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This work may allow for tuning of the electron-photon coupling constant in the RF region which has
implications for the future spintronics. We found a way to control the exchange interaction energy
in TbPc2 molecule which is crucial for utilizing the Tb 4f spin for quantum information processing.

Combining radio frequency (RF) signals in scanning tunneling microscopy
(STM) attracts attention for electron spin resonance detection of a single molecule. We inject an RF
signal in the STM tunneling junction, which contains a radical molecule of TOV at the sample
temperature of 400 mK. We detected the RF derived signature in the kondo resonance that originated
from spin. We propose a model to modify the Tien-Gordon model for the photon-assisted tunneling
(PAT) process by introducing the electron-photon coupling constant. This work suggests a pathway to
tuning the electron-photon coupling constant in the RF region. In separated study, we found a new
method to control the exchange interaction energy in the SMM, ThPc2, which is critical parameter to
use the Th 4f spin for the quantum information process.
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Background: A combination of scanning tunneling microscopy (STM) with lights attracts wide
attention, which is intended to introduce various spectroscopic techniques into the atomic
scale space resolution of the STM. Among multiple wavelengths of light, the photon energy of
the RF signal covers a spin excitation energy. An example can be seen in recent reports of the
electron spin resonance (ESR) using STM set-up, which shows a resonant spin excitation
signal for a single atom and molecule whose energy resolution can be compared with the
conventional ESR. The dynamic motion of the target spin by the injected RF signal is proposed
for a detection mechanism. The phenomenon suggests that the dynamic of the electron and spin
is a good target of the investigation.

For a combination of RF and devices, many studies utilized the combination of the single
electron transistor (SET); the high frequency of the electric field of the RF signal is used to reveal
the dynamics of the electron in the Coulomb blockade region in the frequency region of GHz. The
behavior of the many-body effect caused by a coherent motion of the electrons such as a Kondo
effect, which is a formation of the spin-singlet state to screen the target spin, is an intriguing
target to be investigated with the electric field modulation in the high-frequencyregion. However,
though an apparent Kondo effect is observed in SET experiments, a limited number of studies

investigated the SET Kondo effect with RF injection.

Purpose of the research: The spectroscopic investigation of the RF injection was started with
a conventional superconductor-insulator-superconductor (SIS) junction using a sharp tunneling
feature of a superconductor state to investigate the combination with the RF. Meanwhile, the
phenomena induced by the RF wave injection in the superconductor (SC) tunneling junction are
called photon-assisted tunneling (PATs) and have been studied for a long time. Pioneered by Tien
and Gorden,?” the inelastic tunneling process understands the modification of the tunneling
conductance near the superconductor gap. The combination with the RF permits a higher-order
tunneling process, a basis of the photon-assisted tunneling (PAT) model. The SIS investigation
is now developed into a more versatile STM-based experiment in which more intriguing physical
phenomena like multiple Andreev reflections (MARs) are extended to more varied physical
systems rather than superconductors.

In this report, we investigate the behavior of the Kondo resonance with the injection of RF signal
in the tunneling junction in the STM set-up. Without the RF injection, a Kondo resonance at the
Fermi level with 2 meV width is observed by the adsorbate of the TOV molecule, which is a pure
organic radical providing an S=1/2 spin state delocalized in the molecule. When an RF signal of
10.4 GHz is injected, the Kondo peak splits into negative and positive peaks. The energy
separation of the two peaks becomes more significant proportional to the AC component of
the electric field of RF signal at the tunneling junction (V,) while the integrated intensity is
constant. The phenomenon can be accounted for by a modulation model of the tunneling bias
modulation with the RF Vac andthe PAT model considering multiple phonon

adsorption/ejection. However, when RF of 9.0 GHz is injected, we found coexisting of the elastic



Kondo feature (zero-bias peak) and the inelastic peak (split peak), which neither model cannot
explain. We propose a model to modify the PAT model of multiple photons by introducing the
electron-photon coupling recently presented in a theoretical model. This work suggeststuning the

electron-photon coupling constant in the RF frequency range.

Methods: Experimentally, we employed ultra-high vacuum (UHV) STM (Unisoku, Japan),
where the sample was cooled using He, and the sample temperature was kept at 400 mK during
the entire observation. The introduction of the RF signal to the STM head is explained in the
supporting information (SI) but briefly illustrated schematically in Figure 1(a). SubMiniature
version A (SMA) cable and connector for RF wave transfer. SMA cables reach the anchor point a
few inches separated from the head. We synthesized 1,3,5-triphenyl-6-oxoverdazyl
(TOV) molecules following previous recipes. The molecules were sublimed from a heated Ta
boat and absorbed on an Au(111) surface at room temperature. TOV is a stable radical whose
spin originates from an unpaired p electron at N atom. We previously reported the bonding
configuration and the Kondo resonance of TOV molecules adsorbed on the Au(111) surface,
executed at the sample temperature of 4.7 K. In the current report, the entire measurement was

executed at the sample temperature of 400 mK.

Research findings: We injected an RF signal into the STM tunnel junction containing spin
S=1/2 p radical at the sample temperature of 400 mK. The p radical shows a Kondo feature with
a width of 2 mV at the Fermi level, which offers a split when an RF signal is injected. The split
fans with the power of the RF, which we reproduced with a simulation with two models; one is
using the modulation voltage, and the other is assuming a multiple adsorption/ejection
of RF photons. However, we observe an elastic component even when the original peak split
widely with the RF, which cannot be simulated with both models. We modify the Tien-Gordon
model so that the elastic and inelastic components are separated, and the two parts' weight is
expressed with a coupling constant A, which is along a recent theory and can reproduce the

experimental result well.
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