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Scanning tunneling microscopy (STM) is not only an excellent tool for the study of static geometric
structures and electronic structures of surfaces due to its high spatial and energy resolution, but also
a powerful tool for the study of surface dynamic behaviors, including surface diffusion, molecular
rotation, and surface chemical reactions. Because of the limitation of the scanning speed, the video-
STM technique cannot study the fast dynamic processes. Alternatively, a time-dependent tunneling
current, /-t curve, method is employed in the research of fast dynamic processes. Usually, this method
can detect about 1000 times faster dynamic processes than the traditional video-STM method. When
placing the STM tip over a certain interesting position on the sample surface, the changing of tunneling
current induced by the surface dynamic phenomena can be recorded as a function of time. In this article,
we review the applications of the time-dependent tunneling current method to the studies of surface
dynamic phenomena in recent years, especially on surface diffusion, molecular rotation, molecular
switching, and chemical reaction.
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Dynamics and its control of a single atom/molecule

1 Introduction

With the introduction and commercial availability of
ultra-high vacuum systems since the 1960s [1], the probe
of materials in a surface-specific fashion has become pos-
sible. Motivated by the goal of better understanding the
mechanisms of heterogeneous catalysis, corrosion of ma-
terials, and fabrication of semiconductors [2], numerous
new techniques were devised to investigate the struc-
tures, electronic and chemical properties of surfaces at

on surfaces is an important subject in surface science.
An ideal experimental technique for surface dynamics
study should have both good spatial resolution and time
resolution. However, the time resolution of traditional
STM-based techniques, like video-STM mode, which is
operated by taking images of the same area frame by
frame, limits their application in the research of fast
dynamic processes. Thus, it is very desirable to im-
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prove the time resolution of the STM-based technique.
We show here an STM-based time-dependent tunneling
current, I—t curve, method that increases the capability
of STM in studying fast surface dynamic processes, in-
cluding surface diffusion, molecular rotation, and surface
chemical reaction [12, 13, 19]. By varying the interaction
strength between the STM tip and the surface adsorbed
atom/molecule, the -t curve method can be used from
solely monitoring the surface dynamic processes to both
monitoring and stimulating changes of surface dynamics,
such as tip-induced molecular rotation/molecular switch
[13] and surface chemical reaction [19].

2 Surface diffusion

Surface diffusion is an important subject in physics,
chemistry, biology, and materials science. It plays a vi-
tal role in chemical and surface catalytic reaction, self-
assembly, crystal growth, and thin film epitaxy [20-24].
To describe a surface diffusion phenomenon, the most im-
portant parameters are the diffusion coefficient and the
diffusion activation energy. The diffusion coefficient has
two different definitions: the tracer diffusion coefficient
D* and the collective diffusion coefficient D.

For a single particle executing a random walk on a sur-
face, the tracer diffusion coeflicient D* is defined through
the mean square displacement by:

(r?) = 4Dt (1)
D* = iaQVeff (2)

where ¢t is the time, a is the hopping length, and veg is
the effective hopping frequency.

According to the Arrhenius law [25], D* can be further
expressed as:

D* = iaQUO exp [—Eq /(ksT)]
= Dgexp [~Eq /(ksT)] 3)

where the prefactor vg is the classical attempt frequency,
E, is the diffusion activation energy, kg is the Boltzmann
constant, 7' is the temperature, and D{ is the diffusion
prefactor.

The collective diffusion coefficient D is defined through
Fick’s law [26]:
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5 (4)
where @ is the surface coverage of the diffusing particles.
Based on Arrhenius law [25],

D = Dyexp|—E,/(KsT)] (5)

here Dy is the diffusion prefactor.
Generally speaking, D and D* cannot be simply re-
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lated. In the case where the cross-correlations between
the particle velocities are absent or can be neglected, D
and D* can be related by the following Darken equation
[20, 23, 27]:

D _ |:3(U/(kBT))]T

D+ | A(ln6) (©)

where p is chemical potential. In the simplest case,
when the adsorbate interactions are neglected and only
site exclusions are considered, the relation would be:
D=D*/(1-90).

Experimentally, measuring any one of these diffusion
coefficients may bring good understanding to the dif-
fusion system. In the past, the observation and un-
derstanding of surface diffusion phenomenon largely de-
pend on the development of techniques [20, 23]. Most
of the diffusion measurement techniques focus on the
study of the collective diffusion coefficient D. For ex-
ample, the field emitter via shadowing (FE) [28], field-
emission fluctuation [29], time-resolved infrared spec-
troscopy (IRAS) [30, 31], laser-induced thermal desorp-
tion (LITD) [32], high resolution electron energy loss
spectroscopy (HREELS) [33] and linear optical diffrac-
tion (LOD) technique [34, 35—-38] are some representa-
tives.

STM is an ideal tool for tracer diffusion study although
it is also reported to be able to study the collective dif-
fusion coefficient [39, 40]. The advantage of STM is to
directly provide the atomistic mechanisms of diffusion
through imaging [22-24, 41-44], not only measuring the
diffusion coefficient but also revealing the information
about the adsorption sites and even the diffusion paths.
The high spatial resolution of STM makes it possible to
directly record a diffusion process at atomic scale in a
frame by frame manner (video-STM mode) [10]. With
the help of a lateral feedback, the STM tip is made able
to follow the motion of a diffusion atom/molecule and
exhibits the trace of the moving atom/molecule, result-
ing in an atom tracking method [11]. Unfortunately,
restricted by the response of electronic feedback loops,
the time resolution of these traditional STM-based tech-
niques severely limits their application in the research
of fast diffusion process. It only allows measurements of
slow diffusion rates from 1071 cm?/s to 10714 cm? /s, as
compared to the wide range from 107! cm?/s to 10~°
cm? /s covered by the collection of different techniques
[23]. To overcome such limit, we developed a new STM-
based method, -t curve method, which fixes the STM
tip position in space and records time-dependent tunnel-
ing current caused by a random walking atom/molecule
between the STM tip and a given surface site. Figure
1 shows the principle of this STM mode for diffusion
measurement. In this mode, the STM feedback loop is
temporarily turned off while acquiring a time-dependent
tunneling current curve (I—t curve) between the station-
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ary STM tip and a fixed position (e.g., an adsorption
site) on the sample surface. The residence of a diffusing
atom/molecule on this position will cause a change in
tunneling current. Thus, the time-dependent tunneling
current would then be encoded with the information of
the residence time of the diffusing particle at the given
site [Fig. 1(b)] and provides a method to measure veg
in Eq. (2). Compared to the video-STM mode and the
atom tracking mode which can only record diffusion rate
as fast as ~100 Hz [10, 11], this new mode can expand
this range to ~10°Hz using the vendor’s preamplifier
(cutoff frequency 100 kHz) [12]. Further improvement
is possible if a customer-made fast preamplifier is avail-
able. This mode not only leads to significant overlaps
in measurable diffusion rate with other techniques while
retaining the atomic resolution, but also improves data
statistics by acquiring a large number of diffusion events
(~200-500) within a reasonable time period for fast dif-
fusion.
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Fig. 1 (a) A sketch of the operational principle for diffusive hop-
ping measurement using a stationary STM tip. (b) A possible I—¢
curve one would get when using the -t method to study surface
diffusion. Reproduced from Ref. [12].

2.1 Ag/Si(111)-7 x 7

Our group has applied this new STM-based method to
study surface diffusion and demonstrated the improve-
ment of time resolution by three orders of magnitude
[12].

Because the STM tip is fixed in space during the
measurement, the /-t curve method has to rely on the
diffusion atom/molecule to visit the prescribed surface
site. To ensure the frequency of the visit events at a given
surface site, we confine a diffusing atom with a nanos-
tructure. A natural choice of such a structure is the unit
cell of Si(111)-7x7. When a Ag atom is deposited onto
Si(111)-7x7 surface, it will hop inside the triangular half
unit cells (HUC), as shown in Fig. 2, resulting in the Ag
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atom repeatedly passing through an adsorption site.
In these STM images, the Si adatoms of the substrate
appear bright and the faulted half unit cell (FHUC) ap-
pears brighter than the unfaulted half unit cell (UHUC)
[45]. The much brighter triangular patterns, each with
six bright spots, three at the corners and three at the
centers as indicated in Fig. 2(a) at room temperature
are known to originate from a single Ag atom hopping
frequently from site to site within the half unit cell. In
fact, the diffusion activation energies for an Ag atom
to hop out of the UHUC and FHUC are 810 meV and
930 meV, respectively [46]. These values are much larger
than the diffusion activation energies for an Ag atom to
diffuse inside any HUCs, which is lower than 300 meV
as will be seen later [47]. Therefore, at not so high
temperatures, the Ag atom is trapped inside HUCs. As
shown in Fig. 2(b), when the sample was cooled down to
78 K, single bright spots at the corner Si adatom sites
were imaged for a single Ag atom in the FHUC. At 5 K
[Fig. 2(c)], the Ag atom in the UHUC also ceased hop-
ping and the bright spot at the center Si adatom site
was imaged. These images provide the information of
stable Ag adsorption sites on Si(111)-7x7 surface. In
fact, each bright spot here is correlated with, but does
not necessarily represent, the Ag adsorption site [48].
As uncovered by the density functional calculations, the
single Ag atom actually prefers high coordination sites
on Si(111)-7x7 surface [S and S’ sites in Fig. 3(b)], in-
stead of the top site of Si adatoms [47—49]. In FHUC,
the stable adsorption site is the S site, while in UHUC, it

(a)

(b) (c)

Fig. 2 Topographic STM images of Ag on Si(111)-7x7 at
(a) 298, (b) 78, and (c) 5 K. The tunneling current and sample
bias are set at 50 pA and —2 V, respectively. The fuzzy image in
UHUC at 78 K is due to the nonfrozen motion of Ag. Reproduced
from Ref. [48].
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is the S’ site. The apparent different positions between
the bright STM image spot and the stable adsorption site
was found to be caused by electronic effect [48]. Accord-
ing to the dimer-adatom-stacking fault (DAS) model [50]
[Fig. 3(a)], the atomic structures of the top Si surface
layers in the two HUCs are basically mirrored with re-
spect to the line through the Si dimer rows. Because the
stacking fault is between the third and fourth Si layers
from the surface, its effect on the adsorbates is usually
negligible except an overall lowering of potential energy
in FHUC [51-54], thus a strong asymmetry is not ex-
pected. However, the different stable adsorption sites
in both HUC already show an observable asymmetry in
this system. An additional asymmetry in hopping dy-
namics is also shown in Fig. 2(b). At 78 K, single Ag
atoms ceased hopping in FHUC, while they are still mov-
ing rapidly in UHUC. Since the adsorption sites can been
identified through the STM images and theoretical calcu-
lations [48], we now try to use the STM-based It curve
method to measure the tracer diffusion coefficient of Ag
inside FHUC and UHUC through the effective hopping
frequency Ve .
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Fig. 3 The DAS model (a) and the basin (b) on which possible
Ag adsorption sites are labeled. Reproduced from Refs. [48, 50].

As depicted in Fig. 4(a), we placed the STM tip
over 4 different sites, the corner and center sites of
both HUCs, on Ag/Si(111)-7 x 7 surface to record the
I-t curve at various temperatures [47]. Figure 4(b)
shows a typical two-state tunneling current signal for
the STM tip positioned stationary over a corner Si-
adatom site in FHUC at 144 K. The high current (~250
pA) corresponds to an Ag atom residing at a site as-
sociated with the bright spot at the corner Si-adatom,
while the low current (~50 pA) corresponds to the
Ag atom away from this site. When we place the
tip over a center site in FHUC [site d in Fig. 4(a)],
however, only a straight line was observed [Fig. 4(d)],
indicating that the residence time of Ag atom at this
site is either too short to be detected, or it never stays
there. In UHUC, the dynamic behavior is completely dif-
ferent. As shown in Fig. 4(c) with the tip positioned over
a corner Si-adatom site, one observes very “noisy” high
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current states that oscillates between the current base-
line and the current maximum, although the low current
state is similar to that in Fig. 4(a). When the tip is
positioned over a center Si adatom in UHUC, a similar
dual-time scale behavior is also observed Fig. 4(d). The
“noise” in fact consists of spectra similar to those of
Fig. 4(b) but on a much shorter time scale. These re-

sults clearly demonstrate the asymmetry of dynamics of
Ag inside two HUCs.
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Fig. 4 (a) Schematics for the STM tip positions to acquire the
spectra in (b) to (e). (b) and (d) Typical time-dependent tunnel-
ing spectra taken at 144 K for an STM tip above the corner and
center Si-adatom in a FHUC containing a moving Ag atom. Set
point —2 V, 0.05 nA. (c) and (e) Typical time-dependent tunnel-
ing spectra at 106 K for an STM tip above the corresponding sites
in a UHUC with a moving Ag atom. Set point —2 V, 0.05 nA.
Reproduced from Ref. [47].

To understand what causes the different dynamic be-
havior for Ag atoms in UHUC and FHUC, we calcu-
lated the static potential energy surface (PES) for Ag on
Si(111)-7x7 by first principles method based on the den-
sity functional theory (DFT) [55, 56]. As seen in Fig. 5,
the local energy minimum sites are S or S’ sites instead
of the Si-adatom sites, in spite of the bright spot be-
ing observed in STM images at negative bias [48]. In-
side the Si(111)-7x7 half unit cells, a “basin” is defined
by a triangle with the rest Si atom at the center and
three surrounding Si adatoms at the corners, as shown in
Fig. 3(b) [57, 58]. Therefore, there are three potential
energy wells inside a basin in which the Ag atom may
reside. From the PES, one can calculate that the en-
ergy barrier between S and S’ site in UHUC is about
230 meV while the barrier between basins is about 340
meV. Because of the relatively low energy barrier be-
tween the sites inside a basin, the Ag atom may dif-
fuse frequently among the three sites at elevated tem-
peratures. Diffusion among different basins is also pos-
sible, but at a lower rate because of the higher en-
ergy barrier. In this picture, there are naturally two
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time scales for the Ag atom in UHUC: diffusion within
a basin and diffusion among three basins when the
tip is placed above a corner Si-adatom [position ¢ in
Fig. 4(a)]; only one basin is detected. However, when
the tip is placed above a center Si-adatom [position
e in Fig. 4(a)], two neighboring basins are detected.
This explains why there is about 30% of the time in
Fig. 4(c) with noisy high current, and about 70% of the
time in Fig. 4(e) with noisy high current.
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Fig. 5 (a) A potential energy surface for a Ag atom on Si(111)-
7x7 constructed by first principles calculations. The thick lines
are probable diffusion paths for Ag atom in the two half unit cells.
(b) Potential energy along the paths outlined in (a) for both FUHC
and UHUC. Reproduced from Ref. [47].

In principle, a similar dual-time scale behavior should
also be observed for Ag diffusion in FHUC. In FHUC,
there are also relatively high energy barriers (~400 meV)
that trap the Ag atom within one basin. However, within
a given basin the adsorption energies at the correspond-
ing F1 and F2 sites have a large difference, apparently
caused by the stacking fault underneath. Experimen-
tally, this energy difference is estimated to be larger than
80 meV, while the theoretical calculation gives a differ-
ence of 48 meV [Fig. 5(b)]. In contrast, the adsorption
energies at Ul and U2 sites in UHUC differs only by
< 5 meV as determined from both experiment and the-
ory. The large difference in adsorption energy could ren-
der the residence time of Ag atom at F'2 sites too short to
be detected. Effectively, the Ag atom appears to reside
only at F1 before hopping out to another basin. Thus,
in analyzing the time-dependent tunneling spectra, for
Ag in UHUC we have two hopping processes: one for in-
trabasin diffusion and the other for interbasin diffusion;
but for Ag in FHUC, we only need to consider interbasin
diffusion.
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We can obtain the average residence time 7 and the
hopping rate I' = 1/7 for an Ag atom at different sites
from the statistics of the distribution of residence time
recorded by the I-t curves [12]. In Fig. 6, we depict
the hopping rate over 5 orders of magnitude for a num-
ber of temperatures in an Arrhenius plot for interbasin
diffusion both in the FHUC and UHUC. By fitting the
data, we found that the interbasin diffusion in FHUC
and UHUC have comparable activation energy of F, =
270 meV and 240 meV, respectively. The measured in-
terbasin hopping rates differ by ~ 102 times in the two
half unit cells for the overlapping temperatures. The in-
trabasin fast diffusion in UHUC has an E, = 120 meV,
a value much smaller than that between two basins. The
first principles calculations are in good agreement in the
overall trend, but all the energy barrier values are some-
what higher than the measured ones. The accuracy of
the DFT method, the non-inclusion of finite temperature
entropic and dynamic effects by the DF'T calculation may
contribute to the over-estimations of activation energies.
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Fig. 6 Arrhenius plots of the hopping rate for Ag atoms in FHUC
and UHUC. The data obtained at different bias (0.5 V to —2.5 V)
in FUHC show no bias dependence. The data shown for UHUC
are obtained for STM positioned above a corner Si adatom at a
bias of —0.5 V to minimize electric field effect. Reproduced from
Ref. [47].

In this example, we have demonstrated that the It
curve method can measure fast surface diffusion of parti-
cles confined in nanostructures. Using the same method,
quantitative site-specific hopping rates as well as the res-
idence time at different sites for Cu [12] and Au atoms
confined in a Si(111)-7x7 half unit cell have also been
unambiguously measured.

2.2 CO/Pt(111)

The key for the success of the I—t curve method in the
above example is the surface potential energy hetero-
geneity that forces the diffusing particle to repeatedly
return to the site of interest [12, 47]. It turns out that
confinement potential can be lifted if there are many dif-
fusing atoms/molecules on the surface and the waiting
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time for observing hopping events is not an issue. Here,
using this method we show our results of CO diffusion on
the terrace of Pt(111) surface [59], where no such energy
barrier that limits the motion of CO molecule exists.
Surface diffusion of CO on platinum is important for
investigating the mechanisms of CO hydrogenation in
the synthetic fuel industry, and CO oxidation in the au-
tomotive industry, where Pt is used as a catalyst. De-
tailed collective diffusion measurements of CO molecules
on stepped Pt(111) surfaces have shown that CO diffu-
sion perpendicular to surface steps is impeded because of
the additional trapping at step sites [37], while diffusion
parallel to steps is faster than that on terraces [36]. A
possible explanation for the latter effect is that steps pro-
vide a fast diffusion channel for CO molecules to diffuse
parallel to Pt steps [36]. Using the -t curve method, we
are now able to check whether this proposal is correct.
Figure 7 shows STM images of the clean Pt(111) sur-
face and the same area after dosing 0.1 Langmuir CO.
The STM image exhibits fuzzy features both on terraces
and steps as indicated by the arrows in Fig. 7(b) after
CO dosing. The fuzzy features are attributed to the fast
hopping of CO molecules. By placing the STM tip over a
terrace site or a step site, I—t curves can be recorded. It
was found that on the steps, CO is adsorbed at the up-
per step edge [60, 61] rather than the lower step edge
by previous experiments with a trapping potential of
~ 300 meV larger than that on terraces [31, 37, 62-64].
Thus, the STM tip was placed over the upper step edge
[Fig. 8(a)] when taking I—¢ curves on steps. To avoid
step influence, the terrace site is chosen at least 10 nm
away from the steps. Figures 8(b) and (c¢) show typical
I-t curves taken at 141 K above such a step site and a
terrace site, respectively. Since there are no lateral con-
finements for CO diffusion on the Pt(111) surface, the
observed hopping events were significantly fewer as com-
pared to Ag atom trapped within HUCs of Si(111)-7x7.
Here, the molecule leaving the measured adsorption site
may not return to the same position and it is necessary to
rely on other CO molecules coming to visit the measured

(a) (b)
Fig. 7 (a) An STM image of clean Pt(111) surface (30 nm X
30 nm). Inset: a 250 nm X 250 nm STM image show the distri-
bution of steps on the clean Pt(111) surface. (b) After a small
amount of CO dosing, the Pt(111) surface becomes “noisy”. Some
of the bright spikes caused by the presence of CO molecules are
pointed out by the arrows. Reproduced from Ref. [59].
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site. The waiting time must therefore be sufficiently long
to take account of the foreseeable delay, especially on ter-
races. As a result, the fractional occupation time with a
CO molecule on the measured site is quite small as can
be seen in the I—t curves both on terraces and on steps
[Fig. 8(b) and (c)].
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Fig. 8 (a) A sketch illustrating the tip positions when taking
time-dependent tunneling current curves on Pt(111) steps or ter-
races. (b) and (c) examples of It curves taken on Pt(111) step
and terrace, respectively. A high current region represents the
presence of a CO molecule underneath the STM tip. Reproduced
from Ref. [59].

The hopping rates of CO molecules along steps and on
terraces at various temperatures from 103 K to 190 K
were measured using the -t curve method. The re-
sults are depicted in an Arrhenius plot in Fig. 9. The
corresponding diffusion coefficients are also labeled in
Fig. 9 by assuming that all the hopping events hap-
pened between two adjacent top adsorption sites. By
fitting the data, we obtained the activation energy
FE, on terraces and on steps to be 220 meV and
165 meV, respectively. With a trapping potential that
confines the motion of CO molecules along steps, the
measured value of 165 meV is the diffusion activation
energy of CO molecules along steps. It is apparently
lower than that on terraces. In Fig. 9, one can also
find that the hopping rate of CO along steps is about 10
times faster than on terraces in the measured temper-
ature range. Therefore, our results here provide direct
evidences that the steps on Pt(111) surface act as a fast
diffusion channel for CO molecules parallel to Pt(111)
steps [59]. The success of measuring CO diffusion on
Pt(111) also demonstrated applicability of the I—¢ curve
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method on surface diffusion without nanometer scale lat-
eral potential confinement.

The It curve method has been applied to study the
diffusive motion of oxygen vacancy pairs (OVPs) on ru-
tile TiO2(110)-1 x 1 surface by Cui et al. [65]. They
found that the oxygen vacancies (OVs) can be moved
along the bridging oxygen rows on TiO2(110)-1x1 by
an STM tip with a bias voltage of 3.0 V. Two OVs can
combine to form an oxygen vacancy pair. The hopping
of OVPs at room temperature is relatively fast and can-
not be recorded by the frame by frame imaging, but can
be studied by the -t curve method as shown in Fig. 10.
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Fig. 9 Arrhenius plot of the hopping rate for CO on Pt(111)
steps and terraces from 103 K to 190 K. The squares represent
data for the steps, the circles data for the terraces. All the data
were taken at —0.5-V bias. Reproduced from Ref. [59].
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Fig. 10 A typical It curve taken over a diffusive OVP (see the
inset: 2.5 nm X 2.5 nm) with a set point condition of 0.4 V and
5 pA at RT. Reproduced from Ref. [65].

3 Molecular rotation

Because of its capability to detect high frequency mo-
tion, the /-t curve method has become a popular tech-
nique in the study of many other molecular dynamic pro-
cesses on surface, including molecular rotations, molec-
ular switches, and surface chemical reactions. For ex-
ample, the -t curve method could be applied to mea-
sure the rotation speed of a molecular rotor formed by
a single (t — Bu)s-ZnPc molecule adsorbed on Au(111)
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surface [66, 67]. The so-called molecular rotor with a
fixed off-center rotation axis has been observed by STM
at liquid nitrogen temperature as shown in Fig. 11(a).
Experiments and first-principles calculations reveal that
the gold adatom on the Au(111) surface acts as a stable
contact for the (¢ — Bu)4-ZnPc molecule. The chemical
bond between the gold adatom on the surface and the
nitrogen atom in the molecule forms a hinge and acts as
an off-center rotation axis. The (¢ — Bu)4-ZnPc molecule
can then move among various rotation-favorable config-
urations [Fig. 11(a)]. Figure 11(b) shows an I—t curve
taken at a fixed point on the folding fan [see Fig. 11(a)]
at a constant bias voltage of —1.8 V. The amplitude of
the tunneling current oscillates with a high frequency
between 0 and 5 nA. The oscillation indicates that the
folding-fan feature is caused by molecular rotation with
respect to the substrate surface. By combining the It
curve and DFT calculations, it has been demonstrated
that the configurations and corresponding adsorption en-
ergies of such a large molecular complex in a dynamical
process can be identified [67].
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(a) (b)

Fig. 11 (a) STM image of single (¢ — Bu)4-ZnPc molecular rotor
located at the elbow position on Au(111) surface, showing a folding
fan feature. (b) It curve measured on the molecular rotor. The
arrow and spot in (a) indicate the position where the I—¢ curve
was measured. Reproduced from Ref. [66].

4 Stimulated molecular motion and chemical
reactions

In all the works described above, the I—t curve method
was used to study the intrinsic surface dynamics of
atom/molecule caused by thermal excitations. In order
not to disturb the surface dynamic process, one must
work under a condition with relative weak interaction
between the STM tip and surface, to reduce any pos-
sible influence of the tunneling current, the bias volt-
age, or the tip surface potential on the intrinsic motion
of atom/molecule. As an example, when using the It
curve method to study the hopping of a single Ag atom
inside the FHUC of Si(111)-7x7 surface, the tip effect
was checked as shown in Fig. 12. At 144 K, by fixing
the bias voltage at —2 V, one observes that the tunnel-
ing current can greatly affect the hopping rate when the
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base tunneling current is larger than 100 pA [Fig. 12(a)].
To detect the intrinsic Ag diffusion dynamics, we must
work with a base tunneling current lower than 100 pA.
On the other hand, by fixing the base tunneling cur-
rent at 50 pA, the measured hopping rates remain basi-
cally unchanged even when the bias voltage changes from
—0.7 V to -3 V [Fig. 12(b)]. So we conclude that if the
set-point is set at —2 V and 50 pA, the tip effect is minor.
From the two-state current signals shown in Fig. 4(b),
we obtain the ratio of the total residence time of one
single Ag atom on one corner FHUC site over the total
measurement time to be ~33%, consistent with a picture
that the Ag atom diffuses with equal probability to three
stable corner adsorption sites and verifying a negligible
role of the tip when the set-point is at =2 V and 50 pA.

15k Bias=-2V 15F Current = 50 pA
i XN
P 3
= 10+ = 10F
2o L -
g st S st
- | g z | =
0 ST - b
10 100 1000 0 1 2 3
Current /pA Negative bias /V

(a) (b)

Fig. 12 Check the tip effect when using I—t method to study the
Ag atom hopping in Si(111)7x7 FHUC at 144 K. (a) The sample
bias was fixed to —2 V, the tunneling current was changed from
15 pA to 700 pA. (b) The tunneling current was fixed to 50 pA,
the sample bias was changed from -0.7 V to -3 V.

I-t curve method can be used not only to detect mo-
tions of atoms/molecules, but also to stimulate their mo-
tions via the tip effect. As an example, inelastic electrons
from the STM tunneling current can be used to induce
reversible rotation of individual acetylene molecule be-
tween two diagonal sites on Cu(100) surface at low tem-
perature [13] and the induced motions of the acetylene
molecule can be monitored by the -t curve method.
The C-C bond of acetylene is parallel to Cu(100) sur-
face and the two C atoms have a 7 bonding to Cu atoms
as depicted in the side view of Fig. 13(a). There are
two equivalent orientations for the adsorbed acetylene
molecule on Cu(100) as shown in Fig. 13(a) together with
their corresponding STM images. When the STM tip
is positioned above the acetylene molecule, the tunnel-
ing current would undergo a fast change once the sample
bias voltage is higher than the C—H stretch mode energy.
Figure 13(b) shows the I—¢ curve with a bi-stable current
level during a 364 mV voltage pulse over an acetylene
molecule. The low (high) value corresponds to the orien-
tation with the tip outside (inside) the plane of acetylene
[Fig. 13(a)]. Hence, the jump in current represents the
rotation of the molecule between two equivalent orien-
tations on Cu(100) surface. The distribution of events
in each current state follows an exponential decay. The
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inverse of the time constant of the exponential distribu-
tion gives the rotation rate of acetylene molecule for the
chosen sample bias voltage and current. Figure 13(c)
shows the distribution of the events in high current state
and is fitted with a time constant of 184 ms, correspond-
ing to a rotation rate about 5 Hz. The rotation rate
induced per elastic electron from the tip depends on the
tunneling current linearly below 10 nA. Further research
demonstrates that the probability of rotation per C-H
stretch excitation is tip independent and the coupling of
the stretch vibration of C-H to the hindered rotational
mode is the dominant reason for the observed rotation
of acetylene molecule on Cu (100) surface.
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e -/ X
¥ (010) .
(100)

=
£, A
{ « 1
[} ]
N, 4
——

Low

High

XXX
LXK
SR

364-mV pulse

< 40t High

E 30}

Q

20 ) 3 v
0 1 2 3 0 5 10 15
Time /s Time Bin
(b) (c)

Fig. 13 (a) Model of the molecular adsorption site and two ori-
entations on the surface along with corresponding STM images.
(b) It curve during a 364-mV voltage pulse over a molecule. The
tip is fixed 1.5 above the molecule. (¢) Distributions of events for
high current orientation. Reproduced from Ref. [13].

The above example showed a certain degree of con-
trollability to switch between two adsorption sites. Con-
trolled switching of a molecule between its two different
stable configurations on surface may be explored as a
model device of molecular switching. As the simplest
basic electronic element in molecular electronics, molec-
ular switching has become the focus of study in recent
years. Molecular or suprameolecular switching consisting
of single or few molecules (supramolecules) must satisfy
two basic requirements [68]. First, it must have at least
two different stable configurations. Then, it must be
able to repeatedly inter-convert between the two con-
figurations by external signals rather than spontaneous
excitation. One important type of a molecular switching
device depends on the conformation change of molecules.
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Various external stimuli, such as temperature, light, or
electric fields have been explored to induce conforma-
tional changes. In particular, the tunneling current or
tunneling electrons injected from an STM tip can be
used as an external stimulus to induce the switch of
molecular states. Compared to other external stimuli,
STM can provide single molecule selectivity in real space.
The variations of the tunneling current in It curve to-
gether with STM images can display the electronically
excited reversible switches. In the system of CoCu,, lin-
ear molecules constructed on Cu(111) surface [69], the
inelastic tunneling electron inject energy into the Co—Cu
bonds and cause the Co atom to switch between two
nearby adsorption sites, face-centered cubic site [fcc site
shown in Fig. 14(a)] and hexagonal close-packed site
[hep site shown in Fig. 14(b)]. The I—¢ curve obtained in
the left vicinity of Co atom in CoCusy molecule exhibits
a telegraph characteristic signal [the inset of Fig. 14(c)],
demonstrating the controlled switching. The distribu-
tions of residence time of Co atom in different current

. h i | |
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-4 ‘- ‘»-d
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Fig. 14 Model of a CoCuz molecule on the Cu(111l) substrate
in (a) a linear and (b) a canted configuration, corresponding to
the Co atom (blue) in the fcc and the hep sites, respectively. (c)
Distribution of residence times of the Co atom in the high current
state with a fit to an exponential decay (red line). (Inset) A por-
tion of the I-t curve obtained in the left vicinity of the Co atom

in the CoCusz molecule at 15.4 mV sample bias. Reproduced from
Ref. [69].
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states also follow exponential decay as shown in previous
examples.

The switch of 4,4-azopyridine trimers in an ordered
array on Au(111) is another example of a molecular
switch [70, 71]. As shown in Fig. 15(a) and (b), the
4,4-azopyridine trimer can be switched between a lin-
ear shape and a bend shape via electron attachment.
Three 4,4-azopyridine molecules form an ordered ar-
ray of trimer, which is located at elbow sites of the
Au(111)-23 x+/3 surface [72] [Fig. 15(a)]. This trimer
can be reversibly switched between a linear and bent
shape [Fig. 15(a) and (b)]. When the STM tip was
positioned above the encircled molecule in the trimer
[see Fig. 15(a)] and the sample bias V was increased to
1.5V, the current I would undergo a steep drop. Subse-
quent imaging revealed that the marked molecule rotated
by ~ 30° whereas the other two molecules remained un-
altered. By repeating the procedure the rotated molecule
can be switched back to its original position and a linear
trimer is recovered. This process can be recorded in the
It curves as shown in Fig. 15(c). During the switching
process, single weak C-H - -+ N hydrogen bonds are bro-
ken and reformed. Both the linear and bent trimers are
robust and can be switched many times.

Current /nA

0 20 40 60
Time /s
(c)

Fig. 15 (a) and (b) Reversible switching between linear and
tilted 4,4-azopyridine trimer array on Au(111) induced by a 1.5-V
pulse onto the marked molecule (0.2 V, 0.1 nA; 3.5 nm X 2.6 nm).
(c) I-t curve measured on the marked molecule (a) with open feed-
back loop (tunneling gap parameters: 1.4 V, 4 nA). Reproduced
from Ref. [70].

In the above examples of molecular switches, the inter-
action between the tunneling current and the molecules
is strong enough to activate the switching but weak
enough to retain the molecular bonding. When a much
stronger interaction is employed between the STM tip
and a molecule, surface chemical reactions may be in-
duced. Again, the It curve can be applied to record
the moment when the tip induced reaction happens and
provides the details of the reaction process.

For CoPc molecule adsorbed on Au(111) surface, Zhao
et al. [19] applied a positive sample high-voltage (more
than 3.3 V) pulse over the edge of a lobe of the CoPc
molecules [Fig. 16(a)], the I-t curve [Fig. 16(b)] shows
two sudden drops within half a second. The change in
the tunneling current is resulted from the dehydrogena-
tion process of the CoPc molecule [73]. The two drops
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in I-t curve indicate the sequential dissociation of the
two H atoms from the benzene ring. Topographic image
shows that the bright lobe disappeared after the volt-
age pulse [Fig. 16(b) inset]. When all four lobes were
cut to obtain the final dehydrogenated CoPc (d-CoPc)
molecule [Fig. 16(d)], a marked increase of ~0.8 A in
apparent height at the center indicated either a strong
conformational change of the molecular structure or a re-
distribution of the LDOS of the molecule. dI/dV spectra
near the Fermi level measured at the center of a d-CoPc
molecule show a Kondo resonance peak arises immedi-
ately below Er. The Kondo temperature Tk of d-CoPc
is further estimated to be ~208 K. First-principles stud-
ies found that the interaction between the planar CoPc
molecule and the Au substrate completely quenched the
magnetic dipole moment of the Co atom. However,
dehydrogenation induces a marked change of the molec-
ular structure, so that the d-CoPc molecule on Au(111)
is no longer planar. The central Co atom in the d-CoPc

36V
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Fig. 16 STM tip-induced dehydrogenation of a single CoPc

molecule. (a) Diagram of the dehydrogenation induced by the
STM current. (b) I-t curve taken during two different voltage
pulses applied on the brink of one lobe. Black and red lines cor-
respond to 3.3 and 3.6 V, respectively. (b) Inset shows the result
after the dehydrogenation process by one 3.6-V pulse. (c1) and
(d1) Structural formula of a single CoPc molecule before and after
four dehydrogenation processes. (c2) and (d2) STM images of an
intact CoPc and a d-CoPc, respectively (25 A x 25 A). The color
scale represents apparent heights, ranging from 0 (low) to 2.7 A
(high). Reproduced from Ref. [19].
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molecule shifts upward remarkably and the magnetic mo-
ment is recovered, leading to the Kondo effect. In this
example, the detailed dehydrogenation processes were
recorded by the I—t curve, which helps the identifica-
tion of the mechanism of the generation of the d-CoPc
molecule and hence the strong Kondo effect.

5 Summary

In this review, we have used a number of examples to
demonstrate that the STM-based I-t curve method has
been applied to study surface dynamic behaviors, in-
cluding surface diffusion, molecular rotation, molecular
switching, and surface chemical reactions. Depending
on the strength of interaction between the STM tip
and the atom/molecule adsorbed on the surface, the It
curve method may function just as a tool for monitoring
the intrinsic motion, or function as a tool for apply-
ing a stimulus to change the states of atom/molecule.
In the experiments of Ag, Cu diffusion on Si(111)-7x7
surface and the molecular rotations, this method has
demonstrated its capability of detecting fast dynamic
processes about three orders of magnitude higher than
the traditional video-STM method. In the molecular
switch experiments, the tunneling electrons with high
enough energy can excite the motion of molecule under
study and change its configuration reversibly. When the
interaction between the tunneling electrons and the ad-
sorbed molecule is further increased, permanent change
of molecule, namely, chemical reaction was shown to
be possible. In all the cases above, the change of the
atom/molecule state in the adsorption site, configura-
tion, or chemical specie can be clearly shown in the It
curves.
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