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ABSTRACT: The phenomenon of rectification describes the emer- |choppedAc
gence of a DC current from the application of an oscillating voltage.

Although the origin of this effect has been associated with the %
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nonlinearity in the current—voltage I(V) relation, a rigorous under-
standing of the microscopic mechanisms for this phenomenon remains
challenging. Here, we show the close connection between rectification
and inelastic electron tunneling spectroscopy and microscopy for single Adder
molecules with a scanning tunneling microscope. While both techniques
are based on nonlinear features in the I(V) curve, comprehensive line
shape analyses reveal notable differences that highlight the two
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complementary techniques of nonlinear conductivity spectromicroscopy
for probing nanoscale systems.

KEYWORDS: rectification, inelastic electron tunneling, molecular vibrations, submolecular contrast, inelastic tunneling probe,
scanning tunneling microscope

Rectiﬁcation spectroscopy probes system excitations by L,(Vg, V) = L(Vy, V)

measuring the DC response to an AC perturbation of 1 P
— — 2 . .
bulk materials' ™ to nanoscale devices.”® When it is measured = ZVm W + (higher-order terms in V)
with a scanning tunneling microscope (STM), rectification Vs

. .9 S 10
spectroscopy can characterize the spin~ and vibration

excitation of single molecules. Moreover, resonant rectification
spectromicroscopy (ESR-STM and THz-STM) simultaneously
provides peV energy resolution and atomic-scale spatial
resolution.''™'” Calibration of the RF amplitude in ESR-
STM was obtained from the dependence of the rectification
current on the RF field.'""*™'° Results from THz-STM
measurements often mixed effects of the THz field and the
dynamical signal of the molecule.'” Therefore, it has become a
consequential analysis of rectification spectromicroscopy, in
order to effectively use it for probing the static and dynamic
properties of molecules and nanoscale systems.

Both the rectification (R) and inelastic electron tunneling
spectroscopy (IETS) probe the I(V) nonlinearity of a
tunneling junction by measuring the DC and second harmonic
(2w) response in current to an AC bias modulation, V,,
cos(wt), as a function of the DC bias Vy.”'"'*7° Based on
the Taylor expansion to the second order, the line shapes of
these two types of spectra should be identical with character-
9,10,19,20

2
istic % dependence:
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However, the consequences of such an approximation need
to be assessed. While Paul et al. estimated with an
oversimplified model the rectification signal strength at the
molecular excitation energy,'' a comprehensive line shape
study of R-spectra is still missing.

2
Here, we examine the rigor of % spectral analysis by

comparing the line shapes for R and 2@ spectroscopy and how
the line shapes affect the image contrast in spectromicroscopy.
The experimental setups for measuring the R- and 2w-spectra
are shown in Figure 1. The R- and 2w-spectra can yield similar
results in measuring the inelastic electron tunneling (IET)
induced nonlinearity,'’ as confirmed by the vibrational
excitations of a single CO molecule (Figure 2a) in an STM
junction (Figure 2b,c). The low (~2 meV) and high (~19
meV) energy peaks indicate the hindered translation (HT) and
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Figure 1. Experimental setups of two spectral techniques. (a) Second
harmonic (2w) inelastic electron tunneling spectroscopy (IETS). An
AC bias modulation with a frequency of @ was fed into the tunneling
junction. The lock-in amplifier measures the tunneling current
oscillating at the 2w frequency. (b) Rectification (R) spectroscopy.
The bias modulation of frequency @ was generated by a function
generator and square-wave chopped with a frequency of wc. The
chopped bias modulation was fed into the tunneling junction. The
lock-in amplifier measures the rectification current at the wc
frequency.
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Figure 2. Two methods of single-molecule spectroscopy. (a)
Schematic diagrams showing the hindered translation (HT) and
hindered rotation (HR) vibrational modes of CO. (b) 2w-spectra and
(c) R-spectra measured with a Ag tip over a CO molecule adsorbed
on an atop site of Ag(110) (blue), Ag tip over Ag(110) (black), and
CO tip over Ag(110) (red). The experimental methods are described
elsewhere for the R-spectra”®'” and 2w-spectra.***®*’ For all
spectra, the feedback set point was 10 mV/300 pA, and the sample
bias oscillation was 1 mVyys at 1 kHz. The square-wave chopping
frequency used in the R-spectra was 471 Hz. The blue and red curves
in panels b and c are offset for clarity with zero signal level indicated
by the dashed lines. The offset and nonflat baseline in the R-spectra
could result from the instrumental effects of the operational amplifier-
based adder and returning loop through shared electrical power lines
(see the Supporting Information). The zero offset was observed to be
much smaller using the discrete inductor and capacitor-based bias tee
for the adder in Figure 1.

rotation (HR) modes of CO (Figure 2a).'7* Doublet
splitting affects the line shape of HR and HT ?eaks for CO
adsorbed on the anisotropic Ag(110) surface.”"** Additionally,
the low HT energy and the thermal and modulation spectral
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Figure 3. Comparison of 2@ and R spectral line shapes. (a)
Experimental and (c) simulated spectra of the HR peak on the
positive bias side for the CO tip over Ag(110), acquired by the IETS
2w spectroscopy. (b) Experimental and (d) simulated spectra of the
same CO tip over Ag(110) measured by the R spectroscopy with 471
Hz square-wave chopping frequency. For all spectra, the feedback set
point was 10 mV/300 pA, and the sample bias sinusoidal oscillation
was 2 mVyys at 1 kHz. The excitation energy for the simulated
spectra was chosen to be the same as the corresponding experimental
peak position. The temperature and oscillation RMS amplitude used
in the calculated spectra were the same as those in the experiment: 0.6
K and 2 mVyy.
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Figure 4. Comparison of line width and intensity of 2w- and R-
spectra. (a) Squared full width at half-maximum (fwhm) of 2w-
spectra (black triangles) and R-spectra (green squares), as a function
of the squared RMS oscillation amplitude. The measured spectra were
fitted by a simulated line shape with the fwhm and peak height
derived from fitting parameters. The lines are the best linear fit of the
experimental data. The slopes for the black (2w) and green (R) lines
are 2.96 and 1.08 with corresponding y-intercepts of 0.012 and 0.250.
(b) Simulated (blue curve) and experimental (red triangle) peak ratio,
Hy/H,,, from the 2@- and R-spectra, versus the RMS amplitude of
the bias oscillation.

Table 1. Summary of Key Features Calculated for the
Rectification and Second Harmonic Signals®

peak—

R = rectification; integrated width
2w = second harmonic  peak height  fwhm area ratio
sinusoidal wave R V. 0.72V,, V.24 0.442
square wave R Vi/2 Vi Vn2/2 0.500
triangle wave R Vau/4 0.59V,, V,2/6 0.427
sinusoidal wave 2® 2V, /(37) 122V, V,.2/4 0.174

“Rectification spectra were calculated for three different voltage
oscillations: sinusoidal wave, square wave, and triangular wave. The
analytical forms of the instrumental function are given in the
Supporting Information. The second harmonic spectrum was
calculated for sinusoidal voltage oscillation.

broadening lead to interference of the HT features on the
positive and negative biases. Therefore, we selected the HR
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Figure S. R vs 2@ spectromicroscopy. (a) Schematic diagram showing
the interactions (dashed red lines) between two 2,4,6-tribromoben-
zene molecules. (b) itProbe image of the 2w signal, showing the
intermolecular interactions between two 2,4,6-tribromobenzene
molecules acquired at 1.5 mV sample bias (red-shifted HT mode)
and 1 mVpyg sine-wave bias oscillation at 471 Hz. (b) rProbe image
of the R signal acquired with the same CO tip, scanned area, and
conditions except with 1 kHz bias oscillation and 471 Hz square-wave
chopping frequency. Images in panels b and ¢ were acquired at
constant height with the feedback turned off at 100 mV/100 pA over
the middle of the molecule nearest to the center of the image and
advancing the tip 1.68 A toward the surface prior to measuring the
signals. Molecules were evaporated and self-assembled on Ag(110) at
25 K, and imaged at 600 mK. (d, e) Illustration of the contrast
differences between itProbe and rProbe induced by the corresponding
spectral line shapes. The black, red, and blue lines are the
unperturbed, red-shifted, and blue-shifted HT peak of the CO tip.
The vertical green lines indicate the bias position relative to the
unperturbed peak used in the spectromicroscopy. The double-sided
red and blue arrows are the signal variations induced by the
corresponding shifts; higher contrast is obtained for a larger difference
in the lengths of the arrows for each Probe.

peak of CO adsorbed on the tip (CO tip) over Ag(110) for the
line shape analyses between these two types of spectroscopy.
This feature is doubly degenerated and isolated because of the
symmetric binding configuration for the CO tip.*

The 2w-spectrum for the CO tip over Ag(110) substrate
yields a bell-shaped HR peak, while the corresponding R-
spectrum exhibits a peak of triangular shape (Figure 3a,b). The
simulated 2@-spectrum based on its theoretical form,
&1
dv,?
3a,c). The * stands for the convolution of two functions, and
¢,,,(Vp) is the 2w instrumental function (shown as eq S38 in
the Supporting Information).”> However, the response
function for the R-spectrum has previously not been derived
and is given below (see the Supporting Information for details
of its derivation):

s¢h,, (Viy),”*~*° agrees with the experimental data (Figure

W% = 2L e, ()
dvy (2)
®p(Vy) is the instrumental function for the rectification
method, which depends on the waveform of bias modulation
used. Each AC modulation waveform has a unique voltage
probability distribution, D(V}), which relates to @y(V}) with
the following relation (see the Supporting Information for
details of its derivation):

) = [(D(V) = (%)) dv; 3

For a sinusoidal voltage oscillation, the instrumental
function, @(Vy), takes the following form:

ine( %
arcsme( 7 )IVBI vy
— - — Il <V,
b3 2
P (V) = AR
4+ —
T
0 if IVl >V, (4)

The simulated R-spectrum line shape agrees with the
measured triangular shape (Figure 3b,d). At low temperatures,
a1
vy?
excitation energies,

of IET resembles delta functions centered at molecular

*2% and eq 2 approximates ®y(V}), which

yields a peak height of Yo and a full width at half-maximum

(fwhm) of 0.72V,..
The different spectral line shapes of IETS and rectification
peaks deviate from the ‘;1_‘2/12 interpretation. To understand this

2
deviation, we inspected the origin of % interpretation

involving the Taylor expansion of the I(V) function.
Performing the Taylor expansion of any function requires
the convergence of its corresponding series. However, we
calculated the Taylor series of IET I(V) with different V,, and
found that the series converged conditionally; V,, needed to be
smaller than a certain value to make it converge (see Figure S4
in the Supporting Information). For the bias amplitude used in
this report (V,, > 0.5 mV), the Taylor series of IET I(V)
&1

always diverges, which nullifies the e interpretation. We

observed that the Taylor series started to converge with V, =
2
0.1 mV, where the % served as a good approximation for both

R- and 2w-spectra. However, with such a small bias
modulation, the IET signal can be too weak to detect.
Nonetheless, the 2@- and R-spectra still correlate with %, and
their peak positions indicate the excitation energies (see the
Supporting Information). However, when multiple peaks are
close to each other, the correct mathematical form for the line
shape must be applied to accurately determine the excitation
energies.

For IETS, the line width and height of excitation peaks
represent the energy resolution and signal strength.26 The R-
and 2@-spectra have similar convolutional form,”” and their

fwhm’s follow eq 5:

fwhm? = W

intrinsic

S.4k,T ]2

2+KVrm52+(
e

(%)
where kg and T are the Boltzmann constant and temperature.
The intrinsic broadening, Wi o of CO molecules is
negligible. KV,.> is the square of the corresponding
instrumental function fwhm, and the theoretical K values are
2.97 for the 2w-spectra and 1.04 for the R-spectra (see the
Supporting Information). We observed the linear relationship
between fwhm? and V> with fitted slopes of 2.96 (2w-
spectra) and 1.08 (R-spectra), which agrees with the

theoretical K values (Figure 4a). In addition, for V,, values
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used in Figure 4a, R-spectra have smaller line widths compared
with 2@-spectra and thus yield higher energy resolution.

To compare the signal strength of these two types of spectra,
we studied their peak height ratio, Hy/H,,, as a function of
Vims- The trend of measured Hy/H,,, resembles the calculated
curve, but the absolute values are higher than the calculated
results by over an order of magnitude (Figure 4b). The reasons
for such a difference are as follows: In 2w and R
measurements, the preamplifier extracts the 2 kHz (twice the
bias modulation frequency) and 471 Hz (@, chopping
frequency) component in the tunneling current, respectively
(Figure 1). The amplification of the preamplifier decreases as
the frequency increases for the detected signal for the
tunneling current. Therefore, the measurement yielded an
Hg 20—40 times larger than H,,, while theory predicts an Hy/
H,,, slightly larger than 1. If the bias modulation frequency of
the 2w-spectra is half of the R-spectra chopping frequency (@
= wc/2), the preamplifier extracts both spectra at the same
frequency, and the measured Hy/H,, will closely follow the
theoretical value. Under this condition, the noise level (which
is also frequency dependent) will also be the same for 2w- and
R-spectra, which leads to the signal-to-noise ratio, SNRgy/
SNR,,,, to be the same as Hy/H,,. In addition, the calculated
Hy/H,, values are greater than one unless using very small
Vims (Figure 4b). This suggests that R-spectra surpass 2w-
spectra in signal strength. Overall, the R-spectra exhibit higher
energy resolution and signal strength compared to IETS 2w-
spectra.

Different bias modulation waveforms resulted in different
rectification instrumental functions which could lead to better
signal strength or smaller peak widths. In addition, the
instrumental functions served as good approximations for large
amplitude voltage oscillations. Therefore, we explored the
®,(Vy) of different bias modulation waveforms and
summarized the key features in Table 1. All waveforms for
the rectification method have a larger peak-to-width ratio,
Hg(z)/fwhm, than 2@-spectra. The square wave rectification
has the best peak-to-width figure of merit and the largest
integrated area under the peak. Usually, there is a trade-off
between signal strength and energy resolution. However, by
manipulating the bias modulation waveform, the signal
strength and energy resolution can be simultaneously
improved. The THz-STM would also benefit by studying the
waveforms for rectification spectroscopy. To our knowledge,
all THz-STM to date used pulsed THz irradiation having
nonstandard waveforms. However, if the waveforms can be
properly calibrated, the corresponding D(V3) can be obtained.
With egs 2 and 3, the instrumental function and rectification
signal can be derived. Such signals would be purely from the
field effect of THz irradiation and usually mixed with the
molecular dynamic response.'” These two effects can be
separated using our theoretical work presented here.

The line shape difference between R-spectra and 2w-spectra
also affects the corresponding spectromicroscopy contrast. The
variation in surface potential shifts the HT peak of a CO tip
and results in the 2@ signal variation at a certain bias.””**~°
Inelastic tunneling probe (itProbe) maps this 2w signal
variation and reveals molecular skeletal structures and
intermolecular interactions.”®* > The interactions and chem-
ical bonds as depicted in Figure Sa are seen as the bright lines
in the itProbe image of a 2,4,6-tribromobenzene cluster
(Figure Sb). Following the same principle, rectification probe
(rProbe) maps the corresponding R signal variations and

achieves the same purpose (Figure Sc). However, we observed
the contrast quality of the rProbe image to be better than that
of itProbe (Figure Sb vs Figure Sc). We attribute this contrast
improvement to the triangular peak shape of R-spectra. With
the same amount of peak shift, the rProbe produces more
signal variation than the itProbe for red shifts, but less for blue
shifts (Figure Sd,e). The red shifts happen when the CO tip is
positioned over the chemical bonding region, molecular
interaction region, and nucleus positions; thus, rProbe provides
enhanced contrast for these molecular features.

In summary, we demonstrated that R-spectra differ from 2w-

2
spectra, suggesting that the conventional % understanding

based on Taylor expansion is incomplete for these two types of
spectromicroscopy based on the nonlinear I(V) relation.
Theoretical and experimental analyses of the line shapes for
the R- and 2w-spectra of a single CO molecule attached to the
STM tip revealed that R-spectra surpass 2w-spectra in the
energy resolution and signal strength. Additionally, spectromi-
croscopy by rProbe leads to a superior contrast in images of
the molecular structure and bonding compared to the itProbe.
These advantages should lead to analyses of static and dynamic
properties of nanoscale systems by rectification spectroscopy
and microscopy.17 Here, we provide the fundamental under-
standing and scientific basis of the atomic-scale rectification
phenomena and spectromicroscopy based on measuring the
rectification current.
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