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Mastering the Molecular Dynamics of a Bistable Molecule by Single Atom Manipulation
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At low temperature (5 K), a single biphenyl molecule adsorbed on a Si(100) surface behaves as a
bistable device which can be reversibly switched by electronic excitation with the scanning tunneling
microscope tip. Density functional theory suggests that the biphenyl molecule is adsorbed with one
dissociated hydrogen atom bonded to a neighbor surface silicon atom. By desorbing this hydrogen atom
with the STM tip, the interaction of the molecule with the surface is modified such that it becomes
transformed into a multistable device with four stable states having switching yields increased by almost

2 orders of magnitude.
DOI: 10.1103/PhysRevLett.97.216103

The operation of a single molecule as a molecular nano-
machine requires controlling the interaction between the
molecule and its surroundings with an atomic-scale preci-
sion [1-8]. This has been anticipated by Di Ventra et al. [9]
from a theoretical viewpoint in calculating the electron
transport properties through a molecule. The presence of
a single gold atom at the molecule-electrode interface has
been shown to decrease the molecular conductance by
2 orders of magnitude. Not only the conductance but other
molecular functions (i.e., mechanical or chemical) are also
expected to be very sensitive to the atomic-scale environ-
ment. Recently, it has been demonstrated that a single
biphenyl molecule adsorbed on a Si(100) surface behaves
as a bistable molecule at low temperature (5 K) via tip
electrons [10]. The underlying physics describing the dy-
namics of such a molecular device is governed by a multi-
dimensional surface potential that should be subtly
influenced by the interaction between the molecule and
its atomic-scale surroundings.

In this Letter, we will show that density functional
theory (DFT) enables a precise map of the adsorption
configuration of the biphenyl molecule. During its adsorp-
tion on Si(100), one hydrogen atom dissociates from one
phenyl ring and bonds to a neighbor surface silicon atom.
We will show that, after desorbing this hydrogen atom with
the STM tip, the dynamics of the adsorbed biphenyl mole-
cule is strongly modified. The stability of the molecule is
affected such that it becomes a multistable molecule hav-
ing four stable states. Moreover, the switching yields are
increased by almost 2 orders of magnitude. These results
demonstrate that single atom manipulation can be used to
modify the dynamical properties of a single molecule.

The STM experiments were performed in an ultrahigh
vacuum (UHV) chamber using a low temperature “‘beetle”
type scanning tunneling microscope [11]. The Si(100)
samples were p-type boron doped with a resistivity of
0.004-0.006 Q2 cm. The Si(100) surface was prepared
and cleaned as explained elsewhere [11]. The biphenyl
molecules were adsorbed on the Si(100) surface at room
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temperature [12]. The sample was then cooled down to 5 K
and transferred into the UHV low temperature (5 K) STM.

STM topographies of biphenyl molecules adsorbed on
the Si(100) surface are shown in Figs. 1(a) and 1(b) for
a surface voltage of —2 and —1 V, respectively. STM
topographies of a single biphenyl molecule are shown in
Figs. 1(c) and 1(d). For a surface voltage of —2V
[Figs. 1(a) and 1(c)], each biphenyl molecule is seen as a
pair of bright features representing the two phenyl rings of
the molecule. The vertical gray lines in Figs. 1(a)—1(d)
indicate the silicon dimer rows of the Si(100) surface [11].
Only one of the two phenyl rings is visible as a bright spot
for a surface voltage of —1 V [Figs. 1(b) and 1(d)]. A
variety of configurations for the adsorbed biphenyl mole-
cule were investigated by means of DFT calculations
within the generalized gradient approximation using the
VASP code [13—15]. Further information on these calcula-
tions can be found elsewhere [16]. The resulting most
stable configuration is shown in Figs. 1(g) and 1(h).
Local density of states calculations, using the Tersoff-
Hamann approximation [17], integrated over a window of
energies from —2 and —1 eV to the Fermi level of this
model were then performed and compared to the experi-
mental STM topographies. The corresponding images are
displayed in Figs. 1(e) and 1(f). The model consists of one
phenyl ring lying parallel to the surface and attached to a
silicon dimer in the so-called “butterfly”’ configuration
through two C-Si chemical bonds [18]. This phenyl ring
is centered over the silicon dimer row. The second phenyl
ring, perpendicular to the surface, is attached to a silicon
atom through a single C-Si chemical bond. This is a result
of the dissociation of the second phenyl ring and one
hydrogen atom: The H atom of the phenyl ring is bonded
to the Si atom of the dimer as shown in Figs. 1(g) and 1(h).
In the hypothesis of a nondissociated biphenyl molecule,
less energetically favorable configurations were obtained
and the simulations could not reproduce the observed STM
topographies. This Si-H bond is seen as a dark spot in the
STM topographies [Figs. 1(c) and 1(d)]. Interestingly, the
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FIG. 1 (color online). (a),(b) (81 A X 75 A) STM topogra-
phies showing several biphenyl molecules on Si(100)-(2 X 1)
at 5 K recorded at —2 and —1 V surface voltage, respectively.
(©),(d) 19 A X 19 A enlarged STM topographies of a biphenyl
molecule on Si(100)-(2 X 1) at V¢ = -2V and Vg = —1V,
respectively. (e),(f) Calculated local density of states (VASP) of a
biphenyl molecule adsorbed on Si(100)-(2 X 1) within an energy
windows of —2 and —1 eV to the Fermi levels, respectively.
(g) Schematic top view and (h) right-side view of the biphenyl
conformation on the Si(100)-(2 X 1) surface where the dark gray
balls are silicon, the light gray balls are carbons atoms, and the
white balls are the hydrogen atoms.

bright spot of the singly bound phenyl ring vanishes at
Vs = —1V in both the experimental topography [Fig. 1(d)]
and the calculated local density of states [Fig. 1(f)].

The biphenyl molecule adsorbed at room temperature on
the Si(100) surface has two equivalent stable positions §;
and S,, shown in Figs. 2(a) and 2(b), respectively. The
reversible switching of the molecule from §; to S, can be
activated through resonant electronic excitation by posi-
tioning the STM tip at different positions inside the mole-
cule [for example, positions P; and P, in Fig. 2(a)] and
applying a pulse voltage on the surface [10]. Recording the
tunnel current during the pulse voltage enables a detailed
investigation of the dynamics of the molecule for the
duration of the time of excitation. The tunnel current
curves in Figs. 2(c)—2(e), recorded with the STM tip in
position P,, illustrate some of the molecular movements
that can occur. The small steps in curves 2(c) and 2(d)
correspond to the switching of the molecule from S to §,.
The tunnel current curves show additional features con-
sisting of very narrow peaks (7') that are related to the brief
passage through a transient molecular state, i.e., the S — T

Tunnel Cunrent (nA)

Time (s)

FIG. 2. (a) (23 A Xx23A) topography (Vg= -2V, I=
220 pA) of a single biphenyl molecule in the stable configuration
S;. The dots indicate the STM tip position (P; and P,) where the
negative bias pulse is applied. (b) Same as (a) after the surface
pulse. The molecule has switched to its second stable configu-
ration S,. (c)—(e) Three typical tunnel current curves recorded
during negative bias pulses at P, (V, = —3 V).

movement rapidly followed by the reverse 7 — S; move-
ment. Both the S — T and the 7 — §; movements are
induced by electronic excitation with the STM tip. From
previous experiments [10] and the high tunnel current of
the T peaks, one can anticipate that the T state molecular
configuration involves one phenyl ring of the molecule
being close to the P, position in Fig. 2(a). This explains
the very efficient excitation of the reverse T — S; move-
ment when the STM tip is in the P, position. The biphenyl
molecule could never be imaged in the transient 7" state
with the STM due to the instability either intrinsic to the
molecule or induced by the STM tip.

The S| — S, switching requires one of the molecular
phenyl rings (called the mobile phenyl ring) to break two
Si-C bonds in its butterfly position, to move over the Si-H
bond, and to make two new Si-C bonds to recover its
butterfly position at the second silicon dimer site. In the
meantime, the other molecular phenyl ring (called the fixed
phenyl ring) is expected to rotate around its single Si-C
bond. It follows that the Si-H bond acts as an obstacle to
the movement of the bistable molecule since the mobile
ring has to pass over the hydrogen atom for S| — S,
switching to occur. Therefore, we decided to desorb this
hydrogen atom with the STM tip in order to explore the
resulting dynamics of the molecule.

The desorption of hydrogen atoms from the hydrogen-
ated Si(100) surface with the STM tip has been extensively
studied with both positive and negative surface voltages
[19-22]. Here we have used a negative surface voltage
Vs = —4 V with the STM tip on top of the hydrogen atom
[position P, in Fig. 2(a)]. The desorption of the hydrogen
atom after an excitation time ¢, is clearly evident in the
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FIG. 3. (a) Tunnel current during a negative bias pulse at P,

(V, = —4 V). Desorption of the hydrogen atom occurs at time
ty. (b) Tunnel current during a negative bias pulse (V, = —4 V)
after hydrogen desorption. (c),(d) 20 A X 20 A STM topogra-
phies (Vg = —2 V, I = 220 pA) of the biphenyl molecule be-
fore and after the hydrogen desorption. The arrow indicates the
area where the hydrogen atom has been removed leading to a
slightly higher local density of states. See Fig. 2 for the descrip-
tion of positions P and P,.

tunnel current curve in Fig. 3(a). Indeed, before time ¢,, the
molecule switches only once from S, to S,. After a time ¢4,
the molecule has a completely different behavior. It
switches much more often between the S;, S,, and T states.
This change has been found to be irreversible since the
high frequency switching regime remains even after further
surface voltage pulses applied at P, [see Fig. 3(b)]. The
actual desorption of the hydrogen atom can be verified by
comparing STM topographies of the biphenyl molecule
before [Fig. 3(c)] and after [Fig. 3(d)] applying the first
surface voltage pulse. The hydrogen site which appears
dark in Fig. 3(c) becomes brighter in Fig. 3(d) as expected
from the appearance of the silicon dangling bond after
hydrogen desorption. The yield Y, for desorbing the hydro-
gen atom has been obtained by repeating the hydrogen
desorption over many different molecules (at V, =
—4 V) and by measuring the mean value 7, of the excita-
tion time ¢, for a given tunnel current I [Y, = 1/(I7;/e)].
Avalue Y,; = (3.4 = 0.7) X 10~ has been found which is
in good agreement with the value Y, = (2.1 £0.7) X
10~ reported by Stokbro et al. [19] for pulses at the
same surface voltage.

It is clear from the tunnel current curves in Figs. 3(a) and
3(b) that, after hydrogen desorption, the switching frequen-
cies are significantly increased although the tunnel current
levels corresponding to the S;, S, and T states are un-
changed. Quantitative measurements of the S; — S, and

TABLE 1.

the S; — T switching yields for two excitation positions
(Py and P,) of the STM tip were obtained by using the
method described in Ref. [10]. The results in Table I show
that, for excitation pulses of —3.5 V, the switching yields
are increased after hydrogen desorption by a factor of 3—50
depending on the excitation position and the molecular
movement (S; — S, or §; — T). Thus, the consequence
of the hydrogen atom desorption can be understood as a
lowering of the energy barrier for the switching dynamics
(S; — S, or S — T). Indeed, it is known from the desorp-
tion induced by electronic transition mechanism [23] that
lowering the energy barrier of the ground state can dra-
matically increase the yield of the electronic excitation
process.

Another interesting result of the hydrogen desorption is
that the molecule can now be switched (by applying a pulse
voltage at Vg = —3.5 V) into any of the four molecular
configurations imaged in Fig. 4. Once the hydrogen atom
has been removed, every molecule studied shows the same
multistable sites. The S| and S, states [Figs. 4(a) and 4(c)]
are the same as before hydrogen desorption, whereas two
new states (S3 and S;) can be imaged with the STM
[Figs. 4(b) and 4(d)]. From the STM images in Figs. 4(b)
and 4(d), the molecule in the S3 and S, states appears to lie
between the §; and S, states. Furthermore, these two
molecular configurations overlap partially with the silicon
dangling bond resulting from the hydrogen desorption.
One can expect some interaction between this silicon
dangling bond and the molecule, thus explaining the stabil-
ity of the S3 and S, states after hydrogen desorption under
these imaging conditions (Vg = —2 V). The most stable
configuration of the S; (S4) state deduced from DFT cal-
culations is shown in Fig. 4(h) [Fig. 4(1)]. The correspond-
ing calculated local density of states (integrated over a win-
dow of energy from —2 V to the Fermi energy) in Fig. 4(g)
is in good agreement with the experimental STM topogra-
phy in Fig. 4(f). In the tunnel current curves in Figs. 3(a)
and 3(b), there are no specific current levels corresponding
to the S3 and S, states when the pulse voltage is applied at
Vg = —4 V;only S;, S5, and T are seen. This is because
the electronic excitation is expected to be very efficient
when the molecule is located directly under the STM tip (at
the P, position) and especially when the surface voltage is
relatively high (—4 V). However, after a lower voltage
pulse (Vg = —3 V) applied at P,, the occurrence of the
four stable states (S; to S4) and the transient states (7°) can
be seen in the tunnel current curve [Fig. 4(e)]. This reveals
that, after hydrogen desorption, the transient states (7) are
coexisting with the four stable states.

Measured values of the S; — S, and the §; — T switching yields for two positions (P; and P,) of the STM tip at Vg =

—3.5 V before and after hydrogen desorption. See Fig. 2 for the description of positions P; and P,.

Ve=-35V Yg15(Py)

Ys1_7(Py)

Y5152(P2) Ys1—7(P;)

(1.8 = 0.5) X 107°
(5.3 +0.8) X 107°

Before H desorption [7]
After H desorption

(1.5 +0.5) X 1078
(7.0 = 0.5) X 108

(6.9 =0.7) x 1071
(1.2*0.2)x107°

(4.5 +0.6) X 107!
(2.1 £0.2) X 107°
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FIG. 4 (color online). (23 A X 23 A) STM topographies of the four stable configurations of the biphenyl molecule after H atom
desorption. (a),(c) (Vg = —2 V, I = 220 pA) depict the S| and S, configurations, respectively. (b),(d) show the two new stable S; and
S, configurations. The series (a)—(d) (following the arrows) is a succession of molecular manipulations of the multistable molecule
using negative surface pulses (Vg = —3.0 V) applied at the indicated black dots. (¢) Tunnel current during a negative bias pulse at P,
(V, = —3.0 V) after hydrogen desorption indicating the coexistence of the four stable states with the transient states (7). In addition to
the peaks (T states), plateaus with four different current levels can be observed and are assigned to the four stable states S; to S,. See
Fig. 2 for the description of positions P; and P,. (f) (21 A X 21 A) STM topography of the S, state (Vg = —2 V, I = 300 pA).
(g) Calculated local density of states (VASP) of the S, state configuration adsorbed on Si(100)-(2 X 1) within an energy window of
—2 eV to the Fermi level. (h) Schematic top view and (i) right-side view of S, conformation on the Si(100)-(2 X 1) surface (see Fig. 1

for color definition).

Compared to the operation of the bistable molecule [10],
where the biphenyl molecule could be switched only be-
tween two stable states (S; and S,), the operation of the
multistable molecule after hydrogen desorption is much
more complicated since it can now be switched between
four stable positions (S;, S», S3, and S,). So far, we have
found the switching of the multistable molecule to be ran-
dom. An example of a sequence of switching events is
shown in Fig. 4.

In conclusion, these results demonstrate that the pres-
ence or not of just one hydrogen atom on the surface
dramatically modifies the molecular dynamics of the bi-
stable biphenyl molecule. This is revealed by the increased
switching yields and the appearance of two additional
stable states after the desorption of a hydrogen atom.
Furthermore, this leads to the formation of a multistable
molecule having four stable states. These results have
important consequences. They demonstrate that a precise
control of each atom position around the molecule needs to
be achieved if a quantitative operation of a molecular
device is required. We emphasize that such single atom
sensitivity provides very interesting perspectives for engi-
neering the performance of a molecular device. One can
expect being able to control, by single atom manipulation,
the intrinsic performances of a molecular device (e.g., the
switching yield, the number of stable states, or the bifur-
cation parameters of a multistable molecule). Moreover,
quantum properties of a single computing molecule could
also be engineered by similar methods [24].
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