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ABSTRACT: Individual cobalt atoms trapped within a bilayer of C4, have been
produced by the deposition of Co atoms onto a C4, double layer supported on
graphite. High-resolution scanning tunneling microscopy (STM) reveals two stable
states of a single cobalt atom coordinated with three Cg, molecules, which is denoted
as (Cgp)3Co. The diffusion of the cobalt atoms within the Cg, layers is highly limited,
resulting in the effective capture of single cobalt atoms in the interstitial sites of the
close-packed Cg layers. Density functional theory calculations show that the Co atom
is located in the tetrahedral void between two close-packed Cq layers. The most stable
configuration of (Cgy);Co consists of two Cgy molecules from the top layer with the
third Cg, from the bottom layer. A less stable configuration of (C4;);Co where all three
Cgo molecules are from the top layer was also observed at room temperature.

1. INTRODUCTION

The operation of a magnetic memory-storage device relies on
the magnetic anisotropic energy of magnetic particles, which is
predicted to be size-dependent at the atomic level and highly
sensitive to the surrounding environment." A single bit in a
storage unit usually consists of millions of atoms. There is a
strong demand in reducing the physical size of the bit toward
the single molecule/atom level. Reading and writing with
single-atom magnets have been demonstrated in the laboratory
environment using scanning tunneling microscopy (STM),
which probes and manipulates isolated holmium atoms
supported by a magnesium oxide film.” Gambardella et al.
have reported that single cobalt atoms exhibit giant magnetic
anisotropy energy on the Pt(111) surface compared with the
free atom due to symmetry reduction and the coordination
with the substrate.” However, it is a challenging task to create
atomically dispersed materials due to the tendency of atoms to
combine into clusters. If Co atoms are deposited directly onto
a solid substrate such as graphite, the atoms tend to aggregate
into large Co clusters.” Such thermally controlled aggregation
leads to a broad size distribution of the metal clusters.

Here, we report the trapping of individual cobalt atoms by
two layers of Cq. We choose graphite-supported Cg, layers,
which are known to be able to trap metal atoms by preventing
the uncontrolled aggregation from taking place.” We find that
when a Co atom lands on top of the C, layers, it loses its
mobility very quickly and becomes surrounded by three Cg,
molecules. Density functional theory (DFT) calculations show
that the trapped Co atom has a nonzero magnetic moment.” If
the temperature of the sample is sufficiently low, spontaneous
polarization may order the magnetic moment. At room
temperature (RT), we do not expect to observe a net
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magnetization because thermal energy is well above magnetic
energy. The focus of this work is on the physical process,
which leads to the formation of (Cgy);Co. The magnetic
properties of the sample, such as its Curie temperature, are not
measured.

The thermodynamic stability of the metal atom intercalated
Cgo compound M,Cg, has been analyzed by using the Born—
Haber cycle theory.” The results suggest that the transition
metal (TM) intercalated Cq4, compound may not be as stable
as those formed with the alkali metals and early rare-earth.
Nevertheless, the electron-donating property of the TM
coupled with the substantial electron affinity of Cg4, imply
the possibility of forming stable TM,-C4, complexes.

Previous studies of the Co—Cg, mixed film by codepositing
cobalt and Cg, have verified the formation of the Co—Cg,
polymeric chain through the covalent bond."~'' But these
Co—Cg, polymeric chains are believed to be formed in a
nonequilibrium state when codepositing cobalt and Cg, at RT.
During the codeposition, the cobalt atoms and the Cg,
molecules meet each other with great momentum, especially
the Cg, molecules. Due to the relatively large size of Cg;, the
Cgo molecule has a great opportunity to meet several cobalt
atoms during this process and form Co,(Cg),, complexes with
different content ratios. By depositing individual Co atoms
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Figure 1. (a) Large-scale STM image of the bilayer C4, molecules on HOPG. I = 600 pA, Vy,,, = 1.8 V. The inset is a local-scale STM image of
bilayer C¢ molecules. I = 600 pA, Vi, = 2.3 V. (b) Height profile measured along line 1 in Figure la. The height of the first layer Cgy measured
from the HOPG substrate is 0.89 nm; the second layer of C, is measured to be 0.75 nm taller than the first layer. (c) Large-scale STM image of the
bilayer C4, molecules after exposure to cobalt atoms. I = 600 pA, Vi, = 1.8 V. The inset is the local-scale STM image for the same area as marked
by the rectangle in the large-scale STM image. I = 600 pA, Vi, = 1.8 V. (d) Percentage of dim molecules as a function of the cobalt coverage. The
+1.3% error includes variation in the number of dim molecules within 300 C4, molecules from the different surface areas under each cobalt
coverage. A ML of cobalt atoms on a close-packed Cg, layer is defined as the coverage where one cobalt atom exists in each unit cell of the close-

packed Cg, lattice.

onto a preformed Cg, bilayer, we control the number of Co
atoms in the Co,(Cq),, complexes to be one. STM images and
DFT calculations suggest that (Cg);Co has formed involving
Cgo molecules from both layers of the bilayer Cg, molecules.

2. RESULTS AND DISCUSSION

Monolayer (ML) and bilayer of Cg, were formed on highly
oriented pyrolytic graphite (HOPG) by physical vapor
deposition from a homemade Knudsen cell. Cobalt was
deposited by using a CreaTec high-temperature effusion cell.
All depositions were conducted with the HOPG sample at RT.
Cgo molecules follow roughly a layer-by-layer growth mode
with the second layer formed before the completion of the first
layer. Figure 1a shows an STM image acquired after ~1 ML of
Cgo has been deposited. The first layer of Cg, has smooth and
rounded boundaries due to efficient edge diffusion. The second
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layer of Cg, has a fractal-dendritic structure characteristic of
kinetically controlled growth. This is due to a relatively high
diffusion barrier arising from the corrugated potential energy
surface presented by the first layer.'” C4y molecules within the
same layer (first or second) appear at the same height as
measured by STM. There are no molecules appearing “dim” or
“bright” in the false-color image. It is known that Cy, molecules
are free to rotate and flip at RT. Therefore, the molecules do
not exhibit a fixed orientation,"® and STM images arise from a
time-averaged signal for each molecule. The heights of the first
and second layers of the Cg, islands on the HOPG substrate
measured by STM are 0.89 and 0.75 nm, respectively, as
shown in the height profile in Figure 1b.

Following the deposition of cobalt onto the preformed Cg,
layers, we observed the appearance of “dim” Cg, molecules in
the second layer, as shown in Figure lc. The number of dim
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Figure 2. (a) STM images of the second layer of the bilayer C¢, molecules after being exposed to the cobalt source for 3 min. The height profile
was measured along line AB in the STM images with bias voltages of 1.8, 1.4, and 1.0 V, respectively. I = 600 pA, Vi, = 1.8, 1.4, or 1.0 V. (b) STM
images with sample bias voltage of 1.8 and 1.0 V, respectively. The dark contrast in the STM image of 1.8 V corresponds to the bright contrast in
the STM image of 1.0 V, as marked by blue circles. A few examples of C4, molecules with a bright contrast under 1.0 V but not showing dim under
1.8 V are marked by green circles. There is one extra bright C4, molecule in this image, and its brightness does not seem to depend on the bias
voltage. It is possible that this extra bright molecule is sitting on a small Co cluster.

molecules increases linearly with the amount of cobalt
deposited, as shown in Figure 1d. This is a direct piece of
evidence that the dim Cg, molecules are associated with
deposited Co atoms. By counting the number of dim
molecules and comparing with the number of Co atoms

delivered by the source, we find that roughly a single Co atom
is linked to each dim Cg,. The error involved in counting Co
atoms arises mainly from the calibration of the Co evaporation
source. It is known that Co can form a covalent bond with
carbon in Cgo.'”"" Hence, upon landing, a Co atom forms a
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Figure 3. (a) STM images of the second layer of the bilayer Cg, after Co deposition. Left panel: I = 600 pA, Vi, = 1.8 V; right panel: I = 600 pA,
Viias = 1.0 V. The three C4y molecules exhibit the features of type 1 or type 2 structures, which have been marked by blue and green triangles in the
STM images, respectively. (b) STM image (left) and structural model (right) showing an apparent sideway displacement of the dim molecule. The
height profile was measured along the line AB. I = 600 pA, Vi;,, = 1.8 V. (c) Comparison between observed STM images with those from DFT
simulations. DFT refined structures can be found later in Figure 4. STM images acquired under 1.8 and 1.0 V are displayed. The simulated images
were obtained under high-bias (1.30 eV above the Fermi level) and low-bias (0.83 eV above the Fermi level) conditions.

strong bond with a C4, molecule and loses its mobility. This
land and stick process prevents Co from forming Co clusters
through lateral diffusion. There is a small fraction of dim
molecules sitting next to each other due to two Co atoms
landing on the surface ~1 nm apart.

The brightness contrast of these dim features is bias-
dependent in the STM images. As shown in Figure 2a, the
height profiles along line AB in the STM images were
measured under three different bias voltages. Under 1.8 V
sample bias, a dim C4, molecule appears 44 pm lower than
those in the immediate neighborhood. With a reduced bias of
1.4 V, the dim molecule appears 19 pm lower. For an even
lower bias voltage of 1.0 V, the dim molecules observed with
1.8 and 1.4 V change into “bright” molecules, which appear 64
nm taller than those not showing bias-dependent contrast
changes. Interestingly, it is not only the dim molecules at 1.8 V
that have switched from dim to bright at 1.0 V, one or two
molecules adjacent to each dim molecule also appear bright at
1.0 V, as shown in Figure 2b. Blue circles in Figure 2b mark the
molecules that have gone through a dim to bright transition.
Green circles mark the molecules that appear bright at 1.0 V,
but not dim at 1.8 V.

The bias-dependent behavior of the Cg, molecules suggests
that each Co atom is interacting with more than one Cg,
molecule. The dim C4y molecules in the STM image acquired
at a 1.8 V bias voltage are probably the ones that are most
strongly bound to Co. According to Raman spectra for the
cobalt atom and the C4, molecule mixed film, the Cg,
molecules are negatively charged due to the charge transfer

from the cobalt atoms.” This charge transfer makes the LUMO
level of Cy, partially occupied.'* When the sample is biased at
1.4 V and above, the tunnel current is contributed by (i) direct
tunneling from the STM tip to HOPG and (ii) tunneling via
the LUMO of Cg,. For a C¢, bonded with Co, its LUMO level
is partly occupied by electrons, and hence, the LUMO
becomes less effective in electron conduction when the sample
is positively biased. This would make such a C4, molecule
appear dim in comparison to those not bonded with Co. When
the bias voltage is reduced to below 1.0 V, the LUMO of Cy is
inaccessible.'” Tunneling current is then contributed solely
from direct tunneling from tip to HOPG. However, since the
tunnel gap is partly filled with Cg, the tunnel current is
expected to remain dependent on Cg4 via tip—molecule
interactions. The formation of the Co—Cg, bond changes the
way in which Cg, responds to the presence of the STM tip.
While the usual interaction between the STM tip and Cy, is
mainly of van der Waals (vdW) in nature, the formation of a
Co—Cg, bond introduces an extra pathway of interaction due
to the dipolar characteristics of the bond. When the tip is
above a Cg, which is bonded to a Co atom, this molecule
together with Co is subject to a stronger attractive interaction
toward the tip. As a result, the molecule displaces upward and
appears taller. In Figure 2b, it can be seen that under 1.0 V
bias, a group of two or three Cg molecules appear brighter
than the surrounding molecules. This is an indication that a
single Co atom interacts with two or three C4;, molecules from
the top layer.
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Figure 4. The relaxed structure models of cobalt atoms trapped in different interstitial sites of the Cy bilayer. (a,c) Configurations (left panels) and
zoom-in bonding information around cobalt atoms (right panels) of type 1 and type 2 structures with cobalt atoms at the tetrahedral site (T site).
(b,d) Configurations (left panels) and zoom-in bonding information around cobalt atoms (right panels) of type 1 and type 2 structures with cobalt
atoms at the octahedral site (O site). The black parallelogram indicates a unit cell. The relative energy is presented at the bottom of each structure.
The energy of the configuration with cobalt atom at T-site is taken as reference in both type of configurations.

A tentative explanation for the observed dim-bright contrast
is given below. The STM feedback loop keeps the tunneling
current at 600 pA during scanning by adjusting the distance
between the tip and the sample surface. When the bias voltage
is reduced from 1.8 to 1.0 V, the tip moves toward the surface.
The reduced distance between the tip and sample results in a
different electric field between the tip and surface molecules. In
the regions of the Cg, layer where no Co atoms are embedded,
the interaction between the STM tip and the Cg, molecule is
relatively weak. In the cobalt-doped Cg, regions, the bonding
between the cobalt atom and the C4, molecule creates an
electrical dipole, which is sensitive to the changing electrical
field below the tip. The attraction from the tip can cause a
significant upward displacement of the Co—Cg, complex. As a
result, under a 1.0 V bias voltage, the C4, molecules bonded
with the cobalt atom appear bright. In Figure 3a, each blue
triangle encloses a group of two bright C4, molecules at 1.0 V.
This is qualitatively consistent with a bonding configuration
where a Co atom bridges two C4, molecules in the top layer.
We named this type of bonding type 1. Inside the green
triangle, we see a group of three bright C4, molecules at 1.0 V.
This is proposed as type 2 bonding where a Co atom is
assumed to be linked to three Cg, molecules from the top
layer. For the sake of clarity of discussion, we label the relevant
Cgo molecules for each bonding type, as shown by the
schematics in Figure 3c. In type 1 bonding, Cg-1 is the
molecule that appears dim at 1.8 V. Cg;-2 is the other molecule
that appears bright at 1.0 V. In type 2 bonding, C4,-1 is the
molecule that appears dim at 1.8 V. Cgy-2 and Cgy-3 are the
other two molecules that appear bright at 1.0 V. In both cases,
Ceo-1 appears dim at 1.8 V but bright at 1.0 V.

In Figure 3¢, we focus on the overall intensity and relative
position associated with each C4y molecule. The intramolecular
contrast from the STM simulation serves as a reference, which
cannot be directly compared with STM data from the
experiment due to the lack of resolution. (d) Structural
model for the hexagonal closed-packed lattice of the bilayer
Cgo- The cobalt atom has the options of occupying the
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tetrahedral site denoted as T or the octahedral site denoted as
0.

We noticed that the dim Cg, under 1.8 V shows a clear
sideway shift in position. For type 1 bonding, the positional
shift is toward Cgy-2, as demonstrated in Figure 3b. This leads
to a reduction of the distance between Cg-1 and Cgy-2 from 1
to 0.87 nm. This reduction in the apparent distance is more
likely due to a charge distribution change rather than a physical
movement of Cg-1. For type 2 bonding, Cgy-1 is observed to
shift toward the midpoint between Cyy-2 and Cgy-3. For both
types of bonding, Cgy-1 shows no positional shift when imaged
at 1.0 V. In Figure 3c, simulated STM images are shown, and
they are in qualitative agreement with the experimental
observations. Based on the tunneling current and bias voltage
applied during scanning, it can be inferred that the scanning
process involves a strong interaction between the tip and the
sample. As a result, the position of C4, molecules that are
weakly bonded to HOPG can be temporarily disturbed by the
tip. However, these effects are not accounted for in the DFT
simulation. The DFT simulation provides complementary
information about the positions of the C¢, molecules and their
contribution to the tunneling current. The intramolecular
structure revealed by DFT, however, is not directly comparable
with experimental data. The simulated images are based on
bonding configurations from DFT calculations, as shown in
Figure 4.

For the double-layer C4, molecules, there are two kinds of
interstitial sites, named the tetrahedral site (T site) and
octahedral site (O site), as shown in Figure 3d. By comparing
the DFT calculated relative energies shown at the bottom of
Figure 4a,c for the type 1 bonding or at the bottom of Figure
4b,d for the type 2 bonding, Co tends to adsorb at the
tetrahedral site rather than the octahedral site in both type 1
and type 2 bonding configurations, which agrees with the
experiment that the blue and green triangles all have the same
orientation, as depicted in Figure 3a. For type 1 bonding, the
distance between Cgy-1 and 2 is 9.875 A, which is 0.354 A
shorter than the distance between Cgy-1 and 3 in the Co-
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deposited bilayer Cq, crystal. In the left panel of Figure 4a, the
Cgo molecules labeled as 1, 2, and 3 come from the top layer,
while the C4, molecule labeled as 4 comes from the bottom
layer. The Co atom is bonded to Cg-1, 2, and 4
simultaneously. Although it appears that Co is bridging Cg,-1
and 2, the bond lengths of Co with Cg;-2 are shorter than
those of Co with Cyy-1, as shown in the right panel of Figure
4a. This difference indicates a stronger interaction of Co with
Cgo-2 compared with that of Cgy-1. Consequently, the partial
density of states for C¢o-1 and 2 also shows a difference (Figure
Sla). For type 2 bonding, as shown in Figure 4c, Co forms
bonds with Cgy-1, 2, and 3. All three molecules are from the
top layer. Moreover, Cgy-1 moves toward Cyy-2 and 3 from its
initial position by 0.474 A. Shorter bond lengths of Co with
Cgo-2 and 3 than those of Co with Cgy-1 are observed in the
type 2 configuration (right panel of Figure 4c). A difference in
partial density of states for Cq-1, 2, and 3 is displayed in
Figure S1b.

The STM images give clear evidence of where the deposited
Co atoms are and indications of how the atom is bonded to the
Cgo molecules. It is known that the tunnel current has
contributions from topographical variations and density of
state distributions. In addition, when imaging molecules, tip—
molecule interaction introduces additional influences to the
tunnel gap. STM images alone are not always sufficient to
provide the information needed to determine the real space
structure.'> When it comes to chemical bonding, there are a
range of useful spectroscopic techniques such as XPS/UPS and
ARPES that can provide valuable information in helping to
determine how metal atoms are coordinated to organic
molecules.'® By observing features around the Fermi level
and core level shift, one can learn a lot about the direction of
charge transfer. The STM itself when operating in its
spectroscopic mode (STS) can also reveal the density of
state information. The VT-STM used in this study can be
cooled via a continuous flow of a cryogenic liquid. The flow of
liquid makes it difficult to maintain a constant temperature
because only the sample is cooled, not the tip. Attempts to
collect STS data from this STM resulted in poor reproduci-
bility. The DFT calculations give us some information about
the Cgp-cobalt bonding and the stability of the proposed
structures. It is not possible to simulate under exactly the same
conditions as those in the experiment. Some aspects of the
STM imaging, such as tip—molecule interaction, are difficult to
include in simulations. Nevertheless, DFT simulations have
given useful guidelines when several possible structures are
compared. The structure of (Cgy);Co, as determined by the
STM experiment and DFT calculations, is in good agreement
with the observation of (Cg);Co clusters in the gas phase.'”

3. CONCLUSIONS

In summary, we have produced atomically dispersed cobalt
embedded in a bilayer of C4,. Observations using STM in
conjunction with DFT calculations reveal the formation of
(Cgo)3Co. There are two bonding configurations for (Cg);Co,
both involving cobalt located near the tetrahedral void
provided by the Cg, layers. In one bonding configuration,
two molecules from the top layer and one from the bottom
layer are bonded to cobalt. In the other configuration, cobalt is
bonded to three Cg, molecules, all from the top layer. Cg,
molecules bonded to cobalt show strong bias-dependent
behavior, which arises from the nature of the C4—Co bond.
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4. METHODS

4.1. STM Experiments. All experiments were conducted in
an ultrahigh-vacuum (UHV) chamber with a base pressure of
3.0 X 107" mbar. The STM imaging was performed using an
Omicron VT-STM at RT. The electrochemically etched
tungsten tip was used for the STM imaging. The HOPG
used as the substrate is of ZYA grade. The HOPG was cleaved
using scotch tape before being transferred into the UHV
chamber. The HOPG was then annealed at 613 K for 1 h in
the UHV chamber to remove surface contaminants. The Cy,
MLs and bilayers are prepared by thermally evaporating Cqg
powders (purity of 99%) from a homemade Knudsen cell onto
the HOPG substrate at a rate of 0.1 ML min~" for 10 min. The
cobalt was deposited onto the substrate by using a CreaTec
high-temperature effusion cell at a rate of 0.025 ML min~". All
depositions were conducted with the HOPG substrate at RT
and a background vacuum better than 3.0 X 10~ mbar.

4.2. DFT Simulations. DFT calculations were performed
using the Vienna ab initio simulation package.'® The projector-
augmented wave potentials with the generalized gradient
approximation of Perdew—Burke—Ernzerhof formulation was
employed to treat the electron—ion interactions and
exchange—correlation functions.'”™' To better describe the
3d electrons of TM elements, the DFT + U method proposed
by Dudarev et al. with an effective U value of 3.0 eV was
employed to the Co element.”” Grimme’s D3 correction was
adopted to describe the vdW interaction.”” The initial supercell
contains two layers of Cq, with one Co atom adsorbed. The
neighboring Cg, is separated by ~1 nm. For geometrical
optimization, all of the atoms were fully relaxed to reach a
force tolerance of 0.02 eV A™'. We employed a size of
V3 X /3 and V7 x 7 supercell to represent type 1 and
type 2 structures. A vacuum gap of >13 A was added to prevent
the interaction between slabs in each supercell. The cutoff
energy was 600 eV (400 eV) in the /3 X /3 (/7 X /7)
supercell, and the K-point mesh was gamma only. The partial
charge densities were calculated to simulate the STM images
according to the Tersoff—Hamann approach.”*
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