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Following our earlier work [I; Phys. Rev. B 23, 4208 (1981)]on the dynamics of the

graphite (0001) free surface, we present here a full dynamical calculation of a (0001)
graphite slab with registered monolayers of xenon atoms adsorbed on its two surfaces.

The xenon-xenon and xenon-carbon interactions are modeled with a Lennard-Jones

potential, whereas the carbon-carbon interactions are described by the extended axially

symmetric force-constant model introduced in I. Three doubly degenerate surface-mode

branches are found which are associated with almost independent vibrations of the xenon

layers in the potential field of the substrate. (However, for increasingly long wavelengths

the substrate participates more and more in these vibrations which become the rigid-body

translations for infinite wavelength. ) Other surface modes involve mainly the underlying

carbon slab and have their maximum amplitudes in the outer carbon layers. Density-of-

states functions of the xenon-covered slabs have also been calculated, in connection with a

future evaluation of the thermodynamic properties of this system.

I. INTRODUCTION

In a recent paper' (in the following to be referred
to as I) we presented a full dynamical treatment of
a graphite system with surfaces, more precisely, of
a graphite slab of a finite but significant number of
atomic layers, bounded by two free (0001) basal

plane surfaces and infinitely extended in the direc-
tions parallel to the basal planes. As outlined in I,
the motivation for this work is the increasing ex-

perimental interest in the study of a variety of
physical properties of gases adsorbed on graphite
surfaces. In the present paper we deal with the
dynamics of the adsorbate-adsorbent system; in
particular, we present a lattice-dynamical treatment
of a graphite slab with a registered monolayer of
xenon atoms adsorbed on its basal plane surfaces.
To our knowledge this is the first study of an
adsorbate-graphite system which takes full account
of the dynamics of the graphite at a level of
description approaching the standard of bulk lat-
tice dynamics. This treatment goes beyond earlier
works which focus on more limited questions or
more simplified models.

The fact that we consider a registered phase of

adsorbed xenon atoms needs special mention. The
question of the phase of the adsorbed xenon

layer —gas, liquid, or solid —and the corresponding
phase diagram has received considerable experi-
mental and theoretical interest in recent years.
From a theoretical-computational point of view, an
adsorbed monolayer in registry with the substrate
is the most tractable system, amenable to straight-
forward computational treatment. Since this phase
is believed to occur in at least part of the phase di-

agram at full monolayer coverage, it is the system
of choice to be treated first, and the present paper
treats only this system.

A discussion of the thermodynamic properties of
the bare graphite slab and of the xenon-covered
slab, based on the dynamical studies of I and the
present work, will be presented in a subsequent
publication. In Secs. II and III we present, respec-
tively, a formulation of the dynamics of the
xenon-covered slab, and the results.

II. FORMULATION OF THE DYNAMICS
OF THE XENON-COVERED GRAPHITE SLAB

In I we discussed the dynamics of bare graphite
slabs with (0001) stress-free basal plane surfaces.
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The calculations were carried out for 3-, 13-, and
21-layer slabs, but results were presented for the
21-layer slab only. The addition of a registered
Inonolayer of xenon atoms adsorbed on the surfaces
of the slab increases the computational memory re-

quirements to such an extent that a 21-layer sub-

strate calculation becomes unfeasible. A calcula-
tion of xenon adsorbed on a 13-layer slab appeared
to be the best compromise between, on the one
hand, reducing the undesired CAects of an
extremely-thin-film calculation and, on the other
hand, the restrictions imposed by the memory
capacity of the available computers.

The registered monolayer of xenon adsorbed on
the (0001) plane of graphite has a 30' V 3 y V 3
structure as depicted in Fig. 1. This means that
the planar cross section of the primitive cell for the
xenon-covered graphite slab (XGS) (which extends
through the entire thickness of the slab) is rotated

by 30' with respect to the primitive cell for the
bare graphite slab (BGS), and that the primitive
translation vectors of the XGS are a factor v 3
larger than those of the BGS. Thus the XGS unit
cell contains one xenon atom on each slab surface
and six carbon atoms in each graphite layer (see
Fig. 2). A 15-layer XGS (13 graphite layers and 2
xenon layers) contains 78 carbon atoms and 2 xe-
non atoms per slab unit cell; this means that we

will have to work with a 240)&240 (complex)
dynamical matrix. Since the memory requirement
to store the elements of such a matrix approached
the available memory of the CDC 6600, we had to
utilize group-theoretical methods to block-
diagonalize the dynamical matrix, in order to
reduce the size of the matrices to be stored in
memory and to significantly speed up the calcula-
tion.

As in the BGS calculations (cf. I), the carbon-
carbon interactions are treated in a modification of
the "axially-symmetric" pairwise interaction model
as used by Nicklow, %akabayashi, and Smith. As
in Suzanne et al. "and Coulomb and Masri, "
we describe the xenon-xenon and xenon-carbon pair
interactions by I cnnard-Jones potentials,

where r is the distance between the interacting
atoms, and e and o. are the potential parameters.
The values of e and o. for the xenon-xenon and
xenon-carbon interactions were obtained from the
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FIG. 1. Xenon epitaxially located on the graphite
(0001) surface in a (30' v'3 X v 3) overlayer structure.
Vertices of the hexagonal net mark carbon atoms in the
first graphite plane, g marks carbon atoms in the
second graphite plane.

FIG. 2. Slab (primitive) unit cell of xenon adsorbed on
the (0001) surface of a graphite slab. The xenon atom is
located over the center of the numbered graphite hexa-
gon. The carbon atoms in the unit cell are numbered
sequentially, beginning with the xenon atom on top as
number 1. The xenon atom on the bottom surface of
the slab will be number 80 for a 13-layer substrate gra-
phite slab.
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work of Crowell and Steele.
The carbon —carbon distances in the XGS are

the same as those used in the BGS (cf. I). The
equilibrium distance zo of the xenon atoms with
respect to the outer graphite layer was determined

by minimization of the potential energy of the xe-
non atom with respect to zo. This potential energy
included the interaction of a xenon atom with all
carbon atoms contained in a sphere centered on the
xenon atom, with a radius extending to halfway be-

tween the 7th and 8th graphite planes, measured
from the xenon atom. The equilibrium distance zo,
as well as the potential parameters e and a, are
given in Table I.

Since the primitive ceH of the XGS has a cross-
sectional area which is 3 times as large as that of
the primitive cell of the BGS, the two-dimensional
(2D) surface Brillouin zone (SBZ) of the XGS has
an area one third the size of the SBZ of the BGS;
both SBZ's are shown in Fig. 3, where the 30'
difference in orientation is exhibited, and the map-
p1ng of thc BGS zone 1nto thc XGS zone 1s lnd1-

cated.
In comparing the calculated frequencies of the

15-layer XGS with those of the 13-layer BGS, one
will get for the XGS fear each 20 wave vector q,
not only six extra frequencies resulting from the
presence of the two xenon atoms, but in addition 3
times as many frequencies as in the BGS c e be-
cause of the increased size of the SBZ. This can be
understood by examination of Fig. 3. The
reciprocal-lattice translations of the XGS map the
two shaded areas of the BGS-SBZ, lying outside
the XGS-SBZ, onto the irreducible element
I M~Kz of the XGS-SBZ. In a similar fashion,
the entire area of the BGS-SBZ outside the XGS-
SBZ can be mapped back onto the XGS-SBZ. As
a consequence, diagonalization of the dynamical
matrix for a wave vector q of the XGS-SBZ gives
rise to a set of frequencies corresponding approxi-

TABLE I. Interatomic potential parameters and
equilibrium distance for xenon adsorbed on graphite.

Xe-Xe

mately to those obtained for three wave vectors q
in the BGS-SBZ.

D(q)=
D'+'(q)

D( —
)(q )

(3)

In Eq. (3) we have already specialized to the spe-
cial case of reduction under C&s, hence D'+'(q) is
the block transforming according to the even
irreducible representation of C~s and D' '(q)
is that for the odd irreducible representation. For
the 15-layer XGS, D'+' is of dimension 123

E

K,~ilail . ..5.
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A.. Block diagonalization

As mentioned above, the much greater size of
the dynamical matrix for the XGS case over that
for the BGS case requires the use of some sym-
metry reduction of the dynamical matrix. Because
most of our calculational effort would be at general
points of the SBZ, the only symmetry generally
available is that of C&q (for reflection crh in the
median plane of the slab). In effect then, we apply
a unitary transformation S(q) on the dynamical
matrix D(q), such that '

S(q)D(q)S '(q)=D(q)

a ikl'
~ ( f0—14 erg)a

3.97
3.15

z0=3.64 A

3.69
1.08

'Potential parameters derived from Crowell and Steele,
Ref. 7.

FIG. 3. Surface Brillouin zones. The large hexagon is
the SBZ of the bare slab (BGS), the small hexagon is the
SBZ for the xenon-covered slab (XGS). The outer por-
tions of the BGS which map into the irreducible element
of the XGS are shown as shaded, with E' andE " as
images of I".
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(=3+3X6X[(13—1)f2]+(3—1)X6), and D'
is of dimension 117 (=3+3X6X[(13—I)/2]
+(3—2) X6). For further details on the im-

plementation of this reduction, see Ref. 10.

B. Diagonalization of the dynamical matrix

Even after the dynamical matrix has been re-

duced under the C» symmetry for all wave vectors

q, practical considerations require a further
division of the diagonalization procedures into two
subcases: (1) For a relatively small set of wave

vectors, one wants fron1 the outset a solution for
the complete eigensystem (both the eigenvalues and
the eigenvectors); (2) for a much larger set of wave

vectors, for many purposes one can settle for just
the eigenvalues. The first case is much more
demanding of both con1puter memory and time.
Hence, for the purposes of the present paper, the
complete elgcnsystcms werc produced only along a
single edge of the irreducible part of the SBZ
(ISBZ), I Xa.

Except for thc addition of thc syIYlmctry reduc-
tion for C~~, the computational procedures for di-

agonalizing the diagonal matrices were the same as
were used for the BGS case of I. Because the
Q1emory requirements for the solution of the com-
plete eigensysten1 approached maximum memory
available on the CDC 6600 of the University of
Texas at Austin, all XGS calculations were carried
out on the Univac-11()6 computer of the Instituto
Mexicano del Petroleo in Mexico City. The calcu-
lation of the complete eigensystem at a given q
point required 130 k (decimal) words of main

storage and 25 min of CPU time on the Univac-
1106. Consequently, 10 h of Univac-1106 time
were required to obtain a sct of dispersion curves
(and associated eigenvectors) for 21 wave vectors
along a given edge of the ISBZ.

particular, sampling along the segment I K~ of the
XGS-SBZ gives frequencies for the substrate-
dominated motions which are in close correspon-
dence with the 13-layer slab frequencies along the
segments I'E~, K'E~, and E"E~' of the BGS-
SBZ (Fig. 3).

The dispersion curves for frequencies along the
segment I E~ of the XGS-ISBZ are plotted in Fig.
4. For comparison we present the BGS results for
wave vectors along I M of the BGS-SBZ in Fig. 5.
The labeled dispersion curves in Fig. 4 are in close
corrcspondcncc with those for thc segment I Eg
(= —,I M) in Fig. 5. The six bulklike bands la-

beled 1 through 6 in both figures are (basically) the
same bands for thc 3 II scgIYlcnt. Thc other'

bulklike bands in Fig. 4 do not appear ln Fig. 5,
because, except for the very lowest band associated
with the xenon modes, they correspond to frequen-
cies along the segments E' ER and E"E~' in the
BGS-ISBZ; note that thc bare-graphite bands along
these two segments are degenerate with each other.
The bands in Fig. 5 along EzM correspond to
some of the XGS bands along KsMg (not shown
here).

The low-lying band in Fig. 4, which consists of
three dispersion curves and which is well separated
from band 1 over most of the XGS-SBZ, represents
surface modes (for a definition we refer to I). It
has been shown, for example, by Alldredge et al. ",
that when a layer of heavy atoms is adsorbed on R

IO. RESULTS
A. Phonon dispersion curves

Because of the heavy requirement of computer
time for these calculations, so far we have only cal-
culated dispersion curves for 21 equally spaced
wave ve"tors q chosen along the boundary I E~ of
the ISBZ. As we discussed earlier, for each wave
vector in the ISBZ of the XGS, we get 3 times as
n1any frcqucncics Rs for a wave vector in thc ISBZ
of the BGS, plus six additional frequencies. In

I

a $0

D
20

la

to

KR

FIG. 4. Dispersion curves for the XGS for wave vec-
tors along the segment I qE~ of the irreducible SBZ.
The numbered curves correspond to those of the BGS
out to E~ in Fig. S.
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most strongly coupled to the substrate. The band
which is fairly low at small q, then rises to cross
the SP& band at about 0.64I E~ and meets the SP~~

band at Kz, is of SH character; it approximates
that monolayer transverse wave which is only

slightly modified by the lateral forces of the sub-

strate, except at the longest wavelengths. (Note:
we have spoken here of "bands" of SP and SH
character because the eye tends to follow the path
of such dynamical character along a complex of
dispersion curves. Strictly speaking, however, the
most consistent scheme of indexing bands over the
entire SBZ is in terms of strictly increasing fre-

quency at each q in the SBZ; we adhere to this
latter convention when we characterize a band by a
numerical index. )

In Fig. 7 we display on a semilogarithmic scale
the "attenuation curves, " the physical square dis-
placement

~
u(m)

~

=M '~ g(m)
~

versus m, for
the three low-lying surface modes Xei, Xeq, and

Xe3, as well as for the three lowest-frequency gra-
phite slab surface modes which still exhibit detect-
able surface localization in the presence of the xe-

E

i E

C)~ -8
O

-IO
Xez
sp,

-l2— I

I 2 3 4 5 6 7 8
m

FIG. 7. Attentuation with depth of the physical
square amplitude

~
u(m)

~

2=M '
~
f(m)

~

2 of selected
11

vibrational modes of the XGS at q =—qg, on a semi-

logarithmic scale. [M~ is the mass of a xenon atom,
M (m & 1) that of a carbon atom]. The curves labeled
Xe~, Xeq, and Xe3 refer to modes in which the main am-
plitude is found for the adsorbed xenon atoms. The oth-
er three curves pertain to surface modes of the graphite
substrate, at frequencies 24.07 (2 SP&), 26.37 (3 SH),
and 37.70 THz {4SPj}.

11 ——
non, all at wave vector q =—„I E~. It is seen that

for Xe~, Xe2, and Xe3 the mode amplitude is main-

ly confined to the top xenon layer (m =1), with the
amplitude in the first underlying graphite layer be-

ing down by almost 2 orders of magnitude for Xe2,
and by several orders of magnitude for Xe& and
Xe3, Thus, in these modes at this large wave vec-
tor, the layer vibrates practically independent of
the substrate but in the static potential field of the
substrate atoms. A measure of the degree of parti-
cipation of the substrate in this motion is given by
Xe2, which as the SPj mode at this wave vector
has the greatest coupling to the substrate. At the
relatively large wave vector of Fig. 7, mode Xe2
has only about 0.1% participation by the outer-
most carbon plane. However, the coupling to sub-
strate motion increases with increasing wavelength
(decreasing q) and the bands Xe~, Xez, and Xe3
evolve into the three rigid-body translations as
q~0. This fact raises some question concerning
the validity of the "frozen substrate" assumption
made by Coulomb and Masri "for their two-layer
model of the xenon-graphite system; we plan to ad-
dress this question more directly in future work.
%e finally point out the near linear behavior of
these semilogarithmic attenuation curves from the
graphite surface layer (m =2) inward. This indi-

cates that at this wave vector the variation with
depth of the amplitudes of each of the modes Xei,
Xe2, and Xe3 is dominated by a single decaying ex-
ponential in the substrate; i.e., g(m) cc exp( —amc),
where a=Im(q, ) (different for each of the modes)
and c is the fundamental interplanar distance. The
evanescent waves giving rise to this behavior come
from the complex band structure of graphite, and
because in the present case the modes are so much
more removed in frequency from the associated
bulk band edges, the imaginary parts of the q,
have gotten m,uch larger than those seen for bare
graphite (Ref. 1).

The other three attenuation curves displayed in
Fig. 7 represent the lowest-lying substrate surface
modes that still exist at this wave vector in the
presence of the xenon overlayer. These modes are
at 24.07, 26.37, and 37.70 THz, and are associated
most directly with bands 2, 3, and 4 of the BGS
band structure (see Fig. 5 and Ref. 1). The modes
at 24.07 and 26.37 THz are associated with q
points ( —„)along' 'K~ and K"Ez' in Fig. 3, so
they are approximately fourfold degenerate to a
rather high precision; the presence of the xenon
overlayer prevents the exact degeneracy between
the frequencies of pairs of modes of the same ir-
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which shows an enlargement of the low-frequency,
small-wave-vector portion of the XGS dispersion
curves. The lowest edge of the graphite bulk bands
is represented by the dotted line, which is actually
the lowest BGS frequency (paper I notes the very
close proximity of the BGS surface modes to the
associated bulk bands). At g &0.01, both the Xe-
SH and Xe-SP~

~

.modes "cross" the sharply rising
graphite bulk subbands, where there is a strong in-
teraction over a range of about 0.02 THz around
about 0.12 THz. From gy 0.01 to the SBZ boun-

dary, the Xe-SH branch has almost all the normal
mode amplitude in the Xe atoms; i.e., for this pair
of modes

~
g(Xe}

~

=0.500 to better than 0.1%.
[Note that with our slab eigenvectors normalized
to unity, a uniform translation of 0ur Xe-graphite
slab has

~
g(Xe)

~

=0.10954 and
~
g(C)

~

=0.01001, which takes into account the mass
weighting of the eigenvector components. ] Near
(=0.23, the Xe-SP~~ branch "crosses" the Xe-SP&
branch, and in this 13-layer substrate slab the
strong interaction of the Xe-SP& branch with the
lowest SP& bulk band of graphite appears to induce
a noticeable amount of additional splitting of the
Xe-SP~~ branch in the neighborhood of the cross-
ing. Aside from these noted interactions, the Xe-
SP~~ and Xe-SH motions appear to be decoupled
from the graphite motions to a rather high pre-
cision; where the hash marks have been omitted
from the heavy curves in Fig. 8,

~
g(Xe)

~

=0.50
to better than I'Fo. The decoupling of the Xe-SH
branch along I E~ is, of course, an exact
symmetry-enforced decoupling (except below

/ & 0.01 where there are graphite SH bulk modes),
but one mould expect the coupling to remain very
weak away from the 1 Ez direction because there
will be still very little z amplitude in the SH modes
and very little SH component in the bulk SP band.
For the Xe-SP~~ branch there is a small component
of z amplitude even along I E~, but it is so small
that to better than 1% the even and odd Xe-SP~~
modes are degenerate and contain all the amplitude
in the Xe atoms, even within the SPz bulk band of
graphite.

On the other hand, Fig. 8 illustrates the very
strong interaction of Xe-SP& branch with the SPz
bulk band of graphite. While a normal mode cal-
culation of a sample of finite thickness is not the
most direct way of discussing strongly coupled
resonant states, it can yield qualitative features.
For example, in Fig. 8 we see that at /=0. 05 the
lowest even Xe-SP~ curve (at about 0.36 THz} has

~
g(Xe)

~

=0.24, and the second-lowest odd Xe-

SPz curve (at about 0.67 THz) has
~

g(Xe)
~

=0.25. They both lie within the SPz bulk band
of graphite, so that much of the loss of amplitude
from the Xe atoms goes into bulklike motions of
the graphite substrate. From this distribution of
Xe amplitudes and from the general trend of the
Xe-SPz branch outside the graphite bulk continu-
um, one can estimate that the peak of the spectral
weight for the Xe-SPz "resonance" would be at
about 0.55 THz at (=0. The rather broad distri-
bution of fairly large values of

~
g(Xe)

~

over fre-
quency out to about /=0. 17 indicates that the res-
onance is a fairly broad one. Note that the lowest
odd Xe-SPz curve lies below the graphite bulk
band everywhere; as (~0, it transforms into the
flexural mode of a plate, and by (=0.05,

~
g(Xe)

~

=0.12, which is almost the value
0.10954 characteristic of uniform displacement of
this Xe-graphite slab.

In Fig. 8 we also give for comparison the disper-
sion curves (denoted by the heavy dots) for xenon
coupled to a static substrate, but otherwise
described by the interactions of Table I. The static
substrate has been simulated in our slab dynamics
calculations by setting the mass of the carbon
atoms in the substrate to a very large value

(M„,~„——10 amu is the value used, but the re-
sults for the Xe frequencies are insensitive to the
particular value so long as it is large enough). It is
evident that the Xe-SH and the Xe-SP~~ modes are
largely unaffected by dynamic coupling to the sub-
strate, except for a small region of g & 0.02. On
the other hand, the Xe-SPz modes change greatly
when a dynamic substrate is included. On the stat-
ic substrate, the Xe-SPz branch is very flat, starting
at 0.882 THz at (=0 and decreasing to 0.869 THz
at (=0.35 in Fig. 8. When the substrate is
dynamic, this branch becomes the broad resonance
in the graphite bulk band described above, and its
center has been shifted to a considerably lower fre-
quency. Even outside the graphite bulk band, the
Xe-SPj band is significantly lowered from the stat-
ic substrate value. These shifts to lower frequen-
cies brought about by the dynamic substrate may
be expected to have important consequences for
thermally averaged quantities.

C. Slab frequency distribution

The slab frequency distribution g"'"(v) of the
XGS is of importance, among other reasons, for
the calculation of thermodynamic properties of the
xenon-covered slab; thermodynamic properties will
be discussed in a subsequent paper, but it is useful
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to round out the present discussion of the dynam-
ics by a summary of the g"'"(v) result. Of particu-
lar interest are any features in g"' (v) which result
from the presence of the adsorbed xenon layer; to
reveal these we compare the g"' (v) for the XGS
with the same quantity for the BGS.

We evaluated g"' (v) for the XGS by a root
sampling of frequencies throughout the ISBZ of the
XGS. In I we discussed the difficulties in evaluta-
ing g"' (v) when a limited of sampling points are
available. In Fig. 9 we display the functions
g"' (v) for both the BGS [Fig. 9(a)] and the XGS
[Fig. 9(b)]. The root sampling for both g(v) distri-
butions in Fig. 9 was based on a uniform mesh of
210 points in the irreducible element of the XGS,
corresponding to a division of 1K+ and I Mz into
twenty intervals each. The calculation for the BGS
[Fig. 9(a)] was done for exactly the same 13-layer
graphite slab as for the XGS [Fig. 9(b)], except the
xenon-xenon and xenon-graphite interactions were
removed; hence the two calculations sample the
XGS-SBZ at exactly the same q values. Despite
the heavy demand of computer time by these cal-
culations, there is still substantial ' noise" in the
g(v) of Figs. 9(a) and 9(b) because of the extremes
of narrowness of the bands, wide separations be-

tween bands, and the small histogram channel
width. (Note, however, that the noise pattern is
essentially the same in the two figures because the
sample points were exactly the same). The very
prominent low-frequency peaks in Fig. 9(b) around
1 THz [absent in Fig. 9(a)] arise from the adsor-
bate modes Xei, Xe2, and Xe3. They are well
resolved here because of their relative flatness and
limited spread; the large peak at about 0.8 THz ar-
ises primarily from the Spz-character Xe-
dominated modes, while the smaller peak at about
1.25 THz is due to the largely SP~~ character of
Xe3 at large frequency over most of the XGS-SBZ.
A more detailed discussion of the functions g'" (v)
must await a subsequent paper which will deal
with the thermodynamic properties of the xenon-
covered graphite slab.
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FIG. 9. (a) Slab frequency distribution g" (v) for a
13-layer bare graphite slab. (b) Slab frequency distribu-
tion g""' (v) for a xenon-covered graphite slab of 15
layers (including the top and bottom xenon layers). The
histogram channel width is 0.05 THz in both plots.
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