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The discovery of negative differential conductance (NDC) in a single molecule and mechanism controlling
this phenomenon are important for molecular electronics. We investigated the electronic properties of
a typical radical molecule 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-yloxy (CTPO) on an Au(111)
surface using low-temperature scanning tunneling microscopy (STM) and inelastic electron tunneling
spectroscopy. Large NDC was observed in single CTPO molecules at the boundary of the crystal
monolayer. The origin of observed NDC is revealed as the inelastic electron—phonon scattering during
tunneling, and the strong spatial variation of the NDC over the single molecule illustrates the nature of
the localized radical group. In addition, the NDC can be transformed into a positive differential

. 4 16th March 2024 conductance peak by tuning coupling strengths between different tunneling channels. An empirical
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Accepted 2nd June 2024 multi-channel model has been developed to describe the competition between the valley-shaped NDC
and peak-shaped positive differential conductance. The unique electronic property and giant

DOI: 10.1039/d45c01782) conductance change observed in this radical molecule is valuable for designing novel molecular devices
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Introduction

Negative differential conductance (NDC) is one of the critical
properties for many important electronic devices. It plays
a significant role in design and construction of resonant
tunneling diodes,"? oscillators,*”® and other logical circuits.*” In
normal semiconductor devices, the NDC is achieved by regu-
lating energy levels in adjacent quantum wells. It is known that
the NDC can also be achieved in certain types of molecules, in
which the system®™° can be tuned by regulating the alignment
between different molecular orbitals of the molecule. These
exciting studies present a promising route to create electronic
devices with ultimate miniature size at the sub-nanometer
scale. With their unique electronic properties, radical mole-
cules are of particular interest for applications in energy
storage,"** electron spin resonance,”'® molecular spin-
tronics,'”*® and opto-electronic devices.'>*® However, very few
cases of the NDC in the radical molecules have been
reported.** Exploring nonlinear electronic properties in single
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radical molecules, as well as their underlying physical mecha-
nisms, is highly desirable.

In this work, we investigated NDC features in a typical
radical molecule 3-carbamoyl-2,2,5,5-tetramethyl-3-pyrrolin-1-
yloxy (CTPO) on a metallic Au(111) surface using low-
temperature scanning tunneling microscopy (STM). Inelastic
electron tunneling spectroscopy was performed to characterize
the NDC with sub-molecular spatial resolution. Localized
strong NDC was observed in a single molecule at the edge of the
crystal monolayer, and first-principle calculations were carried
out to understand the electron-phonon interaction between the
tunneling electron and phonon of the molecule. The transition
from valley-shaped NDC and peak-shaped positive differential
conductance (PDC) was achieved by tuning the STM tunneling
junction height, and an empirical multi-channel model was
proposed to describe the competition phenomena.

Experimental details and theoretical
model

The single-crystal Au(111) substrate was prepared by sputtering
with argon ions at 0.5 kV and annealing at about 600 °C for
several cycles. The CTPO molecule was first degassed at 50 °C
over 20 hours and later sublimated at 70 °C for 2 seconds onto
the Au(111) surface, which was held at around 100 K, with
a base pressure of 5 x 107 ' torr in the vacuum chamber.
Measurements were carried out using a custom lab-built low-
temperature STM with the sample held at about 8.5 K. A
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chemical-etched tungsten tip was used in our experiment. To
measure the dI/dV tunneling spectroscopy, the sample bias was
modulated using a 321 Hz sine wave with a 1 mV peak ampli-
tude, and the measurement was performed using a lock-in
amplifier.

A flat and clean surface of Au(111) with well-known
herringbone surface reconstruction was obtained. Self-
assembled CTPO monolayer flakes with a size of over 20 nm
were easily observed on the surface after the sample was cooled
to liquid helium temperature, as shown in Fig. 1a. Fig. 1b and ¢
show a set of dI/dV spectra taken in the monolayer, with equal
spacing along the red and black lines shown in the inset of
Fig. 1a, respectively. A significant increase in conductance was
observed at an energy of about +£40-45 meV, which is a typical
feature of inelastic electron tunneling spectroscopy (IETS). A
small dip at zero bias voltage was also observed in some spectra
taken along the red and black arrows, which manifests a Kondo
resonance or low-energy phonon excitation. This zero-bias
anomaly is not the focus of this work and will be explored in
future studies. We tested tens of molecules within the mono-
layer, using multiple STM tips. The spectra show the same
features as that in Fig. 1b and c, without any indication of
negative differential conductance.

As compared to the elliptical shape of the molecules within
the monolayer (defined as type A molecules), the topograph of
some molecules at the boundary of the monolayer presents
a different, triangular shape (defined as type B molecules), as
marked by orange arrows in Fig. 2a. The maximum height of the
type B molecules is about 0.02 nm smaller than the height of
type A molecules under a scanning set point of (—0.2 V, 20 pA).
The inset of Fig. 2a shows the detailed topography of a type B
molecule, for which two sets of dI/dV spectra were measured
with equal spacing along the two lines as indicated by blue
(direction 1) and black (direction 2) arrows, respectively. The
general features of these spectra include a dip at zero bias,
relatively flat conductance at low bias, step or valley feature at
about 40-50 meV, and constant conductance again at higher
bias. The step feature is opposite to that for the molecules in the
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monolayer. In other words, the differential conductance at
higher bias is lower than that at the lower bias. Strong NDC
appears in some dI/dV spectra taken along direction 1, where
the valley feature is most significant. The largest value of the
NDC reaches —8 nS, the magnitude of which is 1.6 times the
conductance at the low bias voltage. Fig. 2c and d shows the
spatial variation in the di/dV spectra along the two directions.
The NDC feature is localized in a certain region of the molecule
along direction 1 with its maximum near the outer edge of the
type B molecule. The spatial width at half maximum of this NDC
feature is about 0.3 nm. Along direction 2, conversely, the valley
in the di/dV spectra drops to negative values in only a few
spectra.

To characterize the properties of the NDC and to understand
its mechanism, we investigated the effect of tunneling junction
distance on the NDC in such molecules. The STM tip was
positioned at the point with maximum NDC, as marked with
a star on the inset of Fig. 2a. A series of the d7/dV spectra were
measured under different tunneling junction conditions, as
shown in Fig. 3. The tunneling current was tuned from 25 pA to
350 pA, corresponding to a decrease in junction distance of
about 0.15 nm. The valley feature of the NDC is clearly changed
to a positive differential conductance peak when the tunneling
current is set higher than 150 pA. In addition, the energy of the
positive peak in the spectra is shifted from 34 meV at 150 pA to
45 meV at 350 pA, while the change in the valley position of the
NDC is not noticeable.

The symmetric valley and peak features in the dI/dv
tunneling spectra with respect to the zero bias voltage are
typical characteristics of the inelastic scattering of phonon
modes in the molecule. When electrons tunnel through the
junction with sufficient energy, inelastic scattering can be
induced between the electrons and phonon of the molecule,
opening an additional tunneling channel. The additional
tunneling channel usually creates a step, peak, or valley feature
at a threshold bias voltage at both polarities. The step feature is
common for simple molecules directly adsorbed on a surface,
for which the electron-phonon scattering reaches balance
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Fig. 1 STM topograph and spectroscopy of CTPO molecules on the Au(111) surface. (a) Topograph of the CTPO monolayer on the Au(111)
surface with tunneling conditions (—0.2 V, 20 pA). Inset is the enlarged image of the area marked with a dashed box on the image. (b) and (c) d//dV
tunneling spectra taken in the monolayer, along red and black arrows depicted in (a). The spectra are offset for clarity. All the spectra were
acquired with equal spacing along two lines at a set point (—=0.1V, 0.1 nA) with feedback off.
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Fig.2 NDC in CTPO at the boundary of the monolayer. (a) Typical topograph of the molecules at the edge of the CTPO monolayer. Scanning
conditions: 0.2 V, 20 pA. (Inset) Zoomed-in image of a type B molecule. (b) STS spectra taken in a type B molecule. All spectra were acquired with
equal spacing on the two lines at a set point (—0.1V, 0.1 nA) with feedback off. (c) and (d) STS color map as a function of bias voltage and position

along direction 1 and direction 2, respectively.
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Fig. 3 Normalized d//dV spectra taken on a single molecule with
various tunneling junction distances. The tunneling set point was
changed from 25 pA to 350 pA, with the bias voltage set as —0.1 V.

quickly between each tunneling channel and is bias-
independent. The peak and valley features, conversely, can be
observed if a significant bias-dependent channel occupation
exists. Depending on the channel occupation with respect to the
bias voltage, as well as conductance of the newly opened
channel as compared to the background conductance, the IETS

© 2024 The Author(s). Published by the Royal Society of Chemistry

feature can be either a valley-shaped NDC or positive peak,
which is sometimes referred to as positive differential conduc-
tance (PDC),**?® which can be described using a two-state
model with saturation effects,” asymmetric coupling,* or
vibration.*”

While relative conductance changes have been observed in
break junction experiments by tuning the coupling between
electrodes and phonon modes of a molecule or atomic
chain,”®*" the transition between NDC and PDC in a single
nanosystem has never been reported in experimental or theo-
retical studies. The data shown in Fig. 3 illustrate the compe-
tition of electron tunneling between different channels. To
describe these competition phenomena, we developed an
empirical multi-channel model as follows. We start with two
channels: a ground state |m2,0> and an excited state |m,1>. The
ground state channel contributes a conductance o, in the low-
energy region (<25 meV), in which the tunneling probability is
determined by P, = I'y(2)|<tip|H,_|m,0>|*. The coefficient I'y(z)
is constant at a specific tip state and junction height z, and H,_,,
is the Hamiltonian of tip-molecule coupling in the junction.
Similarly, the tunneling probability for the excited state can be
written as P; = I'4(2)|<tip|H,_|lm,1>|%, generating a different
conductance o,. The coefficient I';(z) has a strong dependence
on the bias voltage around the excitation threshold. Here, we
adopt a formula similar to that in the previous report:*

Chem. Sci., 2024, 15, 10989-10996 | 10991
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) 0, for V< Vy;
I v x (v =), forv=w

where, v;(z) is the coefficient for electron phonon coupling
(EPC), which depends on the junction distance z, and V; is the
excitation voltage threshold. The channel occupation for the
ground state can thus be written as no = Po/(P, + P;) and that for
the excited state as n; = Py/(P, + P,). The dependence of 1, can
then be further expressed as a function of the bias voltage and
junction distance:

(1)

0, for V< Vy;

72V -7)
g(2) + @)V = 1)

where, v,4(2) is the effective electron phonon coupling (EPC)
coefficient between the tip and ground state. The general
formula of v,(z) is y;(z)Ai/H}:OlAj, where A; = |<tip|H,_,|m,i>|2
and n is total number of channels. Similarly, go(z) is the effective
coupling coefficient between the tip and ground. The general
formula of go(z) is I'o(z)/ H}?;(}Aj. The total current and differ-
ential conductance can now be written as:

n(z, V) = (2)

forv=r,’

I(z,V) = ny(2) Vo, + m(z)Vo, (3)
eV =at 0 - )V ) x (01— o) @

The conductance formula (4) can be employed to fit the d7/dV
spectra acquired at 25 pA and 350 pA on the CTPO molecules at
the boundary of the film, as shown in Fig. 4b. The fitting
parameters are: g1 = 0.20,, 71 = 108go, V; = 44 mV for the 25 pA
case, and o, = 1.20, v1 = 402g,, V; =45 mV for the 350 pA case.
A 2 mvV full width at half maximum Gaussian window was used
to broaden curves. We note again that the dip feature at zero
bias is not considered in the model.

Experiment
. T v
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Edge Article

As expected, the two-channel model works well in low-
current and high-current cases, in which only peak-shaped
PDC or valley-shaped NDC is observed in the spectra. It,
however, fails to reproduce the di/dV spectra with the PDC and
NDC in the case of moderate current. A third channel with
a conductance o, and excitation threshold voltage V, is then
introduced to the model. The tunneling probability of this
channel is P, = v, (2)(V — V3)|{tip|H,_m|m, 2)|>. The occupation
of each channel is now written as:

0, V< V2
m(z, V) = @V — V) _
W@ IV - rnEw -y =P
(5)
()’ V<
1@V =W) —
n(z V) = a@+n@ -y =V<n
71(2)(V_ Vl) -
2@ IOV - e -y 0
©)
no(z,V) =1 — ni(z,V) — ny(z,V) (7)

The total current and differential conductance is expressed
as:

I(Z,V) = noVO'() + ny V0'1 + I’leO’z

(8)

drs

g ©

V) =0y + Z%[(a; —ao)V]+ Zni(ai —0p)

i=1 i=1

Using this three-channel model, the dI/dV spectra acquired
at 200 pA can be fitted well using following parameters: o, =
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Fig. 4 Multi-channel model and the differential tunneling spectra. (a) Diagram of three-channel model at different tunneling distances. (b—d)
Experimental d//dV spectra and simulation with the two-channel model and three-channel model, respectively.
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0.200, Y2 = 4780, Vo = 46 mV, 0, = 1.20,, 71 = 6580, and V; =
38 mV, as shown in Fig. 4d. It also works well in the other two
cases.

We then fitted all the dI/dV spectra in Fig. 3 using eqn (9).
The results are displayed in Fig. 5. The color maps of experi-
mental data and simulation show a clear competition between
NDC and PDC features. Excitation energies and EPC coefficients
are shown in Fig. 5c and d, respectively. While the variation in
the threshold voltage for NDC, V,, is only about 3 mvV, the
threshold voltage for PDC (V;) shifts by more than 10 mV. The
monotonic shift in threshold voltage V; may come from the
Stark effect,** charging-induced phonon energy shift** or other
possible mechanisms. The EPC coefficients show different

20 mV, 10 pA

Type B
"4

Sim. -20 mV

tendencies, i.e., v, decreases but vy, increases as the set point
current increases. This indicates strong competition between
the two excited channels that may originate from atomic
interaction or dipole coupling between the tip and phonon
modes.**

Discussion

We first discuss the origin of topographical differences between
the type A and B molecules. Using a sharp tip and a low bias
voltage, we obtained a high-resolution image of the monolayer
boundary as depicted in Fig. 6a, in which the type B molecule
has a pronounced protrusion. DFT simulation illustrates that
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Fig. 6 High-resolution STM image and DFT simulation for the two types of CTPO molecules. (a) High-resolution STM image of the CTPO

molecules at the boundary of the monolayer. The size of the image is

2.08 nm x 2.08 nm. (b) Simulated STM image in comparison to (a). (c)

Molecular model corresponding to the simulation. (d) Simulated ball-stick model of the two interacting CTOP molecules on a gold substrate. The
dashed line indicates the hydrogen bond. (left) Side view; (right) top view of the two molecules without the Au substrate.
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this originates from the different adsorption geometries of
CTPO at the edge of the monolayer as compared to those within
the monolayer. Fig. 6d presents the simulated configuration of
the two interacting CTPO molecules as obtained using ab initio
molecular dynamics (AIMD) simulation with CP2K* software.
The N-O group of one molecule (right) interacts with the car-
bamoyl group of the other molecule (left) through a hydrogen
bond. On the contrary, the N-O group of the molecule on the
left points out freely. The distance between the hydrogen atom
and oxygen atom for the hydrogen bond is about 1.84 A. Due to
the hydrogen bond interaction, the oxygen atom in the N-O
group of the molecule on the right is lowered by about 1.08 A in
comparison to that of the molecule on the left. This simulated
absorption difference makes it easy to identify the right mole-
cule as type A and the left one as type B, considering the
different appearances of both the types of molecules in STM
topographic images. We also performed a simulation of the
STM image based on the balanced structures of AIMD simula-
tions, as shown in Fig. 6b and c, which is consistent with the
experimental image in Fig. 6a. It is revealed that two methyl
groups on the top of molecule are associated with the long
elliptic shape in the topograph, and the pronounced protrusion
in the type B molecule is related to the N-O group. This
protrusion is much weaker for the type A molecule due to the
lowered height of the N-O group. It is thus clear that the
spatially resolved NDC excitation shown in Fig. 2 is localized on
the position of the N-O group. The details can be seen in ESL

We further examined the phonon modes of the CTPO
molecule adsorbed on the surface. It is necessary to include the
substrate in the calculation, since the phonon modes of the
molecules often change after adsorption on a substrate.**”

a) ; : :
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Fig. 7a shows the phonon modes of both the types of molecules
within an energy range from 10 meV to 70 meV. Typical dI/dV
spectra are displayed as well for comparison. To identify the
phonon modes related to observed spectral features, we focus
on the phonon modes that have significant contributions from
the vibration of the oxygen atom in the N-O group. Examination
of the infrared activity of these phonon modes shows noticeable
N-O radical related IR intensity in each mode (see ESIY),
implying easy dipole excitation of the N-O group.*****' The
symmetry of each IETS channel has also been considered. It has
been reported in previous studies*>*° that the conductance
change can be associated with the direction of the molecular
vibration. The longitudinal phonon mode (vibration along the
tunneling direction) often results in a decrease in conductance,
while transverse vibration is often associated with an increase
in conductance. To distinguish the modes with respect to the
vibration direction, we calculated angle § between the vibration
and tunneling directions for each mode, as listed in Fig. 7b. The
contribution of each phonon mode to the PDC can then be
characterized by the projected vibration amplitude of the
oxygen atom along the tunneling direction, i.e., Amp. x sin(f).
For the NDC, it is characterized by Amp. x cos(6). For the type A
molecules, the phonon mode at 42 meV has a strong contri-
bution to the PDC, which is denoted as PA, and there is no mode
possessing a similar contribution to the NDC. For the type B
molecules, the PDC can be associated with the phonon mode at
around 39 meV, which is denoted as PB, and the NDC can be
associated with the phonon mode at around 47 meV, denoted as
NB. Fig. 7d shows the detailed images of the vibration of the NB
and PA modes. It can be seen that the vibration direction of the
oxygen atom for the PA mode is transverse, § = 0.477. The NB
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Fig. 7 NDC- and PDC-related phonon modes. (a) d//dV spectra with the phonon modes of the type B and type A molecules. (b) Schematic
images for the longitudinal and transverse vibrations of the oxygen atom in the N-O group. (c) Vibration amplitude, direction angle, and pro-
jected amplitudes of selected phonon modes in the type A and type B molecules. (d) Vibration image of NB (NDC of type B) and PA (PDC of type

A) phonon modes, respectively.
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phonon mode, conversely, has a significant component along
the tunneling direction, # = 0.37. This significant change in the
electrical conductivity caused by a slight molecular conforma-
tion change and multi-channel competition could be utilized
for the regulation of molecular electronic devices in the future.
Our experiment demonstrated a significant peak-to-valley ratio
in NDC spectra, reaching 2.4 (ESIT) under an operation power of
about 1.3 pW. In practice, the radical molecules can be sand-
wiched between two electrodes with semiconducting spacing
layer(s), the thickness of which and the profile of tunneling
gap(s) can be controlled by the gate voltage(s), thus generating
a similar modulation effect on the NDC.

Summary

To summarize, we observed a strong NDC in certain CTPO
molecules on a Au(111) surface using a low-temperature STM
and IETS. The localized NDC feature in the dI/dV spectra
becomes a PDC peak feature as the junction distance is tuned by
about 0.15 nm. The topographical difference between the CTPO
molecules at the monolayer center and boundary has been fully
investigated with the aid of the AIMD simulation. An empirical
multi-channel model has been developed to explain the exper-
imental data and provide insight into the competition between
different channels. Although the competition in this study is
among the different phonon modes, other types of channel
competition are also possible. Significant changes in electrical
conductivity properties caused by conformational changes
exhibited by the type A and type B molecules have important
reference significance for future regulation of molecular struc-
tures to achieve controlled electrical conductivity. Our results
indicate that the CTPO molecules, as well as other similar
molecules, are promising components for the design and
fabrication of novel molecular electronic devices in the future.
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