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The scanning-tunnelling-microscopy (STM) images of Kr atoms adsorbed on a monolayer graphite sheet

(Kr/graphite system) are calculated using the first-principle total-energy electronic structure calculations within the

density functional theory in the local density approximation. The results obtained agree well with the observations.

It is found that the optimal site of the adsorbed Kr atom is at the top of the centre of the carbon hexagon, and its

equilibrium distance from monolayer graphite surface is about 0.335nm. It is shown that the hybridization of C 2p

electronic states (m-electronic states) and Kr 4p and 5s electronic states is the main origin of the Fermi-level local density

of state.
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The scanning tunnelling microscopy (STM)!—3l

provides us with a useful tool in surface physics for
imaging of various adsorbate atoms and molecules on
atomically flat surfaces at ultra-low temperatures and
under ultra-high vacuum.[*=6 As an adsorbate, the
rare gas atom has a long tradition in serving as a
model system in surface physics due to its closed shell
electronic structure and the weak interaction with the
substrate. There have been a few STM observations of
rare gas atoms adsorbed on metal and graphite sur-
faces so far. Eigler et all” have obtained images of
individual Xe atom adsorbed on the Ni (110) surface.
Grimm et al!%! have obtained STM images of Xe atoms
on graphite surface. More recently, Matsui et all®!
have obtained the STM images of monolayer Kr and
Xe atoms adsorbed on graphite surface. According
to the theory of Tersoff and Hamann,[® which shows
that for a small bias voltage and constant current, a
STM image (tunnelling current density) corresponds
to a map of constant local density of state (LDOS) at
Fermi level at the position of the tip, whether or not an

adsorbate is visible in the STM experiment depends

on how it modifies the LDOS near the Fermi level.
The rare gas atoms adsorbed on the metal or graphite
surface, however, are unlikely to modify the LDOS
near Er since the energies of the highest filled states
of the rare gas atoms are much lower, and those of the
lowest-lying empty states are much higher than Fr.
Thus, it was surprising that Kr and Xe atoms are vis-
ible in the STM experiments. Eigler et all” have used
an atom-on-jellium model to interpret their STM im-
ages observed for the Xe/Ni (110) system. They have
argued that the resonance of the empty Xe 6s state is
the main origin of the Fermi-level LDOS, which makes
Xe atom visible in the STM. How about Kr atoms ad-
sorbed on metal and graphite surfaces? The origin has

not been studied yet.

In this paper, we present the calculated STM
images of a commensurate (\/§ x 1/3)R30° phase
of Kr atoms adsorbed on the monolayer graphite
sheet (Kr/graphite system).['®] All the work has been
performed using first-principle total-energy electronic
structure calculations within the density functional

theory (DFT)['%12] in the local density approximation
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(LDA). The atom-adsorbed graphite surface is simu-
lated by a repeating slab model, in which the graphite
layers are separated substantially to avoid artificial
interactions. For the exchange-correlation energy
among electrons, we use a functional form[3! fitted to
the Monte Carlo results for the homogeneous electron
gas.['* Norm-conserving pseudopotentials generated
by using the Troullier—-Martins scheme are adopted

15,16] T con-

to describe the electron—ion interaction.!
structing the pseudopotentials, core radii adopted are
1.50, 1.54 and 1.54a.u. for C 2s, 2p, and 3d states,
respectively, and 1.80, 1.85 and 1.85a.u. for Kr 4s, 4p
and 4d states, respectively. The valence wavefunctions
are expanded by the plane-wave basis set with a cut-
off energy of 50Ryd, which gives enough convergence
of relative total energies of carbon-related system.[']
The conjugate-gradient minimization scheme is used
both for the self-consistent electronic structure cal-
culations and for the geometry optimization. Inte-
gration over the surface Brillouin zone is carried out
using an 8k-point sampling with one k-point in the z-
Detailed

accounts for the calculation method have been also
[17,18]

direction in the self-consistent calculations.

seen elsewhere.

The equilibrium lattice constant of a (\/§ X
\/§)R30° monolayer graphite surface obtained is
7.961a.u. (0.4213nm) with an accuracy of 1.1% com-
pared with the experimental value, 0.4260nm. And
then, the full geometrical optimizations are performed
for the commensurate (\/g X \/?:)R?)OO phase of Kr
atoms adsorbed on the graphite sheet to determine
the optimal site for the adsorbed Kr atom and its dis-
tance from the graphite surface. Here, three different
possible adsorption sites, i.e. the C (top of the cen-
tre of the carbon hexagon), B (top of the centre of
the C—C bond), and T (top of a carbon atom) sites,
have been considered. We find that the C site with
the equilibrium distance of 0.335nm from the graphite
surface is the most stable for the Kr adsorption. It
is also found that the corresponding equilibrium dis-
tances from the graphite surface for the B and T sites
are both 0.340nm. The differences in total energy are
7.4meV between the C' and B sites and 8.0meV be-
tween the C and T sites.

that the commensurate-incommensurate (CI) struc-

These small values indicate

tural transition is easy to occur for Kr atoms adsorbed
on graphite surface even at low temperatures. In this
work, we only consider the C site at the equilibrium
position.

In Fig.1, we show the calculated electronic band

structure of the Kr/graphite system together with
that of the (v/3xy/3) R30° monolayer graphite surface.
It is obvious that the top of the valence bands and the
bottom of the conduction bands for the Kr/graphite
system and for the (\/?: X \/§)R30° monolayer graphite
surface are both at I" point and the four energy bands
of m-electrons are degenerate at I" point, as is differ-
ent from that of 1 x 1 monolayer graphite surface.['9]
For 1 x 1 monolayer graphite surface, the degeneracy
appears at K point, which is folded at I" point in the
(v/3 x v/3)R30° periodicity.
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Fig.1. Calculated electronic band structures for: (a)
Kr/graphite system, (b) (v/3 x v/3)R30° monolayer

graphite surface. Energy levels are relative to the

Fermi level Ep.

To calculate the STM images for the Kr/graphite
system, we use the following expression for tunnelling

current density, 2!

Jj+(r,V)

== n §(E — Eni)dE, 1
[ S - Baxe, )

nk

where 9,1 (r) and F,j, represent the wavefunction and
the corresponding eigenvalue for the state with the
band index n and the wavenumber k, r is the position
of the STM tip, and V is the applied bias voltage be-
tween the tip and the sample. The + signs denote the



No.9

Calculation of scanning tunnelling microscopy images for ... 1013

filled-state and empty-state STM images correspond-
ing to the negative and positive sample bias voltage,
respectively.

The calculations of STM images are performed
using 99 k-points that sample the k-space region near
Er in the rectangular area in Brillouin zone (see
Fig.2(a)).
2(c)—(e).
lel to the graphite surface with the distance of 0.45nm
(the height is 0.115nm above the adsorbed Kr atom).

The results obtained are shown in Figs

They are shown on a typical plane paral-

The schematic diagram (parallel to the graphite sur-
face) of the Kr/graphite system is shown in Fig.2(b):
the rthombus ABCD denotes the unit cell; the rect-
angle ABEF corresponds to the plane on which the
STM images are shown; the solid and open circles de-
note the sites of Kr and C atoms, respectively. For
these calculations, we take the spacing of two adja-
cent graphite sheets in the slab model as 1.80nm to

avoid the interactions between graphite surfaces.
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Fig.2. (a) The hexagonal Brillouin zone of the Kr/graphite system. The 99 K-points adopted
for STM calculations is in the rectangular area near I' point. (b) The schematic diagram of the
Kr/graphite system, where the thombus ABCD denotes the unit cell. The rectangle ABEF

corresponds to the plane on which the STM images are shown. The solid and open circles

denote the sites of Kr and C atoms, respectively. The calculated STM images (tunnelling

current density) for the Kr/graphite system at the sample bias voltages of (c) V=-1eV, (d)
V=1eV, and (e) V=2eV. The subsequent contours differ by a factor of 1.5.

In the filled-state image shown in Fig.2(c), we find
that the brightest position in the tunnelling current
density is located on the top of Kr atom forming elon-
gated circles. On the other hand, in the empty-state
image shown in Fig.2(d), the brightest position is also
located on the top of Kr atom, but the elongated cir-
cles are along a different direction. As the positive
bias voltage is increased from 1eV to 2eV, the elon-
gated circles become regular circles. All these indicate
that Kr 4p or/and 5s states contribute to the LDOS
of the Kr/graphite system near Er. In both positive

and negative bias voltages, C atoms are not visible be-
cause of the large distance between the STM tip and
the graphite surface. To clarify the origin of the im-
ages in Figs 2(c)—(e), we show the contour plots of the
calculated LDOS on a plane normal to the graphite
surface in Fig.3. We find that the filled states near
FEr are mixed with p orbitals at the Kr site, whereas
the empty states are with more s-like orbitals. This
finding is consistent with the notion that the filled
states are mixed with Kr 4p states, whereas Kr 4p

and 5s states contribute to the empty states near Er.
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Fig.3. Contour plots of local density of state for the Kr/graphite system on a plane per-

pendicular to the graphite surface at the sample bias voltages of (a) V=-1eV, (b) V=1eV,
and (c) V=2eV. The plane, the height of which is 0.45nm, includes the dashed line GH in
Fig.2(b). The subsequent contours differ by a factor of 1.5.

It is seen clearly from Fig.1(a) that the elec-
tronic states of the Kr/graphite system near Er con-
sist mainly of the m-electronic states of graphite: two
antibonding m-electronic states above Ey contribute
to the empty-state STM images and two bonding 7-
electronic states below FEf contribute to the filled-
state STM images. C 2s and Kr 4s electronic states are
unlikely to contribute to the LDOS of the Kr/graphite
system near Ey because they are deep in energy. To
confirm that Kr 4p and 5s states contribute to the
LDOS near Er, we have examined the LDOS at I’
point in different energy regions: (a) —4.77eV (cor-
responding to Kr 4p states), (b) 3.04eV, (c) 3.90eV,
and (d) 4.54eV ((b), (c), and (d) corresponding to

the first, the second and the third conduction bands
above Ep, respectively). Figure 4 shows the contour
plots of the calculated LDOS on the rectangular plane
normal to the graphite surface along the dashed line
GH in Fig.2(b) near these energies below 5eV. From
these results obtained, we speculate that C 2p elec-
tronic states and Kr 4p and 5s electronic states are
mixed substantially in the energy region far from the
Fermi level Eg. This means that the mixing also takes
place near Er. Hence, we conclude that the STM im-
ages of the Kr/graphite system are mainly due to the
hybridization of C 2p electronic states (m-electronic

states) with Kr 4p and 5s electronic states.
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Fig.4. Contour plots of the local density of states for the Kr/graphite system on a plane perpendic-

ular to the graphite surface corresponding to the energy regions: (a) from —5.07eV to —4.57eV; (b)
from 2.98eV to 3.08eV; (c) from 3.85eV to 3.95eV, and (d) from 4.49eV to 4.59eV. The plane, the
height of which is 0.6nm, includes the dashed line GH in Fig.2(b). The subsequent contours differ

by a factor of 1.5.
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