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a b s t r a c t

We report on the structural transitions of molecules on metal surfaces by external electrostatic field. An
electrode–molecule–electrode model is considered to quantify the effect of electrostatic forces at the
molecule–electrode interface. Within a quasi-parallel-plate capacitor approach, this model reveals how
external electrostatic fields change the delicate balance between molecule–substrate and molecule–mol-
ecule interactions, leading to substantial changes in the molecular conformation. The predictions are val-
idated by scanning tunneling microscopy (STM) observations of four different molecules and electrode
facets. In addition, first-principles simulations verify the results of our model calculations.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

One of the key problems in the design and fabrication of molec-
ular electronic devices [1] is understanding and controlling the
conformation and structure of the molecules in an electrode–mol-
ecule–electrode system. It has been observed that a conforma-
tional change of molecules can cause dramatic changes of the
physical properties and the corresponding device properties [2–
9]. In a number of experiments it was demonstrated how the
molecular conductance in organic thin films changes due to struc-
tural transitions, induced by electrostatic fields [10–19]. In one
molecular device, Hu and coworkers have analyzed theoretically,
how charge transport can be altered by a structural change at
the molecule–electrode contacts [3]. Presently, it is of great inter-
est for the wider community to estimate the level up to which elec-
tric fields can change the molecular structure at, e.g. metal
surfaces. In principle, such a deeper understanding is most likely
found in theoretical models, predicting molecular ordering at the
atomic scale. However, precisely theoretical work has been some-
what lagging behind [20,21]. To date, no universal model exists,
which could account in a comprehensive manner for the role elec-
trostatic forces play in a molecule–electrode interface.

In this paper, we consider an electrode–molecule–electrode
model to determine the effect of electrostatic forces at the mole-
cule–electrode interface. Within a quasi-parallel-plate capacitor
approach, the perturbation from the external electric field can be
calculated and added to the free energy, obtained from first-princi-
ples electronic structure calculations. Qualitatively, the model re-
ll rights reserved.
veals how external electric fields break the delicate balance
between molecule–substrate and molecule–molecule interactions.
We find that the molecular structures under an applied electro-
static field are controlled by the interplay of molecule–substrate
interaction, intrinsic dipole moments, and the electric susceptibil-
ity of the molecular adlayer.
2. Model, theoretical considerations and experimental setup

It is well-known that molecules are susceptible to their chemi-
cal environment (substrate and other molecules) and external elec-
tric fields. They all contribute to the total energy ðEtotalÞ of the
system. To investigate the effect of electrostatic field ð~EeÞ in the
molecule–electrode interface, we compare the effects of electric
fields to the energy gain when the charge redistribution occurs,
and the interaction between the charge distribution and the elec-
trostatic field. We regard the electrode–molecule–electrode sys-
tem as a quasi-parallel-plate capacitor, which has been used in
the past [22–25]. Then the total energy of the system can be writ-
ten as:

Etotal ¼ E0
total þ

1
2

CU2 þ
Z

qðrÞueðrÞd
3r ð1Þ

Here, C is the capacitance of the electrode–molecule–electrode sys-
tem, U is the electric potential difference between the two elec-
trodes, qðrÞ is the charge density between the electrodes, and
ueðrÞ is the potential at position r. The second part in Eq. (1) is de-
fined as charging energy which comes from the energy gain when
the capacitor is charged. The third part in Eq. (1) can be rewritten
in the multipole expansion:
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Z
qðrÞueðrÞd

3r ¼ Queð0Þ �~l �~Ee �
1
6

d : r~Ee ð2Þ

Here, Q is the total charge, ~l is the total dipole, and d is the total
quadrupole. Considering electroneutrality and neglecting the sec-
ond order quadrupole, we may reduce Eq. (1) to:

Etotal ¼ E0
total þ

1
2

CU2 � ~l �~Ee ð3Þ

Let us first discuss the quasi-parallel-plate capacitor. The elec-
trode–molecule–electrode system is a suitable operation of an
STM junction containing a metal substrate, a molecular interface,
and a metallic tip (Fig. 1a). The reason that this approximation is
justified lies in the fact that the radius for electrochemically etched
W or Pt–Ir tips is generally about 10–30 nm [26]. Even in the high
resolution STM images with sharper tips, the apex of the tip is
mostly not smaller than the size of a molecule [27]. For a single
molecule, the variation of electric field between STM tip and sub-
strate with lateral distance is not dramatic, as established in model
calculations on semiconductors [28]. To show that this is also the
case for the metal–molecule–metal tip system, we consider a neg-
atively charged W(100) tip (Fig. 1b). Here, the electrostatic poten-
tial indicates that the equipotential surface is quite close to a plane
for distances higher than 4.7 Å. Contrary to the tunneling current,
which is extremely sensitive to the distance, the electrostatic po-
tential, as this simulation and previous work reveals, is far less vol-
atile. In view of this feature it seems justified to mimic the tip
potential by the electrostatic field to first order by two parallel me-
tal plates.

Furthermore, the spacing between the tip and the substrate is at
a nanometer scale. At this distance, the quantum capacitance is
similar to the classical one only with little deviation in the absolute
values [22,29]. Thus, it is a reasonable approximation to treat the
capacitance using the classical Equation for the involved spacing
of �6 Å. In this distance range, which we are interested in, the total
energy change induced by the external electric field can thus be
written as:

DE ¼ 1
2
e0ð1þ veÞAd � ~Ee

���
���2 �~l �~Ee ð4Þ

where

~l ¼ ~l0 þ vee0Ad �~Ee ð5Þ

~Ee

���
��� ¼ aðtipÞ � U

ð1þ veÞdv þ d
ð6Þ

Here, ~Ee is the electric field of the molecular region, ve is the
polarizability, e0 is the vacuum dielectric constant, A is the molec-
ular effective area, representing the cross section of one unit cell
for periodic structures, d is the effective height of the molecular
layer, dv is the height of vacuum region, and l0 is the dipole with-
out electric field. The second part of Eq. (5) is the induced dipole
moment in the volume Ad. In other words, the dielectric medium
Fig. 1. (a) The model of the electrode–molecule–substrate system under a bias
voltage. (b) A negative charged W(100) tip with a single atom apex (no molecules
shown here) and the different equipotential planes. The supercell
(12.7 Å � 12.7 Å � 41.1 Å) consists of 49 tungsten atoms. The electric potential in
the supercell is obtained by first-principle calculations.
in the volume is polarized by the external electric field. Here we as-
sume that the molecule is linearly polarized. aðtipÞ is a multiplier
that describes the geometry-induced field enhancement. It can
be approximately written as Const= rtip � h �

ffiffiffi
A
p� �

, where rtip is the
size of the tip apex (5 Å in our calculation), h the tip-sample dis-
tance, and

ffiffiffi
A
p

represents the lateral size of the adsorbate. Accord-
ing to the systems we simulated, it is found that the constant is
universally about 805 Å3. If rtip � h �

ffiffiffi
A
p

> 805 Å
3
;atip can be simply

chosen as unity. The internal interaction felt by molecules (mole-
cule–substrate and molecule–molecule interaction) and the exter-
nal electric field effect are the two crucial factors determining the
molecular structure and orientation. In a conformational transition
of an adsorbed molecule, DE acts as the activation energy. Compar-
ing jDEj and the transition barrier Ebarrier , we can therefore estimate
how external electric fields will affect the molecular–electrode
interface.

Our density functional theory (DFT) calculations were carried
out with the Vienna Ab-initio Simulation Package (VASP). The Per-
dew–Wang generalized-gradient approximation (GGA) for ex-
change-correlation, ultrasoft pseudopotentials, and a plane-wave
basis set as implemented in VASP code [30–32] were used. The
supercell contained six layers of Ag atoms. The molecules were
placed flat onto one side of the film with at least 12 Å of vacuum
space. All atoms except the bottom two layers of the Ag film were
fully relaxed until the net force on every atom was smaller than
0.015 eV/Å. After geometry optimization the total energy was ob-
tained in the same energy cut-off and k-mesh.

To demonstrate the validity of the model, we studied experi-
mental results on four different systems: (i) tetrabenz [a,c,h,j]
anthracene (TBA) on Ag(110), (ii) Tb@C82/octanethiol on
Au(111) [16], (iii) polyvinylidene fluoride on graphite [17] and
(iv) FAPPB(or PPB)-alkanethiol on Au(111) [19]. The substrates
were chosen for the low adsorption energy of the molecules and,
correspondingly, the importance of the balance between intermo-
lecular and molecule–substrate interaction, which can be altered
by external fields.
3. Model applications

3.1. TBA molecules on Ag(110) substrate

Conjugated molecule–metal interfaces are important systems in
molecular electronics applications and have led to a substantial fo-
cus in research for decades [33]. In order to demonstrate the pre-
dictive power of the model, we therefore analyzed a conjugated
planar system, TBA molecules on Ag(110) substrate. The detailed
protocol can be found in Ref. [34–36]. The Ag(110) crystal was
cleaned by standard sputtering with argon ions for 15 min at the
pressure of 5� 10�6 mbar followed by annealing at 350 �C for
3 min. After that, the cleaned Ag(110) surface was checked by
LEED before deposition. Then the TBA molecules were evaporated
from the sublimation cell onto the silver surface. The sample was
transferred in situ into an Omicron STM operating at room temper-
ature. First, we carried out experiments using an UHV-STM fitted
with a molecular beam epitaxy (MBE) and low energy electron dif-
fraction (LEED) apparatus. The background pressure of the cham-
ber was better than 3� 10�10 mbar. The molecular configurations
under different electric fields are investigated based on the results
from these two complementary surface analysis methods and DFT
calculations. The LEED pattern indicates a unit cell containing two
molecules. Subsequent STM results show a well-ordered dimer-
like structure under positive bias voltage (see Fig. 2a). The di-
mer-like repeat unit is also evident in the line profile along a
molecular row in Fig. 2a and the enlarged portion of the STM
images in Fig. 2c. It is in good agreement with the LEED pattern.



Fig. 2. (a,b) STM images (raw data) in the same region obtained with different
polarity of the bias voltage. Scanning parameters: It ¼ 0:373 nA, Us ¼ þ0:817 V for
(a) and �0.817 V for (b). The scale bars represent 2 nm. Substrate unit cell vectors
are denoted as two green arrows. The two line profiles inserted at the right bottom
are along the blue dashed lines in (a) and (b), respectively. (c,d) High resolution
images of the same region. The scanning parameters are the same as (a,b). The scale
bars represent 1 nm. Calculated probability density map of the LUMO and HOMO of
the free TBA molecule are shown as insets in (c) and (d), respectively. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

Fig. 3. The calculated molecular structures and simulated STM images. (a) Top and
side views of single TBA molecule adsorption, the lattice of substrate is denoted
with white arrows. (b) Top view of the dimer model (see text). The superlattice is
denoted as black solid lines. White dashed-lines are used to illuminate the distances
of neighboring molecules. The unit of distance is angstrom. (c,d) Simulated STM
images of dimer structure under bias voltages of +0.817 V and �0.817 V, respec-
tively. Color maps represent height in Z-direction. Insets are the images of
experimental counterpart. (e) The total energy change ðDEÞ and dipole moment
induced by electric field effect as a function of the electric fields. The four black
squares or blue circles are results from first-principles calculations and the solid
and dashed lines are from fitted expressions. The error bar is represented with the
size of the black squares and blue circles. (f) The total energy change (DE) with
electric field effect as a function of the bias voltages with the parameters in our
experiment (ve ¼ 0:61, d ¼ 2 Å, A ¼ 295:1 Å2). The dashed line indicates the
�0:817 V in our experiment. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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However, in the same scanning area, when we change the polarity
of the bias voltage, the dimer structure changes to a quasi-homo-
geneous structure shown in Fig. 2b and d. The self-assembled
structure, it seems, is changed by the electric field. At this point,
a question arises whether the difference at the reversed voltage
biases is caused by a change of the molecular electronic structure
or by a change of the molecular conformation (structure).

In order to clarify the origin of this bias-dependent image differ-
ence, we carried out DFT simulations of both a free molecule and
the molecule–substrate system. By calculating different configura-
tions of the TBA molecule adsorbed on Ag(110) with a large en-
ough supercell, we obtained the most stable adsorption site and
orientation of TBA/Ag(110). The most favorable adsorption site
(Fig. 3a) is used to construct the supercell according to the LEED
pattern. Two molecules are placed in one supercell each in its most
favorable orientation. After geometry optimizations (Fig. 3b), the
adsorption energy for this configuration is 316 MeV per molecule.
We find that the distances between two neighboring molecules in
the same supercell and the distance between two molecules in
adjacent cells differ (white dashed lines in Fig. 3b), implying a di-
mer-like configuration. Simulated STM images on the adsorbed
molecules (Fig. 3c and d) are compared with the experimental re-
sults (Fig. 2a and b). The partial charge densities within the interval
from Ef to eVbias agree very well with the STM images at positive
and negative bias voltages. We find that the LUMO and HOMO
structures of a single TBA molecule (see Fig. 2c and d) resemble
the simulated STM images under positive and negative bias,
respectively. At a positive bias, the simulated STM image (Fig. 3c)
is more extended in X–Y plane than at a negative bias voltage
(Fig. 3d). At a negative bias voltage, the image implies a quasi-
homogeneous structure. The result at this point is unambiguous:
the different appearance at a polarity change is due to the elec-
tronic structure of the system, and does not involve any structural
changes of the molecule. Then the next question is can this behav-
ior about the TBA/Ag(110) be predicted by our model?

If we apply an electric field [37] on the optimized dimer struc-
ture, the total energy changes DE ¼ Etotal � E0

total and dipole mo-
ments of this configuration can be calculated depending on the
intensity of the electric field. Here Etotal is the total energy without
electric field. We have calculated four points, �0.16 V/Å, 0 V/Å,
0.16 V/Å and 0.32 V/Å (Fig. 3e). The dipole moment changes line-
arly with the external electric field. However the curve for DE is
quadratic. By calculating the slope of the blue dashed-line in
Fig. 3e, the coefficient ve in Eq. (5) can be determined as 6.1 at
=2 Å. Within the bias range from �0.817 to +0.817 V in our exper-
iment, DE is 98 MeV (Fig. 3f). If the quasi-homogeneous STM image
indicates a quasi-homogeneous molecular structure, the total en-
ergy is calculated to be 139 MeV/unit cell higher than the dimer
structure. Since the transition barrier Ebarrier of these two structures
is bigger than their energy difference, we conclude that the activa-
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tion energy DE of the applied electric field cannot trigger structural
transitions. However, if the molecule–substrate interaction is weak
or the molecules have large dipole moments or intrinsic polariz-
ability, the charging energy and dipole energy may well exceed
the transition barrier. In such cases the competition between mol-
ecule–substrate interaction and interaction with the electric field
will determine the systems behavior. The following three distinct
examples for consequences of this effect.
3.2. Tb@C82/octanethiol on Au(111)

For weak molecule–substrate interactions tiny energy changes
due to external electric fields can change the molecular configura-
tion. An example is Tb@C82/octanethiol on an Au(111) substrate
[16]. The octanethiol self-assembled monolayer (SAM) was in-
serted between Tb@C82 and the Au(111) substrate to reduce the
interaction between molecule and metal substrate. It is then
mainly van der Waals interaction between the molecules and the
alkanethiol SAM. The Tb@C82 molecules rotate in an environment
above 68 K, the energy threshold for the activation of the rotational
mode is about 5.9 MeV. It was found that the molecular orientation
can be switched, if the dipole moment of the Tb@C82 molecule is
parallel to an external electric field with a sufficient high electro-
static energy (see upper panel in Fig. 4a). The I–V characteristic
shows a hysteresis at 13 K due to the switching of the molecule.
In an STM this transition occurs at a bias voltage of ±0.9 V. For
the purpose of our model the dipole moment l0 of Tb@C82 mole-
cule is 0.521 eÅ [16]. To take into account the double-barrier gap
of the system, Eq. (6) was adapted as such:

~Ee

���
��� ¼ aðtipÞ � U

ð1þ veÞdv þ dþ doctð1þveÞ
1þve�oct

ð7Þ

Because the molecule is not linearly polarized, we use two
curves representing two initial states with opposite dipole mo-
ments (red and green lines in lower panel of Fig. 4a) . For a bias
range from +2 V (step I) to �2 V (step IV) (see in lower panel of
Fig. 4a), the applied bias voltage was changed gradually and then
back to +2 V (step VII). The system reaches to its energy maximum
Fig. 4. Schematic view of the conformational changes of the models under electric field
voltages in references ([16] for (a), [17,18,38] for (b) and [19] for (c). Upper panel for the
are evaluated from the conditions in reference except for the polarizability, which is ob
Au(111) with Eq. (4). (ve ¼ 2:3;ve�oct ¼ 1:0, dv ¼ h ¼ 6 Å, d ¼ 6 Å, doct ¼ 12 Å, A ¼ 300 Å
experiment. The red and green arrows indicate the direction of the dipole moment. The d
(see Fig. 4 in Ref. [16]). (b) The total energy change calculated with Eq. (4) with regard to
TrFE) on graphite substrate are shown as insets. Red, green and gray balls denote flu
orientation with Vbias < �1 V, the right one with Vbias > þ1 V, and the middle one with jVb

with regard to FAPPB and PPB molecules. (ve ¼ 1:5;d ¼ 10 Å, dv ¼ h ¼ 6 Å, A ¼ 100 Å2). (F
to the web version of this article.)
at ±0.76 V (the two blue arrows), at about +6.3 MeV compared to
zero bias voltage. Taking into account the weak interaction be-
tween Tb@C82 and octanethiol molecules as well as the thermal en-
ergy of only 1.1 MeV at 13 K, it can be expected that the external
electric field will align the dipole moments of the molecules. In this
case the Tb@C82 molecule changes its molecular orientation so that
the molecular dipole moment is parallel to the external electric
field at ±0.76 V. The switchings happen twice, the first is between
step II and III, the second between V and VI, resulting in a hyster-
esis loop in the tunneling conductance. The prediction is in agree-
ment with the experimental results. Thus it can be concluded that
the weak interaction between Tb@C82 and the substrate, and the
nonlinear polarization of Tb@C82 molecule, induced the switching
of the molecular orientation, resulting in a distinct hysteresis loop.

3.3. P(VDF-TrFE) on graphite

Let us consider other cases whose interaction is the dominating
part in the electric field effect. An example is the structural transi-
tion of a ferroelectric copolymer induced by a STM tip [17,18]. In
this case, two layers of crystalline vinylidene fluoride (70%) with
trifluoroethylene (30%) (P(VDF-TrFE)) copolymer were fabricated
on a graphite substrate by the Langmuir–Blodgett (LB) technique
at room temperature. By flipping the polarity of the tip bias, a
structural transition and a switching of the dipole moment were
achieved (see upper panel of Fig. 4b). The reversal of surface polar-
ization is clearly demonstrated by the topographic images, show-
ing an apparent local lattice distortion. It is very interesting that
the structural transition only occurred in the flipping range of
0:1 V 6 jVbiasj 6 1:0 V, and it was most apparent at
jVbiasj � 0:57 V. According to Ref. [38], the structural transition is
directly related to rotation of the top layer molecules about the
polymer chain axis. We calculated the total energy change with re-
gard to the bias voltage with expression (4). Two curves are used to
represent the two initial states with opposite dipole moment (red
and green lines in lower panel of Fig. 4b). l0 of the monomer is
about 0.3 eÅ [38]. We found that the energy difference DE between
�1 V and +1 V is about 165 MeV, while DE the between �0.1 V and
+0.1 V is about 17 MeV. FLAPW calculations on a two-layer polyvi-
and the total energy change (DE) with electric field effect as a function of the bias
conformational changes; lower panel for the total energy changes.). The parameters
tained by fitting. (a) The total energy change calculated for Tb@C82/octanethiol on
2). The numbers from I to VII indicate the sequences of bias voltages evolution in

otted arrows indicate that there are dipole moments switching at these bias voltages
P(VDF-TrFE). (ve ¼ 10;d ¼ 2:5 Å, dv ¼ h ¼ 4 Å, A ¼ 9 Å2). The sketch maps of P(VDF-
orine, hydrogen and carbon atoms, respectively. The left one corresponds to the
iasj < 0:1 V (see Fig. 2 in Ref. [17]). (c) The total energy change calculated with Eq. (4)
or interpretation of the references to color in this figure legend, the reader is referred
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nylidene fluoride slab showed that the energy difference between
0� and 90� is 27.2 MeV, while it is 131.3 MeV between 0� and 180�
[38]. Thus we may conclude that for jVbiasj ¼ 0:1 V the electric field
will not trigger a visible rotation of the local dipole. In this case no
structural transition appears (see the sketch in the middle inset of
lower panel of Fig. 4b). For jVbiasj ¼ 1:0 V, the dipole is rotated by
180� (the CF2 switches from the bottom to the top as shown in left
and right insets of Fig. 4b). This switching result in no lateral dis-
placement, and no lattice shift appears in STM images. It explains
why the lattice shift only occurred in the flipping range of
0:1 V 6 jVbiasj 6 1:0 V. In lower panel of Fig. 4b we show that the
system reaches its energy maximum at about ±0.5 V, in accordance
with the experimental observation that the lattice distortion was
most apparent at jVbiasj � 0:57 V [18]. In this particular case the
high polarizability of P(VDF-TrFE) is the crucial factor that controls
the polymers orientation under external electric fields.

3.4. FAPPB or PPB/1ATC9 on Au(111)

As a final example we consider a monolayer of amide-containing
alkanethiol (1ATC9) on an Au(111) substrate with oligo(phenylene
ethynylene)s, FAPPB or PPB, embedded in it [19]. The STM image of
FAPPB molecules changes when the bias voltage flips from �1 V to
+1 V, or vice versa. It is attributed to a structural transition due to
the formation and breaking of the hydrogen bonds (see upper panel
of Fig. 4c). PPB molecules do not show bias voltage-dependent im-
age changes. According to our model, the difference DE between
�1 V and +1 V is about 176 MeV for FAPPB and 50 MeV for PPB mol-
ecules (see lower panel of Fig. 4c). The difference is due to the differ-
ent dipole moments l0 of the two molecules, 0.812 eÅ for FAPPB and
0.229 eÅ for PPB [19], respectively. For FAPPB, the difference DE be-
tween �1 V and +1 V of 176 MeV, exceeds the energy barrier of the
structural transition, the hydrogen bonding energy. Thus FAPPB
molecules show a bias-dependent structural transition. For PPB
molecules DE between �1 V and +1 V is 50 MeV, which will not ex-
ceed the barrier of the structural transition. Consequently, there is
no bias-dependent structural transition. In this particular example
the dipole moment is the crucial factor controlling the systems
property under external electric fields.

4. Conclusions

By modeling the electrode–molecule–electrode system as a
quasi-parallel-plate capacitor under small bias voltages, we are
able to describe the total energy change and interfacial dipole mo-
ment under external electric fields. This quasi-parallel-plate capac-
itor model can be used to understand the effect of electrostatic
forces in the molecule–electrode interface and to predict its effect.
It also indicates that for molecules with large intrinsic dipole mo-
ment or large electric susceptibility, the polarity of electric fields
between the two electrodes can cause substantial changes in the
molecule/metal interface. By selecting a suitable combination of
molecules and substrates, and by modulating experimental condi-
tions like the bias voltage and the electrode–electrode distance, we
can determine the molecular properties or change the molecular
conformations. Due to a deeper understanding of bias-dependent
molecular configurations the method should aid in designing and
controlling devices at the molecular level, allowing a much more
efficient direction of future research.
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