth-
order Gear predictor-corrector algorithm. The time step
was taken to be 0.0028 ps and equilibration times of at
least 170 ps and 1 ns were used for the 216- and 864-
particle systems, respectively. In the case of constant en-
ergy simulations the energy/ion was noted to be conserved
to 99.82% accuracy for the smaller system over the entire
run periods. The solid state was reached via slow cooling
in steps of 10 K from the liquid state. Here we report our
results for two temperatures, 250 (liquid) and 3 K (solid).
The details of the phase transition will be given in a more
detailed publication.'®

In Figs. 1(a) and 1(b) we give the spherically averaged
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FIG. 1. Pair correlation function g(r) for RbC»s as a func-
tion of r (in units of graphite lattice constant a =2.46 A) for (a)
the liquid at 250 K and (b) the solid at 3 K for the 216-particle
system. Note that the zero for the solid is 3.0.

real space pair distribution function g(r) for the liquid
and the solid. Clearly, the liquid is strongly perturbed by
the substrate at this temperature and is structured, as not-
ed earlier by Fan et al. " and Chen, Karim and Pettitt? fol-
lowing the earlier suggestion by Parry'® for CsC,4. The
solid phase g(r) shows three distinct peaks at 2.19, 2.53,
and 2.97 (in units of graphite unit-cell length a) and these
can be related to distances of 2, /7, and 3, respectively. 17
A similar three-peak structure was obtained from a
Monte Carlo study of Plischke and Leckie.'® This three-
peak structure suggests that the system may show coexist-
ing domains of (v/7x+/7) and (2x2) consistent with the
picture proposed by Clarke e al. '* for CsCys. The posi-
tions of the intercalant atoms joined by lines connecting
nearest neighbors using Voronoi polyhedra constructions
are shown in Figs. 2(a) and 2(b) corresponding to two
different concentrations of Rb atoms (RbCy; and
RbCj457). In contrast to the picture of Clarke et al. for
CsCa4 Ipresence of large domains of (~/7x+/7) structure
containing about 30 atoms oriented in different directions
and separated by narrow domain walls of unknown atomic
structurel, we see placquettes of (~/7x+/7) structure con-
sisting mostly of 7 atoms (we will call these nanodomains)

(a) (b)

FIG. 2. Solid structure of (a) RbCas and (b) RbCzs57. The
solid, dotted, and dashed lines correspond to the nearest-
neighbor distances near V7, 2, and 3 (in units of graphite lattice
constant), respectively.
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for RbCa4 [Fig. 2(a)l. The intersection of three such
placquettes form a triangular placquette of (2x2) struc-
ture containing 3 atoms. The wall between two (v/7x+/7)
nanodomains consists of (2x3x+/7) triangular plac-
quettes which give rise to the peak near 3 in g(r). These
domain walls should also give a peak corresponding to r
near v13=3.6 which we find [see Fig. 1(b)]l. Our MD
simulations give a picture rather similar to the one sug-
gested by Zabel et al.'® for RbC,4 (see their Fig. 1 and
also see figures in Ref. 20). In fact, by choosing a slightly
smaller density of Rb ions we see a perfectly ordered ar-
rangement of v7%+/7 domains with (2x3) domain walls.
To compare the MD results with x-ray-diffraction mea-
surements we calculate the structure factor S(k) for the
atomic positions given in Fig. 2(a). The structure factor
for the solid phase (216-particle system) is given in Fig. 3.
The liquid state S(k) at 250 K (not given in the figure)
shows clearly the effect of corrugation with peaks at k cor-
responding to the reciprocal-lattice vectors of the graphite
substrate and the dominant peak at k=1.2 A ™! corre-
sponding to an incommensurate liquid.?' The solid (k)
shows three discernible peaks denoted by I;, I, and 7.
The k values and angles of the two stronger peaks mea-
sured from the graphite a* axis are given in Table I along
with the available experimental values and predictions of
the periodic domain-wall model to be described below.
Our MD simulation gives two prominent peaks (I, and
1) which have the same k =1.21 A ! but different an-
gles with respect to the graphite a* axis. The angle asso-
ciated with the dominant peak 7, ¢, is 10.2° whereas that
associated with the weaker peak 7, which we denote as y
is 35.8°. The strengths of these two peaks are 0.52 and
0.052, respectively. There is a third peak I3 (k=1.40
A 7! the angle with the a* axis is 7.6°) which is weak
(strength 0.015) and will not be discussed any further.
Clarke eral.'® saw two peaks similar to 7, and 75 in
CsCy4 (1 and 2 in their notation in Ref. 10). The corre-
sponding k and angles ¢ and y are given in Table I. In
addition, they also saw a peak as strong as I, (1’ in their
notation) which originated from the rotational equivalent
of I, corresponding to — ¢. The origin of the low intensity
peak I, was ascribed to the interdomain scattering associ-
ated with the coexistence of two different orientations of
(v7x+/7) commensurate domains. Our MD simulations
show only one orientation of these domains (either 1 or 1)
thus indicating that it is not necessary to invoke domains
with different orientations to explain the origin of the I
peak. It is sufficient to have domain walls, in our case the
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FIG. 3. X-ray structure factor S(k) for RbCys at 3 K ob-
tained from MD simulations for the 216-particle system. Only
the dominant peaks 7y, /> (see text), and their sixfold symmetry
counterparts are clearly visible.

two domains sandwiching a wall being simply shifted with
respect to one another by a lattice vector of the underlying
graphite lattice. For RbC,s the dominant peak I,
(k=122 A7", 9=10.1°) (Ref. 10) is in good agreement
with our MD results. The lower intensity peak (/,) for
this system was not discussed in Ref. 11 but the corre-
sponding angle y agrees very well with the diffraction re-
sults of Rousseaux er al.

To understand more about the physical origin of the
two peaks discussed above, we propose a periodic domain
wall (PDW) model which consists of periodic arrays of
commensurate (~/7x+/7) domains of total width 2L (all
of same orientation) interspersed- by domain walls of
width M. The domain walls consist of (2x3) regions and
the region where three domains meet consist of triangular
arrays of (2x2) structure [see Fig. 2(b)]. In this model
one goes from the commensurate (~/7%+/7) structure
(M =0, arbitrary L) to the commensurate (2x2) struc-
ture (arbitrary M, L =0). For arbitrary (L,M) the su-
perlattice unit cell is obtained by joining the centers of the
(v7x~f7) domains and the unit-cell vectors are given by
A=2QL+M)a+Lb, and B=—La+ (5L+2M)b. The
layer density is determined by (L,M). Our MD simula-
tions suggest that RbCy4 can be described very well by the
PDW model with L=M =1 (this corresponds to the

TABLE I. Comparison of angles and peak positions of S(k) between experiment (Expt.), molecular
dynamics (MD), and periodic domain-wall model (PDW) (see text). ¢ is the Novaco-McTague angle;
v is the angle of the peak produced by interdomain scattering (angle of /2 in Ref. 11); k, =k, =k, is the

magnitude of k at angles ¢ and y.

¢ (v) ke=ky=kp
Expt. MD PDW Expt. MD PDW
RbCa4 10.1 (35.5) 10.2 (35.8) 11.5 (33.3)* 1.22 1.21 1.194
CsCa 14.5 (28) N (R 14.5 (27.6)® 1.16 1.15°

“For L=M =1 (RbCaa7).

PFor L =2, M =1 (CsCa.).
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stoichiometry RbCy457), with a small number of defects.
To study this, we studied a 301-particle system with
smaller density of Rb’s corresponding to RbCy4 57 and its
low-temperature structure is given in Fig. 2(b). The
structure factor for the defect-free case has been calculat-
ed exactly and the corresponding values of &, angles, and
the strengths of the two peaks (I;,I5) are (1.19,1.19)
A1, (11.5°,33.3°), and (0.573,0.137), respectively. The
larger value of the intensity of the I peak in the PDW
model (0.137) for RbCy4.57 compared to the MD results
(0.052) for RbCy4 is due to the perfect ordering of the Rb
ions in the PDW model.

We find by actual calculation that the epitaxy angles ¢
and y satisfy the relation siny =+/3sin(30 —¢) for the
PDW model with M =1 and arbitrary L. In the limit
L— oo, this relation gives ¢ =y =19.1°, i.e, the two
peaks merge with each other for the commensurate
(V7%+/7) case. Furthermore, the CsCa4 results of Clarke
et al.'® can be approximated by the L =2, M =1 PDW
model which corresponds to a stoichiometry CsCy |, and
gives k=115 A™' ¢=14.5°, y=27.6° in excellent
agreement with the experimental values 1.16 A ™', 14.5°,
and 28°, respectively. The corresponding intensities in the
PDW model are respectively 0.568 and 0.144 and the
number of Cs atoms in a domain is 19.

In summary, the potential obtained by fitting the struc-

ture factor in the liquid state can be successfully applied
to the study of the low-temperature microstructure in
alkali-metal GIC’s. The success of the chosen potential is
confirmed by the agreement between the experimental
S(k) and that obtained from our simulations for RbCys.
We also find that the simulated S (k) for the stage-2 GIC
closely agrees with the experimental S (k) for stage-3 sys-
tems.'" This observation confirms our original assumption
concerning weak interlayer coupling and effective two
dimensionality of these alkali-metal GIC’s. Simulations
suggest that the real space structure of the Rb lattice con-
sists of thick domain walls lining the domains with length
scales comparable to the domain walls. Finally, our S (k)
calculations for the L =2, M =1 PDW model which
recognizes the importance of the domain walls shows re-
markable agreement with experimental S(k) for the
stage-2 Cs GIC. This last success indicates that the PDW
model describes very well the main features of the low-
temperature structure of the stage-2 and higher-stage
GIC’s of RB and Cs.
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