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Detection of the extremely weak signals in spectroscopy over an extremely wide frequency region is central
to diverse sciences, including materials science, biology, astronomy and chemistry. Here we show a new type
of atomic-scale spectroscopy, heterodyne scanning tunnelling spectroscopy (HSTS), which is based on the
innovative application of the nonlinear heterodyne-mixing detection at the metal-insulator-metal (MIM)
heterojunction of STM tip-vacuum-sample. The principle of HSTS is identical to that of the Atacama Large
Millimeter Array (ALMA) space telescope in terms of using heterojunction for detecting extremely weak
signals by converting from terahertz region to lower frequency regions. The MIM detector of ALMA, which
is composed of niobium-titanium-nitride (NbTiN) tip-insulator-NbTiN, is very similar in shape and size to
that of HSTS. We successfully detect a heterodyne beat signal f; (=|f, — £;]) and intermodulation distortion
via tunnelling current by superimposing two different AC signals, f; and £,, onto the DC tunnelling current
at a highly oriented pyrolytic graphite (HOPG) surface. We then obtain spectra of the localized electronic
states of HOPG by using f3. HSTS can be performed with a high resolution and over a wide energy range,
including the terahertz range.

canning tunnelling microscopy (STM) has been extensively used to perform atomic-scale spectroscopy on

surface-quantised energy levels, such as vibrational and spin modes'>. However, the detection of very weak

signals of a single atom at the thermal noise limit, such as a single spin, or the collection of its fine-structured
spectrum is still difficult®. This difficulty is ascribed to perturbation of the quantised energy levels by the excitation
source and to poor energy resolution and/or low sensitivity of the detectors used in scanning tunnelling spec-
troscopy (STS). To overcome these difficulties, here we show a new type of atomic-scale spectroscopy, heterodyne
scanning tunnelling spectroscopy (HSTS), which is based on the innovative application of the nonlinear
heterodyne-mixing detection at the metal-insulator-metal (MIM) heterojunction of STM tip-vacuum-sample”®.
The principle of HSTS is identical to that of the Atacama Large Millimeter Array (ALMA) space telescope in terms
of using heterojunction for detecting extremely weak signals by converting from terahertz region to lower
frequency regions. The MIM detector of ALMA, which is composed of niobium-titanium-nitride (NbTiN)
tip-insulator-NbTiN, is very similar in shape and size to that of HSTS "'

Results
In scanning tunnelling microscopy (STM) measurements, the STM tip is located close (0.4-0.7 nm) to the sample
surface to achieve tunnelling conditions'. The tunnelling junction is thus created at the tip-vacuum-sample
region, which is regarded as a tiny metal-insulator-metal junction. The tunnelling currents thus exhibit a non-
linear dependence on the sample bias, as shown in Fig. 1a. We first generated and detected the heterodyne mixing
signal in the STM measurements of highly oriented pyrolytic graphite (HOPG). A two-tone AC signal was
superimposed onto a DC tunnelling current. The two-tone signal consists of the sinusoidal wave (f>) and the
fundamental component (f;) of the distorted rectangular wave (see Methods). Frequency f; was maintained at
3000 Hz, whereas frequency f, was varied as 3750, 3500, 3250, 2750, 2500 and 2250 Hz. We then measured the
AC components in the tunnelling current using a fast Fourier transform (FFT). As shown in Figs. 1b and lc,
differential signals of f; = |f, — f;| were clearly observed in addition to the f; and f, signals, indicating that the f;
signal was the heterodyne differential beat signal; i.e., the heterodyne mixing occurred because of the so-called
‘squared law’. Thus frequency f; can be intentionally and finely tuned using heterodyne mixing. Note that we
could generate and detect f; signal with audio frequency of kHz (3.623 kHz) in tunnelling current by the
heterodyne mixing of two microwave f; (1.999996380 GHz) and f, (2.000000020 GHz) signals (see Supple-
mentary Information).

We subsequently controlled the intensity of the beat signal of f; by changing the intensity of f, while main-
taining a constant intensity of f;. Fig. 2 clearly indicates that the intensities of f; increased linearly with increasing
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Figure 1| Generation and detection of the heterodyne beat signal. (a), I-V curves: Tunnelling current as a function of the sample bias of HOPG.
(b), Spectral densities of f;, f>and f; with variation of the frequency of f, (blue curves). The spectra at the f; region are shown with fivefold intensity by red
curves. The FFT resolution was set as 19.53 Hz. (c), The f; frequency plotted against the f, — f; frequency. In all cases, measurements were conducted at
300 K (set-point: tunnelling current I; = 450 pA and sample bias V; = 250 mV).

intensity of f, and that the intensity of f; was always one order of
magnitude smaller than that of f, because of a heterodyne loss. The
deviation from linearity is attributed to the thermal drift of the STM
instrument at 300 K. The intensity of the beat signal can thus be well
controlled through input signals.

Notably, side-band signals are generated when we superimposed a
two-tone signal with differential frequency of 10 Hz (f; = 610.0 and
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f>=600.0 Hz) as shown in Fig. 3 (see Supplementary Information).
The side-band signals are observed at the lower and upper side of the
two-tone signal. The upper-side-band peaks are also observed at 30—
80 Hz. These side-band signals are ascribed to so-called ‘intermodu-
lation distortion (IMD)’, i.e., the side-band signals are generated by
the interaction between the two AC signals with similar frequencies
in the two-tone signal at a non-linear junction. Important point is
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Figure 2 | Intensity control of the heterodyne beat signal. (a), Spectral density of f; (3007.8 Hz), f> (2753.9 Hz) and f; (253.9 Hz) with variation of
the intensity of > at 300 K (set-point: tunnelling current I, = 450 pA and sample bias V; = 250 mV). The FFT resolution was set as 19.53 Hz. The spectra
at the f; region are also shown with 5 (10, 20 or 50) times greater intensity in each spectrum. (b), (f; intensity/f, intensity) plotted as a function of the f,

intensity.
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Figure 3 | Intermodulation distortion. Spectral density of AC components in tunnelling current when the two-tone signal comprising two AC signals,
frand f>(f; = 610.0 and f>, = 600.0 Hz), are superimposed onto the DC tunnelling current at 4.0 K (set-point: tunnelling current I, = 350 pA and sample

bias V; = 75 mV). The FFT resolution was set as 9.77 Hz.

that the IMD has been observed at the tunnelling junction of STM for
the first time.

On the basis of these results, we propose a new concept of spec-
troscopy: heterodyne scanning tunnelling spectroscopy (HSTS), as
shown in Fig. 4. The concept is to use the f; heterodyne beat signal as
an excitation source as well as a probe of quantised states. Because the
heterodyne mixing occurs at the tunnelling junction, the spectro-
scopy can be performed at the selected position only and with atomic
resolution"’. The intensity of the f; signal is sufficiently weak to avoid
unnecessary perturbation of quantised states, such as local heating of
the sample. Various types of HSTS are expected. For example, res-
onance/absorption spectroscopy can be performed by scanning the
frequency of the heterodyne beat signal, f;, when the two-tone signal
comprising two AC signals, f; and f,, is input into tunnelling cur-
rents. The intensity of f; is simultaneously measured to perform the
resonance/absorption spectroscopy. In another method, quantised
states with very weak signals with a thermal noise limit as low as
—174 dBm'" can be regarded as f>. In this case, the f; AC signal witha
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sufficiently large intensity (such as an intensity of 0 dBm) is input,
and the f; heterodyne beat signal is detected as a probe signal. The
surface quantised states with f> can thus be effectively identified with
amplification of heterodyne detection. Furthermore, the f; beat sig-
nal can be used as a probe in conventional STS measurements, as
described later. HSTS offers three unique characteristics:

i)  Selective energy region

The frequency of the f; signal can be very precisely controlled in
the megahertz-to-petahertz (MHz-PHz) frequency range by control-
ling the input, f; and f,, AC signals using coherent radiation, such as
microwave and ultraviolet radiations. Thus, HSTS can be used to
perform local spectroscopic measurements in the terahertz (THz)
frequency region, which is currently difficult with other techniques
because useful power generation and receiver technologies are inef-
ficient and impractical (this problem is thus referred to as the “THz
gap’)®"®. In principle, HSTS can access an extremely wide energy
range, from the nano-electron volt (neV) to the electron volt (eV),
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Figure 4 | Schematic of heterodyne scanning tunnelling spectroscopy (HSTS). HSTS can access a wide energy range from the nano-electron volt (neV) to
the electron volt (eV) range to perform fine spectroscopy with pico-electron volt (peV) energy resolution and atomic spatial resolution (see text).
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Figure 5 | Example of the application of HSTS. (a), Conventional STS
spectrum measured by the lock-in detection method (solid line) and HSTS
spectra measured by FFT (circle and triangle plots for the f; and f, signals,
respectively). The measurements were conducted at the same position near
the defect of HOPG at 3.23 K (set-points in both conventional STS and
HSTS: tunnelling current I, = 100 pA and sample bias V; = 150 mV). For
HSTS, the intensities of f; (3501.0 Hz) and f, (3200.7 Hz) were measured
by FFT after normalization by the intensity of input signals of f; and f, as
functions of the sample bias (see Supplementary Information). The FFT
resolution was set as 2.44 Hz. The conventional STS spectrum was
measured using the lock-in detection technique with a modulation bias of
20 mV (peak-to-peak amplitude) at 3.5 kHz. (b), The intensity of the
heterodyne beat signal f; (300.3 Hz) measured by FFT was plotted as a
function of the sample bias (red circles). The absolute value of the
numerically conducted first derivative of the dI/d Vspectrum measured by
the lock-in detection technique (Id*I/dV?|, dashed line) is plotted on the
right y-axis.

for fine spectroscopy. HSTS can be used to construct a two-
dimensional map of the selected specific energy level with atomic
spatial resolution.

ii) High energy resolution and time resolution

Energy resolution of f; on the order of pico-electron volts (peV)
can be attained by locking the input signals, f; and f,, to the external
reference signals with high accuracy, such as those of quartz, rubid-
ium and caesium standards'*'*"”. For example, Larmor precession of
the single spin (gigahertz, GHz) in a sample or molecular rotation/
vibration of an adsorbed molecule (THz) on a sample can be inves-
tigated at peV resolution with atomic spatial resolution, as suggested
in Fig. 4. Time-resolved spectroscopy, such as investigating the
dynamical reaction behaviour of atoms and molecules or spin
dynamics'®?, can also be analysed by HSTS because of the FFT
relationship between ‘time domain’ and ‘frequency domain™'. For
example, at the resonant condition, the phase-change dynamics under

the specific external field of the specific energy mode can be analysed
by detecting the intensity as a function of the input phase of f;.

iii) Fine structure analysis

In general, the analysis of fine structures in electron spin res-
onance (ESR) or infrared absorption (IR) is very important because
they contain rich information of the quantised states and their inter-
actions. In HSTS, we observed that IMD generates the side-bands
shown in Fig. 3, which correspond to the fine structure in the spectra.
The fine structure can thus be analysed by beat down in a lower-
frequency region.

Finally, we demonstrate the application of HSTS and compare
the results with those obtained by conventional STS measured by
the lock-in detection method. Fig. 5a shows the spectrum obtained
for conventional STS using the lock-in detection method (solid
line) and spectra obtained for HSTS (circle and triangle plots).
Both conventional STS and HSTS measurements were conducted
at the same tip position near the defect of HOPG with the same
tip-sample distance at 3.23 K. For HSTS measurements, we super-
imposed the two-tone signal comprising two AC signals of f;
(3501.0 Hz) and f, (3200.7 Hz) onto the DC tunnelling current.
The AC components of f; and f> and the heterodyne beat signal of
f3 in the tunnelling current were measured by FFT; the intensities
of these components are plotted in Figs. 5a and 5b after normal-
ization by the intensity of the input AC signals (see Supplementary
Information). The agreement between the results of conventional
STS and HSTS in Fig. 5a indicates that the f; and f, intensities are
proportional to the first derivative of the tunnelling current, dI/dV.
Here, in addition to the parabolic shape of the spectrum due to the
tails of the m and ©* bands of graphite, a localised state peak near
the Fermi level was observed at —285 mV. This peak is considered
to represent the localised states related to the non-bonding p,
orbital (edge state) of carbon because of the partial breaking of
the m-conjugated system of the graphite surface by the presence of
the defect?®?*. With respect to the f; signal, the f; intensity is
clearly proportional to the second derivative of the tunnelling cur-
rent, d’I/dV?, as shown in Fig. 5b. These results can be explained as
follows:

The tunnelling current I{E + k(sin ®;t + sin w,t)} can be repre-
sented as

I{E+k(sin o;t + sin a,t)}

1
=HD+F@M@nmt+ﬁnm0+5V@M2

. ) (1)
{1 + cos(®; — )t —cos(®; + ) E — 3 cos(2m;t) — 3 cos(Zmzt)}

+ ...

where I(E) is the DC tunnelling current at sample bias E and
k(sin ot ) and k(sin m,t ) are the applied AC biases. The intensities
of both AC signal components with frequencies w; and w, are
proportional to the first derivative of the tunnelling current, I'(E),
which corresponds to the local density of states in STS'. Thus, the
plots of f; (= /27) and f, (= 0, /27) exhibit the same shape as the
conventional STS spectrum as shown in Fig. 5a. In equation (1), the
intensity of the heterodyne differential component (®; — ;) is pro-
portional to the second derivative of the tunnelling current, I"(E).
Thus, the plots of f; (=|®; —®,|/27) exhibit the same shape as the
derivative of the STS spectrum (d’I/dV?) as presented in Fig. 5b.
These results indicate that HSTS has been established such that
the tunnelling junction simultaneously produces the heterodyne beat
signal (second derivative of the tunnelling current) and homodyne
signal (first derivative of the tunnelling current). Thus, HSTS can
also be applied to the inelastic electron tunnelling spectroscopy
(IETS) measurement'%
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Discussion

In this work, we applied the heterodyne mixing method used in the
ALMA space telescope to STM with the heterojunction of the STM
tip-vacuum-sample. The heterodyne beat signals were observed to
be generated by two different high-frequency signals via sample bias
in the STM measurement of HOPG. Then, we successfully obtained
the STS spectra using the heterodyne mixing method. The detection
of the heterodyne signal is expected to open a new class of STS for the
detection of any quantum energy level of a single atom with high
resolution. In principle, the HSTS can access any energy level —from
the nano-electron volt to the electron volt—with high-precision
pico-electron volt energy resolution without unnecessary perturba-
tion of the measurement system.

Methods

Supplementary Fig. S1 shows a schematic of our experimental setup. All measure-
ments were performed in a UHV STM chamber (USM-1400, UNISOKU) with a base
pressure of 1 X 10~ Pa. A commercial STM controller (SPM controller, Nanonis)
and a Pt-Ir tip (STM probe, Pt:Ir = 8:2, UNISOKU) were used. Fresh HOPG (ZYA-
grade, Panasonic) was used as the sample; it was cleaved in air using adhesive tape and
then placed in the UHV chamber. Two different frequency AC signals (i.e., a two-tone
signal) were applied to the sample surface under a DC sample bias voltage in the STM
system. One of the AC signals was generated by the STM controller (this signal
exhibited a distorted rectangular waveform, where the fundamental wave is used as
one of the signals in the two-tone signal) and the other AC sinusoidal signal was
applied to the sample by an external oscillator (HP 3324A synthesised function/sweep
generator, Agilent). Heterodyne beat signals were detected via the tunnelling current.
The tunnelling current was amplified by a pre-amp (DLPCA200, FEMT), and then
detected by a pico-ammeter integrated into the STM controller. The spectral density
of the tunnelling current was obtained via a spectrum analyser integrated into the
STM controller; FFT with a resolution of 19.5, 9.77 or 2.44 Hz was performed. In this
work, each FFT spectrum was obtained without data accumulation. The frequency
region for HSTS measurements was selected as the kHz region to verify the HSTS
model theory, at which the effects of floating capacitances, inductances and resis-
tances on the spectra'* are negligible. The comb signal that should be originated from
the distorted rectangular wave will be described in our future publication. Here, we
discuss the heterodyne mixing between two input AC signals of two sinusoidal waves
(the fundamental wave of distorted rectangular wave and the sinusoidal wave).
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