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ABSTRACT
The single molecular orientation switching of the Th@C g, endohedral metallofullerene has been studied by using low-temperature ultrahigh
vacuum (UHV) scanning tunneling microscopy (STM). An octanethiol self-assembled monolayer (SAM) was introduced between Th@C g2 and

the Au(111) substrate to control the thermal rotational states of Th@C g2. Scanning tunneling spectroscopy (STS) of Th@C g, on an octanethiol
SAM at 13 K demonstrated hysteresis including negative differential conductance (NDC). This observed hysteresis and NDC is interpreted in

terms of a switching of the Th@C g, molecular orientation caused by the interaction between its electric dipole moment and an external electric

field.

The formation of a functional structure of a desired texture nanometer scale is the key to realizing the single molecular
on the subnanometer scale is a primary concern whenorientation switching device by using Tb@C

designing molecular nanodevices. Single-molecular switching  Here, we report the single molecular orientation switching
devices composed of a single functional molettidhave  properties of a single Th@gon an octanethiol SAM that
been extensively studied because they are likely to bewere observed by STS by using |0W_[emperature UHV
employed in nanomemory deviceand logic circuits™°  STM. To realize this, the tunneling curremj<distance @)
Although these molecular switching devices utilize molecular characteristics above alkanethiol SAMs on the Au(111)
functions, direct observations of the switching phenomena substrate have been measured by the scanning vibrating probe
on a single molecule may prove useful in obtaining concep- method!516 On the basis of thd—d characteristics, we
tional instructions for designing the molecular nanodevices evaluate the conductance decay constants and the transcon-
in a manner similar to building a “LEGO” block. Endohedral ~ ductance of the alkanethiol SAM$=V characteristics of
metallofullerene are one of the candidate materials for the STM probe/vacuum/single Th@@nolecule/alkanethiol
creating single molecular orientation switching devices owing SAM/Au(111) structure repeatedly demonstrate hysteresis
to their electric dipole momett** due to the exchange of  including NDC. These hysteresis phenomena are discussed
electrons between the encapsulated metal atom and &n the basis of the interaction between the electric dipole
fullerene cage. For instance, in the case of the TB@C moment of Th@G;, and the external electric field.

(iso_m.er I) endohedral metallofullerene, the Tb@Cagg Th@Gs (isomer 1) was produced by the dc arc-discharge
exhibits Cz, symmetry and possesses an electric dipole a6 followed by purification and isolation by multistage
moment that is derived from the trivalent TCs* elec- _high-performance liquid chromatograpHyThe Au(111)
_tromc ;tates. The cont_rol of the texture and the orbital g sirate was fabricated by the thermal evaporation of gold
interactions of surrounding Tb@gmolecules on the sub- g freshly cleaved mica. Prior to gold evaporation, mica

substrates were held at 50C@ for 2 h in avacuum. The
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Figure 2. STM image of Tb@®, absorbed on an octanethiol/

Figure 1. Semilogarithmic plot ofl—d characteristics above  Au(11l) surface at 299 K. (A) Scan size120 x 120 nn#, probe
hexanethiol and octanethiol SAMs on Au(111). In thed bias voltage Yp) = —1.7 V, and set-point current) = 1.7 pA.
characteristic of octanethiol, the center of vibration of the STM (B) Scan size= 20 x 20 nn#, Ve = —1.8 V, and,It = 12 pA.
probe is set at a set-point current of 3 pA and an STM probe
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vibrational amplitude of 14 A. Similarly, the—d characteristics B_ Bias voltage sweep directon
of hexanethiol are obtained at a set-point current of 30 pA and an 3 10F — 1st —20—+20 7
STM probe vibrational amplitude of 10 A. The STM probe bias @ =l i 2nd +2.0—-20
voltage is set to-2 V in both of these measurements. £z 5 of
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were degassed at 12Q for 12 h, and then a submonolayer rr"

of Th@Gs, was sublimated at 500C on the octanethiol/ dﬁ%
Au(111) surface. The sample was introduced into an GHV g o ” >
STM with a base pressure lower than %0108 Pa. The Probe Bias Voltage [V]

STM probe was a mechanically cut Ptlr probe. . . ) N
. . - Figure 3. (A) Schematic image of a double-barrier tunnel junction
On the basis of t.he tunnellHg—d.characterls_tlc measure.- (DBTJ) that consists of the PtIr probe/vacuum/Thg@i@@xanethiol
ments of alkanethiol SAMs obtained by using a scanning sam/Au(111) substrate. (B) TypicaV characteristics of Th@&
vibrating probe, the candidacy of alkanethiol SAMs by the in the double-barrier tunnel junction, whevg = —2 V, I = 20

two-layer tunnel model was evaluatEdrigure 1 shows the  PA, andT = 68 K. The solid lines represehtV characteristic of
experimental results of semilogarithmied characteristics. ~ the Ve sweep direction from negative to positive, and the dashed
The kinks in the tunneling current slopes are clearly observedImefc'-represent_y characteristic of th&/» sweep direction from
. o X -~ positive to negative. Each-V line represents the average of six
in thel—d characteristics of both hexanethiol and octanethiol |—v characteristics.
SAMs, suggesting the contact between the top of the STM
probe and the end of hexanethiol or octanethiol SAMs. to control the aggregation of Tb@£molecules. In Figure
Because the relative probsubstrate distance is set to zero 2, bright points represent individual Tb@@nolecules. From
at the kink, the STM probe penetrates the alkanethiol SAM these STM images, we conclude that Tb@€an diffuse
in the negative region of relative distance, and the top of on the octanethiol SAM surface; furthermore, it can be
the STM probe is located in a vacuum in the positive region. trapped along the Au(111) monatomic step edge (Figure 2A)
The tunneling conductance at the kink can be estimated fromand at the etch pit and grain boundary (Figure 2B), which is
Figure 1 to be 3.5x 10° and 3.4 x 10 Q1 The caused by the chemical absorption of the alkanethiol SAM.
conductance decay constants through hexanethiol and oc-These molecular diffusions are due to the weak bond caused
tanethiol SAMs ) can be obtained from the dashed line in by the van der Waals interaction between molecules and the
Figure 1 to be 1.1 and 1.2 A%, respectively, and the alkanethiol SAM.
conductance decay constants of the vacuum above hex- Figure 3A shows a schematic image of the sample
anethiol and octanethiob) can be obtained from the solid  structure that forms the double barrier tunnel junction. Figure
line to be 1.9 and 2.0 A%, respectively. These results are 3B shows the typicadl—V characteristics of a single Th@LC
in good agreement with previous repof#d?If there exist a molecule absorbed onto a hexanethiol SAM by STS at 68
strong orbital interaction between a class of fullerene K. In Figure 3B, the zero-current regions that are observed
materials and a metal substrate, then the highest occupiedn the probe bias voltagevf) range from—0.87 to 0.5 V
molecular orbital (HOMO) and the lowest unoccupied and may be attributed to the Coulomb gap. It should be noted
molecular orbital (LUMO) states are modulated, and mo- that the electron transport through a single molecule with
lecular motion tends to be restrained because of the strongtwo tunneling barriers is determined by a combination of
interaction?®-2 Consequently, the alkanethiol SAM is the molecular energy level and Coulomb block&tés
expected to be a suitable base material for measuring theshown in Figure 1, the tunneling resistance of the hexanethiol
rotational HOMO and LUMO properties of Th@£and SAM is approximately 3x 10® Q. AssumingR, to be 3 x
designing the device structure on a subnanometer scale. 10° Q, R; becomes larger thaR, (Ri/R, > 1) because the
Figure 2A and B shows the STM images of Th@C voltage-tunneling current ratio is larger thanx 10 Q
molecules on the octanethiol/Au(111) surface. To clarify the (V, = —2V, set-point current is 20 pA). WheR/R, > 1,
electric property of a single Tb@g@molecule, it is important ~ the Tb@G, molecule tends to be positively charged at the
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Figure 4. (A) Sequence of STS results of Th@®n octanethiol at 13 K. InitiaV/p = +1.8 V andlt = 20 pA, thenV; is swept to—1.8

V and vice versa. (B) Candidate schematic image of single molecular orientation switching ofsZ th@Qiescribes hysteresis and NDC

in terms of the switching of the Th@g&molecular orientation caused by the interaction between its electric dipole moment and an external
electric field.

negative probe bias voltage and negatively charged at theinternal electric field should be in the range between 1.1 and
positive voltage. 5.9 meV, which corresponds to the internal electric field in
Figure 4A shows the sequence of STS characteristics of athe fullerene cage in the range between 0.011 and 0.057
single Th@G, molecule under th&/s sweep from 1.8 to  V/nm by assuming: to be 2.5 D. This estimated internal
—1.8 V and vice versa at 13 K. Hysteresis and NDC have electric field in the fullerene cage is approximately one order
been repeatedly observed in theV characteristics of the ~ smaller than the external electric field assuming a probe bias
single To@G, molecule on the octanethiol SAM/Au(111) voltage of 0.9 V, a relative permittivity as 1, and the distance
structure at 13 K. Figure 4B shows the schematic image of between probe and Au(111) substrate to be 2 nm, which
single molecular orientation switching of Tb@gCthat suggests the effect of the conductive fullerene cage.
describes hysteresis and NDC in terms of a switching of the The NDC has also been repeatedly observed in\ihe
Th@G, molecular orientation caused by the interaction sweep direction from a negative direction to a positive
between its electric dipole moment and an external electric direction in Figure 4A, and the mean peak probe bias voltage
field (Eex). As shown in Figure 3B, no hysteresis has been of the NDC is 0.9 V. At this probe bias voltage of 0.9 V,
observed in the STS measurement at 68 K. The Tp@C the Tb@G, molecule should start to rotate from the
molecules are considered to be rotating because of theantiparallel state to the parallel state gradually. This NDC
thermal energy of 5.9 meV at 68 ®.0n the contrary, the  phenomenon should be interpreted as follows: one explana-
thermal rotation of the Th@4z molecule should terminate tion is a change in the fractional residual cha@gin the
under the thermal energy of 1.1 meV at 13 K. As the result double-barrier tunnel junction. Becausg is extremely
of the electrons transfer from the Th atom to the carbon cagesensitive to changes in the electrostatic environment such
(Th@G,), the Tb@G, molecule has a electric dipole as the direction of the electric dipole moment, the redirection
moment. For instance, the value of the electric dipole moment of the Tb@G, molecule tends to shift the Coulomb staircase
of the Ye*@GCg,>~ molecule has been reported to be 2.8°D.  to the voltage axis, especially at the onset voltages of
The electrostatic energy depends on the orientation of thecurrent?® The other is the electronic properties of Thb@C
electric dipole momentd) and an internal electric field) Because of the off-center trivalent Th atom along the 2-fold
in a fullerene cage, which is given by the sum of an external axis of C,, symmetry, the electron density surface corre-
electric field by the probe bias voltage and an electric field sponding to the HOMO and LUMO states is also in an off-
due to an induced surface polarization charge on the centered configuratiof?. When the Tb@g; molecule redi-
conductive fullerene cag@.If the electrostatic energy is  rects because of the external electric field, the tunneling
larger than the thermal energy, then the external electric field conductance changes because of the off-centered HOMO and
tends to line up the electric dipole moment of the Thg@C LUMO states. Consequently, the'V characteristics should
molecule. On the contrary, if the electrostatic energy is exhibit hysteresis because of the asymmetric orientational
smaller than the thermal energy, then the electric dipole redirection of the Tb@§ molecule, and the Th@g
moment of the Tb@§& molecule tend to be oriented at molecule should rotate at the peak voltage of the NDC, which
random. An antiparallel state will appear by sweeping the occurs because of the external electric field.
voltage if the rotation of Th@4 is restrained at 13 K and In conclusion, we have demonstrated the single molecular
the electrostatic energy is smaller than an activation energyorientation switching properties of To@£by introducing
where the Tb@g; molecule starts to rotate thermally. octanethiol SAM as the interlayer on the Au(111) substrate.
Because hysteresis has been observed ih-thecharacter- Thel—V characteristics of a single Th@gnolecule on an
istics only at 13 K, the electrostatic energy due to the octanethiol SAM repeatedly exhibited hysteresis and NDC.
redirection of the Tb@§& molecule (2Ei) under the This observed hysteresis and NDC is interpreted in terms of
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a switching of the Tb@§; molecular orientation caused by

the interaction between its electric dipole moment and an
external electric field. Furthermore, this hysteresis and NDC
has obvious relevance for single molecular switching devices

that use endohedral metallofullerenes.
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