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SUMMARY

Molecular-scale spin effects offer potential for nanotechnology and quantum information science, promising 

ultra-fast, low-power devices and enhanced quantum coherence. However, comprehensive understanding 

of these phenomena—especially the influence of superconductivity on spin states and coherent spin trans

port in single-molecule systems—remains limited. This review categorizes spin interactions into three main 

types, namely spin-spin, spin-field, and spin-superconductivity interactions, examining mechanisms such as 

exchange coupling, the Kondo effect, field-controlled spin properties, and molecular spin-superconductivity 

phenomena including single-molecule Josephson junctions. Understanding these interactions is essential 

for advancing quantum device development.

INTRODUCTION

The utilization of electron spin for information processing dates 

back to the discovery of the giant magnetoresistance (GMR) ef

fect in 1988,1,2 a breakthrough that catalyzed the emergence of 

spintronics and redefined the physical underpinnings of modern 

information technology. Conventional spintronic devices pre

dominantly rely on bulk magnetic materials or inorganic hetero

structures to manipulate spin-polarized currents through 

external magnetic fields or spin-orbit coupling (SOC). However, 

as device miniaturization approaches the nanoscale, quantum 

effects become dominant, necessitating a fundamental shift 

toward molecular-scale spintronics—a field that focuses on 

controlling spin states at the level of individual molecules or 

molecular assemblies to harness quantum effects for advanced 

functionalities. At this frontier, localized spins in individual mole

cules or atoms can be precisely engineered, offering unprece

dented opportunities for quantum technologies, including spin- 

based qubits for quantum computing and highly sensitive 

sensors.3–5

The basis of molecular-scale spin control depends on two 

synergistic pillars: function-driven molecular design and 

advanced single-molecule manipulation techniques. Chemi

cally tailored spin-active systems—such as organic radicals,6,7

magnetic metal complexes,8,9 and chiral molecules10,11—serve 

as ideal candidates for exploring spin-dependent phenomena. 

For instance, single-molecule magnets (SMMs) stabilize long- 

lived spin states for quantum information processing,12–14 while 

chiral molecules enable spin-selective electron transport.15,16

Experimentally, techniques like scanning tunneling microscopy 

(STM), mechanically controllable break junctions (MCBJs), and 

electromigration-fabricated nanogaps allow the observation 
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and control of quantum spin effects, such as exchange 

coupling, Kondo resonance, and spin blockade.17–20 Further

more, recent advances have integrated electron spin reso

nance (ESR) with these platforms,21–23 enabling coherent 

manipulation of molecular spins and propelling molecular quan

tum computing.

Despite these advancements, critical challenges persist. Reli

able control of spin states at room temperature is hindered by 

decoherence effects, while the integration of molecular spins 

into a device architecture is often limited by interfacial spin scat

tering and magnetic quenching, which compromise the device 

performance.12,24 Addressing these challenges requires a multi

disciplinary approach that bridges molecular engineering, nano

fabrication, and quantum theory to decode spin interaction 

mechanisms and translate them into functional quantum 

technologies.

In this review, we present a structured overview of molecular- 

scale spin effects, focusing on three principal interaction types: 

spin-spin, spin-field, and spin-superconductivity interactions 

(Figure 1). We analyze the primary mechanisms within each cate

gory, supported by recent advances, to illustrate how these in

teractions shape molecular spin behaviors and contribute to de

vice functionalities. By integrating these perspectives, we 

highlight both current achievements and the challenges that 

remain in leveraging molecular spin effects for quantum-enabled 

technologies.

SPIN-SPIN INTERACTIONS

Spin-spin interactions in molecular systems are generally gov

erned by two key phenomena: exchange coupling between 

localized spins and the Kondo effect originating from spin-con

duction electron interactions. In this section, we will dissect 

these mechanisms and their implications for spin manipulation.

Exchange coupling

Exchange coupling refers to the quantum mechanical interaction 

between the spins of two or more particles (typically electrons), 

leading to the alignment (ferromagnetism) or anti-alignment 

(antiferromagnetism) of their magnetic moments. This coupling 

arises from the Pauli exclusion principle and Coulomb repulsion, 

which dictate electron-spin interactions based on spatial prox

imity and quantum states.

In molecular-scale spintronics, exchange coupling fundamen

tally defines the magnetic and quantum behaviors of nanostruc

tures, influencing phenomena such as the stability of magnetic 

states and overall spin dynamics.25–27 For instance, antiferro

magnetic atomic chains can be constructed by systematically 

assembling Fe atoms on a Cu2N surface using a low-tempera

ture STM (Figure 2A).17 Adjacent atoms exhibit antiferromag

netic coupling (J = 1.2 meV), forming linear atomic chains with 

two distinct Néel states. Remarkably, the thermal switching 

rate between these states remains temperature independent 

below 5 K, suggesting quantum tunneling of magnetization. 

Reducing quantum tunneling can be achieved through exchange 

coupling between two chains, as shown in Figure 2B. Although 

the exchange coupling between the two chains (J′ = 0.03 meV) 

is much weaker than the intra-chain exchange coupling, it signif

icantly suppresses tunneling (Figure 2C). This large difference 

between J and J′, attributed to the crystal structure of the 

Cu2N surface, supports the presence of superexchange-medi

ated interactions within the Cu2N molecular network.

Beyond static systems, exchange coupling enables dynamic 

spin control.28 By using an STM-based electronic pump-probe 

spectroscopy to measure the spin relaxation time of an Fe trimer 

(Figure 2D), researchers can adjust the exchange coupling be

tween the tip and nanomagnet by varying the tip-sample dis

tance. Notably, the spin relaxation times of the central and termi

nal Fe atoms exhibit opposite trends as the tip-sample distance, 

and thus the exchange coupling strength is varied (Figure 2E). 

This precise manipulation, enabled by a Heisenberg exchange 

interaction, emphasizes the value of exchange coupling as a 

tool for controlling quantum states in molecular spintronic 

devices.

Exchange coupling also provides a tunable mechanism for 

controlling spin-state transitions and electron transport. A 

notable example involves embedding a diradical molecule in a 

three-terminal single-molecule junction,29 where an applied 

gate voltage induces reversible redox-state changes 

(Figures 2F and 2G). Inelastic electron tunneling spectroscopies 

for the two stable redox states reveal that the added electron un

dergoes exchange coupling with the two radical spins, trans

forming the molecular magnetic state from a singlet to a doublet 

with three unpaired electrons while maintaining an open-shell 

configuration.

Figure 1. Molecular-scale spin interactions, including spin-spin, 

spin-field, and spin-superconductivity interactions 

Spin-spin interactions—such as exchange coupling and the Kondo effect— 

demonstrate how molecular spins interact to produce distinctive transport 

behaviors. Spin-field interactions highlight the control of spin states by electric 

and magnetic fields within molecular junctions. Spin-superconducting in

teractions reveal emergent quantum phenomena at the interface between the 

spins and superconducting electrodes, including Yu-Shiba-Rusinov (YSR) 

states and single-molecule Josephson junction effects.
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In addition, chemical design can harness exchange coupling 

to control quantum transport. For instance, pyridine-functional

ized Mn(III) Anderson polyoxometalate molecules (Figure 2H) 

exhibit charge-induced magnetic phase transitions.18 When 

the molecule is charged, the added charge not only increases 

the inherent spin but also changes the exchange coupling from 

antiferromagnetic to ferromagnetic, raising the total spin by 1 

(Figure 2I). The ground-state spins of different charge states 

Figure 2. Exchange coupling at the atomic or molecular scale 

(A) Schematic of an Fe chain on the Cu2N surface coupled antiferromagnetically with exchange energy J. Reprinted, with permission, from Loth et al.17 Copyright 

2012, American Association for the Advancement of Science. 

(B) Schematic of Fe chains in different arrays (2 × n and 1 × n) on Cu2N substrates. Yellow and light-blue circles represent Cu and N atoms, respectively. Red and 

blue balls denote Néel states with spin orientations parallel and antiparallel to the tip spin. Reprinted, with permission, from Loth et al.17 Copyright 2012, American 

Association for the Advancement of Science. 

(C) Arrhenius plots of the switching rates for different arrays (1 × 6, 1 × 8, 2 × 4, and 2 × 6). Reprinted, with permission, from Loth et al.17 Copyright 2012, American 

Association for the Advancement of Science. 

(D) Schematic of exchange coupling between a magnetic STM tip and an Fe trimer dependent on the tip-sample distance. The black arrows indicate spin 

orientations of Fe atoms. The gray and blue arrows represent spin orientations of the magnetic tip at larger and smaller tip-sample distances. Reprinted, with 

permission, from Yan et al.28 Copyright 2015, Springer Nature. 

(E) Spin relaxation time (T1) of the Fe trimer as a function of tip position (z). Symbols are experimental data measured on individual Fe atoms, and solid lines are the 

calculated dependence of T1. Reprinted, with permission, from Yan et al.28 Copyright 2015, Springer Nature. 

(F) Structure and magnetism schematics of the neutral and reduced forms of 2,4,6-hexakis-(pentachlorophenyl)mesitylene diradical molecule. Reprinted, with 

permission, from Gaudenzi et al.29 Copyright 2017, American Chemical Society. 

(G) Differential conductance (red) and spin value s (blue) of different redox centers as a function of Vg. Reprinted, with permission, from Gaudenzi et al.29 Copyright 

2017, American Chemical Society. 

(H) Sketch of the pyridine-functionalized Mn(III) Anderson polyoxometalate molecule, gold electrodes, and measurement circuit. Reprinted, with permission, from 

de Bruijckere et al.18 Copyright 2019, American Physical Society. 

(I) Electron configurations of Mn(III) Anderson polyoxometalate molecule under different charge and spin states. The green and red arrows denote spin orien

tations of the center metal and the ligand. Reprinted, with permission, from de Bruijckere et al.18 Copyright 2019, American Physical Society.
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are 1 and 5/2, respectively, with a spin difference of 3/2. 

Following spin-selection rules, single-electron tunneling be

tween these states is forbidden, leading to the ground state 

spin blockade (GSSB). Applying a strong magnetic field shifts 

the high-spin state to the oxidized state, reducing the spin differ

ence to 1/2, thereby lifting the GSSB. This experiment illustrates 

how exchange coupling regulates electron transport via spin-se

lection rules and demonstrates charge-induced magnetic phase 

transitions in high-spin devices, effectively suppressing resonant 

transport.

The Kondo effect

The Kondo effect is a prominent phenomenon related to the role 

of spin in electron transport, manifesting as anomalous conduc

tance near zero bias. The discovery of this effect originated from 

the counterintuitive observation that the electrical resistance of 

certain metals increases at low temperatures.30,31 In 1964, Jun 

Kondo proposed that this behavior arises from enhanced scat

tering due to magnetic impurities.32 Specifically, conduction 

electrons form a surrounding cloud that screens the impurity’s 

magnetic moment, thereby increasing the scattering of electrons 

near the Fermi level—a phenomenon now known as the Kondo 

effect. This effect has been widely studied in nanoscale systems 

with net spin, where it arises from the coupling between a local

ized spin and the spins of conduction electrons, forming a many- 

body spin state, commonly referred to as the Kondo screening 

cloud,33 as shown in Figure 3A. This phenomenon is intrinsically 

rooted in the Pauli exclusion principle and strong electron-elec

tron repulsion.34 As temperature increases, the Kondo effect 

correlates with high-order transport processes, resulting in a 

gradual broadening of the resonance peak with pronounced 

temperature dependence. Applying a magnetic field lifts the 

spin degeneracy of the Kondo resonance, leading to Zeeman 

splitting. Temperature and magnetic field dependencies of 

Kondo resonance thus effectively characterize electron spin 

properties during transport while highlighting quantum transport 

properties in molecular systems.

Early reports of the Kondo effect can be traced back to studies 

on magnetic single-molecule transistors, where the differential 

conductance (dI/dV) measurements revealed a distinct Kondo 

resonance peak near zero bias.19,20 Through single-molecule 

electromigration junctions, the studies have demonstrated that 

the gate voltage can effectively modulate charge and spin states 

in molecules, thereby controlling the Kondo resonance effect 

(Figure 3B). The length of the molecular system also dictates 

whether Coulomb blockade or Kondo resonance predominates 

(Figure 3C). Inspired by these works, the Kondo effect has also 

been extensively studied in various regulations.39,40 One notable 

study is to measure Kondo-assisted tunneling using C60-based 

single-molecule break junctions with ferromagnetic nickel elec

trodes.41 Another is to utilize MCBJs to stretch molecules, 

altering their symmetry and enabling manipulation of molecular 

spin states without applying a magnetic field,35 as shown in 

Figure 3D. With the deepening exploration of Kondo effect mod

ulation, it has emerged as a powerful spectroscopic tool for iden

tifying molecular states exhibiting a non-zero net spin.42–44

In a recent work, Köbke et al.36 used STM to investigate a 

ligand-strapped Ni-porphyrin molecule, demonstrating revers

ible switching between high-spin and low-spin states through 

Kondo resonance modulation (Figure 3E). This study highlighted 

the magnetic bistability through the presence or absence of a 

Kondo resonance, validating a novel concept for ligand-strap

ped single-molecule spin switches with differential conductance 

spectroscopy. The results illustrated the reversible interlocking 

of spin and coordination states through electron injection, 

advancing our understanding of spin-state control in molecular 

systems.

In addition to magnetic metal complex systems, the Kondo ef

fect has also been studied in individual radical molecules.37 For 

example, polychlorotriphenylmethyl (PTM) molecules, inte

grated into single-molecule devices, exhibited Kondo anomalies 

associated with paramagnetism (Figure 3F). Experiments 

involving temperature and magnetic field variations confirmed 

the stability of this Kondo anomaly and identified the origins of 

the magnetism. Moreover, another study reported the evolution 

and universality of the two-stage Kondo effect in a single-mole

cule transistor,38 as shown in Figures 3G and 3H. The Kondo 

resonance effect exhibited universal patterns across tunable pa

rameters such as temperature, magnetic field, and bias voltages, 

showcasing its quadratic dependence. The Kondo effect thus of

fers profound insights into spintronic properties at the molecular 

level and enhances our understanding of spin interactions, which 

are also related to magnetoresistance and superconductivity, 

topics we will explore in subsequent sections.

SPIN-FIELD INTERACTIONS

The interaction between molecular spins and external fields pro

vides a versatile tool for controlling spin states and enabling 

functional devices. This section explores three pivotal phenom

ena: spin-state transitions induced by field perturbations, 

magnetoresistance in spin-dependent transport, and chirality- 

induced spin selectivity (CISS) in chiral molecular systems.

Spin-state transitions

Spin-state transitions are fundamental for dynamically control

ling spin configurations at the molecular or atomic level. Recent 

advances have demonstrated that external fields, such as elec

tric and magnetic fields, can modulate spin states in single- 

molecule systems.45–48 This ability to control spin states holds 

significant promise for quantum information processing and 

spin-based devices.9,13 Several studies have examined innova

tive approaches to harness these transitions, providing insights 

into governing the spin-state dynamics.

A remarkable study by Thiele et al.49 introduced the use of the 

hyperfine Stark effect as an atomic-scale magnetic field trans

ducer, achieving electric-driven nuclear spin resonance in 

SMMs (Figure 4A). Using a TbPc2 single-molecule magnet, 

coupled to source, drain, and gate electrodes, they applied mi

crowave pulses to modulate the hyperfine constant, inducing 

magnetic field oscillations that enabled coherent nuclear spin 

qubit manipulation (Figure 4B).

Beyond hyperfine interactions, methods for measuring single- 

molecule entropy have also proven valuable for understanding 

spin-state transitions.50,52,53 For instance, using an individual ni

tronyl nitroxide radical (Figure 4C), thermocurrent spectroscopy 
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detected transitions between singlet and triplet states across 

different redox states. The molecule’s neutral state displayed a 

doublet ground state with an unpaired electron, while the 

reduced state exhibited a singlet ground state (Figure 4D). 

Importantly, upon applying an external magnetic field, a low- 

lying triplet excited state emerged in the reduced molecule. 

This approach allowed quantification of entropy changes associ

ated with spin-state transitions, illustrating the role of external 

fields in state modulation.

Building on these insights, Yang et al.51 proposed a method to 

regulate quantum spin transitions in a single diradical molecule 

at room temperature (Figures 4E and 4F). By monitoring real- 

time current in a single-molecule junction, they observed transi

tions from closed-shell to open-shell configurations modulated 

Figure 3. The Kondo effect and related phenomena in single-molecule junctions 

(A) The Kondo effect arises from the formation of a many-body spin singlet state between the spins on the molecule and the conducting electrons, leading to the 

establishment of a ‘‘Kondo screening cloud.’’ Reprinted, with permission, from Gehring et al.33 Copyright 2019, Springer Nature. 

(B) dI/dV plots obtained from the single-molecule transistor containing an individual divanadium molecule, demonstrating the influence of gate voltage on the spin 

behavior through the Kondo effect. Reprinted, with permission, from Liang et al.19 Copyright 2002, Springer Nature. 

(C) I-V curves of a single-electron transistor containing cobalt complexes at various Vg. The upper inset features a topographic atomic force microscope (AFM) 

image of the electrodes, highlighting the gap (scale bar, 100 nm). The lower inset provides a schematic representation of the device. Reprinted, with permission, 

from Park et al.20 Copyright 2002, Springer Nature. 

(D) dI/dV plots of a Co spin-crossover single-molecule junction fabricated via the MCBJ method, demonstrating the splitting of the Kondo peaks as a function of 

bias voltage and mechanical stretching. Reprinted, with permission, from Parks et al.35 Copyright 2010, American Association for the Advancement of Science. 

(E) Reversible spin-state switching of complexes 1–3 on Ag(111) is demonstrated through topographs showing complex 2 transitioning between low-spin and 

high-spin states, validated by the Kondo effect. Reprinted, with permission, from Köbke et al.36 Copyright 2019, Springer Nature. 

(F) Schematic diagram illustrating MCBJ-based single-molecule junctions involving free radicals, along with the temperature and magnetic field modulation of 

their Kondo effect. Reprinted, with permission, from Frisenda et al.37 Copyright 2015, American Chemical Society. 

(G) dI/dV plots showing the second-order Kondo resonance effect of MnPc molecular junctions under different gate voltages at 280 mK. Reprinted, with 

permission, from Guo et al.38 Copyright 2021, Springer Nature. 

(H) dI/dV curves showing the two-stage Kondo effect of MnPc molecular junctions at Vg = − 2 V and various temperatures. Reprinted, with permission, from Guo 

et al.38 Copyright 2021, Springer Nature.
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by temperature, bias voltage, and magnetic fields. Specifically, 

applying an electric field reduced the potential energy gap be

tween the closed-shell singlet and open-shell triplet states, facil

itating the transition. Similarly, an increase in magnetic field 

strength promoted the transition to the triplet state. These find

ings emphasized the critical role of spin-state transitions in quan

tum thermodynamics and offer new methods for characterizing 

spin behavior in molecular systems, although stable manipula

tion of quantum spin states at room temperature remains a sig

nificant challenge.

Magnetoresistance

Magnetoresistance (MR) is the change in electrical resistance 

when a magnetic field is applied, commonly defined by MR = 

([RB − R0]/R0) × 100%, where RB and R0 are resistances with 

and without a magnetic field, respectively. MR has important ap

plications in hard disk drives and magnetoresistive memory, and 

research into MR at the molecular scale is increasing as the de

mand for higher storage densities grows.54,55 The focus in mo

lecular MR research is the interplay between magnetic fields, 

molecular structure, and spin-polarized transport. Investigations 

often encompass two main types: magnetic molecules with 

intrinsic spins and non-magnetic molecules paired with mag

netic electrodes.

A critical factor governing MR in both molecular and macro

scopic systems is the spin-dependent hybridization at the mole

cule-electrode interface. This phenomenon, termed the ‘‘spinter

face’’ effect,56,57 arises when molecular orbitals hybridize with 

spin-split electronic states of ferromagnetic electrodes. The 

spinterface mechanism, first demonstrated in molecular layers 

on ferromagnetic substrates,56 induces spin-polarized broad

ening of molecular energy levels and creates spin-selective 

Figure 4. Spin-state transitions in single-molecule devices 

(A) Schematic of a nuclear spin qubit transistor based on a single TbPc2 molecular magnet. The four anisotropic nuclear spin states of Tb3+ (colored circles) can be 

manipulated via an electric field pulse. Reprinted, with permission, from Thiele et al.49 Copyright 2014, American Association for the Advancement of Science. 

(B) Three coupled subsystems of the nuclear spin qubit transistor mediated by the hyperfine coupling and antiferromagnetic exchange coupling. Reprinted, with 

permission, from Thiele et al.49 Copyright 2014, American Association for the Advancement of Science. 

(C) Sketch of a radical molecule with a nitronyl nitroxide side group connected to source and drain electrodes. The red arrows indicate electron tunneling on and 

off the radical molecule. Reprinted, with permission, from Pyurbeeva et al.50 Copyright 2021, American Chemical Society. 

(D) Bias and gate voltage-dependent differential conductance (top left) and thermocurrent (top right), and entropy change as a function of the magnetic field 

strength (bottom) of a single-molecule junction in (C). Error bars are the fitting errors and the limitations of the fitting equations explained in Pyurbeeva et al.50

Reprinted, with permission, from Pyurbeeva et al.50 Copyright 2021, American Chemical Society. 

(E) Real-time current detection for quantum spin transitions of individual diradical molecules. Conductance states (blue, yellow, and red Gaussian fits) correspond 

to closed-shell singlet, open-shell singlet, and open-shell triplet configurations of the diradical. Reprinted, with permission, from Yang et al.51 Copyright 2024, 

Springer Nature. 

(F) Resonant structural transitions between closed-shell and open-shell forms of the diradical molecule. Reprinted, with permission, from Yang et al.51 Copyright 

2024, Springer Nature.
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transport pathways. In single-molecule devices, this effect en

ables precise control over spin-dependent transport by aligning 

molecular orbitals with the spin-polarized density of states of 

electrodes.

In magnetic molecular systems, MR arises from field-depen

dent spin and orbital interactions. A striking example is the 

Dy@C84-based single-molecule transistor, which exhibits giant 

MR (1,100%) under specific electric fields (Figures 5A and 

5B).58 This effect arises from the metal-cage hybridization within 

the fullerene, where an increased magnetic field reduces orbital 

overlap and hybridization density. According to the Landauer 

model, the resulting decrease in density of states lowers current, 

thereby enhancing MR.

The interplay between MR and the Kondo effect reveals how 

spin interactions govern transport. In PTM radical molecular 

junctions formed using MCBJs,59 the high MR results from 

spin-dependent scattering at the metal-molecule interface, while 

the Kondo effect arises from unpaired spins in the asymmetri

cally coupled molecule center (Figures 5C and 5D). Notably, mo

lecular junctions with strong Kondo resonance display reduced 

MR, whereas more symmetric junctions, which lack significant 

Kondo effects, exhibit higher MR. In addition, MR can be tuned 

by mechanically stretching the junction. This interaction under

scores the crucial role of molecular coupling symmetry in modu

lating both spin and charge transport at the molecular scale.

Magnetic anisotropy and multi-orbital effects further enrich 

MR mechanisms. In Fe phthalocyanine,60 a magnetic field can 

modulate electron transport pathways between two distinct mo

lecular orbitals, leading to anisotropic magnetoresistance (AMR) 

of up to 93%. At zero magnetic field, electron transport is domi

nated by Kondo resonance scattering through the dπ orbital. 

However, at higher magnetic fields, the electron transmission 

shifts to the dz2 orbital, with an intermediate field inducing trans

port through both orbitals (Figure 5E). This orbital-selective MR 

demonstrates how molecular design can harness magnetic 

anisotropy for tunable spintronic devices.

For non-magnetic molecules paired with magnetic electrodes, 

MR depends on the relative alignment of electrode spins. 

Crucially, the induction of spin polarization in molecules at ferro

magnetic interfaces is a universal phenomenon, independent of 

the device scale.12,63 For instance, in Alq3 molecules hybridized 

with magnetic surfaces,64,65 interfacial exchange coupling in

duces spin-polarized empty states near the Fermi level, facili

tating efficient spin injection despite the absence of intrinsic mo

lecular magnetism.

In hydrogen phthalocyanine molecules positioned between a 

cobalt-coated tungsten tip and cobalt nanoislands on a Cu 

(111) surface, distinct conductance and MR differences arise, 

depending on whether the spins in the tip and substrate are 

aligned parallel or antiparallel (Figure 5F).61 This effect is driven 

by spinterface-mediated spin-dependent hybridization between 

molecular orbitals near the Fermi level and the electronic states 

of magnetic electrodes.

Similarly, Fe-terephthalic acid (TPA)-Fe single-molecule junc

tions exhibit AMR that increases as the magnetic field strength 

increases or bias voltage decreases (Figures 5G and 5H).62

Here, the altering magnetic orientation of Fe electrodes modifies 

electronic coupling at the TPA-Fe interface, directly affecting the 

probability of electron tunneling. These findings illustrate that 

even simple non-magnetic molecules can exhibit substantial 

MR effects when coupled with magnetic electrodes, empha

sizing the role of spinterface in controlling spin transport.

Chirality-induced spin selectivity

CISS enables non-magnetic chiral molecules to filter electron 

spins through structural chirality—a capability previously exclu

sive to inorganic ferromagnetic materials.15,16 Since its discov

ery in 1999,66 CISS has been observed in diverse systems 

including DNA,67,68 oligopeptides,69,70 helicenes,71,72 and 

organic-inorganic hybrid materials.73,74 One of the fundamental 

methods for observing CISS is contact-based measurements 

of spin transport, whereby altering the magnetic state of a con

tact (either a substrate or tip) changes the current transmitted 

through the molecule.16 This approach is widely used due to 

its straightforward design, avoiding complex spectroscopic 

setups and simplifying data analysis.

DNA exemplifies how the molecular geometry governs the 

CISS effect. In hybridized nanoparticle-double-stranded DNA 

(dsDNA)-nickel complexes on a nickel substrate (Figure 6A), 

spin-dependent conductivity studies revealed that longer 

dsDNA oligomers (40 and 50 bp) exhibited significantly higher 

spin selectivity than shorter ones (26 bp).67 This difference is 

attributed to the larger effective barrier in longer molecules, 

which preferentially suppresses currents of unfavorable spin ori

entations (Figure 6B). Importantly, this level of spin selectivity 

could not be fully explained by SOC, as the effective energy 

gap between the two spin states, approximately 1 eV, is much 

larger than spin-orbit interactions typically observed in carbon- 

based molecules.

In another study, Torres-Cavanillas et al.69 explored CISS in 

self-assembled monolayers of helical lanthanide-binding pep

tides (Figures 6C and 6D). Using cyclic voltammetry, electro

chemical impedance spectroscopy, and solid-state devices us

ing liquid-metal drop contacts, the researchers demonstrated 

that paramagnetic centers in these molecules significantly 

enhanced spin filtering. These findings underscored the crucial 

role of paramagnetic centers in amplifying spin polarization in 

chiral molecular systems.

In addition, Safari et al.71 employed spin-polarized STM at 5 K 

to investigate enantiomers of helicene molecules adsorbed on a 

ferromagnetic cobalt surface (Figure 6E). Their results revealed a 

magnetochiral conductance asymmetry of up to 50%, observed 

when either the molecular chirality or the magnetization direction 

of the STM tip or cobalt substrate was reversed. This study ruled 

out ensemble effects due to electron-phonon coupling or inter

molecular interactions as the primary mechanism behind CISS, 

confirming that the effect is an intrinsic property of chiral 

molecules.

In an innovative application of CISS to reaction monitoring, 

Yang et al.75 tracked stereochemical changes in real time during 

the Michael addition reaction (Figure 6F). By constructing a sin

gle-molecule spin valve device, they quantified the voltage- 

dependent response of different enantiomers and observed 

that the CISS effect gradually diminished as temperature 

increased. This observation supports the spinterface mecha

nism, which attributes CISS to spin-torque interactions between 
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Figure 5. MR effects in single-molecule junctions 

(A) Schematic of a three-terminal Dy@C84 single-molecule transistor and the structure of Dy@C84. Reprinted, with permission, from Wang et al.58 Copyright 2024, 

Springer Nature. 

(B) Variation of the resonant tunneling peaks with magnetic field for a specific molecular state at Vsd = 5 mV. The inset shows the magnetic field dependence of 

MR, which is up to 1,100% at 9 T. Reprinted, with permission, from Wang et al.58 Copyright 2024, Springer Nature. 

(C) An illustration of different configurations of PTM junctions and corresponding Kondo resonance or MR. Asymmetric junctions induce Kondo resonance, while 

symmetric configurations enable the high MR. Reprinted, with permission, from Hayakawa et al.59 Copyright 2016, American Chemical Society. 

(D) MR measurements on different single-molecule junctions of PTM and PTH measured at 4.2 K with a bias of 30 mV. Reprinted, with permission, from Hayakawa 

et al.59 Copyright 2016, American Chemical Society. 

(E) Schematics of the electron transport process through an STM junction with Fe phthalocyanine molecules absorbed on a Au(111) surface at different magnetic 

fields. Left panel (weak magnetic field): Fe spins are oriented in-plane, and current tunnels through the dxz/dyz orbital. Right panel (strong magnetic field): Fe spins 

align with the magnetic field, and electrons predominantly tunnel via the dz2 orbital. Reprinted, with permission, from Yang et al.60 Copyright 2019, Springer 

Nature. 

(F) Typical dI/dV spectra of a hydrogen phthalocyanine molecule on parallel and antiparallel oriented cobalt islands. Reprinted, with permission, from Schmaus 

et al.61 Copyright 2011, Springer Nature. 

(G) Schematic of Fe-TPA-Fe single-molecule junctions under a magnetic field. Reprinted, with permission, from Li et al.62 Copyright 2015, American Chemical 

Society. 

(H) Variations of the conductance and AMR of a single Fe-TPA-Fe molecule with a parallel magnetic field strength at a bias of − 0.1 V. Error bars are the standard 

deviations of five measurements. Reprinted, with permission, from Li et al.62 Copyright 2015, American Chemical Society.
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Figure 6. CISS effects in molecular junctions 

(A) Self-assembled monolayer of ssDNA between the nickel substrate and the tip of the atomic force microscope (AFM) for the measurement of spin-specific 

electron conduction. Reprinted, with permission, from Xie et al.67 Copyright 2011, American Chemical Society. 

(B) Effective barrier for the three DNA oligomers (26, 40, and 50 bp) studied when the magnet is pointing down (blue) or up (red). The absolute value of the barrier 

increases with increasing the DNA length, while the barrier gap between spins of different orientations is independent on their length. Error bars are the un

certainties (±0.2 V) of the effective band gaps. Reprinted, with permission, from Xie et al.67 Copyright 2011, American Chemical Society. 

(C) Structure of the helical metallopeptide used for spin-filtering studies. Reprinted, with permission, from Torres-Cavanillas et al.69 Copyright 2020, American 

Chemical Society. 

(D) Schematic of three-electrode electrochemical cell (left) and liquid-metal EGaIn device (right) for spin-dependent measurements of self-assembled monolayers 

of helical metallopeptides. Reprinted, with permission, from Torres-Cavanillas et al.69 Copyright 2020, American Chemical Society. 

(legend continued on next page) 
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the spin imbalance in chiral molecules and the surface magneti

zation of metallic electrodes.

However, the physical origin of CISS remains actively 

debated, with multiple competing hypotheses under investiga

tion. Early theoretical models emphasized SOC, but experi

mental spin-dependent energy scales far exceed intrinsic 

SOC values of light organic elements.15,76 This discrepancy 

has driven proposals for enhanced effective SOC through intro

ducing various factors into theoretical models. Meanwhile, 

temperature-activated polarization in systems like dsDNA and 

chiral quartz crystals suggests contributions from electron- 

phonon interactions or chiral phonons.77,78 Recent studies 

also implicate that orbital polarization effects,79,80 assisted by 

the strong SOC of metallic electrodes, can induce spin polari

zation, enabling CISS-driven magnetoresistance and spin- 

valve effects. Collectively, these studies highlight that CISS 

likely arises from a confluence of mechanisms—spanning mo

lecular chirality, vibrational dynamics, and interfacial SOC— 

with their relative dominance dependent on system-specific 

conditions.

SPIN-SUPERCONDUCTIVITY INTERACTIONS

The interaction between spin and superconductivity has 

emerged as a frontier topic in spintronics,81 where understand

ing the interplay between Cooper pairs in superconducting elec

trodes and the physical properties of conducting molecules is 

essential for developing superconducting spintronic devices. 

When magnetic atoms or molecules are coupled to the super

conductor interface, they introduce a scattering potential 

for quasiparticles in the substrate, leading to the formation of 

bound states commonly referred to as Yu-Shiba-Rusinov 

(YSR) states.82–84 In this section, we explore how molecular sys

tems serve as versatile platforms to probe these interactions, 

with a particular focus on three key themes: (1) the competition 

between Kondo screening and superconductivity; (2) the engi

neering of multiple YSR states; and (3) superconductivity- 

enabled spin control.

A key breakthrough in this field was the observation of the Jo

sephson junction effect at the single-molecule level in C60-based 

transistors,85 as illustrated in Figures 7A and 7B. By engineering 

devices with varying Kondo coupling strengths, researchers re

vealed that superconductivity disrupts the Kondo peak in the 

weak coupling regime. This indicates a coexistence and compe

tition among Coulomb repulsion, the Kondo effect, and super

conductivity under gate control conditions.

Notably, the Kondo effect arises from the interaction between 

molecular spins and the conduction electrons of the electrodes, 

while the conduction electrons in the superconducting elec

trodes tend to form Cooper pairs, leading to competition be

tween the two phenomena. When the Kondo coupling is weak, 

Cooper pairs in the electrodes suppress the Kondo effect, allow

ing only YSR states to be observed instead of Kondo resonance 

peaks. In 2011, Franke et al.86 utilized STM to probe manganese- 

phthalocyanine (MnPc) molecules on a Pb(111) surface. They 

observed spatial variations in Kondo resonance and YSR 

states, directly linking molecular adsorption geometry to the 

quantum phase transition between singlet and doublet states 

(Figure 7C). These studies laid a solid foundation for exploring 

the interplay between the Kondo effect and YSR states within 

molecular systems, enabling further research into multiple YSR 

systems.

The origins of multiple YSR states within the superconducting 

gap are influenced by mechanisms such as magnetic anisotropy 

and SOC.87,88 For instance, in the MnPc/Pb(111) system, mag

netic anisotropy splits the S = 1 spin state into three energy 

levels, generating three pairs of YSR states (Figure 7D).87 Simi

larly, SOC in the molecular magnet Tb2Pc3 on Pb(111) 

(Figure 7E) led to YSR sub-band states.88 The two pairs of 

YSR states arose from the splitting of the lowest unoccupied mo

lecular orbital and charge fluctuations, demonstrating that the 

system corresponds to a weakly coupled double-impurity YSR 

model within a single molecule.

Moreover, applying superconducting characteristics to the 

study of intrinsic properties of molecules is of paramount impor

tance. For example, superconducting gaps can protect molecu

lar spin states and excitations without decay for several micro

seconds by limiting electronic states near the superconductor 

Fermi level, preventing energy relaxation into the substrate,89

as shown in Figure 7F. This phenomenon provides a platform 

for quantum information processing based on molecular 

magnets and enables excitation and readout of spins on 

superconducting substrates. In addition, the proximity effect of 

superconductors can effectively probe the transport properties 

of molecules.91,92 Intriguingly, non-magnetic chiral molecules, 

such as chiral alpha-helical polypeptide molecules on NdSe2, 

induce YSR-like states on superconducting surfaces.93 Another 

study reported that the Kondo effect can be reversibly turned on 

and off using a superconducting Nb tip.94 By adjusting the tip- 

sample distance at low temperatures, a reversible switch be

tween the Kondo dip and inelastic electron tunneling was 

achieved. When the tip picked up the molecule, the Kondo dip 

transitioned into a YSR state within the superconducting gap, 

offering a new approach for controlling the Kondo effect in sin

gle-molecule junctions.

Recent advancements in nanostructured superconductors 

focus on atomic-level control. Single-atom Josephson junc

tions have been fabricated and utilized to investigate non-recip

rocal charge-transport processes in diodes.90 As shown in 

Figure 7G, three different atomic junctions—Pb, Cr, and Mn— 

demonstrated the asymmetry of current modulation through 

junction conductivity, with the sign of the asymmetry depend

ing on the type of atom used. This work integrated atomic- 

scale Josephson junctions with single-atom manipulation to 

explore the ultimate limits of superconducting junction minia

turization. Collectively, these investigations into the complex 

(E) Magnetochiral conductance measurements based on the spin-polarized STM, with the enantiomer of heptahelicene molecules on a ferromagnetic surface 

exhibiting different conductance. Reprinted, with permission, from Safari et al.71 Copyright 2024, Wiley-VCH GmbH. 

(F) Schematic of a single-molecule spin-valve device for monitoring the Michael addition reaction. Nickel electrodes enable spin-polarized injection, with in situ 

electrical measurements during the reaction. Reprinted, with permission, from Yang et al.75 Copyright 2023, Springer Nature.
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interplay between spin and superconductivity provide a rich 

experimental basis for studying quantum phenomena at the 

nanoscale.

Conclusion and outlook

Molecular-scale spintronics, as pioneering quantum technol

ogy, transforms our understanding of microscopic physical 

Figure 7. The interplay between spin and superconductivity 

(A) dI/dV plots of a C60 single-molecule junction in the weak-coupling limit. The inset shows an SEM image of an aluminum nanogap created by electromigration 

(scale bar, 300 nm), measured at zero magnetic field and T = 35 mK. Reprinted, with permission, from Winkelmann et al.85 Copyright 2009, Springer Nature. 

(B) Data illustrating the normal (black line) and superconducting (red line) states. In sample C with a Kondo temperature (TK) of 0.7 K, the onset of supercon

ductivity suppresses the Kondo resonance. Sample C represents a C60 single-molecule device in which superconductivity suppresses the Kondo resonance. 

Reprinted, with permission, from Winkelmann et al.85 Copyright 2009, Springer Nature. 

(C) Energy levels of the YSR bound states measured on MnPc/Pb(111) exhibit continuous evolution, accompanied by the emergence of Kondo resonant peaks. 

Reprinted, with permission, from Franke et al.86 Copyright 2011, American Association for the Advancement of Science. 

(D) Scanning tunneling spectroscopy spectra revealing the modulation of molecular YSR states by MnPc molecular moiré patterns, leading to quantum phase 

transitions. Reprinted, with permission, from Hatter et al.87 Copyright 2015, Springer Nature. 

(E) Spatial distribution of the YSR states investigated by varying the tunneling current to adjust the tip-sample distance within the Tb2Pc3 molecule. Reprinted, 

with permission, from Xia et al.88 Copyright 2022, Springer Nature. 

(F) Distance-dependent dI/dV spectra, elucidating the long-lived excited spin states of Fe-octaethylporphyrin-chloride/Pb(111). The intensities of both inelastic 

excitations increase, and the excitation energy shifts to higher values as the distance decreases. Reprinted, with permission, from Heinrich et al.89 Copyright 

2013, Springer Nature. 

(G) Schematic representation of single-atom Josephson junctions comprising Pb, Mn, and Cr atoms. The inset presents an STM topography of a Pb(111) surface, 

highlighting individual Pb, Mn, and Cr adatoms with colored circles. Reprinted, with permission, from Trahms et al.90 Copyright 2023, Springer Nature.
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phenomena and creates new avenues in sensing, data storage, 

and quantum computing.95–97 This review elucidates three key 

interactions of spin effects at the molecular scale. To 

commence, exchange coupling and the Kondo effect are crit

ical phenomena that substantially influence the molecular spin 

states and electronic transport characteristics. Moreover, the 

interaction between spin and electric/magnetic fields is crucial 

for precise spin control and quantum information processing. 

The MR effect focuses on the interplay among magnetic fields, 

molecular structure, and spin-polarized transport, offering new 

insights for the design and development of next-generation 

memory devices. In addition, CISS empowers non-magnetic 

chiral molecules to achieve selective spin filtering due to their 

unique structural features, even in the absence of an external 

magnetic field. Among the most compelling frontier topics in 

spintronics is the interplay between spin phenomena and su

perconductivity at the nanoscale. An in-depth understanding 

of the interactions between Cooper pairs in single-molecule 

superconducting systems and conducting molecules unveils 

the competitive relationship between superconductivity and 

the Kondo effect. Moreover, studies on atomic-scale YSR 

states expand the application potential of superconducting 

electronic devices.

Looking ahead, several key research directions can broaden 

the foundational physical phenomena and applications of mo

lecular-scale spintronics. First, integrating a molecular spin 

center into a device architecture may alter its electronic struc

ture and magnetic properties, leading to the loss of quantum 

coherence. A critical challenge lies in achieving effective mo

lecular connections while preserving intrinsic molecular 

magnetism, where graphene-based device architectures may 

open new possibilities.25,98 Second, achieving stable and 

controllable spin behavior at room temperature is another crit

ical goal. Progress in SMMs suggests promising potential for 

room-temperature spin manipulation.13,49 Third, the rise of nu

clear electric resonance techniques has brought new opportu

nities to this field,99 enabling more precise detection and con

trol of nuclear spins. However, nuclear spin control remains an 

emerging area, requiring continued exploration of diverse 

spin-related phenomena. Fourth, enhancing the integration 

of single-molecule detection with complementary techniques 

to probe individual spin states is crucial. For instance, the 

ESR-atomic force microscopy/STM technology enables both 

the detection and manipulation of electron spin-state transi

tions.21,22 Future investigations into spin phenomena within 

superconducting systems, particularly in the context of quan

tum bit technology, merit heightened attention and dedicated 

exploration. The intrinsic properties of individual molecules 

may induce unconventional effects within superconducting 

Josephson junctions, offering significant potential for qubit 

manipulation and readout. Finally, the recent advancements 

in artificial intelligence hold promising potential for enhancing 

single-molecule detection.100 In particular, the application of 

machine learning in capturing subtle spin signals and mining 

complex data is expected to deepen physical insights and 

extend device functionalities.

In summary, molecular-scale spintronics is steadily emerging 

as a pivotal field in information technology, materials science, 

and quantum science. Its progress promises to drive a new era 

of information technology, with novel spintronic devices that 

offer higher storage densities and processing speeds alongside 

breakthroughs in quantum computing technology.
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C., and Scheer, E. (2016). Large magnetoresistance in single-radical mo

lecular junctions. Nano Lett. 16, 4960–4967. https://doi.org/10.1021/acs. 

nanolett.6b01595.

60. Yang, K., Chen, H., Pope, T., Hu, Y., Liu, L., Wang, D., Tao, L., Xiao, W., 

Fei, X., Zhang, Y.-Y., et al. (2019). Tunable giant magnetoresistance in a 

single-molecule junction. Nat. Commun. 10, 3599. https://doi.org/10. 

1038/s41467-019-11587-x.

61. Schmaus, S., Bagrets, A., Nahas, Y., Yamada, T.K., Bork, A., Bowen, M., 

Beaurepaire, E., Evers, F., and Wulfhekel, W. (2011). Giant magnetoresis

tance through a single molecule. Nat. Nanotechnol. 6, 185–189. https:// 

doi.org/10.1038/nnano.2011.11.

62. Li, J.-J., Bai, M.-L., Chen, Z.-B., Zhou, X.-S., Shi, Z., Zhang, M., Ding, S.- 

Y., Hou, S.-M., Schwarzacher, W., Nichols, R.J., and Mao, B.W. (2015). 

Giant single-molecule anisotropic magnetoresistance at room tempera

ture. J. Am. Chem. Soc. 137, 5923–5929. https://doi.org/10.1021/ 

ja512483y.

63. Cinchetti, M., Dediu, V.A., and Hueso, L.E. (2017). Activating the molec

ular spinterface. Nat. Mater. 16, 507–515. https://doi.org/10.1038/ 

nmat4902.
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