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Unexpected change in the electronic properties of the Au-graphene interface caused by toluene

H. Pinto,"* R. Jones,' J. P. Goss,? and P. R. Briddon?
ISchool of Engineering, Mathematics and Physical Sciences, University of Exeter, Stocker Road, Exeter EX4 4QL, United Kingdom
2School of Electrical, Electronic and Computer Engineering, Newcastle University, Newcastle Upon Tyne,
England NEI 7RU, United Kingdom
(Received 8 March 2010; revised manuscript received 21 May 2010; published 3 September 2010)

Density-functional theory is used to show that isolated Au atoms on graphene do not lead to substantial
charge transfer or doping but this is altered if a second layer of graphene or toluene is present. Thus interca-
lating Au into a sandwich of graphene-toluene leads to n-type doping of graphene. The effect is attributed to a
confinement of the 6s level of Au by toluene or the second graphene layer. It is also shown that K atoms dope
graphene with the transfer of around one electron. The binding energies and electronic structure of Au, Cr, and

Ti on graphene are also reported.
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I. INTRODUCTION

Graphene is a zero-gap semiconductor consisting of a
monolayer of carbon atoms arranged in a two-dimensional
honeycomb lattice.! The high mobility of its charge carriers
combined with the effect of different dopants makes
graphene a possible material for electronic applications.” The
fabrication of electronic devices requires metal contacts, usu-
ally made of Ti, Cr, and Au, and thus understanding the
properties of metallic adsorbates is of great importance.
Electronic applications also require the control of the type
and concentration of charge carriers which can be achieved
by the deposition of atoms and molecules on the graphene
surface.

Different adsorbates, either atoms or molecules, has been
extensively studied both theoretically and experimentally.
Previous density-functional calculations reported the geom-
etry, binding energy, and electronic structure of different
metals on graphene.>” For most of the metals studied, the
preferred location on the graphene layer is the (H) site, di-
rectly above the center of the graphene hexagon. For Au, Ni,
and Sn, however, the most stable site lies directly above a
graphene carbon atom, (T) site while Pt and Cr atoms were
found to be more stable above the C-C bond, (B) site. How-
ever, the migration energy of the metal across the surface of
graphene is often low and the metal atom will easily diffuse
and become trapped by other metal atoms or other
adsorbates. For Ti, a migration barrier of 0.7 eV has been
calculated while Pt and Au are highly mobile with
barriers lower than 0.1 eV.> If the diffusivity is given by
~a?v exp(=W/kT), then the atoms will diffuse a distance of
about 5 mm after one hour at room temperature.

Here we study the properties of a single metallic atom
which is either bound to graphene or lies between graphene
and a toluene overlayer. We use the local-density approxima-
tion (LDA) rather than the generalized gradient approxima-
tion (GGA) (Refs. 4-7) and this is necessitated as GGA un-
derestimates interlayer binding energies causing graphite to
be unstable. In addition, the binding energies of toluene and
other hydrocarbons adsorbed on graphene are much lower
than experimental values.®

Experimentally, Ti, Fe, and Pt transition-metal clusters
have been deposited on graphene by molecular-beam
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epitaxy.” The doping properties of the adsorbates were ex-
plored in gated devices using in situ transport measurements
(conductivity as function of gate voltage). For all the metal
clusters investigated doped the graphene n-type and Ti was
found to be the most effective donor. Depending on cover-
age, Pt can lead to either n-type or p-type doping. Theoreti-
cal calculations have also predicted Ti (Ref. 5) and K (Refs.
4 and 5) to be donors. Electron doping of graphene was also
demonstrated with K atoms deposited at low temperatures
(20 K) on graphene in ultrahigh vacuum.'® Whereas one ex-
pects that electropositive adsorbates will dope graphene
n-type, molecular dopants could lead to either n-type or
p-type doping. Thus, when exposed to CO and NHj,
graphene is doped n-type.'! The opposite effect can be
achieved with H,0, NO,, N,0,'"'? and F4-TCNQ
(tetrafluoro-tetracyanoquinodimethane)  molecules.!>!* It
should be remarked, however, that the mobility of carriers is
expected to be reduced by the additional Coulomb scattering
caused by the dopants. However, in some cases, e.g., NHj,
this does not occur and the mobility increases.!" We shall
discuss this in another paper. Another complexity can arise if
two types of adsorbates are present neither of which has a
doping effect on its own but when in combination, a doping
effect is found. We shall show here that this is the case for
toluene and gold on single layer graphene.

II. METHOD

Spin-optimized calculations were performed using the
AIMPRO density-functional code.'>!® The LDA was used to
represent the exchange correlation potential. The core elec-
trons of the atoms were treated using the Hartwigsen
Goedecker Hutter pseudopotencials.!” The spin populations
of the cell were optimized by starting from random spin
distributions. The orbitals of the valence electrons consist of
independent s-, p-, d-like Gaussian functions centered on
atoms.'® The electronic levels were filled using Fermi-Dirac
statistics with kz7=0.01 eV and metallic filling. The system
was modeled using a 4 X4 X 1 unit cell of graphene, enclos-
ing 32 carbon atoms, with periodic boundary conditions. The
Brillouin zone was sampled with a grid of 8 X 8 X 1 k points
within the Monkhorst-Pack scheme.'” Charge densities were
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FIG. 1. Adsorption sites considered. T is directly on top of a
carbon atom of graphene, H lies above the center of the hexagonal
ring of carbon atoms in graphene, and B above a graphene C-C
bond.

Fourier transformed using plane waves with an energy cutoff
of 200 Ha.

The adsorption of single K, Au, Cr, and Ti atoms was
studied in the three obvious adsorption graphene sites: above
the center of the graphene hexagonal ring (H), above a C-C
bond (B) and above the carbon atom (T), Fig. 1. A molecule
of toluene was placed on top of a single adsorbed metal
atom, itself on top of graphene, to investigate the effect of an
overlayer of toluene on the electronic properties of metals
deposited on graphene.

III. RESULTS
A. Toluene on graphene

Figure 2 shows the optimized bond lengths and angles of
the isolated toluene molecule. The results are in good agree-
ment with x-ray diffraction measurements shown in Table
1'20

The toluene molecule was placed above the graphene
layer, in two different configurations, corresponding with AA

FIG. 2. Calculated molecular structure of toluene molecule. The
molecule consists of a benzene ring in which one H atom is re-
placed by CH;. The bond distances are given in angstroms and the
angles in degrees.
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TABLE I. Comparison between the calculated and the experi-
mental (Ref. 20) bond lengths and bond angles of toluene molecule.

Calculated Experimental

Bond (A) (A)
Cl-C2 1.49 1.49
C2-C3 1.39 1.39
C3-Co 1.38 1.38
C6-C7 1.39 1.37
C3-H4 1.09 1.0
Angle

C3-C2-C7 118.01 117.79
C4-C3-C2 121.16 121.03
C5-C4-C3 120.15 120.34
C6-C5-C4 119.44 119.47

and AB Bernal stacking. The minimum separation between
the toluene molecules in different unit cells is 4.3 A. Upon
relaxation, we found the AB stacking configuration was more
stable by 0.08 eV with the toluene molecule 3.2 A above the
graphene surface. There was no tendency, for the toluene
coverage used, for the molecular plane to tilt with respect to
the graphene plane. Figure 3 shows the relaxed structure.
The binding energy between the molecule and graphene was
found by finding the energy of the same sized cell when the
distance between the molecule and graphene was increased
to 8.5 A. This energy is 0.6 eV and is comparable with the
binding energy of benzene to graphene which was deter-
mined experimentally to be 0.5 eV.?!

Figures 4(a) and 4(b) show the electronic band structure
of pristine graphene and toluene on top of graphene. The
adsorption of toluene does not perturb the electronic proper-
ties of graphene in the neighborhood of the Dirac point. In
particular, the Fermi level remains at the Dirac point indicat-
ing the absence of charge transfer between the toluene and
the graphene. This is entirely in agreement with expectation.

B. Isolated metals on graphene

We now consider the effect of individual metallic atoms
on the electronic structure. The structure and binding energy
for various metal atoms on graphene are shown in Table II.
The most stable position for a Au atom is directly above a

FIG. 3. (a) Side and (b) top view of the minimum energy con-
figuration of the toluene molecule on top of the graphene surface.
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FIG. 4. (Color online) Band structure (eV) of (a) pristine graphene and (b) toluene molecule on top of graphene, plotted in the vicinity
of the Fermi energy along the high-symmetry directions of the Brillouin zone. Full lines denote occupied states while dashed lines show
empty levels. The Fermi level is placed at zero. Note that the electronic structure of graphene in this energy range is unaffected by toluene.

carbon atom, at a T site. All other metallic atoms prefer to lie
above the middle of the hexagonal H site, hence maximizing
the number of metal-carbon bonds. The geometric structure
and binding energies are in good agreement with previous
LDA calculations.?

Spin optimization of K above graphene shows that the
ground state is a singlet. Figure 5 shows the spin-averaged
electronic band structure for a K atom adsorbed on graphene.

In Fig. 5, the Fermi level lies above the Dirac point indi-
cating substantial charge transfer from the K atom to the
graphene. Integrating the density of states of pristine
graphene to the Fermi level found for the metal on top of
graphene, shows approximately one electron is transferred.
Inspection of the wave function of the empty level marked A
at the K point in Fig. 5, and shown in Fig. 6(a), demonstrates
that the wave function is strongly localized on the K atom
and originates from its spin-up 4s orbital which was occu-
pied in the isolated atom. The wave function of the occupied
level at the K point [the upper of the two levels marked B in
Fig. 5] is shown in Fig. 6(b). It is delocalized over graphene
and avoids the K atom. This level would have been unoccu-
pied in graphene when the metal atom is not present. These
results confirm that charge transfer has occurred from the 4s
occupied level of K to graphene. This result is in agreement
with previous experimental and theoretical work which dem-

TABLE II. Metal-carbon bond lengths (A), perpendicular dis-
tances from the metal do the graphene layer plane (A), metal bind-
ing energies (eV), and magnetic moment (ug).

Bond Binding  Magnetic

Eq. lenogth Height energy moment
Metals position (A) (A) (eV) (mp)
Au T 2.27 2.27 0.65 1.0
K H 2.82 2.42 1.51 0.0
Cr H 243 1.99 0.88 5.0
Ti H 2.27 1.75 2.55 3.1

onstrate K atoms act as donors on graphene.*>!0

Spin optimization of Au on graphene resulted in a mag-
netic moment of 1.0 ug. Figures 7(a) and 7(b) show the
majority- and minority-spin electronic band structures of Au
on graphene. Far from the K point, the flat band at " near to
the Fermi level is strongly localized on the Au atom as
shown in Fig. 8(a). When this 6s-Au level crosses the 7 and
7" bands, the bands hybridize and at the K point, the highest
occupied level, marked B in Fig. 7(a), is delocalized over the
graphene layer as shown in Fig. 8(b). Thus the occupancy of
this band in unchanged from that of graphene. The level
below the highest occupied level at the K point, marked C in
Fig. 7(a), is localized on the Au atom, Fig. 8(c). Thus al-
though the presence of a Au atom changes the band structure
close to the Dirac point, there is no evidence of any signifi-
cant charge transfer between Au and the graphene surface.

FIG. 5. (Color online) Spin-averaged electronic band structure
(eV) of K on top of graphene in the vicinity of the Fermi energy.
The Fermi level is set to zero. Full lines denote occupied states
while dashed lines show empty levels. The bands around B, unoc-
cupied for pristine graphene, are now occupied.
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FIG. 6. (Color online) Plot of the real part of the wave functions
of the electronic levels of a K atom on top of graphene at points
marked (a) A and (b) B in Fig. 5. The wave function of the level
marked A is localized on the K atom while the wave function of the
highest occupied level, marked B, is delocalized over the graphene
layer.

Au however is clearly a marginal case as if the 6s level was
higher in energy, then charge transfer would occur. This re-
sult is in agreement with earlier calculations on bulk metals
deposited on graphene.??

The same analysis was used to study the effect of the
adsorption of single Ti and Cr atoms on the electronic prop-
erties of graphene. We allowed the spin populations to adjust
when the total energy is minimized. This leads to a magnetic
moment for Ti and Cr of 3 up and 5 up, respectively. As
shown in Fig. 9, the majority-spin Fermi levels of both met-
als lie above the Dirac point indicating that transfer of charge
from the metal to graphene occurs making graphene n-type.
This result agrees with recent experiments.’

C. Metals intercalated between toluene and graphene

The adsorption of metals intercalated with an overlayer of
toluene and the graphene surface was also considered. The
minimum energy sites for Ti, Cr, and K were found to be in
the middle of the hexagonal ring of toluene and above a
carbon atom of graphene, Fig. 10, while a Au atom lies be-
neath a carbon atom of the toluene ring and above a carbon
atom of graphene. For K, Cr, and Au, the toluene molecule
now is no longer parallel to the graphene layer but tilts with
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FIG. 8. (Color online) Plot of the real parts of the wave func-
tions of the majority spin levels, marked A, B, and C in Fig. 8(c),
for Au on top of graphene.

the methyl group pointing slightly to the graphene plane.

There are two binding energies to be considered. The tolu-
ene can be pulled away leaving the metal atom on top of
graphene or the graphene pulled away leaving the metal
atom bound to toluene. We refer to these as the energies
required to break the toluene-metal bond and the graphene-
metal bond and they are given in Table III.

The results suggest that the electropositive metals such as
K are more strongly bound to graphene than toluene prob-
ably because of the electron transfer described above. Cr and
Ti, which are carbide forming elements, are strongly bound
to both toluene and graphene while Au, the least electroposi-
tive metal, is bounded weakly to toluene and graphene.

We then investigated the effect on the electronic structure
of the metal bound to graphene caused by toluene and in the
case of Au, we found that an unexpected doping now takes
place. Spin optimization led, in contrast to the case of Au on
graphene, to the transfer of spin-up electrons in state k to
spin-down electrons in a different k state with a lower en-
ergy. Thus, like the case of K, the ground state is a spin
singlet. The spin-averaged band structure of Au intercalated
between toluene and graphene is shown in Fig. 11. The
Fermi level of the former now lies above the Dirac point and

3.0

Energy (eV)

(b) k

FIG. 7. (Color online) Spin-polarized band structures (eV) of Au in the vicinity of the Fermi energy. The majority-spin band structures
are on the left and and the minority-spin band structures are on the right. The Fermi level is set to zero. Full lines denote occupied states
while dashed lines show empty levels. Note that the 65 level of Au crosses the graphene band structure in the vicinity of the Dirac point but

no transfer doping occurs.
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FIG. 9. (Color online) Spin-polarized band structures (eV) of Cr, [(a) and (b)] and Ti [(c) and (d)] in the vicinity of the Fermi energy. The
majority-spin band structures are on the left and the minority-spin band structures are on the right. The Fermi level is set to zero. Full lines
denote occupied states while dashed lines show empty levels. Note that bands around the Dirac point unoccupied for pristine graphene, are

now occupied showing doping behavior.

allows charge transfer to graphene. This might be explained
as a consequence of an upward shift of the 6s Au level
caused by toluene. The band structure is dispersionless near
gamma and hybridizes with the 7 graphene bands when
they cross near the K point.

Figure 12 shows the wave functions at the levels marked
A, B, C, and D in Fig. 11. The wave function of the unoc-
cupied level at I', marked A in Fig. 11, is shown in Fig. 12(a)

FIG. 10. (Color online) (a) Side and (b) top view of the mini-
mum energy configuration of Ti intercalated with an overlayer of
toluene and the graphene surface.

and is clearly localized on Au. However, at the K point, Figs.
12(c) and 12(d) show that the wave function of the occupied
levels C and D are delocalized over the graphene surface.
Figure 12(d) shows that the unoccupied level at the K point,
marked B in Fig. 11 is localized on the Au atom and indi-
cates electron transfer from the 6s-Au level to graphene but
only when toluene is present.

TABLE III. First column shows the energy required to break the
toluene-metal bond while the second shows the energy required to
break the graphene-metal bond.

Toluene Graphene
Metals (eV) (eV)
K 1.06 1.99
Cr 1.95 2.02
Ti 3.08 2.45
Au 0.85 0.80
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FIG. 11. (Color online) Band structure (eV) of Au intercalated
between an overlayer of toluene and the graphene surface in the
vicinity of the Fermi energy. Full lines denote occupied states while
dashed lines show empty levels. The Fermi level is placed at zero.
Note that states near C which were unoccupied for graphene alone
are now occupied showing charge transfer has occurred.

The unexpected effect of toluene in enabling electron
doping by Au is related to the finding that without toluene,
the 65-Au level lies just below the Dirac point but is pushed
above when toluene is present. No significant changes in the
doping behavior of Ti, Cr, and K atoms were found and this
is because the metallic Fermi level is well above that of
graphene.

D. Au intercalated into a graphene bilayer

The change in the electronic properties of Au on graphene
when an overlayer of toluene is present is probably the result
of a confinement of the 6s-Au orbital by the layers which has
the effect of pushing upward the 65 level as for a quantum
particle in a box. If this were the case, we would expect that

FIG. 12. (Color online) Plot of the real parts of the wave func-
tions for toluene-graphene at the levels marked (a) A, (b) B, (c) C,
and (d) D, in Fig. 11.
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FIG. 13. (Color online) Plot of the electronic band structure of a
graphene AB-stacked bilayer along high-symmetry directions. The
Fermi level is set to zero. The filled levels are represented by full
red lines whereas the empty states are represented by dashed blue
lines.

replacing toluene by a second graphene layer would also lead
to Au doping.

To investigate this, we used a 4X4X1 AB-stacked
graphene bilayer. Upon relaxation, we found an interlayer
separation of 3.3 A in good agreement with the interlayer
separation in graphite (3.35 A).23 Again there is no net mag-
netic moment.

The calculated band structure near the Fermi level of an
AB-stacked graphene bilayer is shown in Fig. 13. As for
single-layer graphene, the highest occupied and lowest
empty bands touch at the point K but the linear dispersion is
lost. A single Au atom was placed between the graphene
layers (Fig. 14). Upon relaxation, the Au atom occupied a
site nearly midway between the two graphene layers and
2.14 A directly above a carbon atom in the lower layer and
directly below the middle of the hexagon of the top layer.
The separation between the graphene layers increased to ap-
proximately 4.5 A. The graphene sheets do not appear to
appreciably distort.

The electronic band structure of the Au atom intercalated
between the two graphene layers is shown in Fig. 15. The
Fermi level is now shifted to lie above the Dirac point. The

FIG. 14. Equilibrium structure of a Au atom inserted between a
graphene bilayer.
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FIG. 15. (Color online) Electronic band structure (eV) for a Au
atom intercalated in bilayer graphene in the vicinity of the Fermi
energy. Full lines denote occupied states while dashed lines show
empty levels. The Fermi level is placed at zero. Note the band
marked B which is unoccupied in bilayer graphene is now partially
occupied showing doping has occurred.

flat level far from the K point, marked as A Fig. 15, is local-
ized on the Au atom [Fig. 16(a)]. When the 6s levels crosses
the 7 bands of graphene they hybridize. Charge is trans-
ferred to the graphene surface making the graphene n doped.
Figures 16(b) and 16(c) shows the wave functions at B and
C, Fig. 15, are delocalized over graphene and these levels are
now occupied, and unlike the case when the second graphene
sheet was absent. The wave function of the empty level
marked D (Fig. 15) is shown in Fig. 16(d), and is localized
on Au. Thus the effect of a second graphene layer is similar
to the effect of toluene and reinforces the view that this is
due to a compression of the Au 6s-wave function with a
consequent upward shift of the 6s level.

PHYSICAL REVIEW B 82, 125407 (2010)

FIG. 16. (Color online) Plot of the real parts of the wave func-
tion of Au intercalated into a graphene layer at the levels marked (a)
A, (b) B, (¢) D, and (d) D in Fig. 15.

IV. CONCLUSIONS

The effect of the adsorption of single metallic atoms on
the electronic structure of graphene was studied using spin-
polarized density-functional theory in the local-density ap-
proximation. K, Ti, and Cr atoms were found to act as n-type
dopants in agreement with experiment.”!'? Au seemed to be a
marginal case with only limited or zero doping. A toluene
molecule leaves the electronic structure of graphene unaf-
fected. However, Au intercalated between a graphene sheet
and and a toluene layer, leads to n doping of graphene. The
same effect is found when a Au atom is placed between a
graphene bilayer. We suppose the effect comes from a com-
pression of the 6s Au wave function with an upward shift of
the 6s level. An important conclusion is that the properties of
adsorbates intercalated between graphene layers, or in con-
tact with hydrocarbon layers, can be different from single-
layer graphene. The change in doping character suggests that
the Au adsorbed on graphene might be a useful sensor for
toluene and other hydrocarbon species.
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