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Using the AC Josephson effect in the superconductor-vacuum-superconductor tunnel junction of a

scanning tunneling microscope (STM), we demonstrate the generation of GHz radiation. With the

macroscopic STM tip acting as a k/4-monopole antenna, we first show that the atomic scale

Josephson junction in the STM is sensitive to its frequency-dependent environmental impedance in

the GHz regime. Further, enhancing Cooper pair tunneling via excitations of the tip eigenmodes,

we are able to generate high-frequency radiation. We find that for vanadium junctions, the

enhanced photon emission can be tuned from about 25 GHz to 200 GHz and that large photon flux

in excess of 1020 cm�2 s�1 is reached in the tunnel junction. These findings demonstrate that the

atomic scale Josephson junction in an STM can be employed as a full spectroscopic tool for GHz

frequencies on the atomic scale. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4905322]

The frequency band ranging from GHz to THz frequen-

cies is extensively used to probe charge carriers and their spin

dynamics in solids and rotational motions of molecules,

addressing problems in biology, physics, and astronomy.1–3 It

is of particular interest to introduce this frequency range into

the vivid research field of nanoscale science, in order to inves-

tigate nanoscale objects, such as individual molecular mag-

nets,4 and the physics of individual nuclear as well as

electronic spins.5,6 However, generating and guiding this radi-

ation requires adaptation to the experimental conditions of

local probe experiments, like scanning tunneling microscope

(STM), for instance, adding another level of complexity. To

date, all realizations of an STM employing high frequency

(HF) radiation feed externally generated HF-signals into the

junction by means of optical guiding or waveguides.7,8

In this study, we circumvent the external feed by

exploiting the AC Josephson effect in the tunnel junction of

an STM.9,10 High-frequency radiation can both be generated

and detected by the AC Josephson effect, which acts as a

perfect voltage U to frequency � converter through the rela-

tion h�¼ 2eU—in a simplified picture describing inelastic

Cooper pair tunneling. Moreover, Josephson junctions with

small junction capacity CJ, as is the case for an STM tunnel

junction, reveal a high sensitivity to their electromagnetic

environment.11 These unique properties of the AC Josephson

effect in combination with the local probe capabilities of an

STM make the AC Josephson STM an ideal broadband

atomic scale spectroscopy tool under UHV conditions.

Here, we show how a Josephson junction in an STM

couples directly to the immediate electromagnetic environ-

ment. We use a thin vanadium (V) wire (250 lm diameter)

as STM tip and a V(100) sample to create a nanoscale

Josephson junction as shown in Fig. 1(a). Experiments are

carried out in an STM operating at a base temperature of

T¼ 15 mK,12 so that both tip and sample are well in the

superconducting state.13 Moreover, we show that the STM

tip acts as a monopole antenna through the coupling between

the Josephson junction and its environment. The tip’s

frequency-dependent impedance enhances Cooper pair tun-

neling at resonance facilitating the generation of a large pho-

ton field in the tunnel contact.

Fig. 1(b) displays the measured in-gap tunneling

current-voltage spectrum I(U) of a voltage-biased Josephson

junction using an l¼ 1.7 6 0.1 mm long STM tip. It exhibits

a prominent supercurrent peak at about 614 lV, which is a

signature of the DC Josephson effect usually occurring at

zero bias voltage. Here, fluctuations of the phase coherence

between the two superconducting electrodes imposed by

thermal noise in the environment shift this peak to finite

bias, as reported for STM experiments before.14–17 In addi-

tion, the I(U)-spectrum features several current peaks at

higher bias voltages labeled �1,2,3. Their position does not

depend on temperature, on magnetic field, nor on the normal

state tunneling resistance. We further investigated the in-gap

differential conductance spectrum dI/dU of the tunnel junc-

tion, which is shown in Fig. 1(c). For different superconduct-

ing order parameters Dtip of the tip, we find different voltage

positions eU¼Dtip of the Andreev reflections. The positions

of the current peaks �1,2,3, however, remain unchanged.

Therefore, we can exclude these features to originate from

multiple Andreev reflections.18 In the following, we will

show that the current peaks represent the eigenmode spec-

trum of the STM tip acting as a monopole antenna.

Schematically, the tunnel process is shown in Fig. 2(a),

where a tunneling Cooper pair disposes of excess kinetic
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energy 2eU by emitting a photon of energy h�¼ 2eU.

Resonances in the electromagnetic environment facilitate

Cooper pair tunneling, which can be detected as current

peaks in the spectrum. The best framework to quantitatively

describe a nanoscale Josephson junction of small capaci-

tance, as is the case in the STM, is the P(E)-theory.11,19,20

Here, the Cooper pair tunneling current is described as

IðUÞ ¼ ðp�hI2
0=4eÞ � ½Pð2eUÞ � Pð�2eUÞ�, where �h is the

reduced Planck’s constant, e is the elementary charge, I0

denotes the critical Josephson current, and P(E) is the proba-

bility for a Cooper pair to emit (E> 0) or absorb (E< 0) a

photon of energy E¼ h�¼ 2eU. The only input needed is

an analytic description of the environmental excitation

spectrum, which in P(E)-theory is treated as a complex,

frequency-dependent impedance Z(�).

In the STM, the immediate environment of the Josephson

junction is the tip, tip-holder, and the sample. As the contact

of tip and tip-holder is low-ohmic and the tunnel contact to

the sample is high-ohmic (RT ¼ 104–106 X), we approximate

the tip assembly as open-ended. Thus, the STM tip has the

electric properties of a k=4-monopole antenna, commonly

used for broadcasting applications. In this sense, the tip-holder

forms the “antenna ground plane” (see Fig. 1(a)).21 The STM

tip shares a similar eigenfrequency spectrum with resonances

at about �n ¼ ð2nþ 1Þ � c=ð4ðlþ l0ÞÞ, n¼ 0, 1, 2. Here, c

denotes the speed of light and l is the tip length with an exten-

sion l0 corresponding to an electrical lengthening of the

tip.22,23 The schematic electric field pattern derived from this

impedance analysis is also shown for the three lowest eigenm-

odes �0,1,2 in Fig. 1(a). For the calculations within the P(E)-

theory, we can approximate the impedance of the monopole

antenna by an open-ended transmission line impedance having

an effective resistance and the corresponding eigenfrequency

spectrum.24

The fit of the total Cooper pair current spectrum with the

P(E)-theory is shown in Fig. 2(b).24–26 We find good agree-

ment in the low-frequency region of the supercurrent peak as

well as in the high-frequency region of the spectral resonan-

ces. The resonant current features relate directly to the

employed impedance spectrum Z(�), confirming the coupling

between Josephson junction and tip eigenmodes. The abso-

lute amplitude of the entire I(U) spectrum is determined by

the critical Josephson current I0. The values obtained from

the fits at different tunnel conductances are shown in Fig.

2(c). They are in good agreement with the calculated values

from theory,24,27 which validates the consistency of the fit pa-

rameters. By contrast, the actually measured supercurrent

peak height ISCP, shown in Fig. 2(c), is much smaller than the

fitted critical current I0 typical for underdamped junction dy-

namics.28,29 This observation is consistent with the small

FIG. 1. (a) Comparison of microscopic and macroscopic structures and processes: The macroscopic picture shows the vanadium tip attached to the copper tip-

holder which together forms the monopole antenna. The Josephson junction is created with the V(100) sample beneath the STM tip. The electromagnetic

eigenmodes of this structure, n¼ 0, 1, and 2 are depicted in blue. The close-up illustrates the microscopic process of Cooper pair tunneling and accompanying

photon generation in the atomic scale tunnel contact of STM tip and sample. The sample topography shows the 5� 1 surface reconstruction of the vanadium

(100) sample measured at U¼ 2.5 mV and I¼ 5 nA. (b) Current-voltage spectrum of a voltage-biased Josephson junction in an STM measured at a conduct-

ance of G¼ 0.106G0, with G0 as the quantum of conductance, and at a temperature of T¼ 15 mK. The black arrows indicate the tip eigenmodes �n that corre-

spond to the resonant current features. (c) In-gap differential conductance spectra for measurements with two different tip order parameter Dtip, but for the

same macroscopic tip and at same experimental conditions (T¼ 15 mK and G¼ 0.03G0). The order parameter is depending on the mesoscopic tip shape that

we modified applying bias voltage pulses. The Andreev reflections corresponding to the sample order parameter Dsample and tip order parameter Dtip are indi-

cated. The inset is a close-up of the dI/dU-signal in the red box.
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total shunt capacity found from the fit C¼ 6.31 6 0.11 fF,

comprising the junction capacity CJ (typically on the order of

femtofarad) and a small albeit unknown contribution from

the residual wire capacity. The extremely small capacitive

shunt promotes fluctuation-induced, premature switching

from the zero voltage DC Josephson state. The underdamped

dynamics is of elementary importance for our concept: It

redistributes the spectral weight of the tunneling probability

P(E) away from the zero voltage state into the finite voltage

regime. This redistribution yields sensitivity of the junction

to high frequency signals, which is necessary in order to

implement the AC Josephson effect as a spectrometer on the

atomic scale.24

We can use this new insight to tune the position of the

resonance current peaks in the nanoscale Josephson junction

by changing the length of the tip on a macroscopic scale. In

this way, we can deliberately enhance or decrease the

Cooper pair tunneling current in specific parts of the spec-

trum. To demonstrate this control, we have measured I(U)

spectra for different tip lengths from l¼ 2.7 6 0.1 mm to

l¼ 0.7 6 0.1 mm shown in Fig. 3(a). It can be clearly seen

that the resonances move to higher energies as the tip length

is reduced. The highest measured current peaks correspond

to resonance frequencies exceeding 200 GHz. Moreover, the

electric properties of a monopole antenna are sensitive to the

geometry of the tip holder, i.e., the antenna ground plane, as

it forms an electric counterweight to the antenna.22 To

demonstrate its impact, we changed the tip-holder surface

area, which is shown in Fig. 3(b). While the antenna length,

l¼ 0.7 6 0.1 mm, stayed the same, the surface area was

increased by a factor of 3. For the larger surface area, the

peak amplitude more than doubles, almost reaching the

supercurrent peak, whereas the tip eigenfrequency �0 does

not change. We can explain this by the improved properties

of the antenna resulting in more efficient coupling to the

Josephson junction.

The lowest resonance frequencies �0 for the different

measured tips and tip-holder shapes are shown in Fig. 3(c) as

a function of tip length. They nicely follow the inverse pro-

portionality expected and from the fit, we can extract a value

for the electrical lengthening of l0¼ 0.46 6 0.04 mm. We

find similar values for �0 from simulations using the finite in-

tegral method on the electromagnetic properties of the tip-

sample assembly—including tip, tip-holder, and sample.24

The values found from the simulations are also plotted in

Fig. 3(c). We find largely good agreement between experi-

ment and simulations also concerning the effect of electrical

lengthening.22,23 In addition, the electric field pattern of the

first three antenna eigenmodes is shown in Fig. 3(d). They

resemble the simplified electric field pattern in Fig. 1(a),

which we derived from a basic, geometric impedance distri-

bution analysis. In the far field, the tip is expected to radiate

with the broad emission angle of a monopole antenna. The

FIG. 2. (a) The left part depicts the conversion of a bias voltage 2eU into a

photon of energy h�n upon Cooper pair tunneling. The center part shows the

excitation of the tip eigenmodes n¼ 0, 1, and 2 and on the right, the

expected measurement signal I(U) is shown schematically. (b) P(E)-theory

based fit to experimental data taken at T¼ 15 mK and G¼ 0.11G0. The com-

plex impedance Z(�) used for the fit is shown below, whose resonance

modes—the tip eigenmodes—are labeled �0,1,2,3. (c) The top graph shows

the fitted and calculated critical current values I0 for measurements at differ-

ent tunnel conductances taken at T¼ 15 mK. The corresponding experimen-

tal supercurrent peak amplitude ISCP—determined as indicated—is shown

below.

FIG. 3. (a) Experimental I(U) spectra, normalized to the supercurrent peak,

for three different tip lengths l1¼ 2.7 6 0.1 mm, l2¼ 1.7 6 0.1 mm, and

l3¼ 0.7 6 0.1 mm from bottom to top, respectively. The arrows indicate the

resonant current features and the corresponding tip eigenmodes �n. (b)

Experimental I(U) spectra, normalized to the supercurrent peak, for meas-

urements with two tip-holders of different surface area, which are sketched

in the inset (corresponding colour). For both measurements, the tip had the

length l¼ 0.7 6 0.1 mm. (c) Fitted and simulated tip eigenmode frequency

�0 vs. tip length l for all tip-assembly geometries used and the fit to the ex-

perimental data. (d) Simulated electric field pattern for the three lowest

eigenmodes �0,1,2 of a l¼ 1.7 mm long tip. The structure used for the simula-

tion also shows the port of excitation and indicates the small space between

tip apex and sample surface, mimicking the tunnel gap.
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field strength is highest at the tip apex. Due to the confined

geometry, we estimate that the near field at the tip apex, i.e.,

in the tunnel junction, to be much larger than the field

strength found from simulations. By reciprocity, the antenna

is most susceptible to absorb radiation at this point, thereby

corroborating the observed strong coupling to the Josephson

junction. It can also be seen that the antenna ground plane

shows enhanced field strength for every mode, which illus-

trates its relevance and the impact observed in our experi-

ments (Fig. 3(b)).

In view of the resonator properties of the STM tip and

the maximum electric field at the tip apex, we look again at

the inelastic tunneling process of Cooper pairs in more

detail: The frequency h� of the emitted photons can be

directly tuned by the applied bias voltage U (2eU¼ h�). The

tip eigenmode spectrum enhances the tunneling probability

of Cooper pairs at specific eigenmode energies h�n. This

means that the tip eigenmode spectrum facilitates the crea-

tion of a photon field in the tunnel junction. Remarkably,

while tunnel process as well as photon generation are local-

ized in the nano-scale tunnel contact of the STM, the macro-

scopic resonator, i.e., the STM tip assembly, necessary to

enhance the tunnel process, can be manipulated on the milli-

meter scale (see Fig. 1(a)). In conjunction with the unity

quantum yield of photon generation, these two different

length scales facilitate a high photon flux / localized at the

tunnel contact. For standard experimental conditions,

G¼ 0.18G0, we find lower and upper boundaries of

1020 � / � 1024 cm�2 s�1, depending on whether we

assume emission to occur in the tunnel contact or within the

superconducting coherence length.13,24 These flux values are

well within the range of flux applied in conventional laser

spectroscopy methods so that we underline the potential of

our approach to be employed as a high-frequency source.

Our findings represent a realization of AC Josephson spec-

troscopy in an STM, a method that has already been success-

fully employed on planar tunnel junction devices.31,32 The

spectrometer frequency is always given by the applied bias

voltage that can be tuned externally. The spectral regions of

enhanced photon generation are determined by the STM tip

length. Hence, in order to cover the entire spectral range of

interest, the next step would be to devise an efficient broad

band resonator that enhances the emission specifically for

spectroscopic applications.

The key properties of the AC Josephson STM spectrom-

eter are its frequency range and its linewidth. The accessible

frequency range is limited by the superconducting order pa-

rameter D of the electrode material. It could be extended into

the THz range by choosing materials with larger D such as

MgB2.30 However, in that case, the junction capacitance and

wire resistance have to be adapted to the higher frequency

range. The linewidth of the spectrometer is limited by the

voltage noise u due to thermal charge fluctuations in the

shunting capacitance
ffiffiffiffiffi
u2

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
kBT=C

p
. Hence, lowest tem-

peratures are necessary in order to minimize the linewidth.

For our current setup, we estimate voltage fluctuations of

about
ffiffiffiffiffi
u2

p
� 12 leV.12 Inserting a larger capacitive shunt

will strongly decrease the linewidth but in turn also decrease

the junction sensitivity to large frequencies, so that the right

shunt needs to be chosen in view of the perspective

application. Nevertheless, we have shown that Josephson

spectrometry is, in principle, possible on the nanoscale.

Together with the local probe capabilities of the STM, we

are one step closer to investigate a myriad of nanosystems

whose excitation spectrum is the GHz range. Examples of

such systems in the spotlight of the scientific community are

single magnetic molecules4,33 or the detection of an individ-

ual nuclear spin.5,34

In summary, we have shown that a macroscopic STM

tip can be employed as a monopole antenna to control the

quantum mechanical tunnel process of Cooper pairs in the

nano-world. Demonstrating the tip’s electromagnetic

eigenmodes to induce Cooper pair tunneling through the

atomic scale Josephson junction, we deliver direct proof for

the AC Josephson effect with an STM. Combining the

exceptional properties of the AC Josephson effect with the

virtues of an STM, we realize a scannable nanoscale light

source of GHz radiation. It operates at high photon flux and

over a wide spectral range. In conjunction with the sensing

properties of the AC Josephson effect, we demonstrate an al-

ternative approach towards spectroscopy of GHz to THz-

signals on the nanoscale.
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