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ABSTRACT Here, we report the study of tautomerization within a single porphycene molecule

adsorbed on a Cu(111) surface using low-temperature scanning tunneling microscopy (STM) at 5 K.
While molecules are adsorbed on the surface exclusively in the thermodynamically stable trans
tautomer after deposition, a voltage pulse from the STM can induce the unidirectional trans f cis and
reversible cis T cis tautomerization. From the voltage and current dependence of the tautomerization
yield (rate), it is revealed that the process is induced by vibrational excitation via inelastic electron
tunneling. However, the metastable cis molecules are thermally switched back to the trans tautomer by
heating the surface up to 30 K. Furthermore, we have found that the unidirectional tautomerization
can be remotely controlled at a distance from the STM tip. By analyzing the nonlocal process in
dependence on various experimental parameters, a hot carrier-mediated mechanism is identiﬁed, in which hot electrons (holes) generated by the STM
travel along the surface and induce the tautomerization through inelastic scattering with a molecule. The bias voltage and coverage dependent rate of the
nonlocal tautomerization clearly show a signiﬁcant contribution of the Cu(111) surface state to the hot carrier-induced process.
KEYWORDS: tautomerization . single molecule . scanning tunneling microscopy . metal surface . nonlocal adsorbate reaction .
hot carrier transport

I

ntramolecular H atom transfer (tautomerization) is an important process in
chemistry and biology1 and is a longstanding research topic in organic chemistry (e.g., as reported in the pioneering study
by Claisen in 18962). Tautomerization can
modify molecular properties through a
change of structural skeletons and electronic density distributions, which is directly
related with chromism.3 Recently, single
molecule tautomerization has gained more
attention in nanoscale science and technology since it resembles a molecular switch.
For such applications, it is of fundamental
importance to understand the tautomerization mechanism at the molecular level because impact from local surroundings on
the process becomes much more signiﬁcant
at the nanometer scale.4
Recently, scanning tunneling microscopy
(STM) has been used to investigate single
molecule tautomerization within free-base
phthalocyanine,5 naphthalocyanine,6 and porphyrin7 at cryogenic temperature. In these
LADENTHIN ET AL.

experiments, tautomerization has been induced by the injection of tunneling electrons and inelastic electron tunneling was
proposed as a possible mechanism. We
have studied tautomerization within a single porphycene molecule and identiﬁed a
vibrationally induced mechanism on a
Cu(110) surface.8 Additionally, the tautomerization behavior has been controlled
by modifying the local surroundings of a
molecule by using atom/molecule manipulation with an STM.4 Adsorbate reactions
can be induced by the STM not only directly
under the tip, but also at lateral distances
from it (up to ∼100 nm in an extreme
case),6,916 allowing remote control of adsorbate reactions. For such nonlocal reactions, the transport of hot carriers or the
eﬀect of an electric ﬁeld has been proposed
as a possible mechanism. The two diﬀerent
origins were examined based on a distinct decay behavior of the tunneling electron and electric ﬁeld.12 The hot carrier
mechanism has been identiﬁed on metal
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RESULTS AND DISCUSSION
Porphycene molecules on a Cu(111) surface are
exclusively found in the trans tautomer on the terrace
after deposition, and they adsorb as isolated monomers without aggregating into clusters or islands at the
low coverage, similar to porphine molecules adsorbed
on a Ag(111) surface.19 Figure 1a shows typical STM
images of trans molecules observed at 5 K. The symmetric appearance is consistent with the trans tautomer in which the H atoms in the molecular cavity are
located on opposite pyrrole rings; this agrees with the
simulated STM image on Cu(110).4 The trans molecule
shows six orientations, reﬂecting the 3-fold symmetry
of the Cu(111) surface in combination with the mirrorsymmetric conﬁguration of the inner H atoms.
A porphycene molecule is stationary at relatively low
bias voltages (<150 mV), while it can be converted to
the cis tautomer at higher voltages. In Figure 1a,b a
voltage pulse of 280 mV was applied for 100 ms over
the upper molecule, and then it changed into the cis
tautomer. The asymmetric appearance is consistent
with the arrangement of the H atoms in the cavity, and
the identical appearance is observed for the cis tautomer on Cu(110).4,8 When we compare the molecular
appearance with the surface crystallographic directions, it becomes clear that the long axis of a cis
tautomer aligns along the high-symmetry axis of the
surface (indicated by the three white lines next to the
molecule in Figure 1b). In Figure 1b,c, the bottom
trans molecule is converted to a diﬀerently oriented
cis tautomer from Figure 1b (six diﬀerent orientations
exist because of the same reason with the trans
tautomer as described above). Additionally, the reversible cis T cis tautomerization can also be induced by a
LADENTHIN ET AL.
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surfaces,11,14 wherein the hot electrons (holes) generated under the STM tip are expected to travel through
surface states. However, the details of the transport
mechanism are still unclear.
Porphycene is a structural isomer of porphine (freebase porphyrin).17 They have comparable chemical
properties, although the inner cavity geometry of
porphycene is diﬀerent. Therefore, in theory, a porphycene molecule can have three distinct tautomers with
the diﬀerent positions of the inner H atoms (see
Supporting Information, Figure S1). Calculations have
predicted that the trans conﬁguration is most stable in
the gas phase.4,18 However, the tautomeric state and
dynamics upon adsorption on surfaces is largely determined by the moleculesurface interaction, thus by
the surface employed. For example, a porphycene
molecule is found only as the cis tautomer on a Cu(110)
surface and the reversible cis T cis tautomerization can
be induced by the STM-excitation.4,8 Here, we study
the role of the surface by using a Cu(111) surface that is
selected for examining the diﬀerent adsorption and
tautomerization behaviors.

Figure 1. (a) Typical STM images of trans molecules at 5 K
(It = 100 pA and Vs = 100 mV, image size: 5  2.5 nm2, the
color scale ranges from 15 to 82 pm). A voltage pulse
of 280 mV is applied for 100 ms over the upper molecule
while ﬁxing the STM tip at the position indicated by
the black star and at gap conditions of It = 100 pA and Vs
= 100 mV. (b) After the pulse, the former trans molecule
changes into a cis tautomer. The three white lines next to
the molecule represent the high-symmetry axis of the surface. (c) The bottom molecule is converted to a cis tautomer.
(d) cis T cis tautomerization is induced in the bottom
molecule. The molecule slightly migrates along the surface crystallographic
direction approximately by ∼1.4 Å
√
(≈ a0/2 2). (e) Chemical structure of the trans and cis
tautomer of a porphycene molecule can be selectively converted on a Cu(111) surface by STM- (e) or by thermal (kBT)
excitation. The H atom transfer is indicated by the arrows.

voltage pulse of the STM. In Figure 1c,d, the bottom cis
molecule is switched to the mirror symmetric state.
Note that the cis T cis tautomerization involves a slight
migration of a molecule approximately by ∼1.4 Å
√
(≈a0/2 2) along the surface crystallographic direction.
The STM-induced tautomerization shows a clear
threshold voltage. Figure 2a displays the voltage dependence of the trans f cis and cis T cis tautomerization yields. The tautomerization was induced while
ﬁxing the STM tip at the position indicated in the inset
image (marked by the black stars), and a switching
event was monitored by recording tunneling currents
during voltage pulses. The yields exhibit an identical
behavior for both bias polarities, and a threshold
approximately at (150 mV is found for both processes.
Figure 2b shows the current dependence of the
tautomerization yields measured at a bias voltage
of (250 and 170 mV for the trans f cis and cis T
cis tautomerization, respectively. The yields are independent of the tunneling current; thus, the process
occurs via a one-electron process. These results clearly
indicate that tautomerization is induced by vibrational
excitation through an inelastic electron tunneling process. In contrast, the electronic excitation is unlikely
because the HOMOLUMO gap of porphycene is
approximately 2.2 eV (for Q-band: S1 r S0).20 The active
vibrational mode could be assigned to an in-plane
mode of porphycene.8
Importantly, all cis molecules can be switched back
to the trans tautomer by heating the surface up to
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Figure 2. (a) Voltage dependence of the trans f cis (red circles) and cis T cis (blue squares) tautomerization yields. The STM
tip was ﬁxed at the position indicated by the black stars in the inset images during the measurements. The white grid lines in
the inset images represent the surface lattice of Cu(111). (b) Current dependence of the trans f cis (red and green circles) and
cis T cis (blue squares) tautomerization yields obtained at a bias voltage of (250 and 170 mV, respectively.

∼30 K, clearly indicating that the trans tautomer is
more thermodynamically stable. Thermally induced
cis T cis tautomerization can also be observed in the
range from 22 to 25 K. From the temperature-dependent
tautomerization rate (and the corresponding Arrhenius
plot, see Supporting Information, Figure S2), the barriers of the cis f trans and cis T cis tautomerization are
determined as 42.3((2.7) and 34.6((9.4) meV, respectively; thus, the former one appears to be little higher
(because of the limited measurable temperature range,
the error in the latter process becomes larger). On the
other hand, we could not observe thermally induced
the trans f cis tautomerization. This is because the cis
tautomer is immediately switched back to trans at
elevated temperatures, and the time-resolution of
the STM (a few hundred microseconds) is not enough
to capture the short-lived cis state. Figure 1e summarizes the tautomerization behavior of porphycene
on a Cu(111) surface.
Interestingly, the cis f trans tautomerization could
not be induced by the STM-excitation. The reason
remains unclear, and even if the barrier of the cis T
cis tautomerization was slightly lower than that of cis f
trans, it cannot be immediately rationalized because
the threshold voltage (∼150 mV, see Figure 2a) is much
higher than the thermal barrier of both processes
(∼35 meV, cis T cis; ∼42 meV, cis f trans). Vibrationally induced reactions via inelastic electron tunneling
diﬀer from thermal processes, and it is not straightforward to compare them. The higher threshold voltage
of the cis T cis tautomerization compared to the
thermal activation barrier implies that a higher frequency mode is associated with the tautomerization
coordinate through anharmonic coupling. Such intermode coupling between an excited vibration mode
and a reaction coordinate often plays a decisive role in
the vibrationally induced process.21 Therefore, for a
complete understanding of the STM-induce tautomerization mechanism, it is necessary to clarify the vibration mode excited via inelastic electron tunneling
LADENTHIN ET AL.

(i.e., the details of electronphonon coupling) as
well as multidimensional potential energy surfaces
(including anharmonicity), which requires sophisticated density functional theory calculations combined
with nonequilibrium theory and direct observation of
the transition pathway of the tautomerization.
Thus far, we only discussed tautomerization directly
under the STM tip during a voltage pulse. However, the
process can also be induced in a nonlocal fashion, and
molecules located far from the tip position (i.e., the
injection point of tunneling electrons) can be converted. In Figure 3a,b, a voltage pulse of 1.5 V for
50 ms was applied at the center of the image (indicated
by the white star) while the feedback loop of the STM
was disabled during the pulse (the tipsurface distance was ﬁxed at gap conditions of Vs = 50 mV, and
It = 100 pA). After the pulse, several molecules were
switched to the cis tautomer (marked by the white
circles in Figure 3b). Note that the nonlocal cis T cis
tautomerization can also be induced, but we focus on
the unidirectional trans f cis process in the following.
Figure 3c shows the radial distance dependence of
the trans f cis tautomerization rate measured with a
voltage pulse of (1.5 V (the vertical axis represents the
ratio between the cis and trans molecules, see the
ﬁgure caption). For a statistical analysis, we repeated
the same measurement 14 (4) times, and counted
∼10 000 (3000) molecules in total for voltage pulses
of 1.5 (1.5) V. The radial distribution of the rate
(Figure 3c) decays exponentially and exhibits a clear
diﬀerence between the positive and negative bias.
When ﬁtting these data with an exponential decay
function er/λ, where λ is the decay constant and r is
the lateral distance from the tip position, we obtain a
good agreement and values of λ ∼ 13.5 (6.4) nm for 1.5
(1.5) V (the ﬁtting was implemented at r > 12.5 nm for
the 1.5 V pulse because of the saturation at the shorter
radii).
STM-induced nonlocal adsorbate reactions have
been reported on metal914 and semiconductor15,16
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Figure 3. (a) Large-scale STM image of porphycene molecules on a Cu(111) surface at 5 K. A voltage pulse of 1.5 V was
applied for 50 ms at the center of the image (indicated by the white star). The feedback loop of the STM was disabled during
the voltage pulse at gap conditions of Vs = 50 mV, and It = 100 pA. (b) After the pulse, several molecules adsorbed far from
the pulse position were converted into the cis tautomer (marked by the white circles). The broken circles in the image indicate
the radial distance (r) from the pulse position. (c) Radial distance distribution of the tautomerization rates measured at a bias
voltage of 1.5 V (red circles) and 1.5 V (blue squares) for 50 ms and with the coverage of 0.15((0.005) nm2 and gap
conditions of Vs = 50 mV, and It = 100 pA. The vertical axis represents the ratio of the cis molecules (the number of Nc,r) with
respect to the initial trans molecules (the number of Nt0,r) within a speciﬁc ring area (Δr = 5 nm) from the pulse position. The
solid lines represent the best ﬁt using an exponential decay.

surfaces, and the process was attributed either to
transport of a hot carrier9,11,13,14 or to an electric
ﬁeld.10,2225 In the hot carrier mechanism, tunneling
electrons (holes) injected from the STM tip generate
hot carriers that travel along the surface and remotely
trigger the reactions at a distance from the tip through
an inelastic scattering event with a molecule. On the
other hand, the electric ﬁeld in the STM modiﬁes a
potential landscape of the reactions26 and the magnitude would decay more slowly than the tunneling
current.12 To examine the major contribution in the
present case, we investigated the nonlocal tautomerization behavior by using a monoatomic step on a
Cu(111) surface. When a voltage pulse is applied at
the lower terrace and very close to the step edge
(Figure 4a), a higher electric ﬁeld is expected on the
upper terrace. On the other hand, hot carriers generated under the tip may be scattered at the step edge,
giving rise to less number of carriers on the upper
terrace than on the lower one. Figure 4b illustrates the
experimental conﬁguration. Figure 4c shows the tautomerization rate after a voltage pulse at the upper
(green squares) and lower terrace (blue circles) obtained in a series of diﬀerent experiments. The trans f
cis tautomerization is induced on both terraces, but the
rate is always higher at the lower terrace (see also the
dependence on the radial distance in Supporting
Information, Figure S3), suggesting that the hot carrier-mediated process plays a decisive role. We also
examined the switching behavior using a conductive
cluster on the surface, and no contributions from an
electric ﬁeld were observed (see Supporting Information, Figure S4). Another indication of a hot carriermediated process is the fact that the tautomerization
rate decreases exponentially with increasing the tip
surface distance (Figure 4d), and the decay constant of
∼5 nm1 is comparable with that of the tunneling
LADENTHIN ET AL.

Figure 4. (a) Large-scale STM image of porphycene molecules on a Cu(111) surface with a monatomic step (Vs =
50 mV, It = 50 pA, image size: 45  45 nm2, the color scale
ranges from 0.01 to 0.37 nm). A voltage pulse of 1 V was
applied for 1 s with It = 100 pA at a lateral distance of
approximately 1 nm from the step edge. Switched (cis)
molecules are indicated by the white (lower terrace) and
black (upper terrace) circles. (b) Schematic of the experimental conﬁguration in (a). (c) Tautomerization rate (Nc/Nt0) at the
upper (green squares) and lower (blue circles) in the diﬀerent
measurements. (d) Tipsurface distance dependence of
Nc/Nt0 measured with a voltage pulse (50 ms duration) of
1 V (blue ﬁlled circles) and 4 V (red open circles) within an
area of 50  50 nm2. The zero-point in the horizontal axis corresponds to gap conditions of Vs = 50 mV and It = 3 nA. The
solid lines represent the best ﬁt with an exponential decay.

current (∼10 nm1).27 The deviation may be attributed
to the underestimation of the tautomerization rate at
shorter distances because of the saturation in the
central region. Furthermore, identical behaviors were
observed in the nonlocal tautomerization even if we
used diﬀerent STM tips whose apex structure is considerably diﬀerent from each other (see Supporting
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Information, Figure S5), which is in contrast to what
might be expected for an electric ﬁeld induced process
where the precise ﬁeld depends on the tip shape.28
From these results, we conclude that the nonlocal
tautomerization is induced dominantly by the hot
carrier mechanism rather than by the electric ﬁeld in
the junction.
Figure 5a shows the voltage dependence of the
nonlocal trans f cis tautomerization rate. The positive
and negative sample bias voltages correspond to an
electron and a hole injection to the surface, respectively, and the rates are much higher at positive bias.
The electronic states that transport the hot carriers
remain obscure in the previous studies.11,14 It has also
been suggested that bulk states might contribute to
the hot carrier transport11 because they behave similar
to surface states at the edge of the projected band
gap.29 Figure 5b shows the scanning tunneling spectroscopy (STS) data measured on a bare Cu(111) surface. The surface state existing above 0.4 V with
respect to EF30 is clearly observed (see the inset of
Figure 5b), while high density of states resulting from
the Cu d-band appear in the regime of ﬁlled states.31
However, no signiﬁcant contribution from the d-band
to the tautomerization rate (Figure 5a) is observed.
These results suggest that the hot electrons can induce
the nonlocal tautomerization via the surface state
much more eﬃciently than hot holes.
The surface state is to be aﬀected by the adsorption
of molecules, and vice versa, and STM provides a
LADENTHIN ET AL.
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Figure 5. (a) Voltage dependence of the hot carrierinduced tautomerization rates measured at the coverage
of 0.07((0.005) nm2. The rate (Nc/Nt0) was determined
within the measurement area of 80  80 nm2 after pulses
at various voltages, with a constant current of 250 pA
(corresponding to 1.56  109 electrons), were applied for
1 s. The positive and negative bias voltages correspond to
the electron (e) and hole (hþ) injection into the surface,
respectively. (b) STS spectra (dI/dV) measured over a
bare Cu(111) surface. The stepwise feature due to the
surface state is clearly observed approximately at 0.4 V,
while relatively high DOS resulting from the Cu d-band is
observed at the negative bias (ﬁlled states). The inset
displays the magniﬁed spectrum around the Cu(111) surface state.

unique opportunity to investigate such phenomena
locally,32,33 which can only partially be addressed with
spatial averaging methods. Figure 6a shows the distribution of the nearest neighbor distance (dNN) between molecules at various coverages. Figure 6be
displays the corresponding STM images and the
molecules remain isolated at these coverages. At coverages below approximately 0.1 nm2, the dNN exhibits
the ﬁrst peak at 2.5((0.1) nm and a characteristic
oscillation at a distance of 1.3((0.1) nm. This length
coincides with half of the Fermi wavelength (λF/2) of
the Cu(111) surface state (as is clearly observed
at 0.03 nm2), indicating the long-range interactions between molecules mediated via the surface
state.3437 The deviation from λF/2 at the ﬁrst peak
(∼2.5 nm) may be due to the ﬁnite size of a molecule
(∼1 nm) and the scattering of the surface electrons
occurs at the edge of the molecule. The oscillatory
feature is still discernible at 0.06 nm2, but the separation deviates from 1.3 nm (λF/2). This is because the
higher-order neighbor distances are not counted,
which causes an apparent shift of the peak position
resulting from the surface mediated intermolecular
interaction at intermediate coverages. However,
it can be observed between the ﬁrst and second
neighbor distributions in the whole pair distances
analysis (see Supporting Information, Figure S6). In
contrast, these features are absent at coverages
above 0.1 nm2 and the dNN monotonically decreases (Figure 6f, left axis) since molecules are
forced to adsorb at smaller distances. Additionally,
the standing wave pattern of surface electrons is
hidden underneath the molecules at higher coverages
and cannot be resolved in the STM (see the inset
images at the bottom of Figure 6a), and the surface
state cannot be observed in STS measurements (as
discussed in detail in Figure 7). These observations
suggest that the molecules and surface are diﬀerently
interact at low and high coverages. Figure 6f (right axis)
also shows the trans f cis tautomerization yield of
a single molecule measured with a bias voltage of
300 mV. Importantly, the yields do not change below
and above a coverage of ∼0.1 nm2, indicating no
signiﬁcant impacts from the surface-mediated interaction on the tautomerization rate of individual
molecules.
Next, to examine the inﬂuence from molecular
coverage on the nonlocal tautomerization, we investigated the coverage-dependent behavior of the nonlocal process. Figure 6g displays the time-evolution of
the nonlocal trans f cis tautomerization rate measured with a voltage pulse of 300 mV for four diﬀerent
coverages of 0.03((0.005), 0.06((0.005), 0.15((0.005),
and 0.33((0.005) nm2. The saturation of the conversion rate indicates that the process has a ﬁnite eﬀective
range. The time-evolution series were also measured
with diﬀerent tip conditions (changed by gently
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Figure 6. (a) Coverage dependent distribution of the nearest neighbor distances (dNN) between molecules. More than 1300
molecule pairs were counted. The bottom inset displays enlarged and contrast-enhanced STM images (size: 10  10 nm2) for a
coverage of 0.03 and 0.33 nm2. (be) STM images (size: 20  20 nm2) at a coverage of 0.03((0.005) nm2 (b),
0.06((0.005) nm2 (c), 0.15((0.005) nm2 (d), and 0.33((0.005) nm2 (e). (f) Coverage dependence of the ﬁrst peak of dNN
(left axis) and trans f cis tautomerization yield (right axis) of individual molecules. The yield was measured with a voltage
pulse of 300 mV. (g) Time-evolution of the nonlocal trans f cis tautomerization rate measured at a coverage of 0.03 nm2
(red squares), 0.06 nm2 (black triangles), 0.15 nm2 (blue circles), and 0.33 nm2 (green triangles). The open and ﬁlled
squares (circles) for 0.03 (0.15) nm2 were obtained with diﬀerent tip conditions. The vertical axis represents the ratio of the
total number of cis (Nc) to the initial number of trans (Nt0) molecules within the measurement area of 70  70 nm2, and the
voltage pulses of 300 mV were applied at the center of the measurement area while the tip was ﬁxed at the gap conditions of
Vs = 50 mV and It = 10 pA, resulting in the tunneling current of 0.07((0.025) nA during the pulse. The solid (broken) curves
represent the best ﬁts using eq 2 for coverages of 0.03 and 0.15 nm2.

crashing the tip into the surface) for a coverage of 0.03
and 0.15 nm2 (as indicated by the open and ﬁlled markers), but no signiﬁcant diﬀerences were observed.
Thus, tip eﬀects can be excluded. Interestingly, the
behavior is almost the same at 0.03 and 0.06 nm2, and
at 0.15 and 0.33 nm2, respectively. A higher rate is
observed at lower coverages where molecules interact
via the surface state and are separated by the characteristic distance (determined by the Fermi wavelength). If scattering of the hot carriers with a molecule
governed their decay, the rate should monotonically
decrease with increasing molecular coverage, which is
not the case. Thus, the above results (Figure 6g) indicate that the scattering is negligible in the transport
eﬃciency and the decay of the hot carriers may be
governed by electronelectron and electronphonon
scattering.
The nonlocal hot carrier process can be analyzed by
using the following rate equation:11
Figure 7. (a) STM image of porphycene molecules on
a Cu(111) surface at a coverage of ∼0.30 nm2 (Vs =
50 mV, It = 50 pA, image size: 10  10 nm2). (b) The same
area as in (a) after removing the molecules by STM
manipulating. (c) STS spectra measured over the bare
Cu surface in (a) and (b) (the tip positions are indicated
by white stars).
LADENTHIN ET AL.

dNc, r
¼ k(Nt0, r  Nc, r )Irn
dt

(1)

where Nc,r (Nt0,r) is the (initial) number of the cis (trans)
molecules at the radial distance r, Ir is the current
(the number of the hot carriers) at r, and n is the
reaction order. Note that eq 1 assumes a speciﬁc
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Nc
n
¼ N(¥)(1  e kIeff t )
Nt0

(2)

where Nc and Nt0 are the (initial) number of cis (trans)
molecules within the measured area, N(¥) the ratio of
the cis to trans populations at t = ¥, and Ieﬀ = It∑re(r/λ)
represents the total number of the eﬀective hot carriers
associated with the nonlocal process. The time-evolution of Nc/Nt0 in Figure 6g can be reproduced by eq 2,
and here we assume n = 1 because a one-electron
process is expected at the excitation voltage of 300 mV
(see Figure 2b). The solid (dashed) lines in Figure 6g represent the best ﬁt to the results, and kIeﬀ ∼ 8.8((2) 
105 s1 and 4.5((1)  105 s1 is obtained for the
coverage of 0.03 and 0.15 nm2, respectively.38
The above results clearly indicate that the Cu(111)
surface state plays a crucial role in the nonlocal tautomerization process. The interesting observation is a
noticeable diﬀerence in the rate between the low
(0.03 and 0.06 nm2) and high (0.15 and 0.33 nm2)
coverages (Figure 6g). This suggests that a critical
modiﬁcation of the surface state occurs at a coverage
of ∼0.1 nm2, which may aﬀect the decay mechanism
of hot carriers (i.e., electronelectron and electron
phonon scattering). It has previously been found that
adsorbates inﬂuence surface states, for instance, a
continuous shift and attenuation of the surface state
was revealed in adsorption of CO molecules on a
Cu(111) surface by using photoelectron spectroscopy.39 However, in contrast to porphycene molecules,
CO forms molecular island even at low coverages
because of the attractive intermolecular interaction,40
presumably leading to a distinct inﬂuence on the
surface state in contrast to our case (i.e., the abrupt
change at a speciﬁc coverage). We deduce that, at low
coverages, the surface state is not strongly aﬀected by
molecular adsorption because the surface mediated
interaction (as seen in Figure 6a) arranges porphycene
molecules at “innocuous” sites to the surface state,
while it may be ruptured rapidly above the critical
coverage (∼0.1 nm2). Such a demolition of the surface
state was examined by using STS. Figure 7a shows an
STM image at a coverage of ∼0.30 nm2, and Figure 7b
is the same area after removing molecules by STM
manipulation. Figure 7c displays the STS spectra

METHODS
All experiments were performed in an ultrahigh vacuum
chamber (base pressure of 1010 mbar), equipped with a lowtemperature STM (modiﬁed Omicron instrument with Nanonis
Electronics). STM measurements were carried out at 5 K and the
images were acquired in the constant-current mode. The bias
voltage was applied to either the tip (Vt) or sample (Vs), and all
voltages are shown as the sample bias Vs (= Vt). The Cu(111)
surface was cleaned by repeated cycles of argon ion sputtering
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measured over the bare Cu area (the positon is indicated by the white stars) in Figure 7a (blue line) and b
(red line), and the characteristic feature from the surface state around 0.4 V is absent in the former case,
but can be recovered after sweeping the molecules.
This result suggests that the surface state is quenched
in the region where molecules are densely packed
(i.e., intermolecular spacing less than λF/2) and implies
that the surface state can be locally engineered
through moleculesurface interactions. However,
further explanation of the hot carrier transport mechanism requires the elucidation of the transport
channel and the variation of the band structure (dispersion relation).

ARTICLE

eﬀective area where the nonlocal reaction occurs.
Equation 1 then gives

CONCLUSIONS
In summary, tautomerization within a single porphycene molecule was studied on a Cu(111) surface using
low-temperature STM. All molecules are adsorbed in
the thermodynamically stable trans tautomer on the
terrace after deposition. This is a critical diﬀerence from
the adsorption on a Cu(110) surface and highlights the
importance of moleculesurface interaction. The unidirectional trans f cis and reversible cis T cis tautomerization can be induced by a voltage pulse from the
STM. The voltage and current dependence of the
tautomerization yield clearly indicate vibrationally induced process via inelastic electron tunneling. Metastable cis molecules can be thermally switched back to
the trans tautomer by heating the surface up to 30 K.
The thermal barriers of 42.3((2.7) and 34.6((9.4) meV
were determined for the trans f cis and cis T cis
tautomerization, respectively, by measuring the temperature dependent tautomerization rates (Arrhenius
plot). Furthermore, it was found that hot carriers
generated in the surface by the STM can induce
tautomerization in a nonlocal fashion. The voltage
dependence of the nonlocal process showed that hot
electrons are transported more eﬃciently through the
Cu(111) surface state as compared to hot holes. Additionally, we revealed that the tautomerization rate of
individual molecules is not aﬀected by molecular
coverage and the modiﬁcation of the surface state
has a crucial impact on the nonlocal process. These
results demonstrate a remote control of molecular
switching on a surface and provide microscopic insight
into the processes.

and annealing to 700800 K. The STM tip made from a W or PtIr
wire was optimized in situ by applying a voltage pulse and
poking it into the surface. Porphycene molecules were deposited from a Knudsen cell (at an evaporation temperature of
450500 K). STS (dI/dV) spectra were recorded with a lock-in
ampliﬁer with a voltage modulation of 2030 mV at 710 Hz
frequency.
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Supporting Information Available: Tautomers of a porphycene molecule, temperature dependent tautomerization rate,
radial distance dependence of nonlocal tautomerization rate at
a step edge, nonlocal tautomerization induced through a
conductive cluster on the surface, SEM images of the used
STM tips prepared by diﬀerent methods, intermolecular
distance distribution analysis. The Supporting Information is
available free of charge on the ACS Publications website at
DOI: 10.1021/acsnano.5b02147.
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