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ABSTRACT: We compare electronic structure characteristics
of three different kinds of benzene-adsorbed (111) surfaces:
that of Bi2Te3, a prototypical topological insulator, that of Au,
a prototypical inert metal, and that of Pt, a prototypical
catalytic metal. Using first-principles calculations based on
dispersion-corrected density functional theory, we show that
benzene is chemisorbed on Pt, but physisorbed on Au and
Bi2Te3. The adsorption on Bi2Te3 is particularly weak,
consistent with a minimal perturbation of the electronic
structure at the surface of the topological insulator, revealed by
a detailed analysis of the interaction of the molecular orbitals
with the topological surface states.

■ INTRODUCTION

Topological insulators (TIs) are a newly identified class of
solids,1,2 in which strong spin−orbit coupling (SOC) leads to a
state of matter which is distinct from ordinary (“trivial”)
insulators. Even though in both trivial and topological
insulators electrons cannot conduct in the bulk, TI surfaces
support metallic electronic states that are “protected” by
constraints of time-reversal symmetry.3−7 These metallic
surface states are unique in that they exhibit spin-momentum
locking, and electron backscattering from them is suppressed,
requiring a spin flip. Metallic surface states at TI surfaces also
differ from surface states at conventional metal surfaces in that
they arise in an otherwise forbidden gap, whereas in a metal the
consequences of surface states can be (and close to the surface
often are) overwhelmed by the density of evanescent metallic
bulk states at the surface.8

One way to modify surface electronic properties, which has
been studied extensively, is via the adsorption of molecules
(see, e.g., refs 9−19). Generally, molecule adsorption allows
one to harness the power and flexibility of organic chemistry to
tailor desired surface properties. Extensive research has shown
that this is indeed possible and, furthermore, often results in
novel collective effects emerging from various forms of
molecule−surface interaction (see, e.g., refs 20−26). With
this in mind, recent years have seen several important studies of
the effect of molecular adsorption on TI surfaces.27−33 While
some studies30,33 emphasized surface protection by an organic
overlayer, most of this effort has been focused on the
interaction of TI surfaces with magnetic molecules, especially
phthalocyanines. This is important because the interaction of
magnetic molecules with ordinary metallic surfaces has already
been shown to result in unusual magnetic effects26,34−37 and

because magnetic impurities break the time-reversal symmetry
protecting TI surfaces.
The topologically protected nature of states at the TI surface

has also triggered suggestions for a broad range of
applications,38 including heterogeneous catalysis.39−41 It is
therefore of particular interest to study how the surface states of
a TI interact with the energy levels of an adsorbed molecule
and how this may affect the electronic structure at the interface.
To the best of our knowledge, so far only little work27,32 has
been devoted to understanding the consequences of the unique
TI surface states for the molecule−surface state interaction.
Here, we wish to compare and contrast molecule−TI and
molecule−metal interactions from first-principles, using density
functional theory (DFT). We consider modifications in the
electronic structure brought about by the adsorption of
benzene, a simple closed-shell prototypical organic molecule,
on Bi2Te3 (a prototypical TI), Au (a prototypical inert metal),
and Pt (a prototypical catalytic metal). We find that benzene
adsorption on Bi2Te3 is significantly weaker than on the
metallic surfaces, consistent with a minimal perturbation of the
electronic structure at the surface of the topological insulator,
revealed by a detailed analysis of the interaction of the
molecular orbitals with the topological surface states.

■ COMPUTATIONAL DETAILS
All DFT calculations were performed within the generalized-gradient
approximation (GGA) using the Perdew−Burke−Ernzerhof (PBE)
functional.42 In order to account for the beznene−substrate dispersive
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interaction, we have augmented the PBE functional with the surface-
screened version43 of the Tkatchenko−Scheffler44 pairwise dispersive
correction, which we denote as PBE+TSsurf. All calculations were
performed using the VASP code,45 a plane-wave code, in which ion−
electron interactions are treated with the projector augmented wave
(PAW) approach.46,47 A kinetic energy cutoff of 550 eV was used for
plane-wave basis set expansion. Spin−orbit coupling was explicitly
included in all calculations, as implemented within the PAW method
in the VASP code.48

The Bi2Te3(111) surface was represented using a 4 × 4 supercell
containing a slab that comprises four quintuple layer (QL) units, each
of which consists of alternating Bi and Te layers, as shown in Figure
1.49 In each atomic layer, the atoms form a triangular lattice such that

their in-plane positions are commensurate with the (111) surface of a
face-centered-cubic lattice. Together with the adsorbed benzene
molecule, the supercell contains 332 atoms. Atoms of the benzene
molecule and the two topmost QLs were allowed to relax until forces
smaller than 5 meV/Å were obtained, with all other atoms fixed at
their bulk positions. Au and Pt (111) surfaces were represented using a
6 × 6 supercell containing a slab comprising four layers. Atoms of the

benzene molecule and all metal atoms except those of the bottom-
most layer were allowed to relax until forces smaller than 5 meV/Å
were obtained, with all other atoms fixed at their bulk position. A 4 × 4
× 1 Monkhorst−Pack50 k-point mesh was used for Brillouin zone
integration.

In order to identify the TI surface bands, each wave function at a
given energy band and k∥⃗ (momentum parallel to the surface) was
projected onto spherical harmonics around each ion.51 TI surface
bands were identified based on a 60% critical percentage of the
projections onto the three top (or bottom) layers of the surface. The
threshold value was chosen such that the surface states identified
within the energy window do not change significantly with the
variation of the given threshold.52

■ RESULTS AND DISCUSSION

We find the optimized faced-centered-cubic (FCC) lattice
parameters of Au and Pt to be 4.15 and 3.94 Å, respectively.
These values are in good agreement with past theory and
experiment.53 Using these lattice parameters, we constructed a
supercell containing four layers along the (111) direction and
20 Å of vacuum normal to the surface, for each system. For
these metallic slabs, a 6 × 6 supercell in the xy plane was used
so as to approach the low-coverage limit of a single benzene
molecule adsorbed on each surface. For Bi2Te3, the optimal
lattice constants were found to be a = b = c = 10.46 Å and α = β
= γ = 20.05°, consistent with past theoretical and experimental
reports.52,54

We first consider the molecule-adsorbed transition metal
surfaces, Bz/Pt(111) and Bz/Au(111), known as a more
strongly bound and a more weakly bound system, respec-
tively.55 It is well-known that both the Au(111) and Pt(111)
surfaces are thermodynamically stable under ambient con-
ditions. The most stable chemisorption site for benzene on
Pt(111) is the hollow site, consistent with the results of prior
calculations.53,56 On the Au(111) surface, benzene is mostly
physisorbed on the surface.53 The total energy of the Bz/
Au(111) surface for different adsorption sites, on the top,
bridge, and hcp-hollow, differ by less than 10 meV, which is
also consistent with previous work.53 For an even comparison
with Pt, we place benzene on the hollow site. The average
distances between carbon (hydrogen) atoms and Pt atoms at
the top layer is 2.19 Å (2.61 Å), which is also consistent with
previously reported values.53,56 For the Au(111) surface, the
average distance of carbon and hydrogen atoms from the
topmost layer differs by less than 0.01 Å; i.e., the benzene
molecule remains flat, with an adsorption height of 3.15 Å. For
the chosen adsorption site, the calculated adsorption energy
and structural details of the adsorption geometry are given in
Table 1.

Figure 1. Unit cell of four quintuple layers of Bi2Te3 with a single
adsorbed benzene molecule. Bi, Te, C, and H atoms are represented
by magenta, gray, brown, and pink balls, respectively. Inset: top view of
the position and orientation of the benzene molecule on the top
surface.

Table 1. Comparison of the Adsorption Energy (Ead) and
Average Normal Distance of Carbon (dCM) and Hydrogen
(dHM) Atoms from the Topmost Atomic Layer of the
Bz/Pt(111), Bz/Au(111), and Bz/Bi2Te3(111) Systemsa

system Ead (eV) dCM (Å) dHM (Å)

Bz/Pt(111) −2.25 2.19 2.61
Bz/Au(111) −0.52 3.14 3.15
Bz/Bi2Te3(111) −0.28 2.96 2.97

aThe adsorption energy Ead is defined as Ead = ESys − ESurf − EMol,
where Sys, Surf, and Mol refer to the molecule-adsorbed surface,
pristine surface, and gas-phase benzene molecule, respectively.
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We now turn our attention to the benzene-adsorbed
Bi2Te3(111) surface. First, in order to identify the surface
states of Bi2Te3, we consider the pristine surface consisting of
four QLs along the (111) direction, with a 1 × 1 unit cell along
the xy plane. The calculated band structure, including SOC
effects, is in good agreement with Figure 2 of ref 52. Generally,
the wave function of a surface state decays rapidly inside the
bulk. But in the case of a thin TI surface, states emanating from
the top and bottom surfaces may couple, leading to an energy
gap at the Dirac point. Calculations we performed for
Bi2Te3(111) surfaces with increasing thickness confirmed that
at four QLs the magnitude of this energy gap diminishes
practically to zero and the dispersion of the surface bands is
essentially saturated (see details given in the Supporting
Information), which is in agreement with previously reported
first-principles results.52,57−59 Next, we introduce the benzene
molecule to the Bi2Te3 surface. The equilibrium distance
between benzene and the Bi2Te3(111) surface is found to be
2.9 Å. Similar to Bz/Au(111), the distances of different C or H
atoms of the benzene molecule and Te atoms at the top layer of
the Bi2Te3 surface do not differ by more than 0.02 Å from each
other. Table 1 lists corresponding values for the Bz/
Bi2Te3(111) system. Our calculation finds different adsorption
sites for the benzene molecule on the Bi2Te3 surface to be
energetically close (total energy difference between any two
adsorption sites of less than 7 meV). In the following, we
choose the adsorption site to be on top. The adsorbed molecule
is placed such that one Te atom is exactly below the center of
the six C atoms of benzene. The adsorption height of the TI is
between those on Pt and Au, but the adsorption energy on
Bi2Te3 is only 0.28 eV, significantly lower than for the metals.
In order to understand these adsorption trends in terms of

surface electronic structure, Figure 2 shows the density of states

projected onto the slab and onto the π states of the benzene
molecule for all three systems studied here. The computed
discrete π-system energy states of the gas-phase benzene
molecule, shifted to align with the states of the adsorbed
molecule, are also shown for comparison. Note that it is well-
known that the PBE functional fails to predict the metal-
induced renormalization of the molecular gap, which facilitates

the comparison but precludes quantitative determination of
level alignment with respect to the Fermi level.60−64 For Pt, the
π-state-projected DOS spreads over a broad range of energy
(more than 8 eV) both below and above the Fermi energy,
indicating significant hybridization,65 primarily between Pt d
states and benzene π states. It is well-established that in the case
of a transition metal surface having partially filled d states, the
average energy of the d states relative to the Fermi level is a
good measure for the strength of chemisorption.66 This is
reflected in the Bz/Pt(111) system, in which the d bands lying
close to the Fermi energy significantly hybridize with the π
states of the adsorbed benzene molecule. For Au, however, the
molecular resonances broaden with respect to the gas phase but
remain relatively narrow in energy. For Bi2Te3, the molecular
resonances are even narrower, indicating an even smaller
perturbation of the molecular electronic structure. This
provides clear evidence for chemisorption on the Pt surface,
physisorption on the Au surface, and weak physisorption on the
Bi2Te3 surface. This picture is fully consistent with the above-
discussed ordering of the adsorption energies. Furthermore,
near the Fermi level, the DOS projected on the d orbitals of the
Pt atoms at the top surface, that are closest to the benzene
molecule, is lower than the DOS projected on other surface Pt
atoms that are farther away from the molecule, indicating
hybridization of the former with benzene molecular orbitals.
This difference is smaller for Au and virtually zero for the Te
atoms at the top of the Bi2Te3 surface, again confirming the
relative ordering of the adsorption strengths.
To gain further insight into the benzene−TI interaction, we

have compared the electronic structure of the molecule-
adsorbed surface with that of a structure where the benzene
molecule is kept at a large distance (≈ 10 Å) from the surface,
such that the molecule−surface interaction is surely negligible.
Figure 3 shows the band structure calculated for the two cases
(for completeness, a similar comparison for the two metals is
given in the Supporting Information). The degeneracy of the
top-surface and bottom-surface states crossing the Fermi level
around the Γ point is lifted upon benzene adsorption, due to
the interaction between the molecule and one of the states of

Figure 2. (a) Density of states (DOS) curves projected onto the slab
(black solid line) and the carbon π states of the benzene molecule
(blue dashed line) adsorbed on the (111) surface of (a) Pt, (b) Au,
and (c) Bi2Te3. Vertical lines (red) represent the computed π state
energy levels of the free benzene molecule. Energies are reported with
respect to the Fermi level, EF.

Figure 3. Band structure of a benzene-adsorbed Bi2Te3(111) surface
for two different adsorbate heights, (a) 10 Å and (b) 2.9 Å. The
interaction between the TI surface and the benzene molecule splits the
degenerate topological surface states band near the Γ point at the
Fermi level. Red circles in panel (a) represent the surface state
character of the bands, with radius proportional to the relative surface
contribution.
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the top surface. Nevertheless, the general nature of the band
dispersion around the Fermi energy does not differ
substantially, consistent with the topological protection of the
surface and the closed-shell molecular electronic structure. We
note that for a nearly full-monolayer coverage of the H2Pc
(free-base phthalocyanine) on the Bi2Se3 surface, a molecular
adsorption height of 2.5 Å and negligible overlap between the
frontier orbitals of the molecule and the TI surface have been
reported,32 in agreement with the nature of the results reported
here.
A different perspective on the extent of molecule−substrate

interaction is given by the spatial distribution of the charge
density. This electronic charge distribution around the benzene
molecule, projected on the carbon-atom-containing plane of the
benzene molecule, for the gas-phase and the three surface-
adsorbed molecules, is given in Figure 4. In the figure, isovalue

surfaces of the charge density, for the four cases depicted, are
plotted. Clearly, the charge distribution for the Bz/Bi2Te3(111)
system is very close to that of the gas-phase molecule,
indicating weak physisorption. That of Bz/Au(111) exhibits
some charge loss to the substrate, in line with stronger
physisorption, and that of Bz/Pt(111) exhibits significantly
larger charge loss, in line with chemisorption. This trend of
relative strength of molecule−substrate interaction is fully
consistent with that inferred in Figure 2 from DOS
considerations.
Additional insights into the strength and nature of the

molecule−substrate interaction can be obtained using a
perturbation model, as suggested in ref 67. This model is
based on expressing the Hamiltonian of the molecule-adsorbed
substrate, Hads, as

= +H H Vads iso (1)

where Hiso is the Hamiltonian of the noninteracting substrate
and single molecule (in the same geometry as that of the real
system), such that V represents the coupling between the
molecule and substrate. Treating V as a perturbation, and
assuming that substrate−molecule interaction proceeds mostly
via the frontier orbitals of the benzene molecule, second-order
perturbation theory yields an approximate expression for the
adsorption energy:
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where nslab(ϵ) is the density of states of the slab model, VVB
represents matrix elements of the coupling between valence
band states and unoccupied molecular states, VCB represents

matrix elements of the coupling between conduction band
states and occupied molecular states, ϵbenzene

(i) is the energy of the
molecular state, and m (n) corresponds to the number of
unoccupied (occupied) states used. Here, we used n = 2 and
m = 3, except for the Bz/Au(111) system, where m = 4. The
first term in eq 2 corresponds to electron donation from the
benzene occupied states to the substrate, and the second term
corresponds to back-donation of electrons from the substrate to
the benzene unoccupied states.
Adsorption energies of the three substrate−molecule

systems, obtained from the perturbation model, are summar-
ized in Table 2. Clearly, the energies predicted from the model

are reasonably close to those obtained from the treatment of
the full system. Interestingly, the relative adsorption energy
contributions of the Bz/Bi2Te3(111) system are qualitatively
similar to the Bz/Pt(111) one, with non-negligible donation
(larger) and back-donation (smaller) contributions to the
adsorption energy, whereas for Bz/Au(111) mainly weak back-
donation is observed. Further insight into this behavior is
afforded by considering the coupling matrix elements evaluated
using the molecular states and substrate states for benzene
interacting with the Pt, Au, and Bi2Te3 surfaces, as shown in
Figure 5. For the Bz/Pt(111) system, strong coupling terms
corresponding to both donation and back-donation are found,
consistent with the stronger nature of the Pt−benzene
interaction. For the Bz/Au(111), however, most of the strong
coupling elements are at the lower right corner of Figure 5b,
corresponding to weaker back-donation. Most interestingly in
our context, for the TI−benzene system, the behavior of the
coupling matrix elements is qualitatively very similar to that of
Bz/Pt(111), but with much smaller magnitude in terms of
energy gain owing to electron transfer, i.e., with much lower
chemical interaction (note that the color bar for panel c in
Figure 5 represents a smaller range of matrix element
magnitudes). The latter is fundamental for understanding
surface chemical activity and catalysis.66 This provides an
additional perspective for how the TI metallic states promote
the same kind of interaction as that of more reactive metals but
will not necessarily be useful toward surface reactivity
enhancement as the interaction is very weak.
Finally, we note that in light of the importance of d states in

the interaction between benzene and Pt, a topic of interest for
further research would be the strength of adsorption of benzene
on a TI surface in which the topological band inversion involves
d states. We are aware of two recent reports of such TI
materials, NaBaBi68 and IrBi3,

69 showing topological band
inversion involving the d state at high pressure. At ambient
pressure, however, these compounds either remain in the

Figure 4. Electronic charge density projected on the carbon-atom-
containing plane of the benzene molecule. From left to right, the
panels correspond to Bz/Pt(111), Bz/Au(111), Bz/Bi2Te3(111), and
the gas-phase benzene molecule. The color bar represents iso-surface
values (e/Bohr3) of the charge density.

Table 2. Energy Contributions to the Adsorption Energy
from a Perturbation Model, in eVa

OCC UN total DFT

Bz/Pt(111) 2.417 0.773 3.190 2.25
Bz/Au(111) 0.009 0.469 0.478 0.52
Bz/Bi2Te3(111) 0.197 0.057 0.254 0.28

a“OCC” and “UN” represent occupied and unoccupied molecular
states states, respectively, corresponding to energy contributions from
benzene electron donation and substrate back-donation. “Total” is
their sum and “DFT” is the non-perturbative adsorption energy
calculated using DFT.
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normal metallic state (IrBi3) or undergo topological band
inversion involving p states (NaBaBi).

■ CONCLUSIONS
In conclusion, we considered benzene adsorbed on three
different types of (111) surfaces: Bi2Te3, a prototypical example
of a three-dimensional TI, and two conventional metals, Pt and
Au. We identified clear adsorption trends: chemisorption for Pt,
physisorption for Au, and weak physisorption for Bi2Te3. This
was inferred by combining insights from DFT-based calcu-
lations of the adsorption energy, analysis of the density of
states, analysis of the charge density corresponding to the
molecular π system, and a model calculation based on
perturbation theory. Specifically for the TI surface, the result
shows that the presence of metallic surface states is not a
sufficient condition for surface reactivity. The same method-
ology can be used to study more complex molecule-adsorbed
TI surfaces.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.chemma-
ter.7b03176.

Band structure of metallic surfaces with and without
adsorption of a benzene molecule, band structure of bulk
Bi2Te3, and band structure of the Bi2Te3(111) surface as
a function of thickness (number of quintuple layers)
(PDF)

■ AUTHOR INFORMATION
Corresponding Author
*E-mail: leeor.kronik@weizmann.ac.il.

ORCID
Liang Z. Tan: 0000-0003-4724-6369
Andrew M. Rappe: 0000-0003-4620-6496
Leeor Kronik: 0000-0001-6791-8658
Author Contributions
S.S. and J.Y. contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
J.Y. and L.Z.T. acknowledge the support of the Department of
Energy under grant DE-FG02-07ER15920 and computational
support from the NERSC of the DOE. A.M.R. acknowledges
support from the National Science Foundation, under grant
DMR-1120901. S.S. and L.K. acknowledge the support from
the Israel Science Foundation. S.S. acknowledges the Koshland
Foundation and McDonald−Leapman grant support.

■ REFERENCES
(1) Fu, L.; Kane, C. L.; Mele, E. J. Topological insulators in three
dimensions. Phys. Rev. Lett. 2007, 98, 106803.
(2) Fu, L.; Kane, C. L. Topological insulators with inversion
symmetry. Phys. Rev. B: Condens. Matter Mater. Phys. 2007, 76, 045302.
(3) Moore, J. E. The birth of topological insulators. Nature 2010,
464, 194−198.

Figure 5. Coupling matrix element magnitudes describing the interaction between a benzene molecule and a (a) Pt(111), (b) Au(111), and (c)
Bi2Te3(111) substrate. x axis: energy of molecular state. y axis: energy of substrate state. Color scale: magnitude of the coupling matrix element.
Eigenenergies for each substrate and benzene state have been shifted so as to obtain an aligned vacuum level. Zero denotes the position of the Fermi
level. The blue and magenta dashed line frames denote molecule donation terms and substrate back-donation terms, respectively. All quantities are in
eV.

Chemistry of Materials Article

DOI: 10.1021/acs.chemmater.7b03176
Chem. Mater. 2018, 30, 1849−1855

1853

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b03176
http://pubs.acs.org/doi/abs/10.1021/acs.chemmater.7b03176
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.7b03176/suppl_file/cm7b03176_si_001.pdf
mailto:leeor.kronik@weizmann.ac.il
http://orcid.org/0000-0003-4724-6369
http://orcid.org/0000-0003-4620-6496
http://orcid.org/0000-0001-6791-8658
http://dx.doi.org/10.1021/acs.chemmater.7b03176


(4) Hasan, M. Z.; Kane, C. L. Colloquium: Topological insulators.
Rev. Mod. Phys. 2010, 82, 3045−3067.
(5) Qi, X.-L.; Zhang, S.-C. Topological insulators and super-
conductors. Rev. Mod. Phys. 2011, 83, 1057−1110.
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