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Theory of scanning-tunneling-microscopy images of intercalated graphite surfaces

Xiao-rong gin and George Kirczenow
Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada VSA lS6

(Received 20 November 1989)

The electronic and structural properties of intercalated graphite surfaces imaged with scanning
tunneling microscopy (STM) have been studied theoretically, with use of a modification of the
tight-binding model of Blinowski et al. The corrugation amplitude (CA) and carbon-atom site

asymmetry (CSA) are sensitive to the number, m, of graphite layers covering the first guest layer, to
the amount of transferred charge and its distribution to the surface subband structure. The CA and

CSA can be used to map the stage domains across a freshly cleaved surface. The CSA has a surpris-

ing dependence on the charge transfer and on m. We explain the unusual absence of atomic scale
features in the STM images of BiCs-graphite reported by Gauthier et al. The STM images of the
surfaces of both donor and acceptor graphite intercalation compounds are discussed.

I. INTRODUCTION

The scanning-tunneling-microscopy (STM) image of a
pristine graphite surface at low bias voltage has two re-
markable features, ' a large corrugation in the tunneling
current over the center of each carbon hexagon, and a
pronounced asymmetry in the current between adjacent
carbon-atom sites. ' As was shown by Tersoff, the fun-
damental reason for the corrugation is that the STM
probes the local electron density of states at the Fermi
level. Since the Fermi surface of graphite is very small,
the STM image is a reflection of the spatial dependence of
the wave functions of just a few electron states, and the
current "hole" at the center of each hexagon is due to a
node in the wave functions of the Fermi electrons. Batra
et al. and Tomanek and co-workers ' have shown that
the carbon-atom site asymmetry is a property of the elec-
tron eigenstates resulting from the AB stacking of the
hexagonal layers of carbon atoms. The electronic
properties of graphite can be modified systematically by
intercalating various guest species into the galleries be-
tween the carbon layers. While the physics of graphite
intercalation compounds (GIC's) has attracted a great
deal of attention in recent years, ' their surface proper-
ties remain largely unexplored. The STM should be an
excellent probe for these surfaces, and indeed some in-

teresting experimental" ' and theoretical ' work has
recently begun to appear. But the lack of a comprehen-
sive theory makes it diScult to interpret much of the
data. In this paper we present the first theory of the STM
images of GIC surfaces, which is applicable to both
donor and acceptor intercalate species and to staged
structures. ' We show that the corrugation amplitude
and the carbon-atom site asymmetry are sensitive to the
charge transfer between the guest and host, to the distri-
bution of the transferred charge among the host layers
close to the surface, and to the near-surface band struc-
ture. Based on this, it should be possible to use the STM
to map out the pattern of stage domains at a GIC sur-
face. Even in the bulk case, there are important
unanswered questions about the domain structure and

electronic properties of GIC's, ' which make such sur-
face studies all the more interesting. A surprising predic-
tion of our theory is that in many cases there should be
no carbon-atom site asymmetry in the STM image even
when the usual AB stacking of the graphite layers occurs
at the GIC surface, and that the asymmetry should
switch on discontinuously with decreasing charge
transfer. We also predict that donor GIC's should have
stronger carbon-atom site asymmetries than acceptor
GIC's with the same absolute value of the charge transfer
per carbon atom. We present a possible explanation of
the remarkable absence of atomic-scale features in the
STM images of BiCs-graphite reported by Gauthier
et al."

We briefly summarize the structure of graphite inter-
calation compounds in Sec. II. Our theoretical model is
described and analyzed in Sec. III. The results are
presented in Sec. IV. Finally, we outline our conclusions
in Sec. V.

II. GIC STRUCTURE

When a layered host material such as graphite is inter-
calated with a guest species, the guest atoms fill some of
the galleries between the host layers, leaving others emp-
ty. The new ordered structure has a period consisting of
a guest layer followed by n graphite host layers. This is
called a stage-n compound.

The characteristic structure of a GIC is represented in
Fig. 1 which shows a slice through the crystal perpendic-
ular to the host layers. Figure 1 shows a stage-4 com-
pound with every fourth gallery occupied by the guest,
but the crystal is divided into Daumas-Herold domains
with different galleries being occupied by the guest in ad-
jacent domains. ' In this paper we will discuss surfaces
such as the top surface in Fig. 1, where the number m of
graphite layers covering the guest layer closest to the sur-
face depends on the particular domain involved. These m

surface graphite layers are very different from ordinary
pristine graphite. It is known that the formation of
GIC's is accompanied by charge-transfer and screening
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FIG. 1. Schematic representation of stage order and domain
structure in a stage-4 GIC.
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FIG. 2. Graphite AB stacking structure with a- and P-type
carbon-atom sites in (a) 2D and (b) 3D perspectives, and (c) the
hexagonal 2D Brillouin zone, where wave vector k=u+~ and
u = (21T/3b, 2m. /3 b ).

effects. The electrons (holes) which are transferred to the
graphite from the donor (acceptor) guest screen the
charged guest layers, and their concentration is highest in
the graphite layers closest to the guest. Because of the
unusual band structure of the graphite, the screening is
nonexponential, with the screening charge density and
the associated potential decaying roughly as a power of
the distance from the closest guest layer. ' Consequently,
in the surface region, there are electrostatic potential
differences between the m graphite layers, which should
be included in the Hamiltonian of the system. In addi-
tion, the Fermi level of the system is shifted from that of
pristine graphite because of the transferred charge.
Clearly, the different (m) surface domains have different
potential distributions, energy bands, and Fermi surfaces,
and, therefore, STM images which can differ markedly
from each other and from that of pristine graphite.

In our model we assume that the stacking sequence of
graphite layers, where it is not interrupted by the presence
of a guest layer, is still the usual graphite ABAB stacking
sequence. This is known to be correct in the bulk case for
most staged GIC's. ' In this stacking there are two
kinds of carbon-atom sites: a sites which are adjacent to
carbon atom sites in the neighboring graphite layer(s),

and P sites which are adjacent to the (vacant) centers of
the carbon hexagons in the neighboring layers, as shown
in Figs. 2(a) and 2(b).

Experimentally, surfaces such as those shown in Fig. 1

can be prepared by cleaving a GIC sample, and at least in
the case of SbC15-graphite, the surface domain structure
appears to be sufficiently stable to be studied in vacuum,
according to the high-resolution scanning-ion-
microprobe work of Levi-Setti et al. ' Lagues, Marc-
hand, and Fretigny have suggested that some guest
species may tend to segregate towards the surface, lead-
ing to an increased guest concentration in the first sub-
surface gallery, while the opposite effect may occur for
other guests. Our theory is applicable also to such sys-
tems, as well as to graphite monolayers and multilayers
on clean metal surfaces.

III. THE THEORETICAL MODEL

Our starting point is the result of Tersoff and
Hamann, ' that at low bias voltages, for a simple s-wave
model of the STM tip, the tunneling current is propor-
tional to the local density of states at the Fermi energy
EF which is given by

p(r, EF )= g I +„„(r) l' &(Ek„E„),—
k, n

where r is the center of curvature of the tip and %k„and
Ek„arethe electron eigenstates and energy eigenvalues of
the sample. The STM image in the constant-current
mode represents a contour of constant p(r, EF ).

To calculate p(r, EF) for the STM image of a surface
domain, we structure the model Hamiltonian of the sys-
tem so as to include the effects of transferred charge dis-
tribution, and use a modification of the tight-binding
model of Blinowski and co-workers to find the wave
functions +«of the states near the Fermi energy.

The tight-binding model of Blinowski and co-workers
has been used successfully to describe the bulk electronic
properties of stated GIC's for the larger guest species.
Compared with their model, our tight-binding model uses
the same basis states for the wave function %k„ofthe sys-
tem of m graphite layers, but a different form of the
Hamiltonian. The m graphite layers in their model are in
the bulk of GIC, and they treat the charge-distribution-
related Hamiltonian matrix elements phenomenological-
ly. Our interest is in the surface region, and we calculate
the charge distribution and hence find its effects on the
Hamiltonian matrix elements by numerically solving the
nonlinear self-consistent Thomas-Fermi equations of
Safran and Hamann. '

We note that simple tight-binding models are known to
be capable of describing the main features of the STM
image of pristine graphite. Our calculations reproduce
the results of the published first-principles calculations of
the STM images of multilayer slabs of pristine graphite
as well as of graphite rnonolayers with reasonable accu-
racy. For example, we find an asymmetry of
-0.6—0.7 A between the a and P sites of a four-layer
slab of pristine graphite in constant current mode, which
is close to the 0.5 A found by Batra et al. under similar
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conditions using a self-consistent pseudopotential
method.

A. Potential and charge distribution

The Safran-Hamann Thomas-Fermi theory has, in the
past, been found to be adequate for the description of
GIC energetics of staging, a phenomenon which is very
sensitive to the distribution of the transferred
charge. ' ' ' Safran and Hamann derived the non-
linear self-consistent Thomas-Fermi equations and solved
them analytically to give the bulk potential distribution
in GIC's. We calculate the potential distribution of a
surface domain by solving the equations numerically for a
semi-infinite GIC with appropriate surface boundary con-
ditions.

Three important approximations are involved in the
derivation of the nonlinear self-consistent Thomas-Fermi
equations of Safran and Hamann (a) the transferred
charge is homogeneously distributed in the layers perpen-
dicular to the c axis, i.e., both the graphite and the inter-
calant layers are treated as charged sheets with an inho-
mogeneous potential along the c axis only; (b) the effects
of the small c axis band dispersion of the graphite energy
bands are neglected, so that the energy bands can be de-
scribed by a two-dimensional model; (c) a continuum ap-
proximation to represent the distribution between the in-
tercalant layers is adopted.

For donor guests, the Thomas-Fermi energy of the sys-
tem is then given by'

E(n, ) = —,
' f e V(z )[n;(z ) n, (z ) ]—dz+ J t(n, )n, (z )dz,

where n, (z) and n, (z ) are the intercalate-ion and electron
carrier density, respectively, t(n, ) is the total band ener-

gy per electron due to the in-plane two-dimensional (2D)
graphite band dispersion, V(z) is the potential distribu-
tion, and the electron potential energy is ( —e ) V(z ).

The first term in Eq. (1) represents the electrostatic en-

ergy, with V(z ) satisfying

spacing of graphite.
Based on the Thomas-Fermi approximation, if t(n, )

and ( —e ) V(z ) have their zeros defined by the Fermi level
of pristine graphite, the minimization of Eq. (1) with
respect to n, (z) yields'

eV(z)=ton, ' (z), (4)

and one can rewrite Eqs. (2) and (4) as

(5)

(6)

where

and

P(z) =eV(z),

n, (()= ton, (z ),

In the region of graphite layers, we combine Eqs. (5)
and (6) to yield

d'pig) =42(k)
dg

(10)

Now, let us consider the boundary conditions at the in-
tercalate layers. We define cr, the areal charge density on
the intercalate layers, as

q/2 0
where f is the number of electrons received or donated
per intercalate unit, q X n is the number of carbon atoms
per intercalate unit for a stage-n GIC, which is related to
the stoichiometry of GIC's, and 0=3b sin60' is the area
of the unit cell of 2D graphite. Thus, 2f /q is the number
of electrons transferred per 2D graphite unit cell on the
intercalate layers. Therefore, at the Lth intercalant layer
the boundary conditions are given by' '

d V(z) 4ne.
[n, (z) n, (z)]-,

dz
(2)

(12)

(13)
where e=—5.4 is the c-axis dielectric constant' of graph-
ite layers.

The second term in Eq. (1) is the band kinetic energy of
the electron carriers. The graphite band dispersion is
given approximately by s(a)= yah~a. ~,

—the energy be-

ing measured near the location of the Fermi level of pris-
0

tine graphite. Here, b =1.42 A is the in-plane nearest-
neighbor distance of graphite, x is the 2D wave vector
measured from the corner of the hexagonal 20 Brillouin
zone [see Fig. 2(c)], and go=2. 51 eV (Ref. 24) is the
tight-binding Hamiltonian matrix element associated
with in-plane nearest-neighbor coupling. The total
band energy density per electron t(n, ) is then

P,'=0 . (14)

We multiply Eq. (10) by 2$'(g) and integrate over the
near surface region (0 ~g~s, see Fig. 3) with the con-
sideration of the surface boundary conditions to obtain

where p =20 to(n /e)', and gt+ and (L are locations just
above and below the Lth intercalant layer, respectively
(see Fig. 3).

Since there is no free areal charge density on the GIC
surface, and a GIC should be neutral as a whole, for a
semi-infinite GIC we can take the electric field outside
the GIC to be zero, so that the surface boundary condi-
tion is

t(n ) =—'ton ' (3) (15)
0

where to = —

3yob(neo�

)'~, and co = 3.35 A is the interlayer Similarly, in the region gz ~ g ~ gL++ &,
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and (17) as

surface 0 L+1= [4'L+1 —[(—', }'"P (—0L'+1 O—' L )'"]'l '" .

(23)

Thus (21)—(23) are our iteration equations. We try a
value of P„andobtain P, from (21), then use (23) and (22)
repeatedly to find p 1 $2, p 2, p3, etc. The iteration of
1)}

&
(or pL ) should tend gradually towards the bulk solu-

tion P b (Pb ); otherwise the initial value P, should be ad-
justed until a proper p, is found. p b and p1, are deter-
mined by numerically solving the following two equa-
tions:

(24)

L+0 d =2( —,
' )' I dP

(y3 y3 )1/2
(25)

0'(4) =+ I-', [0'(4)—0' ]]'"
where P is the minimum value of the region.

From (12), (13), and the above Eq. (16), we obtain

[3(PL+1 0 L }]' +[—'(PL+1 0 L+1}]' = P

By integrating (15), we find

s —
(

3 )1/2
2 y (y3 y3 )1/2

(16)

(18)

where s is the distance from the first intercalant layer to
the surface. Similarly, from (16}

d =(-')'" 1

(y3 y3 )1/2

( y3 y3 )1/2
(19}

where d= ~gL
—gL+, ~

is the distance (corresponding to
neo in z space} between two neighboring intercalant lay-
ers.

Defining

f(x ) = ( —', )
' J dy

b (1—y') 1'"
we rewrite (18) and (19) as

(20)

FIG. 3. Schematic representation of the charge-transfer-
associated potential-energy distribution between intercalant lay-
ers and between the surface and the first subsurface intercalant
layer.

B. Tight-binding H matrix

In our tight-binding model Hamiltonian of the graph-
ite layers we follow Blinowski and co-workers by in-
cluding only the nearest-neighbor in-plane and interlayer
hopping terms. All electronic hopping terms between
host layers separated by a guest layer are ignored. For a
single graphite layer, as there are two atoms per unit cell,
the wave function with wave vector k is constructed us-
ing two tight-binding basis functions u, „(r)built of atom-
ic 2p, orbitals p, (r). For a system of m graphite layers,
the wave function %'& is then a linear combination of 2m
tight-binding basis functions

u;1,(r)=C g exp[ik (R„+ )]yr, (r —R„r;), —
R., n

(26)

Having found P„weuse the Runge-Kutta numerical
method for solving the initial value problem for the
differential equation (15) to find P(g) in the surface region
(o ~ g ~ s, or 0 ~z ~ mco), and hence the potential distri-
bution V(z ) among the m surface graphite layers.

The above treatment can be easily extended to the case
of acceptor GIC's. The form of V(z) obtained is the
same as for donors except for the sign.

Since we treat the intercalant layers as uniformly
charged sheets, the model Hamiltonian (see below) does
not reflect superlattice effects (due to the in-plane inter-
calate periodicity being different from that of the graph-
ite}. This simplification appears to be a reasonable one
since Selloni and co-workers, ' who carred out detailed
pseudopotential calculations for the case of stage-1 LiC6,
found the superlattice effects on the STM corrugation
amplitude to be very small. Note, however, that some
very recent experiments carried out by Kelty and
Lieber' in an argon atmosphere suggest that in some
state-1 alkali-metal GIC's such superlattice effects may
be observable.

(p, )' 's=f(p, I/1),
f(4'mL ~P L+1} (((mL } d f(kmL ~PL }

(21)

(22)

%'1,(r) = g a;t,u;1,(r) (i =1,2, . . . , 2m ), (27)

where C is the normalizing factor, k is the 2D wave vec-



4980 XIAO-RONG @IN AND GEORGE KIRCZENOW 41

tor, and R„=n1A1+np Ap is the 2D lattice vector
formed from primitive translation vectors A, and Az.

and rz (j=1,2, . . . , m) are the shortest vectors
from the origin r, =0 (see Fig. 2) to a- and P-type atoms,

respectively, in the jth graphite layer.
In the basis defined by Eq. (26) our approximate Ham-

iltonian for an m =4 surface domain is represented by the
following matrix:

Hii+~i

Hii+~i

V1

0

H»+~~ —rag'«)
—yog(k) H, )+hq

71 0

Y1

0

H „+63 —yog(k)
—

yog "(k) H„+63

71

0

Hei+~4
—yog(k) H„+64

(28)

where Aj represents the potential energy in graphite layer j, which is determined by averaging the self-consistent
screened potential energy eV(z) over the range of co occupied by the jth layer, g(k)=exp(ik rz) +exp(ik D37$)
+exp(ik D3 'rz), and D3 is the operator of the 2n /3 rotation about the c axis; yo is the resonance integral between
the carbon 2p, orbitals of nearest-neighbor a-P atoms within a graphite layer, while y, is that between the orbitals of
nearest-neighbor a-a atoms on adjacent graphite layers. We take @0=2.51 eV and y, =0.377 eV. The "+"sign is
for the case of acceptor guests and the "—"sign for the case of donor guests. All matrix elements between two carbon
atoms separated more than the distance co are neglected. Also, all matrix elements between graphite layers separated
by a guest layer and between graphite and guest layers are neglected.

Shifting all energy levels by H»+b, „wewrite the secular equation of the matrix (28) as

Vl

0

0 —(E+5,~)

0 0

0 0

0 0

0 0

—x* —E 0

X

—(E+5,~)
—(E+5)3)

X

V1

0

—(E+5„)
—(E+5,4) X

—(E+5)4)

=0, (29)

where 51 =6,—6 is the potential-energy difference be-
tween the first graphite layer and the jth layer, which is
always a positive value, and x represents yog(k).

For m &4 surface domains, the H matrices are simply
the upper-left 2m X 2m parts of the m =4 matrix.

Thus, in our model the presence of the intercalate is
felt only through its influence on the site-diagonal Hamil-
tonian matrix elements 5I (j=2,3, . . . , m) and on the
total number of electrons present. The former are very
sensitive to the charge-transfer value 2f /q and to m, and
the latter is ultimately determined by the value 2f /q.

Using as input the results of the self-consistent
Thomas-Fermi calculation of V(z) described in Sec. II A,
we find the matrix elements of the tight-binding Hamil-
tonian of the m surface graphite layers. We then solve
the secular equation (29), determine the energy bands and
the Fermi level, and evaluate p(r, EF) using Herman-
Skillman tight-binding carbon orbitals.

IV. RESULTS

In Fig. 4 we show the calculated constant-current STM
profiles for a typical acceptor GIC, stage-4 SbC15-
graphite, with stoichiometry SbC15C14~ 4 and charge-
transfer coefficient f=0.31 (2f /q =0.31/7). SbC1,-

graphite is of particular interest because of the previous
experimental observation of the surface domain structure
in that system. ' The results for a stage-4 alkali-metal
donor GIC with stoichiometry MC«4 and f= 1

(2f /q =
—,
'

) are shown in Fig. 5. MC6„4is a donor GIC
with a high areal density of transferred charge. Among
alkali-metal GIC s only Li-graphite has equilibrium
phases with a bulk stoichiometry of MC«„at ambient
pressures, the other alkali metals being more dilute.
However, guest concentrations as high as MC6 in the first
subsurface gallery have been reported for the other alkali
metals. While the results shown in Figs. 4 and 5 are for
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FIG. 4. Calculated constant-current STM profiles for stage-4
SbCl, -graphite surfaces (curves 1-4 correspond to m =1-4
graphite layers covering the top guest layer as in Fig. 1), and for
a four-layer slab of pristine graphite (curve g). For curve g the
Fermi energy was taken to be 0.0258 eV to reflect in a rough
way the thermal broadening of the Fermi surface as discussed in

Ref. 5. The scans shown are along PO OQ QP in-the -inset. In-

set: Structure of the surface graphite layer (solid hexagons), and
(for cases m =2—4) of the first subsurface graphite layer (dashed
hexagons). No corrections for finite instrumental resolution are
included.
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FIG. 5. Calculated constant-current STM profiles for stage-4
MC6&«alkali-metal —graphite surfaces and for pristine graphite.
Notation as in Fig. 4.

stage-4 compounds, the calculated profiles are very in-
sensitive to the bulk stage, and reflect mainly the number
of graphite layers covering the guest layer closest to the
surface, and the in-plane density o or the 2f /q of that
guest layer. The physical origin of the insensitivity to the
bulk stage is that the influence of the second guest layer
from the surface is very weak because of the screening
effects. ' Thus the results presented are also representa-
tive of other bulk stages with similar in-plane densities.

In Figs. 4 and 5, the vertical axis represents the dis-
tance from the center of curvature of the tip to the plane
containing the carbon nuclei in the surface graphite lay-
er. The horizontal axis stands for the surface coordinate.

Curves 1 —4 in each figure correspond to m = 1 —4 graph-
ite layers at the surface covering the top guest layer as in
Fig. 1. Curve g, shown for comparison, is the result for a
four-layer slab of pristine graphite. The scanning path
across the surface is along the line PO OQ-QP-as defined
in the inset of Fig. 4. The points labeled a and P on the
horizontal axis mark the locations of the a and )33 atoms
of the surface graphite layer. The five curves in each
figure correspond to the same tunneling current. With
increasing m, the charge density on the top surface layer
decreases due to the screening, so that the tip has to be
closer to the surface in order to deep the same tunneling
current. Thus the curves shift to lower distance with in-
creasing m in the figures.

A striking feature of the STM profiles shown in Figs. 4
and 5 is the marked reduction in the strength of the
depression at the center of the carbon hexagon upon in-
tercalation. This is due to the fact that the Fermi surface
of the graphite is greatly expanded by the carriers
transferred from the guest, so that the wave functions of
the Fermi electrons no longer have an exact node at the
hexagon center, as was anticipated by Tersoff. The in-
crease in the strength of the depression as the number of
host layers m between the first guest layer and the surface
increases can be understood qualitatively as an effect of
the screening of the guest layer by the transferred charge:
The further the surface graphite layer is from the guest
layer, the less the free-carrier density at the surface and
the more the STM image resembles that of pristine
graphite. The depression in the profile is weaker for a
given value of m in Fig. 5 than in Fig. 4 for two reasons:
(a) there is a higher density of transferred charge in the
former case, and (b) the linear combination coefficients

a, k which determine the form of the electron eigenfunc-
tions +& are different for donor and acceptor guests in

such a way that the corrugations are weaker for donors
than for acceptors even when the 2f /q and the shape of
the Fermi surface (but not the Fermi level) are the same.

The combination of these effects is so strong when
there is only one graphite layer covering the alkali-metal
guest (curve m =1, Fig. 5) that the STM image is pre-
dicted to be nearly featureless on the atomic scale. Thus
we are able to explain the quite remarkable absence of
atomic scale features in the STM image of the BiCs-
graphite reported recently by Gauthier et al." if, as was
noted by those authors, there is a high concentration of
Cs in the first subsurface gallery of their samples due to
segregation effects. "

The calculated corrugation amplitudes increase by
about 20%%uo if the average tip-to-surface separation is de-
creased by 2.5 a.u. (see Figs. 2 and 3 in Ref. 16), but the
carbon-atom site asymmetry values do not show strong
dependence on the tip separation.

The behavior of the asymmetry between the a and 13

carbon-atom sites is very interesting. There is no hint of
any asymmetry for m = 1 or 2 in Fig. 4 or for m = 1, 2, or
3 in Fig. 5. This is a surprise since bilayers and trilayers
of AB-stacked pristine graphite display a strong asym-
metry. Recently Tomanek and Louie have pointed out
that in stage-1 alkali-metal GIC's which have A A stack-
ing there should be no carbon-atom asymmetry since the
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asymmetry is linked to AB stacking. Here we predict
that the asymmetry should be absent for small numbers
of graphite layers covering the first guest layer, even for
AB stacking. One can think of this very roughly as fol-
lows. The coupling between adjacent graphite layers is
the reason why the carbon-atom site asymmetry (CSA) in
the STM image of pristine graphite is linked to AB stack-
ing. The coupling is stronger at a sites than P sites since
the distance between the nearest-neighbor a-c sites on
adjacent layers is the shortest one. Therefore, on the top
surface layer the electrons on the a atoms have the larger
probability of being attracted downward due to the cou-
pling with the layer underneath, so that the P atoms are
more visible in the STM image. When we intercalate
some guests, say, acceptors, the charge-transfer effect will
cause carbon atoms to lose electrons. The electrons on
the P atoms are somewhat less tightly bound to their sites
and thus have the greater probability of being taken up
by the intercalate. If the charge transfer is strong
enough, it is possible to greatly reduce the difference be-
tween a and P sites in the STM image. This is a uery

rough and intuitive explanation; a more detailed explana-
tion of the absence of CSA based on the properties of the
system wave functions, the energy band structure, and
the Fermi surface will be given below.

The asymmetry appears abruptly at m =3 in Fig. 4 and
at m =4 in Fig. 5, but is weaker than in pristine graphite.
This is quite different from the behavior of the corruga-
tion hole at the center of the carbon hexagon which never
disappears totally and grows smoothly with increasing m.
We find that the finite asymmetry appears discontinuously
with decreasing charge transfer at fixed m ) 1, when the
highest electron (deepest hole) surface subband is emptied
of electrons.

In Fig. 6(a) we show the calculated carbon-atom site
asymmetry versus 2f/q for m =2 surface domains. The
CSA value is the height diff'erence between a and P sites
in the STM image. Curves D and A represent donor and
acceptor guest GIC's, respectively, with the same con-
stant tunneling current. In the figure, there is a point at
which the CSA switches on from zero to a finite value.
The corresponding 2f /q is about 0.034 which varies very
slightly (by ~5%) with the bulk stage. As the STM
probes the local electron density of states at the Fermi
level, the discontinuity should be linked with the energy
band structure and the Fermi level of the system. Figures
7(a) and 7(b) show the energy bands of pristine graphite
bilayers and the m =2 surface domain of a donor GIC at
the onset of the CSA with 0=0, respectively. Notice that
the Fermi level coincides with the bottom of the highest
electron surface subband in Fig. 7(b). Consider the situa-
tion at ~=0, the corner of hexagonal 2D Brillouin zone
[see Fig. 2(c)]. There g(k)=0, and the m =2 secular
equations are
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For pristine graphite bilayers, 5,2=0, and EI; =0 as
shown in Fig. 7(a). Then from (30) we find a, =a3=0,
but a2 and a4 are not equal to zero. From Fig. 2(b) it is
clear that this means that the Fermi electron wave func-
tion vanishes on the a sites. The tunneling current is
therefore contributed only by P-type atoms, implying a
strong CSA. By contrast, for a donor GIC at the CSA

—a E=O
2

(30)

0.0 0.1 0.2
2f/q

0.3 0.4 0.5

—a, y, —a, (E—5,~)=0,

a4(E —5,2) =0 . —
FIG. 6. The calculated curves of carbon-atom site asym-

metry vs 2f Iq for (a) m =2, (b) m =3, and (c) m =4. A denotes
acceptor, D denotes donor.
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onset, the EF just approaches the bottom of the highest
electron surface subband E&&. Since in this case EF & 5&2,
it follows from (30) that for states at the bottom of this
subband a2 =a4 =0, but a, and a3 are not equal to zero.
This means that the subband E&& strongly favors the a
sites. Since the lower conduction surface subband Ec2
also has many states at the Fermi level, and this subband
strongly favors P sites, by adding these two parts we get
the tunneling current contributed not only by P-type but
also by a-type atoms, implying a greatly reduced CSA.
The higher conduction surface subband is parabolic at its
extremum, which implies that (in two dimensions) it has a
nearly constant density of states. Thus its contribution to
the tunneling current (which strongly favors the a site)

switches off discontinuously as it empties, which explains
how it is possible for the asymmetry to be a discontinu-
ous function of the Fermi level, or of the 2f /q. The cal-
culated results show that there is no CSA when
EF Ect (It=0).

We find that the energy bands of an acceptor GIC are
simply the mirror image of those of the donor GIC with
the same 2f /q and the Fermi level is the same in magni-
tude and di5'ers only in its negative sign. That is why
both kinds of GIC's have the common CSA onset.

From (30} we can obtain analytically the condition for
the absence of CSA for donor GIC's in the case of m =2:
EF [5,2+ (5,2+4y t )

' ]/2. Similarly, for acceptor
GIC's the condition is EF ~ —[5,2+(5)2+4y, )' ]/2.
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FIG. '7. The energy band structure of m graphite layers with 8=0 {the band structure will change somewhat with 8, but the rela-
tive locations of subbands are always close to that shown). Pristine graphite bilayers, trilayers, and four-layers in (a), {c),and {e),re-
spectively. I=2—4 surface domains of donor CHIC's at the CSA onsets in (b) and (d), and discontinuity in (f), respectively. 2f/q
values are 0.034, 0.175, and 0.037 in (b), (d), and (f), respectively.
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An excellent way to test our predictions experimentally
would be to map out the surface domain structure of a
freshly cleaved stage GIC, since different domains with
different m values should have differing corrugation
strengths and carbon-atom site asymmetries, as well as
having their surfaces offset vertically from each other'
because of the bends in the graphite layers at the domain
walls.

V. CQNCLUSIGNS

5.0

FIG. 8. Calculated constant-current STM profiles for stage-4
MC»&4 alkali-metal-graphite surfaces and for pristine graph-
ite. Notation as in Fig. 4.

The CSA versus 2f /q is plotted for m =3 and 4 cases
in Figs. 6(b) and 6(c), and the respective energy bands in
Figs. 7(c) and 7(d), and 7(e) and 7(f). In Fig. 6(b), the on-
set for m =3 is at about 0.175, which is much larger than
the value for m =2. This is reasonable since the screen-
ing of the first guest layer increases with m, and the
larger m is the less the charge transfer affects the top sur-
face. In Fig. 6(c) the screening for m =4 is so strong that
there is some CSA even when 2f /q reaches 0.5. But no-
tice that the CSA jumps from a lower to a higher value
when the second conduction subband empties as shown
in Fig. 7(f). This occurs at a 2f /q of about 0.037, and the
conditions of a lower value of the CSA are that
EF ~ E,2 (a =0) for donors and EF ~ E,2 (a =0)—for ac-
ceptors.

In general, the 2f /q at the CSA onset increases with m
because of the effects of screening. The overall trend is
for the CSA to increase with decreasing 2f /q, but some
deviations from this do occur. The difference between
donor and acceptor asymmetry values tends to decrease
with 2f/q. It is zero for 2f/q=0, i.e., for pristine
graphite. For a fixed 2f/q the donor CSA is always
larger than the acceptor CSA; this is because the form of
4k is different for donor and acceptor GIC's even though
their Fermi surfaces are the same.

It is interesting to see from Fig. 6 that for some GIC's
the CSA may be larger for smaller m. Figure 8 shows the
STM images of m =1—4 domains for stage-4 MC, 2x4
with 2f /q =

—,'. The asymmetry decreases significantl
from m =3 (dashed line) to m =4. The reason is that the
different surface subbands contribute differently to the
asymmetry strength, so that their number and character
and the location of the Fermi level relative to them are all
important and change with m. It is clear that careful
asymmetry measurements would be very interesting.

We have developed a theory of the STM images of the
surfaces of staged graphite intercalation compounds.
The number m of graphite layers covering the first guest
layer and the charge-transfer value are the important pa-
rameters entering our theory. We determine the
transferred charge distribution along the c-axis, the sur-
face energy bands, and the Fermi level by using the
Thomas-Fermi equations of Safran and Hamann and a
modification of the tight-binding model of Blinowksi and
co-workers, and calculate the constant-current-mode
STM image using the Tersoff and Hamann theory. We
find that the corrugation amplitude and carbon-atom site
asymmetry are very sensitive to the m and the charge
transfer, but insensitive to the bulk stage due to the
screening of intercalant layers. The corrugation ampli-
tude increases with increasing m, with decreasing charge
transfer, and also with decreasing tip-to-surface separa-
tion. The asymmetry does not strongly depend on the
tip-to-surface separation, but has a surprising dependence
on the charge transfer and m, switching on discontinu-
ously with decreasing charge transfer. We predict that in
many cases there should be no carbon-atom site asym-
metry in the STM image even when the usual AB stack-
ing of the graphite layers occurs at the GIC surface. 2s

For a given charge transfer, the corrugation amplitude is
larger for acceptor GIC's and the asymmetry is larger for
donor GIC's. Our calculations explain the unusual ab-
sence of atomic-scale features in the STM images of
BiCs-graphite recently reported by Gauthier and co-
workers, " and the results for pristine graphite are in
good agreement with those obtained using different
theoretical methods. Our results for GIC's can be used
to map the stage domains across a freshly cleaved surface
and our predictions should stimulate further experimen-
tal and theoretical work in this interesting new area of
surface science. Such studies will also help to clarify
some currently controversial issues about the bulk prop-
erties of intercalation compounds.
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