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Adsorption behavior and electronic structure of tin-phthalocyanine (SnPc) on Ag(111) surface with Sn-up and Sn-down conformations are investigated using first-principles calculations. Two predicted adsorption configurations agree well with the experimentally determined structures. SnPc molecule energetically prefers to adsorb on Ag(111) surface with
Sn-down conformation. The energy required to move the central Sn atom through the frame
of a phthalocyanine molecule, switching from the Sn-up to Sn-down conformation, is about
1.68 eV. The simulated scanning tunneling microscopy images reproduce the main features
of experimental observations. Moreover, the experimentally proposed hole attachment mechanism is verified based on the calculated density of states of SnPc on Ag(111) with three
different adsorption configurations.
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central Ni and Cu ions in NiPc and CuPc molecules
display as holes [22−25].

I. INTRODUCTION

Metal-phthalocyanines (MPc), traditionally used as
dyes, have attracted enormous attention both experimentally and theoretically due to their wide range of
application. MPc can be used to design well-behaved
optoelectric devices [1, 2], act as solar and fuel cells [3,
4], and serve as catalysts [5], and specific gas sensors
[6]. It is well known that the interaction between MPc
molecules with the various substrates determines the
geometric, electronic, magnetic, and optical properties
of the systems, for an instance, ZnPc on GaAs surface
[7], CuPc on Cu(100) surface [8], FePc on TiO2 (110) [9]
and Cu(111) surfaces [10], PdPc on graphite [11], MPc
(M=Mn, Fe, Ni, Cu) on Au(111) surface [12], and SnPc
on Ag(111) surface [13−19]. On the other hand, understanding structural and electronic properties of organicinorganic and organic-organic interfaces is of fundamental importance [20, 21]. With the submolecular resolution of the scanning tunneling microscopy (STM), the
geometric and electronic properties may be explored at
the single-molecule level. Actually, the apparent height
of the metal ion in STM image was found to be related
to the d-orbital occupation of metal ion near the Fermi
level. For example, the central Fe and Co ions in FePc
and CoPc molecules appear as protrusions, while the

In MPc molecules the hole formed by the four
isoindole nitrogen atoms has finite size and cannot hold
metal atoms which have large radius in phthalocyanine
plane. This results in the geometric structure of MPc
molecule depending on the radius of central metal
atom. As a non-planar representative of the MPc
family, SnPc molecule on various surfaces have been
intensively investigated [13−19]. Recently, Wang et al.
[18] demonstrated that SnPc could be used to design a
single molecule switching. The vertical motion of the
central Sn ion through the frame of a phthalocyanine
ring was utilized via resonant electron or hole injection
into molecule orbitals controlled by the applied bias
voltage with the STM tip. Moreover, they found
that the switch of the vertical Sn position from the
up to down is irreversible for SnPc directly adsorbed
on Ag(111) surface, while a reversible conversion
between two molecular conformations was achieved for
molecules residing on a SnPc molecular buffer layer
[18]. Note that these investigations were mainly focused
on SnPc molecular aggregates, such as molecular chains
and films [15−17, 26]. We pay more attention to single
SnPc molecule adsorption on substrate, especially
the molecule-substrate interface and interaction. In
this work, we perform first-principles calculations to
explore the adsorption behavior and electronic structure of an individual SnPc molecule on Ag(111) surface.
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II. COMPUTATIONAL DETAILS

Our calculations are based on the linear combination
of atomic orbital-molecular orbital method. The atomic
orbitals are represented by a double-numeric quality basis set with polarization functions (DNP), which are
comparable to Gaussian 6-31G∗∗ sets. In this work, the
local density approximation to the density functional
theory (DFT) is employed, with the Vosko-Wilk-Nusair
parametrization of the local exchange-correlation functional [27]. DFT semi-core pseudopotentials are used
via a local pseudopotential for all-electrons calculations,
where the effect of core electrons is substituted by a
simple potential including some degrees of relativistic
effects. The calculations of geometry optimization and
electronic structure of SnPc on Ag (111) are performed
using the molecular simulation package Dmol3 [28, 29].
Ag(111) surface is simulated with a periodic slab
model including three Ag layers. To describe the SnPcsurface adsorption system, a vacuum layer of 15.0 Å
is set to avoid the interactions between two SnPc
molecules in neighboring unit cells (a=19.98 Å and
b=20.20 Å). Medium grid mesh points are employed
for the matrix integrations and a single Γ point is used
to calculate the total energy and charge density to
save computational time. During the structural optimizations, all atomic positions of SnPc molecule and
the molecule-substrate distance are allowed to fully relax and the Ag atoms were fixed at their bulk positions. Several initial adsorption configurations including hollow, bridge and atop sites are chosen to obtain
the final optimized configuration. In our calculations,
self-consistent field procedures are done with a convergence criterion of 10−6 a.u. on the energy and electron
density. Geometry optimizations are performed with
a convergence criterion of 10−3 a.u. on the gradient,
10−3 a.u. on the displacement and 5.0×10−5 a.u. on
the energy.

III. RESULTS AND DISCUSSION

We start with the molecular structure of a free SnPc
molecule. The top and side views of the optimized
SnPc are shown in Fig.1 (a) and (b), respectively. It
is clear that the central Sn atom does not locate within
the phthalocyanine plane, and SnPc molecule exhibits
a shuttlecock geometry. The vertical distance between
Sn atom and the phthalocyanine plane (defined with the
average value of the four inner N atoms) is about 1.16 Å,
which is close to the previous reported value [14]. Previous experimental results revealed the coexistence of two
molecule conformations for SnPc adsorption on Ag(111)
surface, which can be characterized by two vertical positions of the Sn atom [13, 15−18]. The Sn atom in
one conformation points toward the vacuum, while in
the other conformation the Sn atom points toward the
substrate surface. In what follows, we define these two
DOI:10.1088/1674-0068/23/05/565-569
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FIG. 1 Schematic views of a free SnPc molecule and SnPc on
Ag(111) surface. (a) Top view and (b) side view. (c) SnPc
molecule adsorbed at the hollow site of Ag(111) surface.

conformations as Sn-up and Sn-down. To find the most
favorable adsorption site, the optimized SnPc molecule
is placed on Ag(111) surface with Sn-up conformation,
and initially adsorbs at three different sites: top site
(where Sn atom locates on top of a surface Ag atom),
bridge site (where Sn atom lies above the bond formed
by two adjacent Ag atoms), and hollow site (where Sn
atom sits above the hole formed by three Ag atoms,
and both fcc and hcp cases are testified). The adsorption energy (Ead ) is defined as
Ead = ESnPc/Ag(111) − ESnPc − EAg(111)

(1)

where the ESnPc/Ag(111) , ESnPc , and EAg(111) stand for
the total energy of the relaxed adsorption system, a free
SnPc molecule, and the Ag (111) surface, respectively.
Compared with the hollow case, the calculated adsorption energy of SnPc molecule at top and bridge sites is
about 0.66 and 0.11 eV higher, respectively. This indicates that SnPc molecule prefers to the hollow site
(hcp case) of Au(111) surface, as shown in Fig.1(c).
This conclusion is also true for Sn-down conformation.
According to the calculated adsorption energy, we find
that SnPc molecule on Ag(111) surface prefers to the
Sn-down conformation. Its adsorption energy is about
0.5 eV lower than that of Sn-up case. It should be
pointed out that the Sn orbitals can overlap with those
of the surface most effectively at both hcp and fcc hollow sites. The extra stabilization on the hcp-hollow site
over the fcc-hollow site comes from an overlap of the
central metal orbitals with the dz 2 orbital of a second
layer Ag atom [31].
Compared to free SnPc molecule, the phthalocyanine plane becomes more flat due to the presence of
the molecule-substrate interaction for SnPc on Ag(111)
surface with Sn-up and Sn-down conformations [13], as
shown in Fig.2 (a) and (b), respectively. The vertical distance between Sn atom and the phthalocyanine
plane is about 1.13 (1.16) and 0.88 (0.84) Å, the separation between Pc phthalocyanine and Ag(111) surface
is about 2.88 (2.92) and 3.12 (3.09) Å, and the vertical Sn-Ag distance is 4.01 (4.08) and 2.24 (2.25) Å,
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FIG. 2 Optimized adsorption structures of SnPc molecule
on Ag(111) surface with (a) Sn-up and (b) Sn-down conformations. The calculated differential charge density of (c)
Sn-up and (d) Sn-down molecules.

for the Sn-up and Sn-down conformations, respectively.
For clarity, these key local molecular structure parameters measured by Stadler et al. in their X-ray standing
wave experiments of SnPc on Ag(111) are also presented
in parentheses [16]. Clearly, the theoretical geometric
structures for SnPc on Ag(111) surface with two conformations are in good agreement with the experimental results. The predicted molecule-surface distance is
about 3.0 Å, significantly below van der Waals bonding
distance, indicating chemisorption of SnPc molecules
on Ag(111) surface with Sn-up and Sn-down conformations. This leads to a strong spatial overlap of
molecular orbitals and surface electronic states, which
is confirmed by the integrated differential electron density (the change in electron density that occurs in the
molecule and the surface when the molecule is adsorbed
onto the surface), as shown in Fig.2 (c) and (d) for Snup and Sn-down conformations, respectively.
In the switching experiment [18], the STM images
with submolecular resolution were used to distinguish
SnPc molecule on Ag(111) surface with Sn-up and Sndown conformations. Here we simulate STM images
for Sn-up and Sn-down molecules using the TersoffHamann model [30], which has been successfully used
to explain experimental results [24, 25]. In this method,
the tunneling current in STM can be expressed as
Z

EF +eVs

I(V ) ∝

ρ(r, E)dE

(2)

EF

ρ(r, E) =

X

2

|ϕi (r)| δ(E − EF )

(3)

i

where ρ(r, E), ϕi (E), EF , and Vs are the local density of
states (local DOS) of the sample, the sample wave function with energy Ei , the Fermi energy, and the sample
bias voltage, respectively. It allows us to obtain STM
images from only the local DOS of the sample surface.
The simulated STM images of Sn-up (Vs =0.9 V) and
Sn-down (Vs =−1.0 V) molecules are shown in Fig.3. It
is clear that the simulated STM images reproduce the
main feature of experimental observations [18]. The 4leaf pattern is clearly observed for both adsorption conDOI:10.1088/1674-0068/23/05/565-569

567

(b)

FIG. 3 Simulated STM images of single SnPc molecule on
Ag(111) with (a) Sn-up and (b) Sn-down conformations, and
the corresponding sample bias voltage is set to be 0.9 and
−1.0 V, respectively.

formations. The main difference is that Sn-up molecule
appears with a central protrusion (a bright spot) while
Sn-down molecule exhibits a depression at the molecular center (a central dark). Such a similar behavior
was observed for SnPc adsorbed on InSb(100) [26], on
highly oriented pyrolytic graphite [32], and PbPc on
MoS2 [33]. Note that the 4-fold symmetry of free SnPc
molecule is reduced to C2 upon adsorption on Ag(111)
due to the presence of the substrate [34].
Now we turn to calculate the energy barrier when
the central Sn atom switching between the Sn-up and
Sn-down conformations. In our calculations, all atomic
positions of SnPc molecule are relaxed for each given
vertical distance between Sn atom and phthalocyanine
ring. The calculated energy curve is shown in Fig.4(a).
Here, we also examine the energy required to move the
central Sn atom from a Sn-up or Sn-down conformation through the phthalocyanine plane in a free SnPc
molecule, as shown in Fig.4(b). The predicted barrier
is about 2.26 eV for an insolated neutral SnPc molecule,
which is consistent with the previous theoretical reported result (about 2.35 eV) calculated by using the
nudged-elastic-band method. Clearly, upon adsorption
of SnPc on Ag(111), the calculated energy barrier depends on the switching direction. The Sn atom needs
to overcome an energy barrier with about 2.17 eV when
Sn-down conformation switches to Sn-up case, while
transforming from Sn-up to Sn-down configuration the
energy barrier is about 1.68 eV, which is close to the
experimental measured value (about 1.5 eV) [18]. This
observation, originating from the presence of substrate
and the more stable adsorption of Sn-down molecule on
Ag(111) surface, can be used to qualitatively explain the
experimentally observed irreversibly moving the vertical Sn position from the Sn-up to Sn-down conformation for SnPc directly adsorbed on Ag(111) surface. It
should be pointed out that the reversible switching has
been realized in experiments [18]. The SnPc molecule
was effectively decoupled from the metal surface by a
SnPc buffer layer. The possible mechanism leading to
the reversible switching is the excitation of intramolecc
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FIG. 5 Comparison of the calculated DOS with three different adsorption configurations including (a) Sn-up, (b) a
planar molecule geometry, and (c) Sn-down conformations.
The solid and dotted line stand for the calculated DOS of
SnPc on Ag(111) surface and the partial DOS of the Sn
atom, respectively. The DOS peak of SnPc molecule significantly contributed by the Sn atom is labeled with asterisk
symbol (∗ ).
FIG. 4 Calculated energy required to move the central Sn
atom from the Sn-up via a planar molecule geometry to
Sn-down conformation. (a) SnPc adsorption on Ag(111)
surface, (b) a free SnPc molecule.

ular vibrations via electron attachment. That is to say,
the resonant transfer of tunneling electrons to the unoccupied states gives rise to a negatively charged SnPc
molecule. Upon leaving the SnPc molecule the electron
may deposit energy to vibrations the molecule and thus
excite the switching process [18].
Wang et al. interpreted the irreversible switching
from Sn-up to Sn-down conformation with the hole attachment mechanism [18]. To gain insights on the adsorption behavior and to verify the proposed switching
mechanism of SnPc on Ag(111), it is useful to explore
the electronic structure and charge transfer during the
Sn atom switching from Sn-up conformation via a planar molecule geometry (the Sn atom locates within the
phthalocyanine plane) to Sn-down conformation. The
calculated DOS of SnPc molecule and the partial density of states (DOS) of Sn atom on Ag(111) surface with
three different configurations including Sn-up, a planar
SnPc molecule, and Sn-down conformations are shown
in Fig.5. Clearly, three DOS curves of SnPc molecules
have the similar feature and shape, the relative position of DOS peaks slightly shift while the height of
DOS peaks obviously changes. For example, the DOS
peak of SnPc molecule with Sn-up, a planar geometric structure, and Sn-down conformations, coming from
the next-to-HOMO (the highest occupied molecular orbital), locates at about −1.30, 1.28, and 1.21 eV, and
its height is about 4.66, 2.83, and 3.12, respectively.
DOI:10.1088/1674-0068/23/05/565-569

As seen from Fig.5, since the bonding characteristic between the Sn atom and phthalocyanine ring is significant different for these three different adsorption configurations, the calculated partial DOS of the Sn atom
shows obvious different characteristic. Note that the
DOS peak of the Sn atom in SnPc with Sn-up conformation and a planar geometry locates at about −1.3
and 0.70 eV, respectively. It implies that some charge
transfers from the Sn atom to phthalocyanine ring when
the Sn atom moves to the phthalocyanine plane realized
through applying the constant sample bias voltage with
about −2.0 V in experiments. An intuitive understanding of this observation is that Sn2+ in Sn-up molecule is
transiently oxidized and forms a Sn3+ with smaller radius, which is favorable to pass the Sn atom through the
phthalocyanine plane. After switching to the Sn-down
conformation, the Sn atom bonds to Ag(111). The short
vertical Sn−Ag distance indicate the strong Sn-Ag(111)
interaction, which results in the flat feature in the partial DOS of the Sn atom in Sn-down conformation.
To quantitatively describe the charge tranfer, the
Mulliken population analysis is performed due to its
simplicity. We find that the Sn atom loses about 0.24 e
when SnPc molecule changes from the Sn-up conformation to the planar geometry on Ag(111). From the
calculated energy curve as shown in Fig.4(a), the Sn
atom will move from the planar molecular structure to
Sn-down conformation, then stably binds to Ag(111)
surface. For Sn-down molecule, all DOS peaks are not
significantly contributed by the Sn atom due to the
strong hybrid Sn-substrate interaction within the presented energy region. Clearly, our theoretical results
support the hole attachment mechanism to understand
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the irreversibly switching from Sn-up to Sn-down conformation in experiments.
IV. CONCLUSION

Based on our first-principles calculations, we investigate the geometric and electronic structures of single
SnPc molecule absorbed on Ag(111) surface with Sn-up
and Sn-down conformations. Two optimized adsorption
geometries are very close to the measured structures in
experiments. We find that SnPc prefers to adsorb on
Ag(111) surface with Sn-down conformation. The calculated energy required to convert the central Sn atom
between Sn-down and Sn-up conformations depends on
the switching direction, which can be used to qualitatively explain the observed irreversible switching process. The main features of experimental STM images
of both Sn-up and Sn-down molecules are reproduced by
the simulations based on Tersoff-Hamann model. Moreover, the hole attachment mechanism proposed in experiment is verified by the calculated DOS of SnPc with
three different adsorption configurations.
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