
Investigating Molecular Charge Transfer Complexes
with a Low Temperature Scanning Tunneling Microscope
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Electron donor-acceptor molecular charge transfer complexes (CTCs) formed by �-sexithiophene (6T)
and tetrafluoro-tetracyano-quinodimethane (F4TCNQ) on a Au(111) surface are investigated by scanning
tunneling microscopy, spectroscopy, and spectroscopic imaging at 6 K. New hybrid molecular orbitals are
formed in the CTCs, and the highest occupied molecular orbital of the CTC is mainly located on the
electron accepting F4TCNQ while the lowest unoccupied molecular orbital is predominantly positioned
on the electron donating 6T. We observed the conductance switching of F4TCNQ inside CTCs, which may
find potential applications in novel molecular device operations.
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Molecular charge transfer complexes (CTCs) [1,2] are
an emerging class of materials having potential appli-
cations in molecular magnets [3–5], nonlinear optics
[6,7], and molecular electronics [8–11]. CTCs are also
used for doping organic materials as well as for energy
storage applications [12–16]. Even though a number of
organic CTCs have been studied for their structure and
conductivity [17,18], investigations of CTC forma-
tion on the molecular level have yet to be reported. Such
studies can provide new insight into the charge trans-
fer mechanisms due to the absence of bulk effects
[19,20] and ensemble averaging ubiquitous to conven-
tional experimental techniques. Scanning tunneling mi-
croscopy (STM) and spectroscopy (STS) at low tempera-
tures provide a unique tool to investigate properties of
single molecules [21,22]. Here we present a low tem-
perature STM and the first molecularly resolved STS
study of organic CTCs formed by the electron donor
�-sexithiophene (6T) and the electron acceptor
tetrafluoro-tetracyano-quinodimethane (F4TCNQ) on a
Au(111) surface. We will show here that the CTC forma-
tion can be evidenced by bias dependent STM images, as
well as by the dI=dV tunneling spectra and tunneling
spectromicroscopy images.

The experiments were performed with a homebuilt ultra-
high vacuum STM operated at liquid helium temperatures
[23]. The Au(111) sample was cleaned by cycles of Ne�
-ion sputtering and annealing. The F4TCNQ and 6T mole-
cules (Sigma-Aldrich, 97% purity) were deposited on
Au(111) between 50 K and 300 K substrate temperatures
by thermal evaporation. The sample temperature was then
reduced to 6 K for the experiment. Tunneling spectroscopy
data and spectromicroscopy (dI=dV) images were directly
acquired using a lock-in amplifier by adding 20 mV,
725 Hz ac modulation. An electrochemically etched tung-
sten wire was used as the STM tip, and the tip was further
prepared in situ by dipping it into the Au(111) substrate
[23]. The tip quality was checked by determining the well-

known Au(111) surface state [9] prior to each spectro-
scopic measurement [24].

The experimental procedure includes the following sys-
tematic steps: First, the electronic and structural properties
of pure F4TCNQ and 6T on Au(111) were separately
determined by means of STM imaging and dI=dV spec-
troscopy. Next, F4TCNQ-6T complexes were investigated
by using STM imaging, dI=dV spectroscopy, and dI=dV
mapping. The electronic structure changes due to the
charge transfer process are then deduced by comparing
the CTC data with that of the pure species.

F4TCNQ [Fig. 1(a)] forms ordered self-assembled two-
dimensional clusters [Figs. 1(b) and 1(c)] on Au(111) with
unit cell lattice parameters of a � �0:87� 0:07� nm, b�
�1:22�0:08� nm, and ���73�8��. The dI=dV spectra
acquired over the centers of single molecules inside the
cluster show states derived from the highest occupied mo-
lecular orbital (HOMO) and the HOMO-1 at �1 V and
�1:4 V below the Fermi level, i.e., 0 V [Fig. 1(d)], and the
lowest unoccupied molecular orbital (LUMO) at �0:6 V.
In addition, shoulders at ca. �0:22 V and �0:22 V can be
discerned, which are attributed to vibrational excitations
[25].

In case of 6T on Au(111), the molecules adsorb in both
straight and bent conformations (Fig. 2) [26]. The 6T
molecules rarely form two-dimensional clusters on the
Au(111) surface in low coverages. The dI=dV spectra
measured on the center of 6T molecules show the
HOMO and HOMO-1 levels at �0:8 V and �1:5 V, and
the LUMO at�2 V, respectively, [Fig. 2(c)]. The splitting
of the HOMO and HOMO-1 levels corresponds well to that
obtained from photoemission for the weakly adsorbed 6T
[27]. Both the straight and bent 6T conformations have
similar HOMO and LUMO energy levels [28] and total
energies [29].

Next, the 6T- F4TCNQ molecular complexes are formed
by depositing F4TCNQ on 6T predeposited Au(111) or
vice versa. Figure 3(a) presents a large area STM image
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after deposition of F4TCNQ on a 6T predeposited Au(111)
surface at �120 K substrate temperature. Molecular clus-
ters composed of 6T and F4TCNQ can be found at both
step edges and terraces, in a large manifold of relative
mutual molecular conformations and orientations. Within
clusters, 6T can adopt either straight or bent conformations
[Figs. 3(a) and 3(b)] and the molecules do not form ordered
structures. The exact orientations of the F4TCNQ � sys-
tems inside the clusters cannot be known from the STM
images; however, they are possibly noncoplanar with the
substrate surface when the molecules are densely packed.

During STM imaging, some of the F4TCNQs inside the
molecular complexes can appear brighter when tunneling
at a negative sample bias of�� 1:5 V [30] [Fig. 3(b)]. An
example is illustrated in Figs. 4(a) and 4(b) [28].
Figure 4(a) shows an STM image of a 6T-F4TCNQ cluster
acquired with a positive sample bias of �1:5 V. When the
same cluster is imaged with�1:5 V [Fig. 4(b)], most of the
F4TCNQ locations certainly appear brighter, indicating
that the F4TCNQs inside the CTCs provide a higher tun-
neling current as compared to the neighboring 6T mole-
cules at �1:5 V. This behavior is observed only in the
densely packed clusters as shown in Fig. 4, where the two
types of molecules appear in close contact with each other.

In order to gain insight into the charge transfer mecha-
nism of 6T- F4TCNQ complexes, dI=dV spectra of
F4TCNQ and 6T were measured on molecules inside the
complexes. Since the two molecular species are positioned
with different arrangements inside the clusters, several

parameters, such as position, orientation, conformation,
and distance between the molecules can influence the
charge transfer process. Moreover, competing charge
transfer processes might occur between F4TCNQ chemi-
sorbed on Au and F4TCNQ in a CTC with 6T. Ultimately,
we cannot exclude a ternary CTC formation involving Au,
F4TCNQ, and 6T. In this case, the charge transfer should
involve the F4TCNQ-Au(111) hybridized states. In order to
get consistent results, an alternative approach was used:
Only the centers of the bright spots are chosen as F4TCNQ
positions for the dI=dV measurements. For the 6T, the ones
located next to the bright F4TCNQ are selected. This
selection provides a qualitative reproduction of dI=dV
data for the two species inside the complex. The average
dI=dV spectra of the 6T and F4TCNQ inside the CTC are
shown in Fig. 4(c) together with those dI=dV curves of
pure F4TCNQ and 6T for a comparison.

The dI=dV data of F4TCNQ inside the CTCs give the
HOMO and HOMO-1 levels at �1:2 V, and �1:6 V, and
the LUMO level at �2 V [Fig. 4(c)], respectively. Here,
both HOMO and HOMO-1 levels of F4TCNQ in the com-
plex are 0.2 eV shifted away from the Fermi level as
compared to the pure F4TCNQ [Fig. 4(c)]. In contrast to
the pure F4TCNQ on Au [Fig. 1(d)], we observe a clear-cut
energy gap for F4TCNQ in contact with 6T. In case of 6T

FIG. 2 (color online). Structure and electronic properties of the
6T-Au(111) system at 6 K. (a) STM image of isolated 6T
molecules on Au(111) surface together with a chemical model
[26]. (Image parameters are: 0.27 nA, �1:5 V, 7:5 nm	 9 nm
scan.) (b) An adsorption model of 6T on Au(111) together with
an STM image (1.7 nA, 0.2 V). (c) dI=dV spectroscopy data of
the 6T-Au(111) system.

FIG. 1 (color online). Structure and electronic properties of the
F4TCNQ -Au(111) system at 6K. (a) A chemical model and an
STM image of a single F4TCNQ on Au(111). (Image parame-
ters: 0.22 nA, �1:5 V.) (b) Self-assembled two-dimensional
F4TCNQ cluster on Au(111). (Image parameters: 0.35 nA,
0.8 V, 4 nm	 5:2 nm scan.) Note: The electron tunneling is
from the HOMO-1 level to the tip in (a), and from the tip into a
hybrid surface-LUMO state in (b). (c) Adsorption model of
F4TCNQ on Au(111). (d) dI=dV-V spectroscopy data of the
F4TCNQ-Au(111) system.
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inside the CTCs, the dI=dV data show the HOMO at
�1:6 V, and the LUMO and LUMO� 1 at �2 V, and
�2:5 V, respectively. Here, the 6T LUMO level in the
CTC is the same as the LUMO level of pure 6T, but the
LUMO level edge in the CTC is also shifted away from the
Fermi level [Fig. 4(c)] as compared to the pure 6T.
Moreover, the HOMO of 6T in the molecular complex
coincides with the HOMO-1 level of F4TCNQ inside the
complex. The fact that the LUMO and HOMO level en-
ergies of F4TCNQ and 6T within a CTC are virtually the
same indicates that the effective CTC-LUMO and CTC-
HOMO levels are delocalized over the complex. We sum-
marize our findings as follows: (1) Depopulation of the
neutral 6T HOMO, and a lowering of F4TCNQ occupied
orbital energies occur in the CTC as compared to the corre-
sponding neutral molecules. (2) The F4TCNQ LUMO is
realigned to the 6T LUMO level in the complex. (3) The
hybrid CTC-HOMO is mainly located on the electron
acceptor F4TCNQ while the CTC-LUMO is predominantly
positioned on the electron donor 6T, with some contribu-
tion on F4TCNQ.

These findings lead us to conclude that, indeed, 6T-
F4TCNQ charge transfer complexes are formed on the
Au(111) surface, however, with a manifold of different

conformations. The charge transfer between the two mole-
cules results in a lowering of the HOMO level in the
electron acceptor F4TCNQ, and thus, the molecule be-
comes negatively charged. In case of the electron donor
6T, the LUMO edge energy increases, and therefore, the 6T
becomes positively charged. We can now explain the
higher current intensity of F4TCNQ in the complex when
tunneling at negative biases as being due to the formation
of new HOMO levels, originating from the charge transfer
process. STM imaging using biases matching these orbital
energies can thus provide resonance tunneling. The highest
intensities of the bright areas are mostly located at the
centers of the F4TCNQ in the complex [Fig. 3(b)]. This
suggests that the transfer charge strongly involves the
central � system of the molecule.

FIG. 4 (color online). Tunneling microscopy and spectroscopy
of 6T- F4TCNQ charge transfer complexes. (a) STM image of a
6T- F4TCNQ cluster with molecular complexes acquired at
�1:5 V, 0.43 nA. Here, both F4TCNQ and 6T (shown with
white dots) appear with the same intensity. (b) When imaging
the same cluster at �1:56 V and 0.43 nA, the F4TCNQ locations
appear brighter, while some F4TCNQ remain at the same inten-
sity as before. (Image size: 9 nm	 10 nm.) (c) An averaged
dI=dV-V data set of F4TCNQ and 6T inside the CTC generated
from 112 measurements; dashed curves are dI=dV-V data of
pure F4TCNQ and 6T on Au(111). All the dI=dV-V curves are
vertically shifted to exhibit the same base level. The black
arrows indicate the shifting of level energies. The vertical dashed
lines are drawn for eye guidance. (d) A simultaneously recorded
STM image of CTCs together with a series of corresponding
dI=dV maps acquired at �1:7 V (e), �1:5 V (f), �1:0 V (g),
�0:8 V (h), and �1:5 V (i). The black and white arrows in the
dI=dV maps indicate the two classes of intensity variations at
F4TCNQ locations. Notice the 6T locations are labeled in (d) and
(i).

FIG. 3 (color online). 6T-F4TCNQ mixed molecular clusters.
(a) STM image of the Au(111) surface showing molecular
clusters with mixed 6T and F4TCNQ molecules (deposited at
�120 K) located at step edges and on terraces together with the
Au(111) surface herringbone reconstruction in the background.
(Image parameters: 0.1 nA, �1:5 V, 28 nm	 28 nm scan.)
(b) STM image of a mixed cluster illustrating a snapshot of
the mixed 6T and F4TCNQ molecules [30]. The molecules are
positioned with a variety of orientations and conformations.
(Image parameters: 0.61 nA, �1:5 V, 6:5 nm	 5 nm scan.)

PRL 100, 126102 (2008) P H Y S I C A L R E V I E W L E T T E R S week ending
28 MARCH 2008

126102-3



In order to further confirm and visualize the charge
transfer mechanism, the spectroscopic images (dI=dV
maps) of CTCs are acquired and presented in Figs. 4(e)–
4(i). Figure 4(d) illustrates a STM image simultaneously
recorded with �1:5 V during the spectroscopic imaging
where the bright (blue) areas provide F4TCNQ locations as
in Fig. 4(b). The dI=dV maps acquired at �1:7 V
[Fig. 4(e)],�1:5 V [Fig. 4(f)], and�1 V [Fig. 4(g)] reveal
the intensity changes of F4TCNQ locations based on the
specific bias. For instance, the areas indicated with the
white arrows provide higher intensities at �1:7 V and
�1 V but a reduced intensity at �1:5 V. This is in accor-
dance with the HOMO-1 and HOMO levels of F4TCNQ
inside the CTCs [Fig. 4(c)]. The areas shown with black
arrows have the highest intensities at �1:5 V, but their
intensities are reduced at �1:7 V and �1 V. The changes
in dI=dV intensities might be originated by the variations
in orbital energies based on the different molecular con-
formations and packing. At �0:8 V bias no apparent fea-
tures appear in the dI=dV map [Fig. 4(h)] because this
energy is within the CTC energy gap. At �1:5 V, faint
features appear at both F4TCNQ and 6T locations with 6Ts
providing slightly higher intensities. This can be explained
by �1:5 V being located at the upward slope of the CTC-
LUMO [Fig. 4(c)], and the dI=dV curve shows higher
intensity for the 6T LUMO as compared to that of
F4TCNQ. Thus, these spectromicroscopy images confirm
the individual dI=dV spectra of CTCs shown in Fig. 4(c).
Since the curve in Fig. 4(c) is an averaged data presenta-
tion, the slight variations in orbital energies of specific
CTC units can now be visualized in detail.

In summary, we report the tunneling microscopy, spec-
troscopy, and spectromicroscopy studies of the molecular
charge transfer inside an electron donor-acceptor molecu-
lar complex, 6T- F4TCNQ. We also show that the inter-
molecular charge transfer can lead to realignment of
molecular orbitals and to the formation of new hybrid
HOMO and LUMO levels for the complex. Moreover,
our resonance tunneling scheme allows observing conduc-
tance switching of one type of molecule inside the com-
plex, which is not only useful to distinguish between the
charge transfer species but also may find potential appli-
cations in novel molecular device operations.
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