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ABSTRACT: Single-molecule  spintronics  is  an  emerging
interdisciplinary field that integrates molecular electronics with spin-
based information science,  offering  novel  pathways for  encoding,
manipulating,  and  detecting  spin  at  the  molecular  level.  This
review  explores  the  fundamental  principles,  advances,  and
prospects  of  single-molecule  spin  devices,  emphasizing  the
manipulation of spin states in various molecular systems, such as
single-molecule  magnets,  spin  crossover  complexes,  organic
radicals,  and  chiral  molecules.  Due  to  their  intrinsic  quantum
characteristics and tunable functionalities, these systems serve as
ideal platforms for investigating spin-related phenomena including
Kondo  effects,  spin  filtering,  and  thermoelectric  effects.  The
integration  of  molecular  junctions  with  advanced  measurement
techniques, such as spin-polarized scanning tunneling microscopy
and  electron  spin  resonance,  has  significantly  advanced  the
understanding of spin transport and coherence in single-molecule
configurations.  Furthermore,  potential  applications  of  these
molecules in devices like spin valves, spin switches, and quantum
bits  are  discussed,  highlighting  their  promise  for  realizing  low-
power  and  high-efficiency  spintronic  technologies.  Despite  significant  progress,  several  challenges  remain  in  terms  of
stability,  reproducibility,  and  scalability,  necessitating  further  research  into  molecular  design,  interfacial  engineering,  and
quantum coherence to enable practical applications in molecular spintronics and quantum information science.
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 1    Introduction
Single-molecule  spintronics  represents  an  interdisciplinary  frontier
bridging molecular electronics and spin-based information science,

devoted  to  the  encoding,  manipulation,  and  detection  of  spin
degrees of freedom at the single-molecule level [1, 2]. By integrating
the structural precision of chemistry with the functional insights of
condensed-matter  physics,  this  field  aims  to  develop  a  new
generation of  devices  where spin,  rather than charge,  serves as  the
primary information carrier [3]. Molecular systems provide an ideal
platform  for  such  investigations  due  to  their  unique  quantum
characteristics.  They  constitute  well-defined  quantum  systems  in
which  geometry,  orbital  symmetry,  and  chemical  bonding  can  be
systematically  tailored  [4].  In  addition,  their  small  capacitance,
tunable  energy  levels,  and  versatile  coupling  to  electric,
magnetic,  optical,  and  thermal  fields  enable  operations  with  low
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energy  consumption  while  maintaining  controllable  quantum
responses [5].

Despite rapid progress, realizing the robust and controllable spin
behavior  at  the  single-molecule  scale  remains  a  fundamental
challenge.  Spin  states  are  highly  sensitive  to  the  interplay  among
exchange  interactions,  spin-orbit  coupling,  electron–phonon
coupling,  and  molecule–electrode  hybridization  [6].  Variations  in
contact  geometry  and  molecular  conformation  pose  additional
challenges  to  the  reproducibility,  while  thermal  fluctuations  and
environmental noise accelerate spin relaxation and decoherence [7].
Consequently,  a  deep  understanding  of  how  these  microscopic
interactions  govern  macroscopic  spin-based  functionalities  is
essential  for  designing  reliable  spintronic  devices  at  the  molecular
scale.

To  address  these  challenges,  a  variety  of  molecular  platforms
have  been  developed  to  investigate  and  harness  spin  phenomena
[8]. Single-molecule magnets (SMMs) based on transition-metal or
lanthanide  (Ln)  ions  exhibit  large  magnetic  anisotropy  and  slow
spin relaxation, making them representative systems for nonvolatile
molecular  memory  [9].  Spin  crossover  (SCO)  complexes  exhibit
reversible  transitions  between  high-spin  (HS)  and  low-spin  (LS)
states in response to external stimuli  such as temperature [10−12],
pressure  [13],  light  [14],  or  bias  voltage  [15],  offering  a  molecular
model  for  switchable  magnetic  behaviors.  Open-shell  organic
radicals  provide  stable  spin-1/2  centers  characterized  by  long
coherence  time  and  flexible  chemical  tunability  [16].  Meanwhile,
chiral  molecules  introduce  spin  selectivity  through  their  intrinsic
symmetry  breaking,  enabling  spin  filtering  in  the  absence  of
magnetic  order  [17, 18].  Collectively,  these  systems  establish  a
versatile  chemical  foundation  for  studying  spin  interactions,
coherence, and relaxation at the molecular scale.

Advances  in  experimental  spectroscopies  and  measurement
methodologies  have  yielded deeper  insights  into  the  spin behavior
of  these  molecular  systems  [19, 20].  The  introduction  of  a  gate
electrode  has  been  particularly  transformative,  enabling  precise
tuning  of  molecular  junctions  to  activate  their  intrinsic  self-
regulating  capabilities.  This  synergy  reveals  effects  such  as  self-
controlled  coupling  for  resonant  transport,  self-controlled  filtering
based  on  spin  and  energy,  and  self-controlled  thermoelectric
conversion,  highlighting  how  external  fields  can  harness  built-in
molecular  functionalities.  Furthermore,  the  application  of  thermal
gradients across molecular junctions has uncovered spin-dependent
thermoelectric  effects,  directly  linking  spin  transport  to  energy
conversion  [21].  These  electrical  methods  are  powerfully
complemented  by  spectroscopic  techniques.  Electron  spin
resonance  (ESR)  integrated  with  transport  measurements  enables
the  coherent  manipulation of  single  spins,  while  optically  detected
magnetic resonance and ultrafast pump-probe spectroscopy extend
the detection into the temporal domain, quantifying spin dynamics
and coherence [22].  Realizing such measurements relies  on robust
single-molecule  junctions.  Techniques  such  as  mechanically
controllable break junction (MCBJ), electromigrated nanogaps, and
scanning  probe  microscopy  form  the  foundational  platforms  for
creating  stable  molecular  bridges  between  metallic  electrodes  [23].
MCBJ  enables  precise  regulation  of  the  molecular  junction  gap,
thereby  facilitating  the  formation  of  single-molecule  contacts  and
supporting  nanoscale  electrical  measurements.  In  contrast,
electromigrated  nanogaps  are  formed  through  the  controlled
electrical  breakdown  of  metallic  wires,  creating  reproducible
nanometer-scale  gaps  with  molecular-level  precision.  Scanning

probe  microscopy,  particularly  scanning  tunneling  microscopy
(STM),  provides  atomic-resolution  imaging  and  direct  probing  of
molecular  electronic  states,  making  it  an  indispensable  tool  for
investigating  spin  and  electronic  transport  properties  in  single-
molecule  junctions.  Concurrently,  the  development  of  two-
dimensional  electrodes  with  molecularly  defined  van  der  Waals
gaps  has  improved  the  stability  and  reproducibility,  providing  the
low-noise and spin-transparent interfaces essential for reliable data
acquisition [24].

This review follows a systematic framework that progresses from
fundamental spin-bearing molecular systems to representative spin-
related effects and finally to device-level realizations. By correlating
molecular  structures,  interfacial  coupling,  and  quantum  transport
mechanisms, we aim to clarify how spin states emerge, evolve, and
are  harnessed  in  single-molecule  junctions.  Through  this
arrangement,  this  review  seeks  to  provide  both  a  conceptual
overview  of  the  field  and  a  roadmap  for  developing  future
molecular-scale spintronic and quantum information devices.

 2    Single-molecule spin systems
Single-molecule  spin  systems  epitomize  the  convergence  of
molecular  design  and  quantum  phenomena,  offering  a  versatile
platform to encode, manipulate, and transport information through
electron  spin.  The  fundamental  challenge  in  this  field  extends
beyond  mere  spin  detection  to  precise  engineering  of  spin  states
and their dynamics for technological applications. This pursuit has
given rise to distinct yet complementary molecular archetypes, each
tailored to address a specific aspect of spin control. For instance, the
quest  for  persistent  spin  states,  essential  for  memory  and  qubit
applications,  finds  its  molecular  embodiment  in  SMMs,  where
synthetic  efforts  aim  to  tailor  the  energy  landscape  so  as  to
maximize  the  barrier  against  magnetization  relaxation.  In  a
complementary  manner,  SCO compounds  exemplify  the  dynamic
spin state  bistability,  undergoing reversible  transitions between HS
and  LS  configurations  in  response  to  external  stimuli,  thereby
functioning  as  intrinsic  molecular  switches.  To  interface  these
molecular  spin  units  with  the  external  world,  the  challenge  of
generating  spin-polarized  currents  is  elegantly  solved  by  chiral
molecules via the chiral-induced spin selectivity (CISS) effect, which
leverages  structural  asymmetry  to  function  as  highly  efficient  and
non-magnetic  spin  filters.  Meanwhile,  organic  radical  molecules,
with  their  inherent  and  stable  unpaired  electrons,  serve  as  ideal
conduits  and  probes  for  investigating  spin  transport  and  many-
body  correlations  directly  within  single-molecule  junctions.
Collectively,  these  systems  form  a  coherent  research  paradigm,
ranging from stable spin memory to spin state switching, and to the
generation  and  transmission  of  spin  information,  thereby
addressing  the  core  challenges  of  scalability,  coherence,  and
integration  in  molecular  spintronics  and  quantum  information
science.

 2.1    Single-molecule magnets
SMMs are commonly organized into mononuclear,  dinuclear,  and
polynuclear families based on the use of either 3d transition metals
or  4f  Ln.  Complexes  composed solely  of  3d  ions  often  exhibit  the
limited  performance  due  to  their  relatively  weak  spin-orbit
coupling, which leads to small magnetic anisotropy, rapid magnetic
relaxation,  and  consequently  a  low  blocking  temperature  (TB).  In
contrast,  Ln-based  SMMs  exploit  strong  spin-orbit  coupling  and
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large  ionic  radii  to  generate  pronounced  axial  crystal  fields  and
robust  anisotropy barriers.  Ions,  such as TbIII,  DyIII,  and ErIII,  retain
substantial  orbital  angular  momentum,  making  them  particularly
effective  in  this  context.  A  canonical  case  is  Tb-phthalocyanine
(TbPc2, Fig.  1(a)),  where  a  TbIII center  is  sandwiched  between two
Pc  ligands  that  impose  a  high-symmetry  coordination  field.  This
geometry  stabilizes  the  axial  magnetic  moment,  enhances  the
effective  energy  barrier  against  magnetization  reversal,  and
establishes  TbPc2 as  a  foundational  model  for  the  design  and
benchmarking of Ln SMMs. These observations motivate a design
strategy  focused  on  engineering  the  local  crystal  field  to  align  the
easy  axis,  maximize  uniaxiality,  and  suppress  fast  relaxation
pathways,  such  as  quantum  tunneling,  direct  processes,  Raman
processes,  and  Orbach  processes,  with  the  ultimate  goal  of
increasing the effective barrier Ueff and raising TB [25].

Beyond  mononuclear  species,  dinuclear  architectures  employ
bridging ligands to mediate magnetic exchange between two metal
centers.  In  homometallic  dimers  (Fig.  1(b)),  radical  bridges  can
generate  strong  exchange  interactions  that  lift  the  degeneracy  of
opposite  projections  of  the  ground  state,  thereby  suppressing
quantum  tunneling  of  magnetization,  which  is  a  dominant
mechanism  for  memory  loss  at  low  temperatures  [26].
Heterometallic  dimers  (Fig.  1(c)),  such  as  those  combining  a
magnetic  Ln  ion  with  a  diamagnetic  ZnII center,  allow  relatively
independent  tuning of  the local  crystal  field  at  the  Ln site  and the
exchange  pathway  through  the  bridge.  This  decoupled  control
provides  a  practical  route  to  enlarge  magnetic  hysteresis  while
optimizing  coercivity  and  remanence  [27].  Extending  further  to
polynuclear  systems  expands  the  chemical  space  for  cooperative
effects.  Trinuclear heterometallic clusters such as Co2Ln (Fig. 1(d))
exemplify  the  strategy,  often  placing  the  Ln  in  an  O8 square
antiprismatic  environment  designed  to  maximize  the  axiality.
However,  increased  structural  complexity  can  also  introduce  new
relaxation channels, including intermolecular interactions mediated
by  hydrogen-bonding  networks  that  may  inadvertently  accelerate

quantum  tunneling,  thereby  highlighting  the  need  for  precise
control  over  supramolecular  packing  [24].  Importantly,  the
polynuclear approach has enabled the robust SMM behavior in 3d-
metal  systems  that  are  otherwise  challenging  to  design.  The  Fe4

cluster  (Fig.  1(e))  demonstrates  this  capability:  Strong  super
exchange among four HS FeIII centers isolates a ground state (S = 5)
with a substantial anisotropy barrier. Moreover, these molecules can
self-assemble  into  ordered  monolayers  on  conductive  substrates
such as gold, facilitating device integration [28]. The transition from
bulk  characterization  to  surface-supported  studies  is  therefore
crucial  for  technological  relevance.  STM  combined  with  inelastic
electron  tunneling  spectroscopy  (IETS)  provides  single-molecule
resolution of spin excitations and exchange constants. For instance,
in Fe4H on graphene/Ir(111) (Fig. 1(f)), these measurements reveal
exchange parameters nearly identical to bulk values and show clear
field-dependent  Zeeman  shifts,  indicating  minimal  substrate
perturbation.  The  joint  evidence  of  robust  hysteresis  observed  in
surface-supported  Fe4 and  spectroscopic  confirmation  of  intact
magnetic  states  in  Fe4H  builds  a  coherent  case  that  SMMs  can
retain  their  defining  properties  on  surfaces  and  effectively  bridges
molecular  design  principles  with  practical  implementation  in
quantum information and molecular spintronic platforms [29].

 2.2    Spin crossover compounds
SCO  compounds  are  coordination  complexes  that  undergo
reversible  transitions  between  HS  and  LS  states  in  response  to
external  stimuli  such  as  temperature,  pressure,  light,  mechanical
stress,  or  electric  fields.  First  identified  in  FeIII dithiocarbamate
complexes  and  subsequently  in  FeII systems,  SCO  manifests  most
prominently  as  changes  in  magnetic  susceptibility,  elastic  moduli,
optical absorption, and even refractive index. These effects establish
a  direct  connection  between  the  electronic  configuration  of
individual  coordination  centers  and  collective  bulk  properties.
Thermodynamically,  the  LS  state  is  typically  enthalpically  favored,
while  the  HS  state  benefits  from  higher  spin  and  vibrational

 

Figure 1    Molecular architectures of  SMMs. (a)  Mononuclear TbPc2,  exemplifying high axial  symmetry and strong magnetic anisotropy.  Reproduced with permission
from Ref. [25], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (b) A radical-bridged homometallic dimer designed for enhanced exchange coupling to
suppress  quantum tunneling.  Reproduced with  permission from Ref.  [26],  © Springer  Nature  Limited  2011.  (c)  A heterometallic  Ln-Zn dimer,  allowing  independent
optimization of crystal field and exchange pathways. Reproduced with permission from Ref. [27], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2011. (d) A
trinuclear Co2Ln cluster tailored for a highly axial square antiprismatic coordination geometry. Reproduced with permission from Ref. [24], © Springer Nature Limited
2019.  (e)  The polynuclear  Fe4 cluster,  featuring super exchange to isolate  an HS (S = 5)  ground state.  Reproduced with permission from Ref.  [28],  © Springer Nature
Limited  2009.  (f)  The  Fe4H  derivative,  a  model  system  demonstrating  retained  magnetic  properties  on  its  surface.  Reproduced  with  permission  from  Ref.  [29],  ©
American Chemical Society 2019.
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entropy.  The  balance  between  these  contributions,  modulated  by
the  ligand  field  and  cooperative  elastic  interactions  within  the
lattice,  determines  the  sharpness,  completeness,  and  hysteresis  of
the  SCO  transition.  These  features  collectively  render  SCO
compounds reversible molecular switches, a functionality central to
potential applications in sensing, memory, and optoelectronics.

A  canonical  model  is  Fe(phen)2(NCS)2 (phen  =  1,10-
phenanthroline  and  NCS  =  thiocyanate, Fig.  2(a)).  At  low
temperatures,  a  large  t2g-eg splitting  stabilizes  the  LS  configuration,
but upon heating, the effective ligand field weakens, and the system
converts  to  the  HS  state.  Accompanying  bond-length  and  bond-
angle  adjustments  dynamically  tune  the  ligand  field,  enabling
reproducible cycling [30]. Complementing the thermal benchmark
in Fig.  2(a), Fig.  2(b) highlights  the  mechanistic  pathway  of  light-
triggered  SCO  in  the  prototypical  FeN6 chromophore  [Fe(bpy)3]II.
Photoexcitation initially populates a metal-to-ligand charge-transfer
manifold  that  couples  nonadiabatically  to  the  HS potential  surface
through  vibronic  interactions.  Population  of  the  antibonding  eg

orbitals  shifts  the Fe–N equilibrium to longer distances,  creating a
structural  driving  force  that  traps  the  system  in  the  HS  state.  The
subsequent  motion  along  the  breathing  coordinates  rapidly
dephases, suppressing back transfer to the charge-transfer manifold
and  dissipating  excess  energy  into  the  environment.  Thus,  the
electronic  population  transfer  and  nuclear  rearrangement  are
temporally  distinct  yet  strongly  coupled,  leading  to  one-way
structural  capture  on  the  HS  surface.  This  sequence  provides  a
microscopic  basis  for  the  spin-lattice  interplay  and  clarifies  how
local  coordination  geometry  changes  propagate  into  cooperative
responses  to  thermal  excitation  [31].  Extending  this  framework,
Fig. 2(c) highlights SCO in supramolecular FeII-2,6-bis(1H-pyrazol-
1-yl)pyridine  (FeII-BPP)  chromophores  designed  for  single-
molecule junctions. The underlying mechanism hinges on a balance
between  ligand  field  strength  and  pairing  energy:  The  tensile
deformation  along  the  coordination  axis  increases  the  Fe–N
distances,  lowers  the  ligand  field  splitting  energy  (ΔCF)

approximately  as  an inverse  power  of  bond length,  and drives  the
transition from an LS configuration with filled t2g orbitals to an HS
configuration  with  populated  antibonding  eg orbitals.  In  isolated
junctions,  this  deformation-controlled  shift  in  orbital  energies
switches  both  the  spin  state  and  transport  character,  with  the  LS
manifold  supporting  higher  off-resonant  transmission  near  the
Fermi level, whereas the HS manifold yields spin-selective channels
activated at larger energetic offsets.  In condensed phases,  the same
electronic  rearrangement  couples  to  weak  yet  collective  elastic
interactions,  so  that  subtle  changes  in  intermolecular  packing  can
transform  a  gradual  transition  into  step-like  or  abrupt  profiles.
Interfaces  further  tune  the  balance  by  modifying  the  ligand  field
strength and the effective  stiffness  of  the coordination cage,  which
explains  why  the  junction  geometry,  anchoring  chemistry,  and
interfacial polarizability critically govern both the efficiency and the
reversibility  of  mechanically  assisted  crossover.  These  insights
motivate  device  design  strategies  that  emphasize  axial  compliance
in  the  metal-ligand  scaffold,  anchoring  groups  enforcing
longitudinal  alignment  across  the  gap,  and  supramolecular  motifs
that  suppress  uncontrolled  polymorphism  while  preserving
cooperative amplification of the local spin changes [32].

Recent  efforts  have  further  expanded  to  multinuclear
architectures  (Fig.  2(d)),  where  the  metal–metal  communication
mediated  by  bridging  ligands  introduces  additional  degrees  of
freedom and can markedly reshape the cooperative SCO response.
Representative systems such as [FeII(Mebik)2(NCS)2] (Mebik = bis(1-
methylimidazol-2-yl)ketone)  illustrate  how  concerted  intersite
interactions enhance the switchability, extend the apparent blocking
of  a  specific  spin  state  over  a  broader  temperature  window,  and
improve  the  fatigue  resistance  under  repeated  cycling.  Through
judicious integration of the ligand design (donor type, rigidity, and
symmetry),  counterion  and  solvation  control,  and  the  selection
between  mono- and  polymetallic  motifs,  SCO  compounds  can  be
engineered  to  deliver  robust,  reversible,  and  stimulus-selective
switching, thereby advancing their prospects as functional elements

 

Figure 2    Design strategies for SCO systems.  (a) Thermally induced spin state switching in the mononuclear complex FeII(phen)2(NCS)2.  Reproduced with permission
from Ref. [30], © Miyamachi, T. 2012. (b) Light-induced excitation to the HS state in the cationic complex [Fe(bpy)3]II.  Reproduced with permission from Ref. [31], ©
Lemke,  H.  T.  et  al.  2017.  (c)  Mechanical  modulation  of  the  spin  state  in  a  supramolecular  FeII-BPP  junction  under  stretching.  Reproduced  with  permission  from
Ref.  [32],  ©  Kuppusamy,  S.  K.  et  al.  2022.  (d)  Enhanced  cooperativity  via  ligand  engineering  and  metal-metal  communication  in  the  multinuclear  SCO  framework
[FeII(Mebik)2(NCS)2]. Reproduced with permission from Ref. [33], © Macmillan Publishers Limited 2014.
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in  molecular  switches,  data-storage  components,  and  broader
molecular-electronic platforms [33].

 2.3    Chiral molecules
Chiral  molecules  exhibit  pronounced  selectivity  during  electron
transport, a feature of direct relevance to spintronics and quantum
information technologies.  This behavior is  attributed to the chiral-
induced  selectivity  effect,  which  enables  selective  filtering  by  the
molecular chiral structure. At the microscopic level, CISS originates
from  the  breaking  of  spatial  inversion  symmetry  inherent  in
molecular  chirality,  combined  with  the  influence  of  spin-orbit
interactions.  The application of  an external  bias  further  breaks the
time-reversal symmetry, thereby correlating the preferred transport
direction  with  the  molecular  handedness.  Under  such  conditions,
transport  through  a  given  enantiomer  becomes  selectively
polarized,  with  the  magnitude  and  sign  of  this  polarization
determined  by  the  molecular  structure  and  the  external  driving
parameters. In this context, chiral systems offer a route to modulate
transport  without  conventional  magnetic  components,
underscoring  their  potential  for  spintronic  and  quantum-
information applications.

Figure 3 summarizes representative classes of molecular chirality
that  underpin  CISS-driven  transport. Figure  3(a) illustrates  point-
chiral molecules, typically centered on a chiral carbon atom bonded

to  four  different  substituents,  forming  non-superimposable
enantiomers.  These  motifs  are  ubiquitous  in  natural  compounds
(such  as  amino  acids  and  sugars)  and  play  vital  roles  in
biomolecular  recognition  and  materials  science  [34].  Electron
transmission through these molecules exhibits significant selectivity
that  can  be  tuned  by  external  stimuli  like  light  or  electric  fields.
Axially  chiral  molecules,  shown  in Fig.  3(b),  arise  from  restricted
rotation  around  a  chiral  axis,  resulting  in  stable  enantiomers  [35].
This  geometry,  commonly  observed  in  helicenes  and  certain
coordination complexes, enables directional transport,  highlighting
their  potential  for  spintronic  applications. Figure  3(c) presents
planar-chiral  ferrocene  derivatives,  in  which  chirality  originates
from the specific spatial arrangement of the central metal atom and
its  cyclopentadienyl  ligands  [36].  These  compounds  frequently
show the excellent filtering performance and serve as platforms for
molecular  switches  and  catalytic  studies.  In Fig.  3(d),  DNA  is
highlighted  as  a  prototypical  helical-chiral  system.  Its  inherent
double-helix architecture, prevalent in biological systems, endows it
with intrinsic handedness and strong selectivity, enabling the helical
framework  to  significantly  influence  the  electron  spin  behavior
during charge transport [37]. Figure 3(e) finally shows overcrowded
alkenes,  which  can  undergo  reversible  right- (P)/left-handed  (M)
helicity  inversion  driven  by  light  or  heat.  By  switching  molecular
handedness and coupling this conformational change to spin-orbit

 

Figure 3    Classes  of  molecular  chirality.  (a)  Central  chirality,  exemplified  by  amino  acids  with  stereogenic  centers.  Reproduced  with  permission  from  Ref.  [34],  ©
Bousquet, E. et al. 2025. (b) Axial chirality, as in helicenes, with rotational asymmetry enabling direction-dependent filtering. Reproduced with permission from Ref. [35],
© Pu, L. 2024. (c) Planar chirality, illustrated by ferrocene derivatives, showing high polarization from asymmetric ligand-metal geometry. Reproduced with permission
from  Ref.  [36],  ©  IUPAC  2001.  (d)  Helical  chirality,  represented  by  DNA,  with  its  double-helix  architecture  enabling  intrinsic  electron  transport  with  selectively.
Reproduced  with  permission  from Ref.  [37],  ©  The  American  Association  for  the  Advancement  of  Science  2011.  (e)  Switchable  chiral  systems,  such  as  overcrowded
alkenes, with reversible helicity inversion under optical or thermal stimuli enabling tunable filtering direction. Reproduced with permission from Ref. [38], © Suda, M. et
al. 2019.
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interactions,  these  molecules  can  reverse  the  direction  of
polarization.  This  optically  and  thermally  addressable  filtering
behavior provides a route to reconfigurable spin filters and expands
the design possibilities for chirality-based spin control in molecular
spintronics [38].

 2.4    Organic radical molecules
Organic  radical  molecules,  owing  to  their  unique  magnetic
properties, have emerged as focal systems for molecular electronics
and  spintronics.  These  radicals  possess  at  least  one  unpaired
electron  in  their  ground  state,  endowing  them  with  a  magnetic
moment that governs both magnetic response and charge-transport
behavior  under  external  electric  or  magnetic  fields.  Depending  on
charge state, molecular architecture, and environment, radicals can
exhibit  paramagnetic,  antiferromagnetic,  or  ferromagnetic
responses,  offering a versatile platform for conduction, gating,  and
readout  at  the  single-molecule  level.  Transport  in  these  systems
typically  proceeds  by  off-resonant  tunneling  or  thermally  assisted
hopping  and  is  highly  sensitive  to  the  alignment  of  the  singly
occupied  molecular  orbital  (SOMO)  with  electrode  Fermi  levels
and  interfacial  hybridization.  A  canonical  benchmark  is  the
triphenylmethyl  (trityl)  radical  (Fig.  4(a)),  in  which  three  phenyl
rings  provide  steric  protection  that  stabilizes  carbon  center,  while
the aryl framework delocalizes the unpaired electron sufficiently to
suppress  bimolecular  recombination  yet  retain  a  well-defined
magnetic  moment  [39].  These  features  enable  chemically  robust
and  spin-polarized  transport  suitable  for  conductance  control  and
quantum-spin  studies,  including  ESR-addressable  junctions.  In
contrast,  viologen  radical  cations  (Fig.  4(b))  are  generated
electrochemically  via  redox  conversion  and  exhibit  pronounced
electronic  effects  during  charge  transfer.  Their  distinct  optical
signatures  across  redox  states  support  applications  in
electrochromic  devices,  while  the  interfacial  exchange  with
electrodes  offers  opportunities  to  tune  electronic  injections  and
rectification  [40].  The  tetracyanoquinodimethane  (TCNQ)  radical
anion  (Fig.  4(c))  represents  another  archetype  whose  strong  π-
acceptor character yields characteristic conductance fingerprints. Its
stability and electronic transport have motivated widespread use in

molecular  materials,  charge-transfer  assemblies,  and  device
heterojunctions requiring strong magnetic responses [41].

Further  notable  systems underscore  how interfacial  physics  and
molecular  design  co-determine  electron  transport.  Polychloro-
triphenylmethyl  (PTM)  radicals  (Fig.  4(d))  function  as  molecular
sensors in solid-state junctions:  Quantum-transport measurements
reveal  a  stable  zero-bias  Kondo  resonance  when  the  localized
magnetic  moment  couples  antiferromagnetically  to  conduction
electrons  in  metallic  electrodes,  with  the  resonance  amplitude  and
width tracking the Kondo temperature (TK) and its splitting under a
magnetic  field  [42].  {4-[{[2,5-Bis(4-sulfanylphenyl[eth-1-yn-2-
yl])phenyl]carbonyl}(methyl)amino]-2,2,6,6-tetramethyl  piperidin-
1-yl}oxidanyl  (TEMPO-OPE)  (Fig.  4(e))  constructs  highlight
radical-induced  modulation  of  conductance  through  positive
magnetoresistance  (MR).  Field-dependent  alignment  of  the
TEMPO  spin  and  associated  changes  in  scattering  at  the  metal-
molecule  contact  invert  the  more  common  negative  response,
underscoring the role of interfacial exchange and anchor chemistry
in  setting  the  magnetotransport  sign  and  magnitude  [43].  Finally,
phenothiazine  (PTZ)  radicals  (Fig.  4(f)),  produced  via  redox
activation,  combine  the  high  chemical  stability  with  enhanced
conductance.  Narrowing  of  the  highest  occupied  molecular
orbital–lowest unoccupied molecular orbital (HOMO–LUMO) gap
lowers  the  tunneling  barrier  and  shifts  transport  toward  the
near-resonant  regime,  yielding  larger  currents  at  modest  bias.
Collectively, these examples show that tailored electronic structures
(such  as  SOMO  energy,  conjugation  length,  and  donor–acceptor
asymmetry)  together  with  magnetic  moments  provide  powerful
means  to  engineer  spin-selective  transport.  Practical  design
principles  include:  (1)  controlling  redox  state  and  counterions  to
place  the  SOMO  near  the  electrode  Fermi  level;  (2)  selecting
rigid  and  π-conjugated  backbones  to  reduce  spin-phonon
decoherence while maintaining sufficient delocalization for stability;
(3) engineering electrode coupling through thiol, amine, or carbene
anchors,  and  using  Au,  graphene,  or  ferromagnetic  contacts
to  tune  exchange  and  spin  injection;  and  (4)  exploiting
molecular  symmetry  to  suppress  destructive  spin  interference.
With  these  strategies,  organic  radicals  enable  reconfigurable  spin

 

Figure 4    Molecular  architectures  of  organic  radical  molecules.  (a)  Trityl  radical,  a  sterically  shielded  system with  a  well-defined  magnetic  moment.  Reproduced  with
permission  from  Ref.  [39],  ©  American  Chemical  Society  2023.  (b)  Viologen  radical  cation,  a  redox-active  unit  for  tunable  electronic  injection.  Reproduced  with
permission  from Ref.  [40],  ©  Wiley-VCH Verlag  GmbH & Co.  KGaA,  Weinheim 2017.  (c)  TCNQ radical  anion,  a  strong  π-acceptor  for  charge-transfer  complexes.
Reproduced with permission from Ref. [41], © Elsevier 2019. (d) PTM radical, exhibiting a robust Kondo resonance as a molecular sensor. Reproduced with permission
from Ref. [42], © American Chemical Society 2015. (e) TEMPO-OPE radical, a molecular wire displaying positive magnetoresistance. Reproduced with permission from
Ref.  [43],  ©  American  Chemical  Society  2016.  (f)  PTZ  radical,  a  high-conductance  system  with  a  narrow  HOMO–LUMO  gap.  Reproduced  with  permission  from
Ref. [44], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2017.
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filters,  molecular  switches,  and  hybrid  quantum-optoelectronic
platforms,  while  advancing  fundamental  understanding  of  spin
coherence,  interfacial  exchange,  and  many-body  effects  at  the
molecular scale [44].

Taken  together,  the  four  molecular  archetypes  discussed  above
address  complementary  aspects  of  spin  functionality  at  the  single-
molecule level, ranging from long-lived spin memory and stimulus-
responsive  bistability  to  efficient  spin  polarization  and  spin-
dependent charge transport.  Although each platform excels  within
a  specific  operational  regime,  their  practical  implementation
depends  on  a  balanced  interplay  of  stability,  tunability,  accessible
temperature  range,  and  device  compatibility.  To  facilitate  a  direct
comparison  of  these  key  characteristics,  a  concise  summary  is
provided in Table 1 below.

 3    Single-molecule spin-related effects
The  structural  diversity  of  single-molecule  spin  systems,  including
SMMs,  SCO  complexes,  chiral  molecules,  and  organic  radicals,
gives rise to distinct spin characteristics determined by their unique
orbital configurations and electron distributions. These systems not
only offer atomically programmable architectures but also serve as
ideal  platforms  for  probing  quantum  spin  phenomena.  As  an
intrinsic  degree  of  freedom,  electron  spin  is  emerging  as  a  central
design  variable  for  molecular-scale  functional  devices,  offering
control  modalities  that  far  exceed  those  available  in  charge-based
mechanisms. This chapter focuses on spin-related effects in single-
molecule systems, including representative mechanisms such as the
Kondo effect,  Zeeman splitting,  spin  coupling,  SCO,  spin filtering,
spin caloritronics,  and interface-induced spin behavior. We aim to
elucidate  how  these  quantum  mechanisms  govern  electron
transport at the microscopic level and thereby enable the realization
of tailored device functionalities.

To help navigate this broad landscape, it  is  useful to distinguish
these  spin-related  effects  by  their  underlying  physical  origins  and
corresponding experimental signatures. The single-molecule Kondo
effect  is  a  many-body  screening  phenomenon,  characterized  by  a
zero-bias  conductance  peak  that  sharpens  and  intensifies  upon
cooling  and  splits  under  an  applied  magnetic  field.  Spin  coupling
arises  from  exchange  interactions  between  localized  molecular
spins, and is usually manifested as bias- or gate-dependent inelastic
spin-flip excitations or singlet-triplet level crossings. SCO involves a
ligand-field-driven  bistable  transition  between  HS  and  LS
configurations,  which  can  lead  to  discrete  conductance  switching
and, in some cases, hysteresis as a function of temperature, electric

field,  or  mechanical  strain.  Spin  filtering  denotes  spin-selective
electron transmission through a single molecule, quantified by spin
polarization  or  MR.  This  effect  can  originate  from  mechanisms
such  as  magnetic  orbital  splitting,  spin-state  reconfiguration,
quantum interference, or CISS; the latter represents a unique non-
magnetic  case  where  chiral  molecules  generate  spin-polarized
currents  without  an  external  magnetic  field.  Spin  caloritronic
effects,  driven  by  thermal  gradients,  are  identified  by  finite  spin
currents  or  spin-dependent  Seebeck  coefficients  under  conditions
of  near-zero  net  charge  current.  Finally,  interface-induced  spin
behavior  arises  from  the  symmetry,  chemistry,  and  coupling
strength  at  the  molecule-electrode  contacts,  often  leading  to
geometry-sensitive MR, anisotropic spin responses, or competition
between Kondo screening and spin polarization. In the subsequent
subsections,  we will  discuss  each effect  in  detail,  emphasizing how
their  distinct  microscopic  origins  translate  into  experimentally
resolvable transport signatures.

 3.1    Single-molecule Kondo effect and Zeeman effect
In  condensed  matter  physics,  the  Kondo  effect  refers  to  the
characteristic  low-temperature  resistance  minimum  observed  in
metals containing magnetic impurities [8]. This phenomenon arises
from  many-body  quantum  screening,  whereby  conduction
electrons  collectively  screen  a  localized  magnetic  moment.  The
Anderson  impurity  model  provides  a  standard  theoretical
description  of  such  a  system  (Fig.  5(a))  [45].  The  impurity  is
modeled  as  a  localized  orbital  with  a  single  electron  at  energy ε0.
When ε0 lies  below  the  Fermi  level,  the  unpaired  electron
constitutes  a  localized  spin-1/2  magnetic  moment.  Although
classically  fixed,  quantum  fluctuations  allow  virtual  processes  in
which an electron tunnels from the impurity to the electrode, while
being  replaced  by  another  electron  from  the  Fermi  sea  with
arbitrary  spin.  The  coherent  superposition  of  such  events  leads  to
the formation of a Kondo singlet and a resonance at the Fermi level.

At the single-molecule level, the Kondo effect manifests as a zero-
bias  conductance  peak,  known  as  the  Kondo  resonance.  When
molecules with non-zero spin such as radicals or SMMs are bridged
between  metallic  electrodes,  their  local  moments  couple
antiferromagnetically to the conduction electrons, inducing a many-
body  correlated  state  [8].  This  dynamic  screening  process  forms a
“Kondo cloud” of electrons with opposite spin near the Fermi level
(Fig.  5(b)),  effectively quenching the molecular  magnetic  moment.
The  process  is  enabled  by  Coulomb  blockade  and  the  Pauli

 

Table 1    Stability, tunability, operating temperature, and device compatibility of representative single-molecule spin systems

Molecular
system Stability Tunability Operating temperature Device compatibility

SMMs
High magnetic anisotropy for
stable spin states; high feasibility of
surface preservation

Ligand-field and crystal-field
engineering; metal-ion selection;
exchange-coupling architecture
design

Predominantly cryogenic; blocking
temperature below room
temperature

Demonstrated surface/junction
integration; limited room-
temperature scalability.

SCOs
Well-defined LS/HS bistability;
cooperative stabilization via
intermolecular interactions

Stimuli-responsive control (e.g.,
thermal, optical, mechanical, and
electrochemical)

Room temperature for thermal
SCO; low temperature required by
photo-induced states

Strong potential for switches and
memory; reproducibility limited by
interface and dynamics

CISS
Inherently stable molecular
chirality; persistent spin selectivity
under ambient conditions

Chirality, length, and anchoring
group variation; dependence on
bias and electrode magnetization

Broad range, including room
temperature; no magnetic ordering
required

Broad junction/device compatibility;
quantification limited by interfacial
control

Organic
radicals

Stable open-shell ground states;
robust spin/charge transport
signatures

Magnetic field, redox state, and
electrostatic gating (platform-
dependent)

Cryogenic (many-body effects) to
room temperature (redox
conduction)

Compatibility with MCBJ/EMBJ
platforms; variability due to
interfacial sensitivity
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exclusion principle, allowing spin-flip tunneling without net charge
transfer.

The energy  scale  of  this  many-body screening is  defined by TK,
given by [46]

TK = 0.5(ΓEC)
1/2exp(−πε/Γ) (1)

≪

where Γ denotes  the  hybridization  strength  between  molecular
orbitals and electrodes, EC is the effective charging energy, and ε is
the energy offset of the orbital from the Fermi level. Strong Kondo
coupling  arises  when T  Tk,  enhancing  the  density  of  states
(DOS)  near EF and  producing  a  pronounced  zero-bias  peak  in
differential  conductance  spectra  (Fig.  5(c))  [42].  As  temperature
decreases, this resonance increases in height and narrows in width,
serving as a key experimental signature.

dz2 dx2−y2

In HS or  multi-channel  systems,  richer  Kondo physics  emerges
[47].  For  instance,  MnPc  molecules  exhibit  two-stage  Kondo
screening  due  to  intramolecular  spin  dimers  formed  by  orbitals
such as  and  [48].  This leads to a temperature-dependent
evolution  from  a  broad  single  peak  above  3  K,  through  an
intermediate  phase  with  suppressed  conductance  between  0.3  and
3 K, to split peaks below 0.3 K, reflecting interference between spin
channels  and  the  formation  of  a  secondary  Kondo  singlet
(Fig.  5(d)).  The  secondary  Kondo  temperature  (T*)  depends
linearly  on  the  intramolecular  spin-exchange  strength,  indicating
molecular-level control over correlated quantum phases.

The response to external magnetic fields provides direct access to
spin degeneracy and quantum coherence [46, 49]. Via the Zeeman
effect, magnetic fields lift spin degeneracy by splitting energy levels
according to

∆E= geffμBBms (2)

geff μB

ms

g
geff

geffμBB> kBTk

where  is  the  effective  Landé  factor,  is  the  Bohr  magneton,
and  is the spin projection quantum number. In single-molecule
systems, -factor anisotropy and spin-orbit coupling (SOC) lead to
direction-dependent  Zeeman  splitting  and  nontrivial  values.
When ,  the  zero-bias  peak  splits  into  two  or  more
sub-peaks with spacing

∆V= geffμBB/e (3)

Systems  with S =  1/2  show  symmetric  double  peaks,  whereas
systems  with S =  1  exhibit  triplet  structures  under  axial  magnetic
fields (Fig. 5(e)) [50]. The splitting behavior and peak heights serve
as  precise  indicators  of  spin  states  and  magnetic-field  strength,
enabling  reversible  and  gate-tunable  manipulation  of  molecular
spin via electrode hybridization and orbital control.

As  mentioned  above,  the  single-molecule  Kondo  effect  reveals
profound  many-body  quantum  correlations  and  enables  external
control of spin states via electric and magnetic fields. The ability to
tune  Kondo  resonances  through  parameters  such  as  temperature,
magnetic  field,  gate  voltage,  and  molecule-electrode  coupling
highlights  its  potential  for  realizing  addressable  molecular  spin
qubits  and  programmable  spintronic  devices,  with  direct
implications for molecular-scale quantum technologies [51−58].

 3.2    Single-molecule spin coupling effect
Single-molecule  spin  coupling  refers  to  coherent  interactions
among  multiple  localized  spin  centers  within  a  molecule,  typically
mediated by magnetic exchange or electron delocalization [59].  At

 

g

Figure 5    Single-molecule manifestations and control of the Kondo effect and Zeeman effect. (a) Anderson impurity model illustrating quantum spin screening via virtual
tunneling, forming a Kondo singlet near the Fermi level. Reproduced with permission from Ref. [45], © American Chemical Society 2010. (b) Kondo cloud in a single-
molecule  junction,  showing  conduction-electron  screening  of  a  localized  spin.  Reproduced  with  permission  from  Ref.  [8],  ©  Springer  Nature  Limited  2019.  (c)
Temperature-dependent  Kondo resonance,  observed as  a  sharpening zero-bias  conductance peak.  Reproduced with permission from Ref.  [42],  © American Chemical
Society 2015. (d) Two-stage Kondo screening in MnPc, showing peak splitting with decreasing temperature. Reproduced with permission from Ref. [48], © Guo, X. et al.
2021.  (e)  Magnetic-field-induced  Zeeman  splitting  of  the  Kondo  peak,  reflecting  spin  states  and -factor  anisotropy.  Reproduced  with  permission  from  Ref.  [50],  ©
Macmillan Magazines Ltd. 2002.
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H=−J−→s1 ·−→s2

the  microscopic  level,  this  coupling  arises  from  exchange
interactions  between localized orbitals  and is  commonly  described
by a Heisenberg-type spin Hamiltonian, , where the
sign  and  magnitude  of  the  exchange  parameter J determine
whether  the  coupling  is  ferromagnetic  or  antiferromagnetic  [60].
Spin  centers  may  originate  from  transition-metal  ions,  organic
radicals,  or  unpaired  electrons  in  π-conjugated  systems.  Coupling
mechanisms  include  direct  exchange,  superexchange,  or  indirect
interactions  such  as  Ruderman–Kittel–Kasuya–Yosida  (RKKY)
coupling  mediated  by  conduction  electrons  [61, 62].  These
interactions not only reveal intrinsic molecular magnetism but also
form  the  basis  for  molecular-scale  spintronic  devices,  qubits,  and
magnetic  switches.  Experimental  and  theoretical  studies  have
demonstrated that such couplings are highly sensitive to molecular
structure,  radical  positioning,  charge  state,  electrode  coupling
geometry, and external electric fields.

A  clear  example  of  electrically  tunable  spin  coupling  was
demonstrated in a dicobalt single-molecule junction, where two CoII

ions (HS d7) are bridged by a ligand [59]. As shown in Fig. 6(a), the
two  spins  form  near-degenerate  pseudo  singlet  and  pseudo  triplet
states  separated by an energy gap of  2–3 cm‒1 (Fig.  6(b)),  which is
highly  sensitive  to  the  applied  bias.  At  low  bias,  this  leads  to
interfacial  charge  redistribution,  reconstructing  the  exchange
pathway  and  stabilizing  the  triplet  state,  which  then  dominates
electron transport and induces a Kondo resonance and a zero-bias
anomaly  (Fig.  6(c)).  This  behavior  reflects  the  electric-field
tunability of intramolecular magnetic states.

To explain this phenomenon, a nonequilibrium transport model
was developed [60]. As illustrated in Fig. 6(d), the system comprises
two molecular  orbitals,  with  one fixed at ε0 and the  other  coupled
via  a  tunneling  interaction τc,  forming  hybridized  levels  at ε0 ± τc.
The  effective  exchange  coupling J scales  with  the

molecule–electrode  hybridization  strength Γ.  At  zero  bias,  if  the
Fermi  level  lies  between  the  hybridized  states,  the  system  favors  a
delocalized  triplet  (ferromagnetic)  configuration.  Applying  a  bias
shifts  the  chemical  potentials,  altering  orbital  occupancy  and
reversing  the  sign  of J,  thus  favoring  an  antiferromagnetic  and
localized  regime.  This  transition  suppresses  conductance  due  to
spin  blockade.  Importantly,  this  model  reveals  that  exchange
coupling is not only determined by molecular structure but can also
be  dynamically  tuned  by  external  electric  fields,  enabling  electric-
field-driven spin-state switching without magnetic assistance.

In  metal-free  systems,  all-organic  diradical  junctions  have
emerged  as  versatile  platforms  for  studying  spin  interactions  [61].
In the system shown in Fig.  6(e),  two radicals  are  connected via  a
rigid  π-conjugated  backbone.  At  low  temperatures,  IETS  reveals
spin-flip  excitations  in  the  coupled  state,  whereas  decoupled states
or  geometric  distortions  result  in  Kondo  resonances.  These
observations  confirm  that  the  coupling  strength  depends  critically
on orbital symmetry, radical separation, and the structure of the π-
conjugated  framework,  opening  pathways  toward  mechanical
control of spin order.

More  sophisticated  control  has  been  achieved  in  redox-active
organic diradicals,  where a gate voltage modulates both the charge
state and spin configuration [63]. As shown in Fig. 6(f), two methyl
radicals  linked  by  a  benzene  ring  form  an  antiferromagnetic  state
(J12 =  4.65  meV)  in  the  neutral  charge  state  (charge  state  =  0),
evidenced by symmetric IETS steps at ± 4.65 mV. Applying a gate
voltage  injects  an  electron into  an  unoccupied  orbital  on  the  ring,
forming  a  tri-spin  system  (charge  state  = −1)  with  unequal
superexchange  couplings  (J13 =  2  meV  and J23 =  23  meV).  This
reconfiguration  leads  to  new  IETS  excitations  and  a  zero-bias
Kondo  peak.  This  charge-induced  spin  reconfiguration  occurs  on
picosecond  timescales,  suggesting  potential  applications  in

 

Figure 6    Mechanisms and control of spin coupling effect in single-molecule junctions. (a) Dicobalt molecular junction with two coupled CoII centers. (b) Energy-level
diagram showing a near-degenerate pseudo singlet and pseudo triplet with bias-dependent splitting. (c) Bias-induced singlet-triplet transition leading to Kondo resonance
and zero-bias anomaly. Reproduced with permission from Ref. [59], © Springer Nature Limited 2013. (d) Nonequilibrium transport model demonstrating bias-tunable
exchange coupling. Reproduced with permission from Ref.  [60],  © American Chemical Society 2016. (e) All-organic diradical junction exhibiting geometry-dependent
spin-flip excitations and Kondo features. Reproduced with permission from Ref. [61], © Baum, T. Y. et al. 2022. (f) Redox-controlled diradical enabling gate-switchable
spin-configuration transitions for reprogrammable molecular spin logic. Reproduced with permission from Ref. [63], © American Chemical Society 2017.
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quantum  SWAP  gates  (the  fundamental  two-qubit  gates  that
exchange quantum states) and programmable molecular spin logic.

Overall,  single-molecule  spin  coupling  integrates  orbital-level
exchange,  nonequilibrium  spin  dynamics,  and  field-tunable
correlations.  Spanning  diverse  systems  from  metal  complexes  to
purely  organic  radicals,  it  offers  promising  functionality  for
molecular-scale  quantum  devices,  spin-logic  architectures,  and
reconfigurable memory elements.

 3.3    Single-molecule spin crossover effect
In  single-molecule  spintronic  devices,  the  SCO  effect  reveals  a
unique  quantum  dynamical  behavior  that  extends  beyond  its
classical  thermodynamic  nature  in  bulk  materials  [30].  At  the
molecular scale, the SCO effect arises from the competition between
ΔCF and electron pairing energy (EP), which collectively determine d-
orbital electron configurations [64]. As illustrated in Fig. 7(a), weak
ligand fields  (ΔCF < EP)  favor  HS states  due  to  dominant  electron-
electron repulsion,  while  strong fields  (ΔCF > EP)  stabilize  LS  states
by  overcoming EP.  Near  the  crossover  region  where  ΔCF ≈ EP,  HS
and  LS  states  become  nearly  degenerate,  enabling  spin  transitions
via subtle perturbations.

In  single-molecule  devices,  the  SCO  behavior  cannot  be  fully
described by traditional ligand field theory. Instead, it involves multi-
scale  mechanisms  such  as  molecule-environment  coupling,
electron–phonon  interactions,  and  quantum  tunneling.  Although
the  electronic  structure  dominates  the  transport  behavior,  the
molecule–electrode interface  may obscure  intrinsic  spin properties
[30].  To  address  this  complexity,  an  Ising-like  model  has  been
developed to extend thermodynamic descriptions by incorporating
cooperative  coupling,  successfully  explaining  hysteresis  and  field-
driven spin transitions [65]. The model Hamiltonian is given by

H=−J∑i,j
SiSj +∑i

(
∆i

2
−kBT lngi

)
Si (4)

Si

gi gHS gLS
Here,  is a discrete spin state (LS: −1, and HS: +1), Δi is the local
energy  gap,  and  accounts  for  the  spin  degeneracy  (  > ).
This model captures the hysteresis behavior observed when heating
and  cooling  follow  different  spin-transition  pathways  [66].  This
bistability renders SCO molecules promising for data storage, where
their  spin  states  can  remain  stable  against  environmental
fluctuations.

Achieving  precise  spin  state  control  at  the  molecular  level  is
essential  for  future  molecular  spin  devices  [65].  Among  various
external stimuli, the mechanical force is particularly effective due to
its  direct  action  on  molecular  geometry.  By  modifying  the
coordination  environment,  mechanical  deformation  tunes  the
ligand  field  and  thus  the  spin  state.  In Fig.  7(b),  an  Fe-porphyrin
molecule  is  positioned  between  an  STM  tip  and  a  substrate.
Adjusting  tip  height  applies  atomic-scale  tensile  or  compressive
strain [67]. As the molecular junction is stretched, the macrocyclic
ligand flattens, Fe–N bonds contract, and a spin transition from S =
2  to S =  1  occurs.  The  Kondo  resonance  width  increases
significantly and reverses repeatedly (Fig. 7(c)), indicating reversible
magnetic  switching.  First-principles  calculations  confirm  that  this
transition is driven by ligand field enhancement rather than charge
transfer.  Control  experiments  confirmed  that  tunneling-induced
displacements  without  full  mechanical  coupling  are  insufficient  to
trigger  the  spin  transition,  highlighting  the  essential  role  of
mechanically induced conformational change.

In  comparison  with  temperature,  light,  or  mechanical  force,
electric fields offer faster response speeds, strong spatial localization,
and  superior  device  integrability,  making  them  ideal  for  SCO
manipulation.  Electric  fields  influence  the  SCO  effect  through

 

Figure 7    Mechanisms and control of the SCO effect in single-molecule junctions. (a) Ligand field theory diagram of the HS/LS crossover. Reproduced with permission
from Ref. [64], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (b) STM-based mechanical control of an Fe-porphyrin junction via tip-induced stretching.
(c) Reversible spin switching from S = 2 to S = 1, indicated by Kondo resonance modulation. Reproduced with permission from Ref. [67], © American Chemical Society
2017. (d) Density functional theory-predicted electric-field control of spin switching in a diiron π-bridged complex via orbital reordering. Reproduced with permission
from Ref. [69], © Springer Nature Limited 2009. (e) Electric-field-induced geometric distortion in FeII-terpyridine with push–pull dipoles. Reproduced with permission
from Ref. [71], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2015. (f) Singlet-triplet transitions in NTCPhN with open-shell configurations. Reproduced with
permission from Ref. [72], © Yang, C. Y. et al. 2024.
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several  mechanisms:  directly  modifying  ΔCF,  inducing
conformational  distortions  via  dipolar  interactions,  and  shifting
orbital occupancy and charge localization [68].

Early  theoretical  studies  predicted  that  electric  fields  could
regulate  the  relative  stability  of  spin  states  in  molecules  by
introducing  a  dipole  effect,  thereby  inducing  the  SCO  effect.  As
shown in the left panel of Fig. 7(d), symmetric dicobaltocene (diCo)
molecules,  due to the lack of a permanent dipole moment,  do not
exhibit  crossing  between  the  singlet  and  triplet  states  under  an
applied  electric  field,  showing  stable  antiferromagnetic  coupling
[69].  However,  when a polar substituent (e.g.,  MeO) is  introduced
on one side, the resulting MeO-diCo molecule displays a noticeable
dipole,  breaking  the  inversion  symmetry  and  producing  a  first-
order Stark effect in response to the electric field. The right panel of
Fig. 7(d) shows the variation of the exchange coupling constant JST

with  electric  field  strength:  In  diCo, JST remains  negative,
corresponding to  an antiferromagnetic  state.  In  contrast,  in  MeO-
diCo,  when  the  electric  field  strength  reaches  a  critical  value  of
approximately  1.5  V/nm,  the  singlet  and  triplet  states  become
degenerate, leading to the SCO effect from the antiferromagnetic to
the  ferromagnetic  state.  During  this  process,  the  electric  field  acts
on  the  molecular  dipole,  altering  the  energy  levels  of  the  local
orbitals,  which changes the sign of the exchange coupling between
the magnetic centers. This effect has been similarly verified in other
dicobaltocene derivatives with asymmetric polar substituents.

Subsequent  studies  expanded  the  electric  field  regulation
mechanism by exploring direct modulation of the spin state at the
transition metal center via gate voltage. For example, adjusting the
gate voltage to control the electronic state of the terpyridine ligand
allows  effective  control  of  the  ligand  field  strength  around  the
transition metal ion (such as MnII), achieving a transition from HS
(S = 5/2) to LS (S = 1/2) [70].

Further investigations revealed that the electric field regulates the
SCO  effect  by  inducing  geometric  distortions  in  the  coordination
sphere. As shown in Fig. 7(e), in an FeII-terpyridine single-molecule
junction fabricated using MCBJ, the ligand structure deforms under
the  electric  field,  changing  the  coordination  environment  of  the
metal ion [71]. This weakens the ligand field strength, reducing ΔCF

and triggering a transition from LS (S = 0) to HS (S = 2). When the
electric  field  reaches  a  certain  threshold,  the  spin  state  changes
significantly,  and  the  current  response  exhibits  clear  bistable
behavior.

Beyond the conventional  metal-centered spin-crossover  systems
described  above,  recent  research  has  revealed  an  expanded
manifestation  of  SCO  in  purely  organic  open-shell  molecules,
where the spin transition arises not from variations in metal-ligand
orbital splitting but from intrinsic electronic correlations within π-
conjugated  frameworks  [72].  In  a  graphene–molecule–graphene
single-molecule  junction,  an  open-shell  donor–acceptor  diradical
based  on  a  naphtho[1,2-c:5,6-c]bis([1,2,5]thiadiazole)  (NTCPhN)
derivative  was  covalently  bonded  to  graphene  electrodes  through
amide  linkages,  creating  a  stable  and well-controlled  interface  that
preserves the intrinsic  spin activity  of  the molecule.  Time-resolved
transport  measurements  identified  three  discrete  conductance
states,  corresponding  to  the  closed-shell  singlet,  open-shell  singlet,
and  open-shell  triplet  configurations  (Fig.  7(f)).  The  relative
populations  of  these  states  can  be  tuned  simultaneously  and
cooperatively  by  temperature,  electric  field,  and  magnetic  field.
Thermal excitation enhances the population of the triplet state, the
applied bias alters the energy alignment and activation barriers, and

an  external  magnetic  field  promotes  singlet-triplet  conversion
accompanied  by  pronounced  magnetoresistance  at  low
temperatures. Unlike the orbital-driven SCO observed in transition-
metal  complexes,  this  phenomenon  showcases  multi-stimuli  and
device-integrated  control  of  spin  multiplicity  in  a  metal-free
diradical  system,  extending  the  concept  of  spin  crossover  from  its
classical  definition  to  a  broader  regime  governed  by  electronic
correlation.

Generally  speaking,  the  SCO  effect  has  evolved  from  a  bulk
thermodynamic  phenomenon  into  a  molecular-scale  quantum
effect.  The  ability  to  cooperatively  control  spin  state,  orbital
structure, and molecular geometry via mechanical or electric stimuli
reveals  new  dimensions  of  SCO  physics  and  provides  a  solid
foundation for designing programmable, low-power, and integrated
single-molecule spintronic devices [73, 74].

 3.4    Single-molecule spin filtering effect
Single-molecule  spin  filtering  refers  to  the  spin-selective  transport
behavior  observed  when  electrons  tunnel  through  an  individual
molecule,  exhibiting  significantly  different  transmission
probabilities  for  spin-up  and  spin-down  electrons  [75].  This
phenomenon  embodies  a  quantum  mechanism  for  spin
discrimination  at  the  molecular  scale  and  is  quantitatively
characterized by the spin polarization ratio (SP) [76]

SP =
|I↑ − I↓|
I↑ + I↓

× 100% (5)

As a central theme in molecular spintronics, spin filtering aims to
uncover  the  origin  of  spin  polarization  at  the  atomic  scale  and
develop  methods  for  its  active  control  in  device  applications.  One
direct  mechanism  for  single-molecule  spin  filtering  arises  from
intrinsic  spin splitting in magnetic  molecular  orbitals  [73, 77].  For
instance,  in  Mn–Cu-based  SMMs  (Fig.  8(a)),  spin-dependent
orbital energies are modulated by magnetic anisotropy and external
bias,  creating  distinct  conduction  channels  for  spin-up  and  spin-
down electrons [78]. At zero bias, the system supports a highly spin-
polarized  conduction  channel.  Upon  applying  a  bias  voltage,
changes  in  orbital  occupancy  reverse  the  spin  direction,  effectively
realizing a voltage-controlled spin switch (Fig. 8(b)).

Another  mechanism  involves  spin  state  transitions  in  SCO
molecules.  In  Fe-based  SCO  systems,  the  reversible  transition
between  HS  and  LS  states  reshapes  the  molecular  orbital  energy
landscape. In the HS state, spin-selective orbitals may align near the
Fermi  level,  enabling  polarized  transport.  In  the  LS  state,  the
absence of such alignment suppresses spin selectivity [73]. This spin-
orbital  coupling  can  be  tuned  by  temperature,  electric  fields,  or
chemical  stimuli,  offering  a  non-magnetic  route  to  spin
modulation.

Importantly,  spin  filtering  does  not  always  require  magnetic
species.  The CISS effect  demonstrates  that  chiral  molecules,  in  the
presence  of  spin-orbit  coupling,  can  generate  spin-polarized
currents  without  external  magnetic  fields.  For  example,  the  spin-
selective conduction has been observed in DNA oligomers between
non-magnetic  electrodes,  highlighting  the  spontaneity  and
generality  of  the  CISS  effect  [79].  The  underlying  mechanism
involves spin-orbit coupling between the electron’s motion along a
helical  path and its  spin,  leading to momentum-spin locking.  This
creates asymmetric potential barriers for different spin orientations,
enabling spin separation.

Building  on  this  non-magnetic  paradigm,  single-molecule
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junction  experiments  further  demonstrate  that  CISS-type  spin
filtering can be directly measured at the atomic scale when a spin-
polarized  injector  is  introduced.  In  helicene-based  break-junction
devices,  an  enantiopure  2,2'-dithiol-[6]helicene  molecule  bridges  a
ferromagnetic  Ni  electrode  and  a  non-magnetic  Cu,  Ag,  or  Au
counter electrode, forming a well-defined chiral tunnelling pathway
within an atomic-scale junction geometry (Fig. 8(c)) [80]. The spin-
filtering mechanism is consistent with the CISS picture in Fig. 8(c),
where  the  electron  transport  through  a  chiral  potential  favors  one
spin  population  and  suppresses  the  opposite  one.  Experimentally,
the  magnetoconductance  can  be  decomposed  into  symmetric  and
antisymmetric  components,  and the bias-symmetric  component is
attributed  to  CISS,  providing  a  direct  signature  of  spin-selective
transmission  through  a  single  chiral  molecule,  as  shown  in
Fig. 8(d).

dz2

Beyond  magnetic  and  chiral  systems,  the  quantum  interference
offers  a  purely  electronic  approach  to  spin  filtering.  In  the
Ag–vanadocene–Ag  molecular  junction  (Fig.  8(e)),  near-perfect
spin  polarization  was  achieved  despite  the  absence  of  magnetic
components  or  magnetic  fields  [81].  Calculations  revealed  two
independent  electron  pathways:  one  through  the  vanadium 
orbital  and  the  other  one  through  the  π-conjugated  backbone.
These  pathways  interfere  destructively  for  one  spin  orientation
(spin-up), suppressing transmission, while constructive interference
occurs  for  the  opposite  spin  (spin-down),  enabling  nearly  lossless
conduction  (Fig.  8(f)).  These  result  in  ideal  single-channel  spin

filtering  driven  solely  by  orbital  symmetry  and  quantum
interference, independent of magnetic order.

In brief,  recent advances in single-molecule spin filtering span a
range  of  mechanisms,  including  magnetic  orbital  splitting,  spin
state reconfiguration, CISS, and quantum interference engineering.
These  mechanisms  share  a  common  feature:  They  exploit  the
differences  in  how  spin-up  and  spin-down  electrons  interact  with
molecular  orbitals,  energy  alignments,  and  symmetry-breaking
factors  at  the  quantum  level.  Functionally,  such  effects  enable  not
only  static  spin  polarization,  but  also  dynamically  reconfigurable
spin  control,  paving  the  way  for  low-power,  high-efficiency,  and
atomically precise spintronic devices.

 3.5    Single-molecule spin thermoelectric effect
The  conversion  of  thermal  energy  into  spin  information  at  the
nanoscale  has  become  a  significant  research  direction  bridging
spintronics  and  molecular  electronics.  In  the  specific  context  of
single-molecule  junctions,  the  spin  thermoelectric  effect  refers  to
the generation of a spin-polarized current driven by a temperature
gradient [82]. A key objective in this area is to achieve a pure spin
current,  one  that  carries  spin  angular  momentum  without  net
charge flow. This process relies on the coupling between molecular
orbitals  and  spin  states,  thermally  activated  carrier  transport,  and
the construction of spin-selective tunneling pathways.

In the broader context, this phenomenon is categorized into two
types:  the  spin  Seebeck  effect  (SSE),  where  a  temperature  gradient

 

Figure 8    Mechanisms  and  control  of  spin  filtering  effect  in  single-molecule  junctions.  (a)  Spin  filtering  in  Mn–Cu-based  SMMs  via  spin-split  orbitals  and  magnetic
anisotropy.  (b)  Bias-induced reversal  of  spin polarization via  orbital  occupancy changes.  Reproduced with permission from Ref.  [78],  © American Institute  of  Physics
2010. (c) Helicene-based break-junction device forming a chiral transport channel for measuring CISS. (d) Magnetoconductance reversal with field direction or chirality
confirms  spin-selective  transport.  Reproduced  with  permission  from  Ref.  [80],  ©  Singh,  A.  K.  et  al.  2025.  (e)  Quantum  interference-driven  spin  filtering  in  an
Ag–vanadocene–Ag junction. (f) Spin-resolved transmission spectrum showing nearly perfect spin polarization from quantum interference. Reproduced with permission
from Ref. [81], © Pal, A. N. et al. 2019.
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Ss

induces  a  spin  current,  and  the  spin  Peltier  effect  (SPE),  where  a
spin  current  drives  the  heat  flow  [83].  Since  SPE  remains
experimentally  challenging  to  realize,  current  research  primarily
focuses  on  SSE,  which  is  often  considered  synonymous  with  the
spin thermoelectric effect in molecular systems. A central parameter
is the spin-dependent Seebeck coefficient , defined as [84]

Ss =− ∆Vs

∆T

∣∣∣∣
Ich=0

(6)

Ss

where the condition Ich = 0 ensures zero charge current. The sign of
 indicates  the  direction  of  the  spin  current,  and  its  magnitude

reflects the efficiency of converting thermal energy into spin flow.
Studies  on  single-molecule  spin  thermoelectric  effects  have

evolved from fundamental theory to material implementations and
engineered  design  strategies.  Theoretical  work  initially  focused  on
SMMs,  demonstrating  spin-dependent  transport  under  a  thermal
gradient  within  the  sequential  tunneling  regime  [84].  Owing  to
intrinsic spin selection rules,  spin-up and spin-down electrons can
occupy  different  energy  levels  and  flow  in  opposite  directions.  As
shown in Fig. 9(a), at a certain molecular energy level ε0, the spin-up
and spin-down currents are nearly equal in magnitude but opposite
in  direction,  resulting  in  a  negligible  charge  current Ich =
I↑ + I↓ ≈  0,  while  the  spin  current Isp = I↑ − I↓ remains  finite.  This
behavior leads to the natural emergence of a pure spin current, and
provides  the  first  theoretical  evidence  that  the  spin  Seebeck
coefficient  can  exceed  its  charge  counterpart  under  specific
conditions.

Subsequent  studies  explored  the  implementation of  such effects
in  real  molecular  systems.  Transition-metal  sandwich  dimers
(MCp2-Ac-MCp2,  M  =  Cr,  Mn,  Fe,  and  Co)  were  proposed  as
promising candidates for molecular spin caloritronics [85]. In gold-
molecule-gold junctions, first-principles calculations combined with

non-equilibrium  Green’s  function  methods  revealed  that  the  spin
transport  is  governed  by  the  spin-dependent  DOS near  the  Fermi
level.  For  example, Fig.  9(b) shows  that  Co-based  dimers  produce
symmetric  spin-resolved transmission peaks.  Under a  temperature
gradient,  the  asymmetry  in  Fermi–Dirac  distributions  results  in  a
net  flow  of  hot  and  cold  electrons  in  opposite  spin  channels,
yielding  a  pure  spin  current  with  near-zero  thermovoltage.  As
shown in Fig. 9(c), the spin current increases with the temperature
gradient.  In  contrast,  Cr  and  Mn  dimers  exhibit  perfect  spin
filtering and negative differential thermoelectric resistance, while Fe
dimers, lacking spin asymmetry, fail to generate pure spin currents.
These  findings  highlight  how  the  electronic  configuration  of  the
metal  center  determines  the  thermo-spin  transport  behavior,
enabling targeted molecular design.

With growing insights into electronic structure, more engineered
molecular  systems  have  been  proposed.  In  particular,  bipolar
magnetic  molecules  (BMMs),  which  possess  HOMO  and  LUMO
levels  from opposite  spin  channels,  offer  a  promising  platform for
controllable SSE [86]. As shown in Fig. 9(d), the HOMO of BMMs
is spin-up while the LUMO is spin-down, forming a built-in spin-
flip  gap.  Under  a  thermal  bias,  spin-up  and  spin-down  electrons
naturally  propagate  in  opposite  directions,  forming  a  pure  spin
current.  In  specific  molecules  such  as  VII(phen)2(NCS)2,  a  gate
voltage  effectively  tunes  the  alignment  between  the  molecular
orbitals  and  the  Fermi  level.  For  instance,  at  the  optimized  gate
voltage shown in Fig.  9(e) (VG = 0.15 V), the HOMO and LUMO
simultaneously  approach  the  Fermi  level,  leading  to  nearly  equal
but oppositely directed spin currents, which cancel charge flow and
enhance spin flow. Temperature-dependent results (Fig. 9(f)) show
that  this  pure  spin  current  remains  stable  across  a  broad
temperature range, indicating robust gate-tunable SSE behavior. In
comparison with SMMs and sandwich dimers, BMMs demonstrate

 

Figure 9    Mechanisms  of  thermally  driven  spin  currents  in  single-molecule  junctions.  (a)  Theoretical  model  of  a  single-molecule  magnet  under  a  thermal  gradient,
generating a pure spin current. Reproduced with permission from Ref. [84], © The American Physical Society 2010. (b) Spin-resolved transmission spectra for Co-based
sandwich  dimers,  displaying  symmetric  peaks  near  the  Fermi  level.  (c)  Spin  current  increasing  with  the  applied  thermal  gradient.  Reproduced  with  permission  from
Ref.  [85],  ©  The  Royal  Society  of  Chemistry  2019.  (d)  BMM  design  enabling  spin-separated  thermal  transport.  (e)  Gate-tuning  of  molecular  orbitals  in  BMMs  for
optimized spin current. (f) Robust and gate-tunable SSE across a wide thermal range. Reproduced with permission from Ref. [86], © American Chemical Society 2023.
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the  advantages  of  molecular  orbital  engineering,  offering  the
enhanced flexibility in designing spin caloritronic functionalities.

Taken  together,  research  into  single-molecule  spin
thermoelectric effects has progressed from theoretical models based
on  SMMs,  through  chemically  diverse  transition-metal  dimers,  to
orbital-level  control  in  BMMs.  This  trajectory  outlines  a  clear
strategy  spanning  mechanism,  molecular  design,  and  device
integration.  These advances not  only deepen the understanding of
spin-heat  coupling  at  the  molecular  scale,  but  also  provide  a
practical  foundation  for  developing  energy-efficient  and  integrable
spintronic technologies [87−90].

 3.6    Single-molecule spin interface effect
In  single-molecule  spintronic  devices,  the  interfacial  geometry,
coupling  strength,  and  energy-level  alignment  between  the
molecule  and  the  electrodes  critically  determine  spin-transport
properties  [91].  The  interface  not  only  governs  charge  injection
efficiency,  but  also  fundamentally  controls  spin  injection,  spin
polarization,  and  spin  coherence.  Theoretical  studies  indicate  that
even if  a  molecule  possesses  extended π-conjugation and supports
well-defined spin-polarized states, the expression of these states in a
device  crucially  depends  on  the  symmetry  and  strength  of
interfacial  coupling  [92].  When  the  coupling  is  weak  or  strongly
asymmetric,  the  π  orbitals  of  the  molecule  do  not  hybridize
efficiently with electrode states,  leading to rapid spin dissipation at
the  interface  and  a  significantly  weakened  magnetotransport
response.

From  a  design  perspective,  three  interrelated  aspects  of  the
molecule–electrode  interface  are  particularly  important:  anchoring
groups,  contact  geometry,  and  coupling  strength.  The  chemical
nature  of  the  anchoring  groups,  such  as  thiols,  amines,  nitriles,
isocyanides,  N-heterocyclic carbenes,  carboxylates,  or π–π contacts
to graphitic electrodes, controls both bonding configuration and the
degree of orbital hybridization, thereby establishing the foundation
for  spin  injection  and  spin  selectivity.  Contact  geometry,
encompassing  binding  site  (e.g.,  top,  bridge,  hollow,  and  edge
versus  basal  plane),  adsorption  angle,  molecular  tilt,  and  the
electrode  dimensionality  (three-dimensional  metal  or  two-
dimensional material), modulates local symmetry, effective overlap,
and  the  spatial  distribution  of  spin  density  at  the  interface.
Together,  these  factors  determine  the  effective  molecule–electrode
coupling  strength  and  the  resulting  energy-level  alignment,  which
in turn govern whether spin-polarized states  are weakly probed in
the  tunneling  regime,  strongly  broadened  into  hybrid  interface
states,  or  subject  to  many-body  phenomena  such  as  the  Kondo
effect. Optimizing spintronic performance thus requires a balanced
interfacial  design:  Coupling  must  be  strong  enough  to  achieve
efficient  spin  injection and robust  readout,  yet  not  so  strong as  to
quench molecular spin states or accelerate decoherence.

These principles have been experimentally confirmed. As shown
in Fig.  10(a),  a  single-molecule  spintronic  device  was  fabricated in
which  a  manganese  dibenzotetraaza[14]annulene  single-molecule
magnet  (Fe-Mn(DBTAA)-Fe)  is  bridged  between  two
ferromagnetic  Fe  electrodes.  By  tuning  the  molecular  contact
geometry  with  the  electrodes  without  altering  the  molecular
backbone, the direction and magnitude of spin-polarized transport
were both found to change markedly (Fig. 10(b)). Notably, the MR
response  even  exhibited  sign  reversal  under  different  interfacial
configurations  [93].  These  findings  demonstrate  that  interface-
induced reconstruction of electronic states,  particularly the overlap

between  metal  d  orbitals  and  ligand  orbitals,  is  a  key  factor  in
establishing  spin-selective  transport  channels  and  in  controlling
whether a molecular junction exhibits positive or negative MR.

Further  investigations  reveal  that  when  a  molecule  possesses
strong  magnetic  anisotropy,  interfacial  effects  can  amplify  this
intrinsic  property,  enabling  stable  MR  responses  even  at  room
temperature.  As  shown  in Fig.  10(c),  single-molecule  junctions
based  on  Fe-terephthalic  acid  (TPA)  were  constructed  with
controlled  electrode  geometry  and  adsorption  angle.  The
corresponding  devices  exhibited  a  pronounced  angle-dependent
anisotropic MR (AMR) effect  (Fig.  10(d)) [94].  This highlights the
dominant role of  the interface in shaping the spatial  configuration
of  molecular  spin  responses,  effectively  translating  molecular
magnetic  anisotropy  into  device-level  anisotropic  spin  transport
through controlled contact geometry.

Beyond structural considerations, the chemical composition and
electronic  structure  of  the  interface  also  critically  influence  spin
transport.  In Fig.  10(e),  a  study  employing  [MII(tzpy)2(NCSe)2]
complexes  (M  =  Co,  Mn,  and  Ni;  tzpy  =  3-(2-pyridyl)-
[1,2,3]triazolo[1,5-a]pyridine;  and  NCSe  =  selenocyanate)  as
molecular  bridges  between  a  ferromagnetic  Ni  tip  and  a
nonmagnetic  Au  electrode  revealed  that  only  the  CoII complex
exhibited a  strong MR signal,  whereas the MnII and NiII analogues
showed negligible variation [95]. This implies that although a finite
total  spin is  necessary,  efficient  spin-selective  coupling occurs  only
when the symmetry and density of states of the molecular d orbitals
match those of the ferromagnetic electrode. Further evidence comes
from  electrode-comparison  experiments:  When  the  same  Co
complex  was  connected  to  Fe,  Co,  or  Au  electrodes,  only
ferromagnetic  contacts  generated  noticeable  MR,  whereas
nonmagnetic  Au  resulted  in  negligible  spin  transport  (Fig.  10(f)).
These results illustrate that electrodes act not only as reservoirs and
spin-polarized  sources,  but  also  as  spin  filters,  with  effectiveness
governed  by  their  intrinsic  magnetism  and  local  electronic
structure.

Interfacial  engineering  also  enables  functional  programmability.
In  some  molecular  junction  systems,  reversible  switching  between
conductive and insulating states has been achieved by reconfiguring
the  molecular  contact  geometry,  thereby  inducing  controllable
transitions  between  spin  states  and  realizing  spin-switching
behavior  through  interface-dependent  mechanisms  [96].  This
extends the role of interface design into a platform for dynamically
reconfigurable  spintronics,  where  the  same  molecule  can  be
switched  between  distinct  spin-transport  regimes  through
mechanical, electrical, or chemical modulation of contacts. In more
complex  systems,  the  interface  can  even  dictate  the  emergence  of
quantum  many-body  behaviors.  For  example,  in  PTM  radical
molecules,  a  strong anticorrelation has  been observed between the
Kondo  resonance  and  MR:  With  poor  interfacial  symmetry,  the
Kondo  resonance  is  enhanced  but  spin  polarization  is  weakened;
conversely,  with  more  symmetric  coupling,  MR  increases  while
Kondo  features  diminish  [97].  Remarkably,  mechanical  stretching
of  the  electrodes  enables  dynamic  switching  between  these  two
regimes, offering quantum-level evidence that the interface governs
not  only  the  magnitude  of  spin  signals  but  also  the  dominant
transport mechanism in molecular devices.

To  summarize,  these  examples  underscore  that  interfacial  spin
effects determine the injection and retention of spin polarization, as
well  as  the response type,  stability,  and programmability  of  single-
molecule spintronic devices. Practically, the alignment of molecular
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orbital  density  of  states  with  electrode  bands,  the  magnetic
compatibility  between  molecular  spins  and  electrode  spin
polarization, the geometric configuration and mechanical flexibility
of the junction, and the choice of anchoring chemistry converge to
form the core regulatory framework of molecular-scale spin devices.
Future  breakthroughs  will  therefore  rely  not  only  on “designing  a
good  molecule”,  but  also  equally  on “constructing  a  controllable
interface” in  which  anchoring  groups,  contact  geometry,  and
coupling  strength  are  deliberately  engineered  to  maximize  spin
injection,  spin  polarization,  and  spin  coherence  under  realistic
operating conditions.

 4    Single-molecule spin devices
The diverse and profound spin-related effects observed at the single-
molecule scale, which are characterized by strong nonlinearity and
exceptional tunability, enable the construction of spintronic devices
with  clearly  defined  functionalities.  As  conventional
microelectronics  nears  its  fundamental  physical  limits,  the
development of novel device architectures that exploit electron spin,

rather  than  charge,  has  emerged  as  a  promising  strategy  to
overcome existing bottlenecks in power consumption, scaling,  and
multifunctionality.  Consequently,  single-molecule  spintronic
devices  have  thus  attracted  increasing  attention,  offering
unprecedented functional specificity and integration potential at the
ultimate limit of miniaturization. These advances are driven by the
deepened  understanding  and  precise  control  of  quantum
phenomena such as spin-dependent transport, spin relaxation, and
magnetic  coupling  within  molecular  systems.  This  chapter  focuses
on  representative  device  prototypes  that  utilize  these  physical
effects,  including  spin  valves  for  data  readout  and  storage,  spin
switches  for  logic  control,  and  single-molecule  spin  qubits  for
quantum computing applications. Particular emphasis is placed on
elucidating  how  microscopic  spin  phenomena  can  be  effectively
converted into macroscopic device functionalities.

 4.1    Single-molecule spin valve (SMSV)
SMSVs  represent  the  atomic-scale  embodiment  of  classical  spin-
valve  mechanisms,  wherein  a  single  molecule  acts  as  a  tunneling
barrier between two ferromagnetic electrodes [98]. By switching the

 

Figure 10    Interfacial  control  of  spin  transport  in  single-molecule  spintronic  devices.  (a)  Fe-Mn(DBTAA)-Fe  junction  with  tunable  contact  geometry.  (b)  Interfacial
geometry  altering  the  magnitude  and  direction  of  MR.  Reproduced  with  permission  from  Ref.  [93],  ©  The  Royal  Society  of  Chemistry  2022.  (c)  TPA-Fe  junction
exhibiting  angle-dependent  spin  transport.  (d)  Angle-resolved  AMR  confirming  interface-enhanced  magnetic  anisotropy  at  room  temperature.  Reproduced  with
permission from Ref. [94], © American Chemical Society 2015. (e) Spin transport in [MII(tzpy)2(NCSe)2] (M = Co, Mn, and Ni) complexes showing metal-dependent MR.
(f)  Electrode-material-dependent  MR,  showing  significant  spin  filtering  only  with  ferromagnetic  contacts.  Reproduced  with  permission  from  Ref.  [95],  ©  American
Chemical Society 2017.
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relative magnetization alignment of the electrodes, between parallel
(P)  and  antiparallel  (AP)  configurations,  a  significant  contrast  in
spin-selective electron transmission is achieved, resulting in distinct
conductance  states.  The  device  performance  is  typically  quantified
by the following equation [99]

MR=
RAP −RP

RP

(7)

which reflects  the spin filtering efficiency under varying molecular
configurations and bias conditions.

In  such  devices  (Fig.  11(a)),  under  the  P  configuration,  the
majority-spin  states  of  both  electrodes  align  near  the  Fermi  level,
enhancing molecular coupling and transmission for majority spins,
thus  yielding  a  low-resistance  state.  Conversely,  in  the  AP
configuration,  this  alignment  is  disrupted,  leading  to  asymmetric
coupling  across  spin  channels  and  suppression  of  the  dominant
transmission  pathway,  thereby  switching  the  system  into  a  high-
resistance  state.  This  switching  behavior  leads  to  a  characteristic
hysteresis in current–voltage responses [99].

Unlike  conventional  spintronic  structures,  SMSVs  exhibit
fundamentally  different  origins  of  magnetism:  Electrode  spin
polarization  arises  from  exchange-split  band  structures,  whereas
molecular  magnetism  may  result  from  spin-selective  orbital
hybridization  (e.g.,  in  H2Pc)  or  from  intrinsic  magnetically
anisotropic  spins  in  SMMs  (e.g.,  Fe4 and  TbPc2).  Their  coupling
involves  DOS  alignment,  super  exchange  interactions,  and
molecular  orbital  symmetry,  all  of  which  govern  spin  transport
efficiency [98, 100].

Theoretical  predictions  using  Ni-BDT-Ni  (BDT  =  1,4-benzene-
dithiolate)  junctions  first  suggested  that  spin-valve  effects  could

occur  at  the  molecular  level,  with  transmission differing by  orders
of  magnitude  between  P  and  AP  configurations  [98].  Subsequent
first-principles  simulations  confirmed  this  behavior.  For  example,
Fig.  11(b) illustrates  a  Ni-BDT-Ni  device  with  Au  electrodes.
Although  its  ground  state  favors  AP  alignment,  an  external
magnetic field can switch the system to the P state, yielding a sharp
conductance  increase  (MR  ≈  53%).  Replacing  Ni  with  Mn
alters the dominant spin channel and suppresses MR, highlighting
the  critical  influence  of  electrode–molecule  hybridization  on  spin
filtering [100].

Experimentally, such interface hybridization effects were verified
in  Co–H2Pc–Co  junctions.  Using  spin-polarized  STM  (SP-STM),
researchers bridged a single H2Pc molecule between a Co tip and a
Co island (Fig. 11(c)). The junction exhibited high conductance (G0

of  ~  0.26)  and  strong  MR  (~  60%),  even  at  a  low  areal  resistance
product.  The LUMO strongly hybridizes  with minority-spin states
and  weakly  with  majority-spin  states,  making  the  P  configuration
favorable  for  minority-spin  transport.  In  contrast,  the  AP  state
suppresses  transmission  due  to  asymmetric  spectral  broadening.
This phenomenon can be accurately described by the Breit–Wigner
resonance  model,  which  indicates  the  crucial  role  of  energy  level
alignment and interfacial symmetry [101].

When  a  molecule  possesses  intrinsic  magnetism  and
pronounced  magnetic  anisotropy,  it  can  host  bistable  spin  states
protected  by  an  anisotropy  barrier,  thereby  enabling  spin-selective
transport  and switching at  the molecular scale.  In junctions where
such  magnetic  molecules  are  coupled  to  ferromagnetic  electrodes,
the  spin-valve  response  is  dictated  by  the  interplay  between  the
electrode  spin  polarization  and  the  molecules’ bistable  spin
orientations.  For  example, Fig.  11(d) shows  a  junction
incorporating  SMMs,  in  which  an  external  magnetic  field  or  an

 

Figure 11    Spin-valve  behaviors  in  single-molecule  junctions.  (a)  Schematic  of  a  single-molecule  spin  valve  with  conductance  dependent  on  electrode  magnetization
alignment. Reproduced with permission from Ref. [99], © Elsevier B.V. 2011. (b) Theoretical simulation showing large magnetoresistance in a Ni-BDT-Ni junction and
the  magnetoresistance’s  sensitivity  to  electrode–molecule  coupling.  Reproduced  with  permission  from  Ref.  [100],  ©  American  Physical  Society  2003.  (c)  SP-STM
measurements  revealing  high  magnetoresistance  in  Co–H2Pc–Co  junctions  via  LUMO-spin  hybridization.  Reproduced  with  permission  from  Ref.  [101],  ©  Springer
Nature Limited 2011. (d) SMM-based spin-valve junction with a magnetic source electrode and a diamagnetic drain electrode, illustrating spin-dependent transmission
under parallel and antiparallel alignment. Reproduced with permission from Ref. [3], © Springer Nature Limited 1969. (e) Ligand-engineered spin filtering in Au-Fe4-Au
junctions,  showing  enhanced  magnetoresistance  with  phenyl  ligands.  Reproduced  with  permission  from  Ref.  [102],  ©  Zu,  F.  X.  et  al.  2014.  (f)  Interfacial  doping  in
TbPc2/Ni systems, improving spin retention and thermal stability via tuned superexchange. Reproduced with permission from Ref. [103], © American Physical Society
2011.
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applied  bias  can  shift  molecular  levels  to  open  or  block  spin-flip
pathways,  toggling  the  junction  between  high- and  low-
conductance  states  [3].  Depending  on  the  coupling  strength,
additional effects such as Coulomb blockade, Kondo resonances, or
vibronic  contributions  may  further  modulate  this  spin-switching
behavior.  Importantly,  spin  filtering  can  also  be  realized  without
magnetic  electrodes  when  transport  is  governed  primarily  by  the
molecules’ intrinsic  spin  structure.  In  an Au-Fe4-Au junction with
non-magnetic  electrodes  (Fig.  11(e)),  ligand  modifications  lead  to
markedly  different  spin  transport:  methyl  ligands  localize  spin
density  near  the  Fe  core,  enabling  near-perfect  spin  filtering,
whereas phenyl ligands introduce π-bridge-induced asymmetry that
dramatically enhances the MR, reaching up to 1800% [102].

Moreover,  interfacial  engineering  offers  a  tunable  pathway  to
tailor spin valve functionality. As illustrated in Fig. 11(f), adsorbing
TbPc2 on  an  anisotropic  Ni  surface  and  doping  with  oxygen  or
lithium  modifies  the  interfacial  super  exchange  interaction.  This
enables  precise  control  over  molecular  magnetization,  improves
thermal  stability,  and  helps  retain  spin  state  under  ambient
conditions [103].

It is worth noting that the performance of SMSVs is governed by
several key factors:

(1)  Energy  level  alignment  and  spectral  broadening  symmetry,
which  affect  the  efficiency  of  spin  transmission  and  can  be  tuned
via gate voltage or molecular design [99−102].

(2) Electrode spin polarization, which determines the magnitude
and type of spin injection [100, 101].

(3)  Molecular  spin  states,  particularly  in  SMMs,  which  enable
spin switching even with non-magnetic contacts [3, 102].

(4)  Interface  properties,  including  π-bridge  ligands,  chemical
doping, and super exchange interactions, which affect spin coupling
and operational stability [101−103].

(5) Contact regime, where the transition from tunneling to direct
contact modulates both conductance and MR behavior [101].

Building on these foundations, recent advances demonstrate that
SMSVs  can  further  exploit  interface-engineered  spin  injection  to
access  functionalities  beyond  conventional  MR  readout.  In  a
graphene-based  SMSV  incorporating  a  ferromagnetic  Ni/Al2O3

electrode,  a  maleimide-functionalized  molecular  bridge  was
covalently connected between graphene point contacts [104]. In this
system,  the  interfacial  spin  polarization  and  molecular  asymmetry
jointly convert  molecular chirality into a magnetization-dependent
transport  signal  via  the  CISS  effect.  Continuous  current–time
measurements  enabled  real-time  identification  of  reaction
intermediates and in situ monitoring of chirality evolution during a
Michael  addition,  highlighting  how  carefully  designed
electrode–molecule  interfaces  extend  SMSVs  toward  dynamic
chemical and stereochemical sensing at the single-molecule level.

With  atomic-scale  architecture,  tunable  magnetic  functionality,
and multiple degrees of freedom, SMSVs serve as ideal testbeds for
investigating  spin-selective  transport  and  engineering  functional
spintronic  devices.  Although  challenges  remain  in  stability,
reproducibility,  and  operational  temperature,  ongoing  progress  in
interface  design,  molecular  synthesis,  and  device  integration
continues to advance SMSVs towards practical applications.

 4.2    Single-molecule spin switch
Single-molecule  spin  switches  are  nanoscale  systems  in  which  the
spin  state  of  an  individual  molecule  is  reversibly  modulated  by
external  stimuli,  leading  to  significant  changes  in  electrical
conductance  [105].  The  underlying  mechanism  arises  from  the

strong coupling between the molecular spin degree of freedom and
the  electronic  transport  channel.  Typically,  a  molecule  is  bridged
between  two  electrodes,  and  when  subjected  to  stimuli  such  as
electric  or  magnetic  fields,  chemical  ligands,  light,  or  mechanical
force,  its  spin-resolved energy levels  undergo reconfiguration.  This
alters  either  the  orbital  alignment  with  the  Fermi  levels  of  the
electrode  or  the  spin-dependent  scattering  behavior,  resulting  in
distinct “on” and “off” conductance states.

dz2

A widely studied model system is FePc, employed to investigate
how  external  fields  regulate  orbital  configuration  and  spin
transport.  As  shown  in Fig.  12(a),  FePc  adsorbed  on  an  Au(111)
surface  can  be  probed  by  STM  to  form  a  tip-FePc-Au  tunnel
junction.  Upon  applying  a  perpendicular  magnetic  field,  the
magnetic moment orientation of the Fe center changes, promoting
hybridization  between  its  and dπ orbitals.  This  switches  the
dominant  transport  channel,  experimentally  observed  as  a
transition from a dip to a peak in the dI/dV spectra under cryogenic
conditions  (Fig.  12(b))  [106].  Theoretical  calculations  support  this
orbital-mixing  mechanism,  corresponding  to  a  field-tunable  AMR
effect.  In  another  approach  using  superconducting  Nb  tips,
researchers  demonstrated  reversible  switching  of  the  Kondo
resonance  by  modulating  the  tip–molecule  distance,  effectively
tuning the tunneling coupling strength [107].

Metallocene-type  molecules  such  as  nickelocene  have  also  been
used  as  spin-switching  platforms  owing  to  their  high  chemical
stability.  When  adsorbed  on  Cu(111),  voltage  pulses  trigger
transitions  between  a  magnetic S =  1/2  state  and  a  non-magnetic
S =  0  state.  These  transitions  manifest  as  the  appearance  and
disappearance  of  a  Kondo  resonance  in  dI/dV spectra.  The
switching behavior is attributed to charge distribution at the metal-
molecule  interface  and  changes  in  vibrational  coupling,  as
supported by theoretical simulations [108].

In  addition  to  physical  stimuli,  chemical  ligand  coordination
provides an alternative route for spin state control. For example, in
CoII tetraphenylporphyrin  (CoTPP)  molecules  assembled  on
Au(111),  the adsorption of weak axial  ligands such as NH3 or NO
induces a transition from an LS (S = 0) to an HS state (S = 1/2 or 1).
The HS state is identified by the emergence of Kondo or zero-bias
peaks  in  STM  measurements  (Fig.  12(c)),  and  the  process  is
reversible  via  thermal  treatment  or  ligand  desorption  (Fig.  12(d))
[109]. This switching arises from ligand-induced changes in crystal
field symmetry, reorganizing d-orbital occupancy.

To  enable  operation  under  ambient  conditions,  electrode-
bridged  single-molecule  junctions  have  been  developed.  For
instance, in an Au-CoTPP-Au configuration, the introduction of 4-
pyridinethiol  ligands  induces  a  spin  transition  by  altering  the
coordination  geometry  of  the  Co  center  from  planar  (S =  0)  to
pyramidal (S = 1). As shown in Figs. 12(e) and 12(f), this structural
transformation leads to clear conductance switching, demonstrating
room-temperature spin control [110].

Currently, research on single-molecule spin switches has evolved
from  external  physical  field  manipulation  to  internal  molecular
design  and  chemical  responsiveness.  Despite  variations  in  stimuli
and  detection  methods,  these  systems  consistently  exhibit  strong
coupling  among  molecular  structure,  spin  states,  and  transport
properties.  Key  challenges  for  practical  applications  include
improving  energy  efficiency,  switching  speed,  and  operational
stability  under  ambient  conditions.  These  advances  lay  the
groundwork  for  spin-based  logic  and  memory  at  the  molecular
scale [108, 111, 112].
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 4.3    Single-molecule spin qubits
Spin qubits represent a physical realization of quantum information
processing, using the spin state of a single electron (or hole) as the
information carrier  [113].  Unlike classical  bits,  which are confined
to  distinct “0” or “1” states,  spin  qubits  can  exist  in  arbitrary
superpositions  of  these  basis  states  and  leverage  quantum
entanglement to enable parallel computation. As a result, they have
emerged  as  promising  candidates  for  applications  in  quantum
computing,  sensing,  communication,  and  fundamental  physics
[114, 115].  A  single-molecule  spin  qubit  is  a  molecular-scale
realization  wherein  the  electronic  spin  of  an  individual  molecule
serves  as  the  basic  unit  of  quantum  information.  This  approach
benefits  from  intrinsic  molecular  uniformity,  high  chemical
tunability,  precise  structural  control  at  the  nanoscale,  and  diverse
spin  configurations,  thereby  offering  a  bottom-up  chemical
platform  to  address  key  challenges  in  scalability,  coherence,  and
controllable  interqubit  coupling  within  large-scale  quantum
architectures.

Current  research  on  single-molecule  spin  qubits  primarily
focuses  on  paramagnetic  metal  complexes,  organic  radicals,  and
polynuclear  molecular  clusters.  To  manipulate  and  detect  spin
states  at  the  single-molecule  level,  these  systems  are  typically
integrated  into  solid-state  devices  where  external  electric  or
magnetic  fields  enable  spin  initialization  and  control.  High-
precision  measurement  techniques  are  then  employed  to
characterize  quantum  properties  such  as  spin  relaxation  and
coherence  time.  Representative  device  configurations  include
molecular  junctions,  STM-based  setups,  and  hybrid  systems
coupled to microwave resonators.

For  instance,  combining  atomic  force  microscopy  (AFM)  with
ESR allows for spectroscopic resolution of molecular spin states. As
shown  in Fig.  13(a),  pentacene  molecules  adsorbed  on  a  gold
microstrip and insulated by a thick NaCl layer suppress unwanted
tunneling.  By  applying  a  gate  voltage  to  modulate  single-electron
tunneling between the molecule and the AFM tip, spin triplet states
were  resolved  with  sub-meV  energy  resolution  at  8  K,  with

 

Figure 12    Mechanisms and control of spin switching in single-molecule junctions. (a) STM configuration of FePc on Au(111) for studying spin-orbital reconfiguration
under magnetic fields.  (b) Field-induced orbital  switching transport from a conductance dip to a peak. Reproduced with permission from Ref.  [106],  © Yang, K. et al.
2019. (c) Spin state transition in CoTPP triggered by axial ligand coordination (e.g., NH3), generating Kondo signatures. (d) Reversible spin switching via thermal ligand
dissociation. Reproduced with permission from Ref. [109], © Macmillan Publishers Limited 2010. (e) Coordination-induced geometry conversion from planar (S = 0) to
pyramidal (S = 1) in a CoTPP junction. (f) Room-temperature conductance switching driven by chemical coordination. Reproduced with permission from Ref. [110], ©
Chinese Chemical Society 2021.
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observed  spin  coherence  time  on  the  order  of  microseconds
(Fig. 13(b)) [116].

Alternatively,  FePc  molecules  studied  via  STM-ESR  junctions
demonstrate  coherent  spin  control  through  radio  frequency  (RF)
excitation  (Fig.  13(c)).  RF  voltage  pulses  drive  spin  transitions
between spin ground and excited states, while pulse sequences such
as  those  used  in  Rabi  oscillations  and  Hahn  echo  measurements
reveal  spin  coherence  dynamics  (Fig.  13(d)).  Moreover,  spin-
polarized  RF  currents  have  been  employed  to  coherently
manipulate  individual  spins,  while  spin-polarized  direct  current
(DC) induces incoherent spin flips by altering the spin expectation
value [117].

Further  advances  have  been  achieved  using  electron
paramagnetic resonance-STM (EPR-STM) (Fig.  13(e)).  At 4.5 K, a

spin-polarized  RF  current  was  injected  into  a  pentacene  molecule
adsorbed  on  an  MgO/Ag(001)  substrate  via  a  magnetic  STM  tip.
The  system,  hosting  an  unpaired  electron  (S =  1/2)  across  the
SOMO and singly unoccupied molecular orbital (SUMO), serves as
an  ideal  quantum  dot  model.  Spin  dynamics  were  monitored  by
modulations  of  the  tunneling  current  (ΔI),  and  lock-in
amplification was  used  to  analyze  EPR signal  line  shapes  and bias
dependence (Fig. 13(f)) [114].

Achieving  high-performance  single-molecule  spin  qubits
requires  not  only  advanced  measurement  techniques,  but  also
rational  molecular  design.  Through  careful  selection  of  ligands,
metal  centers,  and  molecular  backbone  topology,  it  is  possible  to
fine-tune spin energy levels, spin-orbit coupling, and environmental
decoherence,  thereby  extending  coherence  time  and  improving

 

Figure 13    Single-molecule spin qubits and their quantum characterization. (a) Schematic of the EPR-AFM for single-pentacene spin detection. (b) Molecular excited-
state decay without (red) and with (black) a broadband RF pulse. Reproduced with permission from Ref. [116], © Sellies, L. et al. 2023. (c) EPR-STM setup for detecting
spin transitions in a single FePc molecule. (d) Rabi oscillations measured as ΔI versus pulse duration at different RF voltages. Reproduced with permission from Ref. [117],
©  Willke,  P.  et  al.  2021.  (e)  EPR-STM  junction  for  probing  single-pentacene  spin  dynamics.  (f)  EPR  spectra  acquired  as  a  function  of  magnetic  field  at  different
frequencies. Reproduced with permission from Ref. [114], © Kovarik, S. et al. 2024.
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quantum  gate  fidelity.  Certain  systems,  such  as  endohedral
metallofullerenes  or  multinuclear  complexes,  inherently  support
multiple  qubits  and  higher-dimensional  Hilbert  spaces,  offering
prospects  for  parallel  quantum  operations  across  multiple  spin
degrees of freedom [118−121].

Therefore, the development of single-molecule spin qubit devices
depends  not  only  on  the  intrinsic  molecular  quantum  properties,
but  also  on  the  holistic  optimization  of  external  control  fields,
quantum  tunneling  regimes,  and  device  architecture.  Through
coordinated engineering of both internal and external parameters, it
becomes  possible  to  enhance  quantum  information  storage  and
manipulation,  thereby  paving  the  way  for  molecular  spin-based
quantum technologies [122].

 5    Conclusions and prospects
This review provides an overview of spin-active molecular systems,
encompassing  discrete  spin  centers  and  spin-polarizable  scaffolds,
and their integration into electrically addressable junction platforms
to  probe  and  control  spin  at  the  single-molecule  level.
Representative  molecular  building  blocks  include  SMMs,  SCO
complexes,  open-shell  organic  radicals,  and  chiral  frameworks,
while commonly employed platforms span MCBJ,  electromigrated
nanogaps,  scanning-probe  junctions,  and  three-terminal  gated
geometries.  Across  these  systems,  experimental  studies  have
enabled  the  resolution  of  energy-level  alignment  and  occupancy
control,  the observation of Kondo features exhibiting Zeeman and
exchange  splitting,  the  detection  of  AMR  and  spin-dependent
thermoelectric responses, and the implementation of prototype spin-
valve,  spin-filter,  and spin-switch functionalities.  Collectively,  these
advances  outline  design  principles  for  achieving  low-energy
switching  and  programmable  spin  functionalities  at  the  molecular
scale.  At  present,  single-molecule  spin  memory  and  logic  devices
are  primarily  regarded  as  quantitative  testbeds  for  benchmarking
readout  contrast,  retention,  and  gate  controllability  under
comparable  conditions,  rather  than  as  immediately  deployable
technologies.

Despite  considerable  progress,  practical  deployment  remains
constrained  by  device-to-device  variability,  limited  stability  near
room  temperature,  and  challenges  in  cross-platform  comparison.
Fluctuations  in  binding  geometry,  local  fields,  vibronic  coupling,
and  electrode  morphology  introduce  substantial  uncertainty  into
spin readout and control. In the near term, systematic strategies for
improving reproducibility are expected to be particularly impactful.
These include large-scale statistical measurements across thousands
of junction realizations, the use of well-defined reference molecules
on the same chip or within the same experimental  campaign,  and
standardized  control  experiments  that  deliberately  vary  only  one
parameter at a time, such as anchor chemistry, electrode materials,
or temperature window. Automated data acquisition, coupled with
transparent  statistical  analysis  capable  of  distinguishing  intrinsic
molecular behavior from rare high-conductance outliers or unstable
configurations, will be essential for establishing robust distributions
of  spin-dependent  observables.  In  parallel,  unified  performance
metrics,  such as barrier heights and retention for memory devices,
switching  thresholds  and  energy  per  operation  for  logic  or
switching devices, on/off ratio and signal-to-noise ratio, and cycling
endurance,  need  to  be  consolidated  and  routinely  reported  to
enable meaningful cross-platform comparison.

One  priority  lies  in  advancing  molecular  systems.  Ideal

candidates  should  integrate  intrinsic  spin  functionality  with
interfacial  robustness  and  synthetic  modularity.  For  discrete  spin
centers, large magnetic anisotropy and high-spin ground states that
resist  rapid spin-phonon relaxation are desirable,  especially  if  such
anisotropy can be preserved up to or near room temperature. SCO
complexes  should  exhibit  thermally  addressable  bistability  with
measurable  hysteresis  under  near-ambient  conditions,  allowing
modest  thermal  or  electrical  stimuli  to  toggle  spin  states  without
sacrificing  retention.  Organic  radicals  must  maintain  chemical
persistence and spin polarization under operating bias and elevated
temperatures,  while  chiral  scaffolds  require  well-defined
stereochemical  series  with  tunable  helical  pitch  to  enable  rigorous
quantification  of  CISS  effect  across  broad  temperature  ranges.
Across  all  categories,  rigid  π-conjugated  backbones  help  suppress
low-frequency  torsions  and  mitigate  thermally  activated
conformational  noise,  while  anchor  groups  compatible  with  metal
or  two-dimensional  electrodes  (e.g.,  thiols,  nitriles,  isocyanides,  N-
heterocyclic  carbenes,  or  polyaromatic  π–π  contacts)  improve
geometric  stability  and  electronic  coupling.  Where  applicable,
incorporation  of  redox-,  photo-,  or  proton-responsive  units
provides  orthogonal  control  over  spin  states,  and  isotopic  or
nuclear-spin  engineering  can  help  mitigate  decoherence.  To
strengthen the practical perspective, future studies should explicitly
correlate key molecular descriptors, such as spin ground state, zero-
field  splitting  or  anisotropy,  redox  potentials,  and  vibrational
signatures,  with  device-level  metrics,  including  spin  polarization,
readout  contrast,  retention,  noise  floor,  and  statistical  yield.  This
approach  will  enable  reproducible  and  quantitative  comparisons
under  standardized  bias,  temperature,  and  magnetic  field
conditions.

A  second  key  direction  involves  elucidating  spin-transport
mechanisms at the molecular scale. The interplay among symmetry,
exchange interactions, and spin-orbit coupling warrants systematic
investigation,  with particular  attention to selection rules  governing
spin-polarized  transport  and  their  spectroscopic  signatures.  The
chiral-induced spin selectivity effect should be assessed using well-
controlled stereochemical series alongside achiral reference systems,
enabling  separation  of  genuine  spin  filtering  from  contributions
due  to  electrode  asymmetry,  inelastic  scattering,  or  local  heating.
Spin-phonon  coupling  and  nonequilibrium  thermo-spin
phenomena call for combined frequency- and time-domain probes
to  quantitatively  extract  relaxation  and  dephasing  pathways.
Understanding  how  these  processes  evolve  from  cryogenic  to
intermediate and ultimately to room-temperature regimes is crucial
for  realistic  device  operation.  Where  feasible,  parameter  estimates
should  be  anchored  by ab  initio transport  calculations  that
incorporate  realistic  interfaces  and  vibrational  couplings,  and
should  be  validated  against  temperature- and  field-dependent
measurements. Such tightly integrated experimental and theoretical
efforts will be central to determining which spin effects can survive
at  technologically  relevant  temperatures  and  under  device-level
noise conditions.

Another  critical  area  concerns  device  architecture.  Low-noise
interfaces  utilizing  two-dimensional  electrodes  and  molecularly
defined  van  der  Waals  gaps  can  improve  geometrical
reproducibility,  reduce  background  trap  states,  and  enhance
thermal and environmental stability. Robust anchoring groups and
conformationally  rigid  molecular  backbones  help  minimize  drift
and  suppress  thermally  driven  configurational  changes,  while
encapsulation layers or dielectric overlayers can screen charge noise
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and protect against chemical degradation under ambient operation.
Three-terminal  control,  coupled  with  time-resolved  readout,
facilitates  standardized  measurement  protocols  across  laboratories
and  provides  a  natural  route  toward  circuit  integration.  For  spin-
based  quantum  applications,  isotopic  purification,  clock-transition
engineering,  and rigid ligand environments may extend coherence
time,  whereas  careful  thermal  engineering  of  substrates  and  local
phonon  environments  will  be  required  to  retain  quantum
coherence  above  cryogenic  temperatures.  Electron  spin  resonance
or optically detected magnetic resonance can provide non-invasive,
high-fidelity  spin  readout,  and  weak  coupling  to  microwave  or
optical  cavities  could  enable  coherent  interfaces  to  photons.
Designed molecular arrays,  integrated with patterned electrodes or
on-chip resonators,  can serve as testbeds for controllable spin-spin
coupling, elementary error-mitigation schemes, and basic quantum-
gate operations.

Looking  ahead,  the  development  trajectory  for  single-molecule
spintronic  devices  is  likely  to  proceed  in  stages.  In  the  near  term,
the  emphasis  will  remain  on  statistically  robust  characterization,
improved  reproducibility,  and  demonstrations  of  selected  spin
functionalities  at  elevated  (though  not  yet  fully  ambient)
temperatures  on  well-controlled  platforms.  Over  the  longer  term,
the  key  challenges  will  shift  toward  achieving  room-temperature
operation,  wafer-scale  fabrication  of  spin-addressable  molecular
arrays,  and seamless integration with complementary metal-oxide-
semiconductor  (CMOS)  or  photonic  architectures.  Progress  along
these  fronts  will  depend  on  coordinated  advances  in  molecular
design,  interfacial  engineering,  and  quantum-coherent  control.
Through such efforts, single-molecule spin devices may evolve from
precision  testbeds  into  functional  building  blocks  for  low-power
spin  logic,  on-chip  spin  sensing,  and  chemically  defined  quantum
information technologies.
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