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Understanding the Spin of Metal Complexes from a
Single-Molecule Perspective

Jie Guo, Qinghua Gao, Fei Gao,* Chuancheng Jia,* and Xuefeng Guo*

Compared with aggregate spin behavior, single-molecule spin behavior can be
accurately understood, controlled, and applied at the level of basic building
blocks. The potential of single-molecule electronic and nuclear spins for
monitoring and control represents a beacon of promise for the advancement
of molecular spin devices, which are fabricated by connecting a single
molecule between two electrodes. Metal complexes, celebrated for their
superior magnetic attributes, are widely used in the devices to explore spin
effects. Moreover, single-molecule electrical techniques with high
signal-to-noise ratio, temporal resolution, and reliability help to understand
the spin characteristics. In this review, the focus is on the devices with metal
complexes, especially single-molecule magnets, and systematically present
experimental and theoretical state of the art of this field at the single-molecule
level, including the fundamental concepts of the electronic and nuclear spin
and their basic spin effects. Then, several experimental methods developed to
regulate the spin characteristics of metal complexes at single-molecule level
are introduced, as well as the corresponding intrinsic mechanisms. A brief
discussion is provided on the comprehensive applications and the
considerable challenges of single-molecule spin devices in detail, along with a
prospect on the potential future directions of this field.

1. Introduction

Spin has special significance in physics and chemistry, where it
provides an additional degree of freedom beyond charge. The
spin degree of freedom offers a wide range of possibilities for
electronic devices, showing extraordinary potential in transport,
processing, and non-volatile memory.[1–4] In general, spin comes
from two parts, namely electron spin and nuclear spin. Among
them, electron spin has been extensively studied,[5] and the
comprehensive utilization of electronics with spin degrees of
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freedom has become a promising field,
called spintronics.[6] Spintronic systems
take advantage of the fact that the elec-
tron current consists of spin-up and
down carriers.[7] On the other hand,
nuclear spin, an important property of
atomic nuclei, has become a hotspot in
quantum information technologies.[8–10]

Metal complexes are versatile metal-
ligand combinations, which consist of
central metal atoms or ions and sur-
rounding arrays of bound molecules or
ions. Single-molecule magnets (SMMs),
a special class of metal complexes with
magnetic anisotropy and large spin mo-
ment, are one of the most promising
magnetic molecules for exploring the
quantum phenomenon involving spin
at the nanoscale.[11] SMMs combine
the advantages of the molecular level
with the characteristics of bulk mag-
netic materials, leading to high-density
information storage.[7] At low temper-
ature, they exhibit magnetic bistability
and extremely long magnetization relax-
ation times due to the significant energy

barrier of spin reversal.[12,13] Furthermore, when scaled down to
the single-molecule level, the spin behavior of molecular devices
shows significant differences compared to bulk circuits, and the
transport characteristics are also largely modified. Thus, under-
standing the spin behavior of SMMs at this level is crucial.

Single-molecule science focuses on the physical and chem-
ical properties of single molecules and their interactions with
the external environment.[14,15] The embedding of SMMs into
electronic devices has extensive applications in quantum com-
puting and information storage, opening up an innovative

F. Gao
Donostia International Physics Center
Manuel Lardizabal Ibilbidea 4, Donostia-San Sebastián 20018, Spain
X. Guo
Beijing National Laboratory for Molecular Sciences
National Biomedical Imaging Center
College of Chemistry and Molecular Engineering
Peking University
Beijing 100871, P. R. China

Small Methods 2024, 2401302 © 2024 Wiley-VCH GmbH2401302 (1 of 18)

http://www.small-methods.com
mailto:fei.gao@dipc.org
mailto:jiacc@nankai.edu.cn
mailto:guoxf@pku.edu.cn
https://doi.org/10.1002/smtd.202401302
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fsmtd.202401302&domain=pdf&date_stamp=2024-11-10


www.advancedsciencenews.com www.small-methods.com

research field of molecular spintronics.[13] However, the realiza-
tion of the precise manipulation and exert control of spin states
in single-molecule devices is still challenging. With the devel-
opment of technology over the years, a variety of methods have
been developed to fabricate single-molecule spintronic devices,
including mechanically controllable break junction (MCBJ),[16]

electromigration-fabricated break junction,[17] scanning tunnel-
ing microscopy break junction (STM-BJ),[18] lithography-defined
cutting fabricated graphene-molecule-graphene single-molecule
junctions (GMG-SMJs),[19] and other approaches.[20] These fab-
rication technologies employed in creating single-molecule spin-
tronic devices provide a unique opportunity to explore single-spin
behaviors that are inaccessible through conventional methods.[21]

This review encapsulates recent research findings in the do-
main of spin of metal complexes and aims to provide a compre-
hensive overview of single-molecule spintronic devices. First, we
highlight the importance of electron spin and nuclear spin, as
well as the unique spin effects detected in single-molecule spin-
tronic devices. Subsequently, we engage in a discussion on the
regulation of electron spin and nuclear spin based on single-
molecule electronic devices, and briefly introduce the most ex-
citing developments in this emerging field. Finally, the conclud-
ing remarks draw attention to the prevailing challenges and im-
pediments in the realm of single-molecule spintronic devices
incorporating metal complexes, emphasizing their pivotal im-
portance for the future development of practical single-molecule
spintronic devices based on metal complexes.

2. Electron Spin

When examining the characteristics of nanostructured systems
through the lens of quantized energy levels, the spin degree
of freedom invariably plays a pivotal role. The intrinsic motion
of electrons, driven by their inherent angular momentum, was
first conceptualized as electron spin by Samuel Goudsmit and
George Uhlenbeck in 1925,[22] and was introduced into quan-
tum mechanics until 1928. Electron spin is a fundamental prop-
erty of electrons, similar to charge. The recognition of the pro-
found implications of electron spin was underscored by the 2007
Nobel Prize in Physics, awarded to Peter Grünberg and Albert
Fert for their groundbreaking discovery of giant magnetoresis-
tance (GMR), a phenomenon intricately associated with spin-
dependent electron scattering, standing as a powerful affirmation
of the immense potential in this field.

2.1. Electron Spin Effects

Electron spins at the molecular scale give rise to a myriad of fas-
cinating quantum phenomena that have garnered considerable
interest. The field of molecular spintronics is dedicated to har-
nessing the unique properties of single molecules as operational
units for spintronic endeavors. This field pivots on the electron
spin characteristics of these single molecules, offering a wealth of
opportunities for the development of next-generation devices that
leverage spin-dependent effects, such as Kondo effect, Zeeman
splitting, spin crossover, and magnetoresistance effect.[23] We will
discuss one by one in the following subsections. Coulomb block-
ade and spin blockade play an important role in charge transport

and spin manipulation for nanoelectronics,[24–26] while they are
rarely observed in metal complexes. Therefore, we do not discuss
in the review.

2.1.1. Kondo Effect

The Kondo effect, initially observed in the 1930s in bulk met-
als with magnetic impurities, is distinguished by a reduction in
electrical resistance at low temperatures.[27] This phenomenon,
characterized by an anomaly in resistance, was explained by Jun
Kondo as resulting from the scattering of conduction electrons by
these magnetic impurities.[28] As depicted in Figure 1a, the con-
duction electrons’ shielding of the magnetic moments of the im-
purities increases the effective scattering cross-section, thereby
enhancing resistance.[29] In the realm of molecular electronics,
SMMs with non-zero spin exhibit a distinct zero-bias Kondo res-
onance in conductance, as seen in molecular electronic devices
(Figure 1b,c).[30] This resonance stems from the interplay be-
tween the central spins and the conductive electrons from the
electrodes (Figure 1d),[31] and the idealization model of such sys-
tem was presented by Anderson in 1961.[32]

The Kondo effect is measured by the Kondo temperature (Tk),
expressed as:[33]

Tk = 0.5
(
ΓEC

)1∕2
exp (−𝜋𝜀∕Γ) (1)

where Γ is the level width caused by the tunnel coupling of
molecules and electrodes, Ec is the charging energy, and 𝜖 is the
difference between the localized electron and the Fermi energy
of electrodes.

Enhancing the understanding of the Kondo effect’s tempera-
ture dependence, Goldhaber-Gordon et al. proposed an empirical
formula that more precisely captures the relationship:[34]

(T, 0) =
G0(

1 + (21∕s − 1)
(
T∕TK

)2
)s + Gb (2)

where G0 and Gb correspond to the maximum conductance and
background conductance, respectively, with s = 0.22 for the spin
‒1/2 Kondo effect.

Single-molecule devices serve as platforms for studying the
Kondo effect, typically described as double barrier tunneling
structure, where molecules are connected to the source and drain
electrodes through contacts, with each contact acting as a tun-
neling barrier. It can be achieved through various methods. For
instance, Zhao et al. investigated the differential conductivity of
cobalt phthalocyanine (CoPc) molecules adsorbed on the surface
of Au (111) using STM experiments.[35] Initially, the absence of
strong interaction between conductive electrons and cobalt ions
precludes zero-bias resonance. However, after severing the lig-
and hydrogen atom with an STM tip pulse, the four orbitals of the
d-CoPc chemically bond with the substrate, altering the molecu-
lar conformation and its coupling to the Au surface. This change
leads to a modified interaction between molecular spins and con-
ducting electrons, resulting in a discernible Kondo resonance (as
shown in Figure 1e). Additionally, by fabricating closely spaced
Au electrodes on an aluminum pad with a ≈3 nm oxide layer
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Figure 1. Kondo effect. a) Increase of effective scattering cross-section of magnetic impurities. Reproduced with permission.[29] Copyright 2010, Ameri-
can Chemical Society. b) Splitting of the Kondo peak as a function of electrode spacing and c) dI/dV as a function of mechanical stretching. Reproduced
with permission.[30] Copyright 2010, American Association for the Advancement of Science. d) Correlation between the central spins and the conductive
electrons leads to the formation of Kondo screening cloud. Reproduced with permission.[31] Copyright 2022, Royal Society of Chemistry. e) Typical dI/dV
spectra measured at the centers of CoPc and d-CoPc at different temperatures. Reproduced with permission.[35] Copyright 2005, American Association
for the Advancement of Science. f) Conductance versus bias voltage at various temperatures. Inset, the ∂I/∂V values plot as a function Vg. Reproduced
with permission.[36] Copyright 2002, Springer Nature.

serving as a gate electrode, reversible control of Kondo resonance
through the gate voltage of a divanadium molecule was demon-
strated (as depicted in Figure 1f).[36]

2.1.2. Zeeman Splitting

Zeeman splitting, a pivotal quantum attribute of electron spin,
emerges under the influence of an external magnetic field,
effectively breaking the degeneracy of the spin-up and spin-
down states. This principle is harnessed in spintronic devices
for applications in non-volatile memory storage and sensing
technologies.[33] For instance, a system with spin S = 1/2, which
exists as a doublet with quantum numbers of ±1/2, experiences
a separation into two distinct energy levels when subjected to a
magnetic field. This interaction is captured by the Zeeman term
Hz, which delineates the coupling between the spin S and the
applied magnetic field H, expressed as:[37]

Hz = g𝜇BH ⋅ S (3)

where g denotes the g-factor, and μB represents the Bohr magne-
ton.

The Zeeman energy diagram provides a clear visualization of
the Zeeman effect caused by an external magnetic field. In Figure
2a, the Zeeman energy diagram as a function of the external
magnetic field for the J = ±6 ground state doublet of lanthanide
single-ion SMMs is presented, clearly showing the splitting of
the energies of the spin-split levels. As the intensity of the exter-
nal magnetic field escalates, the separation between these two
Zeeman effect-induced energy levels also increases. Figure 2b
shows the enlargement of the region around zero field between
the lowest substates.[38] Notably, the J = ±6 substates achieve res-
onance at μnH = 0 T, leading to an “avoided level crossing ”.
This phenomenon facilitates quantum tunneling of magnetiza-
tion (QTM), enabling magnetization reversal. Additionally, mag-
netization reversal can proceed through direct transition (DT),
which involves the emission of phonons, especially under the
conditions of stronger magnetic fields.[39]

2.1.3. Magnetoresistance Effect

The magnetoresistance (MR) effect, a phenomenon where the
electrical resistance varies with an applied external magnetic
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Figure 2. Zeeman splitting. a) Zeeman energy diagram as a function of magnetic field. b) Enlargement of the region around zero field for the lowest Jz
= 6 substates. Reproduced with permission.[38] Copyright 2005, Wiley-VCH.

field, is a cornerstone in molecular spintronics. This variation
is encapsulated by the magnetoresistance ratio (MR), calculated
as:[40]

MR =
IP − IAP

IAP
(4)

where IP and IAP denote the total currents for parallel and antipar-
allel spin alignments, respectively.

Central to the field of molecular spintronics, one breakthrough
in exploiting the magnetoresistance effect is single-molecule spin
filters. These devices enable the selective transmission of elec-
trons with a specific spin orientation, achieving a state of 100%
spin polarization. This selective passage effectively transforms
the molecule into an active spin filter, modulating the current
flow in response to the magnetic field.[41] The underlying mech-
anism of the modulation involves the expansion of density of
states (DOS) of the molecule and an energy level shift,[23] high-
lighting the nuanced interaction between molecular structure
and spin behavior.

Given the huge potential of single-molecule spin filters,
researchers are constantly exploring new molecular architec-
tures to improve their performance. One promising direction
is to incorporate SMMs into spin filters to achieve higher ef-
ficiency and responsiveness.[42] In a notable study, Urdampil-
leta et al. demonstrated the integration of pyrene-substituted
TbPc2 molecules onto single-walled carbon nanotube (SWCNT)
via 𝜋–𝜋 interaction and connected between two palladium elec-
trodes (Figure 3a).[43] The transmission through the nanotube
is influenced by the local magnetic moment of the pyrene-
substituted TbPc2 molecules, and its orientation is controlled
by an external magnetic field (Figure 3b). Experiments based
on such devices reveal conductance switches between high-
and low-resistance, which can be tuned via an external mag-
netic field (Figure 3c). The strong magnetoresistance of up to
300% below 1 K by reversing the magnetic field allows for
the electrical detection of magnetization switching. Besides,
Díez-Pérez and co-workers investigated spin filter behavior of
the paramagnetic [Fe(tzpy)2(NCX)2] (X = S and Se, tzpy = 2-
pyridyl[1,2,3]triazolo[1,5-𝛼]pyridine) complex and the diamag-
netic [FeLA(NCS)2] (LA = N,N’-bis(1-pyridin-2-ylethylidene)-2,2-
dimethylpropane-1,3-diamine) complex at room temperature,

when connected between the magnetically polarized Ni tip and
the Au substrate in STM measurements (Figure 3d).[44] As de-
picted in Figure 3e, once the polarization of the ferromagnetic Ni
tip changed from spin 𝛼-up to spin 𝛽-down, the conductance of
the high-spin (HS) Fe2+ state in [Fe(tzpy)2(NCX)2] at near-zero
bias voltage will increase 100 times. In contrast, the low-spin
(LS) Fe2+ state in [FeLA(NCS)2] complex remains invariable ir-
respective of the Ni polarization (Figure 3f). Furthermore, the
Cu substrate does not exhibit such spin-polarized transport per-
formance, which emphasizes the role of spin–orbit coupling at
Au–S interface in the generation of polarized electrons.

Moreover, the anisotropic magnetoresistance can be modu-
lated between two molecular orbitals through spin–orbit cou-
pling. Gao et al. observed an effectively tunable giant magne-
toresistance using STM technique with the influence of an exter-
nal magnetic field.[45] Under the weak magnetic field, the trans-
mission path of electrons is prone to the dxz/dyz orbital, and the
Fe spin direction is in the plane. As the external magnetic field
increases, electrons flow by the dz2 orbital and the Fe spin di-
rection is aligned with the external magnetic field, resulting an
anisotropic magnetoresistance of up to ≈93%.

2.2. Spin Crossover Related Electron Spin Manipulation

Achieving reversible spin manipulation at the single-molecule
level stands as a coveted objective in molecular spintronics and
represents a captivating application for electron spin in the realm
of quantum information processing.[46] The phenomenon of spin
crossover (SCO) occurs within certain metal complexes and some
SMMs, where the spin states are modulated by external stimuli,
including temperature, light, magnetic fields, and electric fields.
It is commonly divided into two categories: physical and chemi-
cal factors.[47]

SCO molecules generally feature transition metal centers with
electronic configurations ranging from 3d4 to 3d7, set within an
octahedral geometry.[48] The ligand field theory posits that the five
d orbitals of these metals split into two distinct energy levels—
t2 g and eg—due to ligand repulsion, with the splitting energy
(Δ) escalating as the ligand field strengthens. In the case of oc-
tahedral transition metals with 3d4–3d7 configurations, the elec-
tronic arrangement is determined by the interplay between the
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Figure 3. Single-molecule spin filters. a) Scheme of the supramolecular spin filter architecture involving two TbPc2 molecules grafted on an SWCNT.
b) Schematic representation of the magnetoresistance behaviors of two TbPc2 molecules. c) Zero-bias conductance versus the magnetic field un-
der increasing and decreasing fields. Reproduced with permission.[43] Copyright 2011, Springer Nature. d) Schematic representation of the single-
molecule junctions by bridging FeII SCO complexes between gold electrode and magnetically polarized nickel electrode. e) Conductance histograms of
[Fe(tzpy)2(NCS)2] and f) [FeLA(NCS)2] under different Ni magnetic polarizations. Reproduced with permission.[44] Copyright 2016, American Chemical
Society.

splitting energy and the pairing energy (P). For instance, with a
strong-field ligand surrounding an octahedral Fe2+ ion, the split-
ting energy Δ surpasses the pairing energy P, prompting the six
d electrons to pair up, resulting in a LS state. Conversely, in the
presence of a weak-field ligand, the splitting energy Δ falls below
the pairing energy P, leading electrons to occupy orbitals sepa-
rately, forming a HS state in accordance with Hund’s rule (Figure
4a). When the splitting energy Δ is comparable to the pairing en-
ergy P, external influences can toggle the spin states, manifesting
SCO behavior.[49] The profound alterations in the physical proper-
ties of these molecules, triggered by such spin transitions, render
SCO molecules exceptionally promising for the development of
future molecular devices.

2.2.1. Physical External Stimuli

Physical external stimuli are potent inducers of SCO behavior
in single molecules, offering a versatile toolkit for manipulating
molecular spin states. Generally, temperature induction is a com-
monly used method, and HS state is stable at higher tempera-
tures, while LS state prefers lower temperatures. The SCO tem-
perature (Τ1/2) is defined as the temperature at which the HS and
LS states have the same proportion and is used to evaluate the
SCO effect.[50] Apart from temperature induction, the spin state
of a single molecule can also be converted from LS to HS by light,

in which the SCO can be triggered by a light-induced excited spin-
state trapping (LIESST) process. In the LIESST process, a multi-
step mechanism involving several excited spin states has been
proposed. The corresponding process starts from the LS singlet
ground state, excites to an intermediate/metastable spin state,
and finally becomes trapped in the HS state. Such transition can
be triggered reversibly by heat or light.[48]

In addition to temperature and light, mechanical manipu-
lation presents another avenue for SCO induction of a single
molecule. As displayed in Figure 4b, Lin et al. have harnessed the
STM-BJ technique to alter the spin state of Fe-porphyrin by me-
chanically stretching or squeezing. When raising the tip height,
the molecular conformation changes from saddle to planar, re-
sulting in a spin state switch from S= 2 to S= 1, as reflected in the
conductance measurements (Figure 4c). This is due to the varia-
tion in the Fe−N bond length: the intermediate spin state (S = 1)
as the ground state in gas phase has a shorter bond length. Mean-
while, the spin state of the center Fe2+ ion changes reversibly
from LS to HS state upon mechanical compression.[51]

The modulation of electron spin states in SMMs through elec-
trostatic gating is of paramount importance. The single-molecule
field-effect transistor (FET) provides an ideal method for electric
field-based spin state regulation of SMMs. For instance, the tran-
sition from an HS ground state (S = 5/2) to an LS state (S = 1/2)
in a Mn2+ complex-based three-terminal molecular spin tran-
sistor is facilitated by the gate electric field (Figure 4d).[52] This
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Figure 4. Physical external stimuli induced spin crossover. a) Schematic diagram of SCO for octahedral Fe2+. Reproduced with permission.[49] Copyright
2020, MDPI. b) Chemical structure of the Fe-porphyrin molecule. c) dI/dV of one junction undergoing multiple tip upward and downward cycles.
Reproduced with permission.[51] Copyright 2017, American Chemical Society. d) Molecular structure of the Mn2+ complex, showcasing two distinct d5

electronic configurations of the Mn2+ core. Reproduced with permission.[52] Copyright 2010, American Chemical Society. e) Electric field-induced spin
crossover based on the Stark splitting. Reproduced with permission.[54] Copyright 2014, American Physical Society. f) Schematic representation of the
voltage-triggered SCO effect. Reproduced with permission.[55] Copyright 2015, Wiley-VCH. g) Switchable spin devices created by the MCBJ technique.
h) Bistable I–V curves and (i) differential conductance of the coupled spin pair. Reproduced with permission.[56] Copyright 2013, Springer Nature.

transition occurs as the increased gate voltage adds an electron
to the ligand, thereby enhancing the ligand field and coupling
strength between the Mn2+ complex and ligands, driving the spin
state from HS to LS.

Moreover, Stark splitting, the splitting of degenerate energy
levels under an external electric field, presents another avenue for
electron spin manipulation.[53] The idea behind spin-dependent
Stark effect is the crossing of high-spin and low-spin levels in
a single-molecule device. In general, the high-spin and low-spin
states of molecules with different permanent electric dipole mo-
ments have different energies, which means that the energy bar-
rier between the two spin levels can be compensated by the
action of an applied electric field (Figure 4e).[54] This inspires
us to achieve the spin quantum state selectivity by controlling
the Stark effect. By using MCBJ technique, Mayor et al. inves-
tigated the voltage-triggered spin manipulation of Fe2+ terpyri-

dine molecule.[55] As shown in Figure 4f, when there is no ex-
ternal stimulus, the two terpyridine ligands are arranged verti-
cally to each other, and the central Fe2+ ion is in the LS state
(S = 0). By applying an appropriate bias voltage, the terpyri-
dine ligands rotated for a certain angle, forming a reduced lig-
and field. Thus, the electron spin changes from LS to HS state
(S = 2). Weber et al. further investigated a bias-induced re-
peated spin switch of a Co2+ molecule between the pseudo-
singlet state and the pseudo-triplet state (Figure 4g).[56] The au-
thors claimed to detect a coupled spin pair confined in a sin-
gle molecule and the switch between two states. As shown in
Figure 4h, bistability can be observed on a single curve and
these two correlated data can be interpreted as a switch from
the non-magnetic pseudo-singlet state (type II) at low bias to
the magnetically active pseudo-triplet state (type I) at high bias
(Figure 4i).
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Figure 5. Chemical regulation of spin crossover. a) The molecular levels involved in the reaction between NO and CoTPP. b) Schematic diagram of the
switching process. Reproduced with permission.[58] Copyright 2010, Springer Nature.

2.2.2. Chemical External Stimuli

Beyond the realm of physical external stimuli, chemical regula-
tion emerges as a potent alternative for manipulating the spin
state of a single molecule. Through the strategic modification
of organic ligands, the ligand field can be directly manipulated,
leading to substantial changes in the properties that govern SCO
behavior.[57] This approach allows for the precise adjustment of
the molecular environment, effectively sculpting the SCO charac-
teristics. In addition to modifying ligands, the formation of new
chemical bonds offers a complementary strategy for fine-tuning
SCO behavior. A prime example is the interaction of cobalt (II)
tetraphenylporphyrin (CoTPP) with Ni substrates, where the sys-
tem is initially in a HS state (S = 1/2). The introduction of nitric
oxide (NO) molecules triggers a coupling between the unpaired
electron of CoTPP and the 𝜋-electron of NO, resulting in the for-
mation of a NO–CoTPP complex and a concomitant shift to a
LS state (S = 0) (Figure 5a). Notably, heating the system to re-
lease the NO molecule facilitates a return to the original HS state
(Figure 5b).[58]

Furthermore, the SCO behavior can be adeptly manipu-
lated by chemically modifying counterions, solvents, and guest
molecules, enabling a flexible switch between the two spin
states.[57] Such chemical modulation not only broadens the scope
of SCO applications of a single molecule but also underscores
the versatility of chemical interventions in the realm of spin state
modulation.

3. Nuclear Spin

Nuclear spin, a fundamental property stemming from the inter-
nal motion of the atomic nucleus, represents the vector sum of

its internal spin and orbital angular momentum. In a seminal
development in 1924, Pauli introduced the concept of nuclear
spin, drawing on observations of the hyperfine structure within
sodium spectra.[59] The study of nuclear spin mainly involves the
characteristics of spin and their interactions, which play an im-
portant role in modern physics. This research is pivotal for ad-
vancing our comprehension of the stability and intricate inner
workings of atomic nuclei. It sheds light on the complex interplay
between atomic nuclei and elementary particles, thereby enhanc-
ing our grasp of nuclear spin’s potential applications and har-
nessing its capabilities for future technologies. The exploration of
nuclear spin not only deepens our understanding of the quantum
world but also opens avenues for innovation in nuclear physics
and spin-related disciplines.

3.1. Nuclear Spin Coupling

For simple physical models, the study of electronic energy states
in atoms and molecules typically simplifies the atomic nucleus
to a positively charged entity, while often ignoring the subtle
but significant effects of nuclear spin. It is crucial to recognize
that nuclear spin possesses the capacity to alter the energy states
of electrons in orbit around the nucleus, thereby affecting the
intrinsic properties of atoms and molecules. Specifically, nu-
clear spin can interact with electron spin through its magnetic
moment, with the strength of this coupling being determined
by a variety of intrinsic factors such as inter-nuclear distance,
nuclear magnetism, and molecular structure. In the context of
single-molecule research, incorporating the effects of nuclear
spin coupling is of paramount importance. It enables researchers
to elucidate the energy structures and provide more accurate
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explanations of physical properties such as molecular emission
spectra, enriching our understanding of the quantum behavior
at the molecular level.

3.1.1. Concept of Nuclear Spin

Nuclear spin, an intrinsic property of atomic nuclei, represents
the fundamental physics of the total angular momentum I of a
nucleus.[59] Atomic nuclei, made up of protons and neutrons, ex-
hibit nuclear spins for each constituent with an electron spin par-
allel, each having a spin quantum number S = 1/2. Distinct from
electron spin, the nuclear spin often manifests as a unified entity,
encompassing both spin and orbital angular momentum com-
ponents. The nuclear magnetic moment, although significantly
smaller than its electronic counterpart, is instrumental in mag-
netic interactions with the surrounding environment.[60] A nu-
cleus with spin I can assume 2I + 1 distinct orientations, with
its energy levels splitting in the presence of a magnetic field or
during photon absorption or emission. Each level, defined by a
quantum number, underscores the nuclear spin as a pivotal iden-
tifier of nuclear energy levels.[61]

The study of nuclear spin wields profound implications for the
physical and chemical properties of matter, rendering the deter-
mination of spin states a critical facet of research within this do-
main. A plethora of techniques exist for measuring spin, with
atomic spectroscopy and nuclear magnetic resonance (NMR)
emerging as two of the most efficacious methods.[62,63] Atomic
spectroscopy capitalizes on the hyperfine structure within atomic
emission spectroscopy to ascertain the spin of atomic nuclei, uti-
lizing electromagnetic radiation to excite the nuclei and subse-
quently deciphering the atomic radiation lines to observe the en-
ergy level splitting peaks stemming from the coupling of elec-
tron and nuclear angular momenta. Conversely, NMR leverages
the precession motion of the nuclear magnetic moment, induced
by the spin of atomic nuclei in an external magnetic field, to as-
certain nuclear spins (Figure 6a). The quantized precession en-
ergy, as dictated by quantum mechanics, signifies discrete mag-
netic moment energy levels. When a nucleus absorbs radiofre-
quency energy resonant with its precession frequency, transi-
tions between nuclear spin energy levels ensue, culminating in
the amplification of nuclear spin into observable NMR signals
(Figure 6b).

However, these classical techniques, while robust for
macroscale material systems, falter in characterizing nuclear
spin information at the single-molecule level. Single molecules,
as the quintessential quantum units, offer an unprecedented
vantage point for the precise investigation of nuclear spin-related
properties, enabling the direct extraction of key parameters such
as the coherence lifetime and relaxation time of nuclear spin.
This approach paves the way for novel trajectories in fundamen-
tal physics research and is anticipated to catalyze significant
advancements in the realms of nuclear spin manipulation and
quantum information storage.

3.1.2. Hyperfine Interaction

The hyperfine interaction stands as a pivotal element within the
realm of atomic physics, particularly in the analysis of nuclear

reactions and nuclear spin effects.[64] This interaction can lead to
the splitting of energy levels, subsequently altering the charac-
teristics of nuclear radioactive decay. In the tapestry of atomic
and molecular physics, the hyperfine interaction has emerged
as a key factor in explaining hyperfine structure in the spec-
trum and revealing fundamental physical processes.[65,66] The hy-
perfine interaction is bifurcated into two principal mechanisms:
the electric quadrupole interaction, stemming from the nuclear
quadrupole moment within an electric field, and the magnetic
dipole-dipole interaction, arising from the nuclear magnetic mo-
ment within a magnetic field. These interactions introduce mi-
nor additional energy into atoms, leading to the further splitting
of atomic energy levels. Consequently, such splitting gives rise
to additional spectral lines that are extremely close to the original
atomic spectral lines on the energy spectrum, ultimately creating
compact and ultrafine atomic spectral structures. Among the in-
teractions, the hyperfine interaction of magnetic dipoles has been
extensively investigated.[67–69] It is characterized by the coupling
between the nuclear and electronic spins through their respec-
tive magnetic moments, thereby influencing the energy state of
electrons external to the nucleus and engendering the hyperfine
interaction energy. When viewed through the lens of angular mo-
mentum, the potential allowable states of the hyperfine interac-
tion energy can be deduced. The orbital angular momentum L
of the electron, when coupled with its spin angular momentum
S, culminates in the total angular momentum J. This J, when in-
tertwined with the total angular momentum I of nuclear spin,
births the total angular momentum of atom, denoted as F. The
interplay of angular momenta is encapsulated by the following
relationships:

L + S = J (5)

J + I = F (6)

The magnitude of the total angular momentum vector F is ar-
ticulated by the expression:

F =
√

f
(
f + 1

)
h (7)

The total angular momentum quantum number f can be de-
fined as f = j + i, j + i − 1, ⋅⋅⋅, |j − i|, with the total number of
values for f is 2i + 1 when i < j or 2j + 1 when j < i. The orienta-
tion of F is subject to spatial quantization, with its projection in
the z-direction adhering to the equation:

Fz = mf h (8)

mf represents the magnetic quantum number of the total an-
gular momentum, and mf = f, f − 1, ⋅⋅⋅, –(f – 1), –f, which have
2f + 1 possible values. The energy of the hyperfine interaction,
VHFS, manifesting from the interplay between the magnetic field
generated by the electrons, Bj, and the nuclear magnetic moment
μi, is articulated as:

VHFS = −𝜇i ⋅ Bj = −
gj𝜇N

h
I ⋅ Bj (9)

𝜇i = gi𝜇N
I
h

(10)
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Figure 6. Basic concepts and phenomena of nuclear spin. a) Larmor precession of the nucleus in the external magnetic field. b) Projection of the nuclear
spin. c) Vector relationship among the three angular momenta I, J, and F in space. d) Energy level splitting after hyperfine interaction of atomic orbitals.
e) The QTM structure between two energy levels of SMMs. Reproduced with permission.[82] Copyright 2013, American Physical Society. f) Classical
Einstein–de Haas experiment. g) TbPc2 connected in the CNT mechanical resonator through 𝜋–𝜋 interaction. h) Zeeman diagram of the ground state
energy levels of the TbPc2 molecule. i) Direct transitions of the four spin states at different magnetic field intensities, which makes significant jumps
of the conductance of the CNT resonator. j) Schematic diagram of the direct transition corresponding to the electron spin reversal. Reproduced with
permission.[80] Copyright 2016, Springer Nature.

In these equations, gi is the g-factor of the atomic nucleus, and
the relationship between nuclear magneton μN and Bohr mag-
neton μB is 𝜇N ≈ 𝜇B

1836
. Given that Bj is antiparallel to J and pro-

portional to it, Equation (9) can be reformulated in terms of I–J
coupling:

VHFS = −𝜇i ⋅ Bj = gi𝜇N
I
h
⋅

J
||J||Bj

=
gi𝜇NBj√
j
(
j + 1

) I ⋅ J
h2

= a
h2

I ⋅ J = AI ⋅ J (11)

Here, a and A represent the magnetic hyperfine constant and
the magnetic hyperfine interaction constant, respectively, with

a = gi𝜇NBj√
j(j+1)

= Ah2 and |J| = √
j(j + 1) h. The conservation rela-

tionship among I, J, and F in space is depicted as a vector trian-
gle, as illustrated in Figure 6c. By applying the cosine theorem,
the following relationship is derived:

|F|2 = |I|2 + ||J||2 + 2 |I| ||J|| cos
(
I, J

)
(12)

Through Equation (12), it can be obtained that:

I ⋅ J = |I| ||J|| cos
(
I, J

)
= 1

2

(|F|2 − |I|2 − ||J||2
)

= h2

2

[
f
(
f + 1

)
− i (i + 1) − j

(
j + 1

)]
(13)
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For Equation (11), VHFS can be further expressed as:

VHFS = −𝜇i ⋅ Bj =
a
h2

I ⋅ J = a
2

[
f
(
f + 1

)
− i (i + 1) − j

(
j + 1

)]
(14)

From Equation (14), the number of the potential allowable
states of VHFS is determined by the f, which can be 2j + 1 when j
< i or 2i + 1 when i < j (Figure 6d). This confirms that each level
of VHFS exhibits a degeneracy of 2f + 1.

The exploration of hyperfine interaction at the single-molecule
scale is primarily evident in its role in instigating signifi-
cant shifts within quantum phenomena. For instance, Zheng
et al. investigated the quantum tunneling mechanism based on
[Dy(tBuO)Cl(THF)5][BPh4]·2THF SMM and discovered that the
interplay of hyperfine interaction can adeptly manipulate and
widen the tunneling gaps, thereby modifying the tunneling prob-
ability of single-molecule magnets.[70] Additionally, the hyperfine
interaction is intricately associated with spin-lattice relaxation
and quantum coherence. Examining the interaction at the single-
molecule scale can open an avenue for exploring the intrinsic
properties of quantum physics at the microscopic scale, poten-
tially offering insights for the functional design and construction
of molecular devices.

3.2. Nuclear Spin Effects

Although significant breakthroughs and applications have been
made in nuclear spin-related research at the macroscopic scale,
the study of nuclear spin effects at the single-molecule scale
can provide new avenues for exploring rich quantum phe-
nomena. The nuclear spin effects can cause molecules to
form unique energy-level structures that facilitate electron tran-
sitions or tunneling under the external field. In addition,
this process may also involve changes in spin states, pro-
viding numerous opportunities for the further development
of novel spintronic devices and coherent spin manipulation
techniques. Next, we will discuss relevant quantum phenom-
ena at the single-molecule scale, in which the molecular en-
ergy states are governed by the introduction of nuclear spin
effects.

3.2.1. Quantum Tunneling of Magnetization

The tunneling effect, a quintessential quantum mechanical phe-
nomenon, encapsulates the remarkable ability of microscopic
particles to transcend energy barriers that exceed their own to-
tal energy.[71,72] The probabilistic traversal of these barriers, un-
derpinned by the wave-like nature of particles, diverges from
classical expectations, allowing particles to penetrate rather than
being wholly reflected. This quantum behavior is not merely a
theoretical curiosity but a pivotal force across various scientific
disciplines.

In the realm of semiconductor technology, tunneling pro-
foundly influences electron transport, thereby sculpting the per-
formance of semiconductor devices. Similarly, within the domain
of magnetic metal complexes, the tunneling effect facilitates the
low-temperature reversal of magnetization in certain materials,
an instance of macroscopic QTM.[73–75] The genesis of the explo-
ration of QTM dates back to 1986, when Uehara et al. observed a

step-like magnetization jump in SmCo3.5Cu1.5 below 2 K, mark-
ing a seminal moment in QTM research.[76] The subsequent dis-
covery of SMMs propelled QTM into a research hotspot,[74,75,77,78]

given that the hyperfine interactions within these SMMs, stem-
ming from the nuclear spin of rare-earth ions, can notably
modulate electron energy states and the tunneling energy
gap.

QTM refers to the phenomenon that when the energy dif-
ference between the magnetic levels of a magnetic system is
less than the tunnel splitting energy, the magnetization in-
tensity can undergo resonant quantum tunneling between dif-
ferent magnetic levels. It manifests as a regular step change
in macroscopic magnetization intensity with the external mag-
netic field. Delving into QTM within SMMs enriches our
fundamental physics understanding and lays a solid founda-
tion for the construction of diverse microelectronic devices.
For instance, magnetization sensors leveraging the QTM ef-
fect can detect subtle magnetic field variations, and integrated
SMMs may pave the way for new storage and computing
devices.

The investigation of QTM at the single-molecule scale is cru-
cial for understanding its intrinsic properties and elucidating its
regulatory mechanisms. A paradigmatic example is the TbPc2
system, integrable within nanoscale electrode gaps to form a
molecularly bridged transistor device.[39,43] Capitalizing on this
robust device platform, single-molecule QTM observations have
been achieved, as depicted in Figure 6e. The nuclear spin of cen-
tral atom of TbPc2 and electron spins, through hyperfine inter-
action, create a tiered energy landscape split into closely spaced
levels, endowing it with a substantial QTM propensity. External
fields, particularly magnetic fields, can adjust the energy barri-
ers, thus manipulating the QTM. In other words, the magnetic
field can effectively change the magnetic anisotropy barrier be-
tween the two energy states, allowing tunneling to occur between
spin electrons in the lowest barrier state, and this process ac-
companies spin-state inversion. Beyond magnetic fields, an ar-
ray of non-magnetic methods is being harnessed to control QTM
in SMMs, offering innovative pathways for quantum bit con-
struction and the realization of quantum computing with sin-
gle molecules, and driving forward the innovation in information
science.

3.2.2. Quantum Einstein–de Haas Effect

Over a century ago, Einstein and de Haas unveiled a remark-
able phenomenon: the application of a current pulse to a coil in-
duces mechanical rotation in a ferromagnet. This discovery pro-
vided a direct experimental means to explore the interplay among
magnetic fields, angular momentum, and the spin of elemen-
tary particles.[79] The classical Einstein–de Haas experiment illus-
trates that changes in the magnetization of a macroscopic magnet
are accompanied by mechanical rotation, as depicted in Figure 6f.
This phenomenon is a macroscopic manifestation of the conser-
vation of total angular momentum and energy at the atomic level.
Consider an object composed of N atoms of magnetic moment
M = N𝛾 JJ, where 𝛾 J is the gyromagnetic ratio and J = L + S rep-
resents the total angular momentum of an atom. The total angu-
lar momentum of the magnet suspended from a string is a sum
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of mechanical orbital moment Γ originated from the rotation of
the object and N〈J〉. N〈J〉 refers to the sum of spin and orbital
angular momentum of the object composed of N atoms. If the
object originally at rest and nonmagnetized, generates a macro-
scopic magnetic moment, and the conservation law requires that
N〈J〉 + Γ = 0. This implies Γ = − M/𝛾 J, indicating that the
object begins to rotate upon magnetization.

However, for an intuitive grasp of this mechanism, one must
look to the quantum level, examining single-spin systems such as
individual atoms or molecules. The investigation of the Einstein–
de Haas effect at the single-molecule level is of immense signifi-
cance, as it sheds light on the fundamental physics of angular mo-
mentum conservation and holds vast potential for applications in
molecular quantum spintronics. Recent experiments have suc-
cessfully characterized the Einstein–de Haas effect at the single-
molecule level, confirming the conservation of total angular mo-
mentum and energy. For instance, Ganzhorn et al. connected a
SMM with pronounced hyperfine interactions to a carbon nan-
otube mechanical resonator via 𝜋–𝜋 interactions (Figure 6g).[80]

The Tb3+ ion, nestled between two planes of Pc ligands, is cen-
tral to spin reversal due to its strong spin–orbit coupling, result-
ing in a magnetic ground state with J = 6. The Tb3+ ion, with a
nuclear spin quantum number of 3/2, interacts strongly with the
electron spin state via hyperfine interaction, splitting the ground
state energy level into four distinct states (Figure 6h). When sub-
jected to a magnetic field, these four states of the molecule can
potentially undergo two distinct spin-state transitions. Theoreti-
cally, for weaker external magnetic fields, the energy barrier be-
tween the upper and lower spin states is minimal, allowing for
QTM and spin reversal without external energy. However, as
the magnetic field strength increases, the energy barrier esca-
lates, rendering QTM incapable of overcoming the barrier, and
direct transitions become necessary with the aid of external en-
ergy (Figure 6h,i).[81]

Interestingly, in their experiments, no spin reversal signals
were detected in the lower magnetic field region, and significant
transition signals emerging only in the higher magnetic field
region. This indicates that the QTM process is completely sup-
pressed, and only direct transition processes occur. Theoretically,
this selective spin-state reversal adheres to the conservation of en-
ergy and momentum. The spin reversal via QTM in TbPc2 gener-
ates a quantized phonon mode with an energy of 1 μK, whereas
direct transitions produce a phonon mode with an energy of 1.5
K (Figure 6j). The weak phonon mode cannot match the energy
required for the mechanical rotation of the single-molecule mag-
net confined within the carbon nanotube resonator, thus inhibit-
ing the QTM process. In contrast, the energy of direct transition
aligns effectively with the magnitude of energy of the longitudi-
nal phonon mode for the rotation of the SMMs around the mag-
netic easy axis. During spin reversal, the molecule rotates by ex-
changing phonon energy of equal magnitude.

The study of the Einstein–de Haas effect in special SMMs
with hyperfine interaction not only corroborates the fundamen-
tal physical principles at the quantum level but also demon-
strates the robust effect against changes in phonon energy.
This implies that molecular spins can be effectively shielded
from quantum fluctuations, providing valuable insights into
achieving coherent spin manipulation at the single-phonon
level.

3.3. Nuclear Spin Manipulation and Applications

Since the pioneering discovery of nuclear spin, physicists have
been at the forefront of endeavors to effectively manipulate and
interpret its quantum behavior. The early employment of mag-
netic fields to control atomic nuclear spin was instrumental
in the development of NMR technology, a milestone that has
not only unraveled the intricate chemical structures of mate-
rials but also revolutionized the field of medical diagnostics
and therapeutics.[83] As the field progressed, innovative meth-
ods for nuclear spin manipulation began to surface, including
the utilization of microwaves and electric fields to modulate
and decipher the quantum information encoded within nuclear
spins.[84,85] These advancements have propelled the evolution of
spin-based qubits and the realm of quantum computing, offer-
ing a robust foundation for the next generation of computational
technologies.

3.3.1. Concept of Nuclear Spin Manipulation

In contemporary research, quantum computation harnessing the
manipulation of nuclear spins has emerged as a trending sub-
ject within the information sciences domain. The primary fo-
cus of this research is on solid-state materials, with a particu-
lar emphasis on incorporating specific atomic species into these
materials.[9,86–89] For instance, the integration of 31P atoms into
silicon substrates is a well-established practice.[9,89] Once incor-
porated, the nuclear spin states of 31P are amenable to encoding
and manipulation.

Nuclear spins are characterized by their extended coherence
times, which provide superior resilience against environmental
interferences, even within complex settings. This inherent qual-
ity is advantageous for the non-destructive and coherent manipu-
lation and measurement of nuclear spin quantum states, thereby
enhancing their viability for practical applications. To date, the
manipulation of nuclear spins within solid materials has reached
a sophisticated level of development.

Nevertheless, the task of precisely controlling and reading
nuclear spin states at the single-molecule level presents a
formidable challenge. Overcoming this challenge is crucial for
propelling quantum computing forward. The advent of SMMs
has ignited hope for the development of quantum information
units, offering a promising avenue for constructing and ma-
nipulating qubits. In the past decade, quantum computing re-
search anchored in SMMs has witnessed a cascade of break-
throughs, spanning from device fabrication to the adept readout
of spin quantum information and the execution of precise co-
herent manipulation techniques.[90–92] These advancements have
sparked innovative concepts that could facilitate the transition
of quantum computing from theoretical constructs to tangible
applications.

3.3.2. Manipulation of Nuclear Spin Qubits

Processing information at the quantum level and the realiza-
tion of quantum computation represent the confluence of sci-
entific and technological advancement at the nexus of physics
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Figure 7. Manipulation of nuclear spin. a) Construction of a single-molecule transistor. b) Readout of the spin states through the electrical method.
c) The upper panel shows the Zeeman diagram of the ground state energy levels of single TbPc2 molecule. The lower panel shows the significant jump
in the conductance of single TbPc2 molecule transistor. d) Rabi oscillations of the qubits built with the nuclear spin states between | + 1/2〉 and | + 3/2〉.
Reproduced with permission.[91] Copyright 2014, American Association for the Advancement of Science.

and computer science. A pivotal component of this quantum
leap is the construction of fundamental information units known
as qubits, which can usually be photons, spins, etc.[93–96] The
advent of quantum computation leveraging nuclear spin qubits
has propelled the development of nanoscale SMM transistors.[90]

These spin-based qubits have achieved significant breakthroughs
in the realms of information encoding, coherent manipulation,
and reading, thereby charting a course for the advancement of
nanoscale quantum algorithmic devices.[90,91,97]

Recently, Thiele et al. connected the TbPc2 to the gap be-
tween gold nanoelectrodes through the electromigration tech-
nique, constructing a single-molecule transistor based on nuclear
spin states, and achieving coherent operation and reading of nu-
clear spin quits, as illustrated in Figure 7a,b.[90] The central Tb3+

ion, with its electron’s spin angular momentum quantum num-
ber totaling 6, is shielded by two Pc ligands that generate a pro-
tective ligand field, preserving the spin coherence of the Tb3+ ion.
Moreover, the Tb3+ ion, which has a nuclear spin quantum num-
ber of 3/2, couples with the electron spin through hyperfine inter-
action, splitting each electron spin ground state into four differ-
ent quantum states (see Figure 7b). By modulating the strength of
magnetic field, these coupled spin states can undergo QTM, pre-
cipitating a reversal in magnetization of electron spin. This phe-
nomenon is detectable as a significant current jump at the spin

reversal point, measured across the transistor’s source and drain
electrodes. Since the variation in the magnetic field required for
electron spin reversal varies with different nuclear spin quantum
numbers, the corresponding nuclear spin states can be distin-
guished based on changes in the conductance signal under differ-
ent magnetic fields, as depicted in Figure 7c. Nuclear spin states
can be initialized by adjusting the magnetic field to a specific
magnitude, paving the way for subsequent spin manipulation.
To achieve this, Rabi oscillations between two nuclear spin states,
exemplified by I = +1/2 and I = +3/2, are employed to forge a
qubit. The electric field, with its tunability and capacity for local-
ized focus and shielding in confined spaces, presents an optimal
and accessible means of control. This manipulation strategy, im-
plementable via microwave (MW) radiation, addresses the bottle-
neck of parasitic crosstalk between adjacent spin qubits. Initially,
the magnetic field is fixed at the | + 3/2〉 state for initialization.
Subsequently, a MW pulse, characterized by a specific frequency
n0 and duration 𝜏, is applied to the transistor. According to the hy-
perfine Stark effect, the electric field of the microwave pulse can
be converted into a local magnetic field. Besides, the hyperfine
Stark effect describes the change of the hyperfine constant A in
the Hamiltonian HHF = AI · J as a function of the external electric
field, and A can be converted into a change in the effective mag-
netic field B at the center of the atomic nucleus. Consequently,
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the MW pulse instigates an oscillating magnetic field, engender-
ing Rabi oscillations between the | + 1/2〉 and | + 3/2〉 states of
the nuclear spin, thereby constructing a superposition of qubits
as shown in Figure 7d. Ultimately, the final state of nuclear spin
qubits corresponding to the electron spin reversal point can be
read out under the scanning of the external magnetic field.

In addition, achieving efficient manipulation of qubits also re-
quires precise acquisition of their coherence time, T2, as envi-
ronmental noise may cause rapid decoherence (i.e., fail to main-
tain the original state). The T2 is usually determined by pulse
sequence in optics or magnetic resonance, such as Hahn echo
and Ramsey interference. The measurement begins with deter-
mining the initial state. For instance, in an energy level system
consisting of | + 1/2〉 and | + 3/2〉 states, it is assumed that the
initial state is fixed at | + 1/2〉. By applying a 𝜋/2 time-domain
microwave pulse, qubits are prepared into their superposition
states, and the superposition state accumulates the phase during
an evolution time t. Then, a second 𝜋/2 time-domain microwave
pulse is applied to convert the evolution results into the final mea-
surement state. At this point, the electrical signals of the single-
molecule device are immediately tested to read the final | + 3/2〉

state. By repeatedly counting the results of this step and record-
ing the decay curve of the probability of the final state occurring
within the evolution time t, the coherence time can be presented.

The precise and coherent manipulation of nuclear spin qubits
in single-molecule magnets, empowered by MW pulse-based
electric fields, has laid a common pathway for the evolution
of spin quantum nanodevices. Furthermore, it has propelled
forward the cutting-edge technologies of quantum computing
and quantum sensing, infusing robust momentum into their
development.

3.3.3. Implementation of Quantum Algorithm

The realization of practical quantum computing requires not
only the construction of qubits, but also the creation of quan-
tum algorithms for information processing.[97,98] An algorithm,
by definition, is a systematic strategy for tackling specific com-
putational challenges. Essentially, a quantum algorithm employs
a sequence of operators on an initial quantum state, resulting in
a final state that encodes the solution to a problem.[99] These al-
gorithms are versatile, capable of addressing complex computa-
tional tasks such as optimization, simulation, encryption, search
operations, and the resolution of linear equation systems.[100]

The crafting of qubits and the finesse of algorithm manipula-
tion together form the bedrock of advanced parallel computing
paradigms.

Over the past two decades, the field of quantum computing,
underpinned by SMMs, has made the journey from theoreti-
cal constructs to tangible experimental milestones.[37,101] In a
landmark 2001 theoretical proposal, it was suggested that the
Grover algorithm, renowned for its efficiency in searching un-
sorted databases, could be harnessed using SMMs.[37] It first con-
structs a Hadamard gate to create a coherent superposition state,
and after iterations, the superposition system evolves to the de-
sired state with very high probability. The Hadamard gate, a fun-
damental logical gate, creates an equal probability distribution
in the allowed states. The Grover algorithm’s unique advantage

lies in its capacity to manipulate multiple states in unison with-
out necessitating quantum entanglement, thereby achieving its
computational objectives.

The multi-level system of nuclear spin in SMMs is well suited
for simple computations based on the Grover’s algorithm. For
example, Godfrin et al. demonstrated the use of microwaves
to manipulate the TbPc2, thereby endowing it with search
capabilities.[101] The four nuclear spin states of this molecule
have unequal energy level spacings, resulting in different reso-
nance frequencies for different energy level transitions, respec-
tively (as shown in Figure 8a). These frequencies, falling within
the microwave spectrum, enable the induction of Rabi oscilla-
tions through microwave pulses tuned to these specific frequen-
cies, thereby constructing multi-level qubits. From the perspec-
tive of quantum mechanics, microwave pulses act as unitary
operators on spin wavefunctions, with multiple pulses of vary-
ing frequencies driving the evolution of different spin wavefunc-
tions simultaneously. This time-dependent evolution suggests
that the superposition state, achieved by manipulating the nu-
clear spin wavefunctions, is influenced by both the frequency
and duration of the microwave pulses. By meticulously con-
trolling the microwave pulse duration, an equal-probability su-
perposition state can be realized at specific durations, facilitat-
ing the construction of a Hadamard gate. Figure 8b illustrates
the probability evolution curves for two nuclear spin states, | +
3/2〉 and | + 1/2〉, under different MW pulse durations when
the initial nuclear spin state is | + 1/2〉. It can be observed
from the figure that when the frequency of the MW pulse is
3.1 MHz and the pulse duration is 115 ns, the two states have
the same probability of occurrence. Similarly, as the nuclear spin
state is increased to three or four levels, the Hadamard gate
can be concurrently constructed using microwave pulses with
distinct resonance frequencies and pulse widths, as depicted in
Figure 8c,d. This capability signifies that the coherent superpo-
sition of nuclear spin states can be induced with flexibility and
selectivity.

The subsequent phase of the Grover algorithm is targeted at
amplifying the target state, which means evolving the system
again through coherent manipulations so that the target state oc-
curs with a maximum probability. By establishing a resonance
condition between the equal-probability superposition state and
the target state, the system is induced to oscillate between these
states before evolving definitively toward the target state under
certain conditions. This oscillation can be achieved by apply-
ing a second microwave pulse. In Figure 8e–g, under the equal-
probability superposition state of three nuclear spins, the MW
pulses with frequencies of 3.4, 3.0, and 3.9 MHz are applied
again, respectively, instigating oscillations in the nuclear spin
states of | − 3/2〉, | − 1/2〉, and | + 1/2〉, and the superposition
state. As the duration of the microwave pulse increases, the prob-
ability distribution of the final system will gradually converge to-
ward the target nuclear spin state, realizing the search for the
target state. Anchored in the nuclear spin qubits of SMMs and
the refined Grover algorithm, this research has, for the first time,
successfully implemented quantum computing at the nanoscale.
This pioneering accomplishment bears profound scientific
significance, propelling the exploration and development of
single-molecule quantum computing technology into uncharted
territories.
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Figure 8. Implementation of quantum algorithm. a) Energy levels of four nuclear spin states. b–d) Evolution of the population of nuclear spin state as
a function of the duration time 𝜏 of MW pulse. e–g) Oscillations between three superposition nuclear spin states and the target state through the MW
pulse. Reproduced with permission.[101] Copyright 2017, American Physical Society.

4. Conclusion and Prospect

Molecular spintronics is a vanguard field at the confluence of
molecular electronics and the pioneering principles of spin-
tronics. This synergy is strategically harnessed through mag-
netic metal complexes, with metal complexes assuming a cen-
tral role. These spin systems, with their distinctive attributes,
provide an optimal arena for scrutinizing spin effects at the
single-molecule level. Moreover, devices centered on metal com-
plexes offer exceptional vantages for probing spin dynam-
ics at the molecular scale. Further, meticulous investigations
into the nuclear spin of metal complexes yield a holistic por-
trait of spin characteristics, enabling a spectrum of practical
applications.

In this review, we delve into the realm of electron and nuclear
spins in metal complexes with a single goal: to unravel the mys-
teries surrounding their nanoscale properties. The fundamental
quantum physics of spin and the intricate processes that govern
its manipulation have come into focus. Meanwhile, we also em-
phasize the innovative approaches for the meticulous manage-
ment of spin quantum information.

Despite the considerable progress in understanding the spin-
related facets of metal complexes, it remains a need for further
investigation into several key issues. 1) How to achieve spin po-
larization in metal complexes? The ability to electrically control
spin transport at the single-molecule level is highly desired in the
realm of molecular spintronics. Nevertheless, achieving efficient
control over the direction of spin polarization remains a chal-
lenge. Therefore, it is essential to investigate effective approaches

for realizing practical and reliable spin polarization. 2) How to
read out single-molecule spin signals? Transport electrons in-
evitably interact with the spin state of a single molecule, lead-
ing to significant quantum decoherence. This brings substantial
difficulties and challenges in reading the spin state of a single
molecule. Thus, it is worthy to explore different strategies for pre-
cise detection of molecular spin states. 3) What is the relationship
between molecular spin and chirality? The chiral-induced spin
selectivity (CISS) effect establishes a direct link between the chi-
rality of molecules and their spin states, opening possibilities for
spin-based molecular devices. Moreover, achieving chiral selec-
tivity in chemical reactions based on electron spin polarization
of molecules has become one of the important research goals in
chemistry and biochemistry. 4) How does the spin state of metal
complex catalysts regulate the activity and selectivity of reactions?
The spin state of metal complex catalysts plays a crucial role in
the selectivity and activity of reactions. However, the current un-
derstanding of molecular spins in catalytic reactions is rather lim-
ited. It could influence reaction pathways and activation energy,
and could also achieve selective reaction outcomes, making the
tunable spin state of metal complexes a valuable approach in cat-
alytic design. In addition, expectations for the advancement and
application of cutting-edge micro-nano fabrication techniques to
create integrated metal complex devices are on the rise. This aims
to address the issues related to device stability and reproducibil-
ity and also promises to broaden the horizons of metal complexes
applications in the rapidly expanding domain of quantum infor-
mation technology, including quantum computing and informa-
tion processing.
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Looking to the future, the research on single-molecule spin
qubit device based on metal complexes has broad prospects. The
advent of single-molecule spin qubit technology requires inno-
vations that can maximize the potential of metal complexes. As
we delve deeper into the single-molecule spin qubit landscape,
metal complexes play a critical role in the development of spin
qubits with extended coherence times, thus facilitating more ro-
bust frameworks for quantum computing. The intersection of
metal complexes-based single-molecule spin qubit device with
emerging fields such as machine learning may pave the way for
transforming our engagement with material science and infor-
mation technology. The journey to unlocking the complete poten-
tial of metal complexes-based single-molecule spin qubit device
is fraught with scientific and engineering challenges. The com-
ing decade is anticipated to witness a surge in interdisciplinary
research aimed at unraveling the quantum behaviors of metal
complexes based on single-molecule spin qubit device and trans-
lating these insights into revolutionary technologies. In essence,
the fusion of molecular spin qubits with quantum technologies
marks a frontier of possibilities. As we stand on the brink of
this new era, the pursuit of knowledge and innovation in metal
complexes-based single-molecule spin qubit research is acceler-
ating, signaling a future where single-molecule science will rede-
fine the frontiers of computation, communication, and sensing.
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