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onance with scanning tunneling
microscopy: a tool for an on-surface quantum
platform of identical qubits

Deung-Jang Choi, *abc Soo-hyon Phark, de Andreas J. Heinrich de

and Nicolás Lorente ab

Integration of electron spin resonance (ESR) in a scanning tunneling microscope (STM) has enabled all-

electrical control of atomic and molecular spins on solid surfaces with atomic-scale precision and

energy resolution beyond thermal limitations. Further, coherent manipulation and detection of individual

spins in an ESR-STM establishes a powerful quantum platform, allowing for the implementation of

fundamental quantum logic operations to on-surface identical qubits (same chemical species but ESR-

adressable). In this review, we introduce recent advances of ESR-STM, focusing on its application to

atomic-scale qubits and extension to molecular qubit systems. We discuss the principles underlying ESR-

STM, followed by single-spin addressability, coherent control via Rabi oscillations, and quantum state

readout through frequency-resolved detection. We further demonstrate multi-qubit control

architectures enabled by atom manipulation and local magnetic field engineering, culminating in the

realization of multi-qubit logic gates such as the Controlled-NOT and Toffoli gates. These

implementations highlight the specialty of ESR-STM towards atomic-scale quantum circuits. Indeed,

ESR-STM can be an excellent tool to perform and evaluate quantum operations in molecular qubits. The

results reviewed in this collection establish ESR-STM as a versatile tool for advancing quantum coherent

science at the atomic and molecular level in solid-state environments.
1. Introduction

Quantum computing represents a paradigm shi in our
computational capabilities, offering the potential to solve
problems that remain intractable for classical architectures.1 At
its core, quantum computing exploits qubits—quantum
analogs of classical bits that can exist in coherent superposi-
tions—to process information in parallel. Various platforms
have been explored for qubit realization, ranging from super-
conducting circuits2 and trapped atoms3 to semiconductor
quantum dots.4 Despite noteworthy progress in coherence time
and gate delity, challenges such as the complexity of cryogenic
electronics5 and fabrication limits persist.

Electron spin resonance (ESR)6 offers the high energy reso-
lution required for precise spin measurements, independent of
thermal broadening, while scanning tunneling microscopy
(STM) provides atomic-scale spatial resolution.7 The synergistic
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combination of these techniques in an ESR-STM thus enables
addressing of individual spins with energy resolutions reaching
tens of neV in the study of single atoms, atomically controlled
structures, and molecules.8–13 Construction and coherent
control of nanoscale qubit systems are central to advancing
quantum-coherent nanoscience.14 In this regard, coherent
manipulation of single electron spins via radio-frequency (RF)
excitation in an ESR-STM15,16 have marked a milestone in the
bottom-up approach to construct qubit architectures utilizing
individual atoms on a solid surface. However, achieving the full
potential of this approach necessitates scaling beyond the
connes of a subnanometer junction to incorporate multiple,
addressable qubits.17

In this context, molecular spins emerge as an attractive
alternative to conventional two-level systems. Their rich
internal structures not only allow for the possibility of multi-
level quantum computation but also provide a versatile plat-
form for tailoring energy level architectures that facilitate
robust quantum error correction protocols.18–20 Moreover, the
natural propensity of molecules to self-assemble offers
a pathway far more efficient than atoms in fabricating high-
density qubit arrays—a crucial attribute for scalable quantum
computing architectures.21–23 The atomic-scale spatial resolu-
tion and high energy discrimination inherent to ESR-STM are
Nanoscale Adv., 2025, 7, 4551–4558 | 4551

http://crossmark.crossref.org/dialog/?doi=10.1039/d5na00316d&domain=pdf&date_stamp=2025-07-17
http://orcid.org/0000-0002-6797-3953
http://orcid.org/0000-0002-0541-5083
http://orcid.org/0000-0001-6204-471X
http://orcid.org/0000-0003-0952-8031
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00316d
https://pubs.rsc.org/en/journals/journal/NA
https://pubs.rsc.org/en/journals/journal/NA?issueid=NA007015


Nanoscale Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

li 
20

25
. D

ow
nl

oa
de

d 
on

 0
3.

02
.2

6 
22

:4
0:

51
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
therefore ideally suited for investigating and controlling the
complex quantum states in molecular systems.24,25

This article reviews the unique capabilities of ESR-STM to
achieve quantum-coherent manipulation of both atomic17 and
molecular26 qubits. By harnessing the full quantum state space
offered by these systems, we seek to overcome current scal-
ability limitations and pave the way for the realization of high-
density, robust quantum computing platforms.
2. ESR-STM

Coherent control of individual qubits is fundamental to any
quantum computation scheme. ESR-STM represents a powerful
approach for such control at the atomic and molecular
scale.14–16 In 2015, ESR in an STM was rst demonstrated for
electron spins localized in single atoms on a surface using
a continuous-wave (CW) RF signal.8 The next major step forward
was the demonstration of pulsed driving of ESR in 2019, which
enabled quantum state manipulation of electron spin in a tita-
nium (Ti) atom (Fig. 1).15

In ESR-STM, spin manipulation is achieved by applying a RF
modulated bias voltage to the tunnel junction formed between
an STM tip and a spin center adsorbed on a substrate. The RF
bias induces transitions in the quantum states of the spin when
the radio frequency matches the Larmor frequency of the spin,
resulting in a detectable change in tunneling current.8 This
allows for a precise measurement of spin resonance with an
energy resolution down to some tens of neV, far exceeding the
limit due to thermal broadening. Moreover, by applying RF
pulses of controlled duration and amplitude, it is possible to
induce coherent rotations of the spin. The phase, frequency,
duration and amplitude of the driving pulse determine the
Fig. 1 Scheme of a scanning tunneling microscope prepared for perfo
Ag(100) substrate. The STM tip is shown above a surface with several ato
radio-frequency (RF) voltage is added via a diplexer on the DC bias of the
radio frequency generation leads to the creation of control pulses with a
15).

4552 | Nanoscale Adv., 2025, 7, 4551–4558
quantum state evolution of the spin, enabling a full control of
the corresponding qubit vector on the Bloch sphere.15,27,28

Fig. 1 presents a schematic diagram of the ESR-STM setup,
used in the rst demonstration on coherent control of single
atomic spins on a surface.15 The system combines the STM's
capability of spatially addressing individual atoms or molecules
with driving of ESR in a time-controlled manner, allowing for
coherent control of electron spins of single Ti adsorbates on a 2-
monolayer-thick (2 mL) MgO decoupling layer prepared on an
Ag(100) substrate.15,27,28 In a simplied scheme, the spin-
polarized (SP) tip apex plays a crucial role for ESR experi-
ments in an STM in terms of both driving and probing the
magnetic resonance of the spin in the tunneling junction: (i) in
general, time-dependent Hamiltonian matrix elements
h1jHL1(t)j0i are required for transitions between the two states
j0i and j1i of the electron spin29–31 that will depend on the
relative angle between the spins of tip and atom for the ESR
excitation. Besides, due to this angle, the owing electrons can
cause a torque on the atomic spin, leading to spin pumping
effect in the target atom. (ii) In analogy to a model of magnetic
tunnel junction, rst the SP-tip can be seen as one magnetic
electrode. Second, together with the spin-polarization of the
target atom, it induces a tunneling magneto-resistance effect.
When driving ESR of the atom, this magneto-resistance changes
from that of the non-driven state, resulting in a corresponding
change in the tunneling current, which is the readout of ESR-
STM. In addition, when the spins of the tip and atom are not
collinear, the precessing components of the atomic spin
perpendicular to the quantization axis can couple to the phase
of the VRF, leading to the homodyne contribution to the detec-
ted signal.

For pulsed-ESR, the RF-signal output is modulated by an
arbitrary waveform generator to create RF-pulses with well-
rming pulsed ESR experiments on single atoms such as Ti on a MgO/
mic or molecular structures (possible impurities or nanostructures). A
STM. The introduction of an arbitrary waveform generator (AWG) in the
time resolution of 1 ns and sub-milliVolt amplitudes. Adapted from (ref.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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controlled width and amplitudes. This RF pulse, controlled at
a nanosecond time scale, drives a fraction of rotation of the
target spin within its coherence time, which enables coherent
control experiments such as Rabi oscillation, Ramsey fringe,
spin-echo, and so on, as demonstrated rst by K. Yang et al. in
2019.15

3. ESR-STM as a quantum platform

To evaluate the potential of ESR-STM beyond laboratory
demonstration, we outline below the essential requirements,
current capabilities, and open challenges for deploying ESR-
STM as a viable quantum platform.

3.1. Requirements for ESR-STM-compatible quantum
systems

To be suitable for quantum information applications using
ESR-STM, a quantum system must fulll several stringent
conditions: (i) atomic-scale stability on cryogenic surfaces, (ii)
discrete and well-isolated spin states with controllable anisot-
ropy, (iii) compatibility with microwave frequency excitation at
the tunnel junction, and (iv) efficient spin-sensitive tunneling
for readout. These conditions are typically met by carefully
selected magnetic adatoms on ultrathin insulating lms grown
onmetallic substrates.14,15 As we showed in the previous section,
MgO/Ag (100) is well suited substrate for ESR-STM of single
atomic spins for the last decade. In addition, there are reports of
ESR signals on other substrates, such as Terbium bis-
phthalocyanato on NaCl/Cu(100).32

3.2. Current capabilities and performance metrics

Recent experiments have demonstrated coherent control of
single-spin qubits on surfaces using ESR-STM. Using this
technique the typical values characterizing the spin evolution
are spin-relaxation times T1 up to microseconds in selected
atomic systems; quantum coherence times T2 ∼ 200 ns,
measured via spin-echo sequences;15 1-qubit operations based
on Rabi and Ramsey sequences and two-axis universal control
has been demonstrated using phase-controlled RF pulses;17

readout is performed through ESR-induced modulation of the
tunneling current; this typically requires signal averaging and
limits single-shot readout delity. Despite this promising
values, gate delities remain to be systematically benchmarked.
We will explore in detail the present status of quantum gates
with the ESR-STM in the following section.

Compared to other atomic-scale platforms, ESR-STM offers
unique advantages such as a sub-Å spatial resolution, direct
control of inter-qubit coupling via tip-induced potentials, and
the possibility of engineering articial spin structures atom by
atom. However, unlike platforms based on color centers or
trapped ions, ESR-STM still lacks intrinsic optical initialization
and scalable photonic integration.14

3.3. Challenges for scalability and quantum computing

Scaling ESR-STM to multi-qubit quantum information plat-
forms involves substantial experimental and technological
© 2025 The Author(s). Published by the Royal Society of Chemistry
challenges. Some of these challenges are the surface and
material degradation. Over time, atomically engineered spin
structures may suffer from tip-induced dri, surface contami-
nation, or atomic rearrangement, affecting stability and
coherence.

Another problem inherent of STM-based techniques is the
tip reproducibility and conditioning. Indeed, spin-polarization
and magnetic stability of a SP-tip have been known to be hard
to control due to its strong dependence on the microscopic
structure of the magnetic tip apex as well as working conditions,
leading to varying magnetic orders and eld-responses.33–35

Therefore, the spin-polarized and RF-sensitive tips required for
ESR-STM are challenging to prepare and oen irreproducible,
complicating parallelization. In this regard, special attention
needs to be granted to local environment control, because small
variations in the electrostatic environment, work function, or
lm thickness can signicantly alter the spin Hamiltonian,
reducing reproducibility. STM is an inherently serial technique.
Multiplexed control and scalable readout will require new
paradigms in microwave delivery, nanoplasmonic enhance-
ment, or on-chip resonator integration.

An important aspect is the one related to identical qubits
(same chemical species but ESR-adressable). Achieving arrays of
identical qubits implies uniform local environments, homoge-
neous magnetic anisotropy, and precise control over exchange
couplings—conditions that are hard to maintain over extended
arrays. On the other hand, qubit architectures made of same-
species atoms are virtually identical except for small varia-
tions of the environment. Using local probes like the tip itself or
local magnetic nanostructures (a nearby Fe atom),27 the local
eld can be used to shi the properties of the qubit and make it
addressable among many virtually-identical qubits.

While ESR-STM remains a laboratory-intensive technique, it
offers compelling advantages for bottom-up quantum control at
the atomic scale. The recent demonstration of universal qubit
rotations28 marks a key milestone towards quantum gate
implementations. Addressing the outlined challenges will be
essential for advancing ESR-STM from single-spin spectroscopy
towards a viable quantum simulation or computation
platform.14,15
4. Quantum gates in ESR-STM

Driving ESR of qubits creates a unitary evolution of the qubits,
the so called quantum gates. By controlling the time duration of
the driving pulse, the evolution can be terminated to leave the
qubit in a predetermined quantum state along a Rabi oscilla-
tion. By applying a sequence of pulses, furthermore, different
unitary evolutions are chained together, leading to a complex
coherent manipulation of the qubit state.
4.1. Single-qubit gate

A series of RF pulses tuned to the Larmor frequency of a single
atom spin can produce desired single-qubit quantum gates in
ESR-STM. A simple example is the Hadamard gate as illustrated
in Fig. 2(a) using the Bloch sphere and vector representation.
Nanoscale Adv., 2025, 7, 4551–4558 | 4553
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Fig. 2 (a) A scheme using the Bloch sphere illustrating Hadamard gate
to a qubit initialized to its j0i state. (b) A quantum circuit to generate
a maximally-entangled Greenberger–Horne–Zeilinger (GHZ) state
when all three qubits (Q0, Q1, Q2) are initialize to j0i states. The circuit
implements a Toffoli (Controlled-Controlled-NOT; CCNOT) gate, the
third gate (purple), which flips the state of the third qubit,Q2 if and only
if the other two qubits are in the state j1i. The first gate (cyan),

Hadamard gate (H), creates a superposition state ðj0i þ j1iÞ= ffiffiffi

2
p

of Q0.
The second gate (orange) is a two-qbit gate, Controlled-NOT (CNOT),
which flipsQ1 if and only ifQ0 is in the state j1i. As a consequence, the
consecutive two gates, Hadamard and CNOT, transform the two-

qubitsQ0 andQ1 into an entangled stateðj00i þ j11iÞ= ffiffiffi

2
p

, which finally

leads to a GHZ or “cat” stateðj000i þ j111iÞ= ffiffiffi

2
p

, after the Toffoli gate.
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This gate, when applied to a single spin initialized in its ground
state j0i, rotates the state vector by an angle of p/2 about the axis
dened z = x, which creates a linear superposition of the two

states (j0i and j1i) of the qubit, j þ i ¼ ðj0i þ j1iÞ= ffiffiffi

2
p

. If the
qubit is initialized in its excited state j1i, the Hadamard gate
acts to create another superposition state of the qubit

j � i ¼ ðj0i � j1iÞ= ffiffiffi

2
p

, orthogonal to j + i. The gate imple-
mented in this way allows us to retrieve the behavior of the
Hadamard gate on the selected states.

This set of two operations is very useful when creating an
entanglement between two qubits as illustrated in the circuit
example of Fig. 2(b). The Hadamard gate (H in the cyan box)
acting on the rst qubitQ0 in its j0i state at t0 transforms Q0 into
j + i state at t1, which is going to inuence the state of the
second qubit Q1 with the two-qubit gate Controlled-NOT
(CNOT; orange) at t1, leading to an entangled state of the two

qubits ðj00i þ j11iÞ= ffiffiffi

2
p

at t2. A straightforward extension of this
controlled operation to three-qubit system is the Controlled-
controlled-NOT (CCNOT; Toffoli) gate, as depicted in purple.
Together with the two qubits in the entangled state

ðj00i þ j11iÞ= ffiffiffi

2
p

, the CCNOT gate includes the third qubit Q2.
The nal circuit yields a fully entangled three-qubit state
4554 | Nanoscale Adv., 2025, 7, 4551–4558
ðj000i þ j111iÞ= ffiffiffi

2
p

, the so-called Greenberger–Horne–Zeilinger
(GHZ)36 or cat state.

4.2. Two-qubit gate: controlled-NOT

To be universal, quantum control of multiple qubits only
requires a reduced set of single-qubit gates and a two-qubit one.
Among numerous two-qubit gates, the CNOT is a typical reali-
zation37 in many available Noisy Intermediate-Scale Quantum
(NISQ) architectures.38 In reality, the CNOT gate can be imple-
mented between two qubits with a minimal interaction ob-
tained by placing them sufficiently far apart on the surface and
in the presence of an Fe atom next to one of the Ti atoms. The
effect of the Fe atom is to modify the nearby Ti atom allowing
the addressability of each of the two qubits and to enhance the
driving of the qubit even when the STM tip is away from it.39,40

The weak interaction, in comparison with the detuning, permits
to simplify the two-qubit state to products of the two single
qubit states (Zeeman product states; j00i, j01i, j10i, j11i) with
four available quantum transitions, as represented in the
energy level diagram of Fig. 3(a). Similar to a single-qubit gate,
in such a system we can drive a transition between any adjacent
two-qubit states by tuning the RF frequency to the corre-
sponding energy difference (f1, f2, f3, or f4).39 In Fig. 3(b), a real-
ization of a physical system of such two qubits using two Ti
atoms on a 2 ML MgO surface is shown.17

A CNOT gate is a controlled operation where one of the
qubits (the ‘control’ qubit) selects the action on the other qubit
(the ‘target’ qubit). Thus, the NOT gate to the ‘target’ qubit only
switches on, by ipping the target's initial state, when the
‘control’ qubit is exclusively in one of its two states, either j0i or
j1i. Here we choose the convention of ipping the second qubit
when the rst qubit is in the state j0i. This is achieved by
applying a p-pulse with an RF frequency corresponding to the
energy of a specic transition in the two-qubit energy diagram
(Fig. 3(a)). A p-pulse is an RF signal applied at the transition
frequency for half a Rabi period, driving the system from one
state of the transition to the other. Fig. 3(c) shows a result of
Rabi oscillation measurement performed on the transition j00i
4 j01i of the two qubits in Fig. 3(b), with the experimental
scheme of the pulsed double resonance ESR.17 The ipping of
one of the states corresponds to applying a Rabi oscillation by
half of its period as indicated by the term ‘p-time’. In practice,
this inverses the state of the second (red) qubit if and only if the
rst (blue) qubit is in its j0i state. This RF pulse constitutes
a CNOT gate where the ‘control’ qubit is the rst and the ‘target’
qubit is the second qubit, Fig. 3.

4.3. Three-qubit gate: Toffoli gate

An experimental demonstration of a Toffoli (CCNOT) gate to
a three-qubit system in ESR-STM has been realized by using
three Ti atoms adsorbed onto a 2 ML MgO/Ag(100) surface
(Fig. 4). See ref. 17 for the details of the physical system. Using
the atommanipulation technique, the three atoms are precisely
located in a specic environment, allowing for control over their
mutual interactions and their coupling to the STM tip and
external elds. As a result, the Zeeman product states of the
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Energy diagram of a two-qubit system, illustrating its four
eigenstates j00i, j01i, j10i, j11i and four available quantum transitions
represented by four corresponding frequencies f1, f2, f3, f4. (b) A two-
qubit structure constructed using two Ti atoms, whose spins are
weakly coupled (z110 MHz) to each other, on a 2-monolayer-thick
MgO surface. The “sensor” and “remote” qubits are depicted with blue
and red colors. (c) and (d) ESR spectra measured by driving the blue Ti
(f1, f2) and the red Ti (f3, f4) spins, respectively. (e) Schemes of RF pulses
and responses of the two Ti spins for a controlled rotation of the
“remote” qubit (left) and measured Rabi oscillations of the “remote”
qubit, when the “sensor” qubit is in the state j0i (right). This was ach-
ieved by a coherent driving of the transition f3 (j00i 4 j01i) and
subsequent steady-state probing using the transition f1 (j00i 4 j10i)
(see the scheme in (a)). The solid curve is a fit using an exponentially-
decaying sinusoidal function. The duration of z13 ns for the CNOT
operation is found as indicated by p-time.17
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three qubits serve as good approximations to the eigenstates of
the system, preserving the distinct energy levels necessary for
the selective addressability of transitions corresponding to
multi-qubit logic gates (Fig. 4(a)). RF pulses induce coherent
Rabi oscillations between selected quantum states of the three-
qubit system. By adjusting pulse amplitude, frequency, and
duration, the system undergoes selective transitions corre-
sponding to the logical action of the Toffoli gate.

A Toffoli gate is carried out by applying a sequence of RF
pulses tuned to the transition frequencies between two eigen-
states. In Fig. 4(b), a RF pulse scheme for Toffoli gate is illus-
trated for three qubits, composed of one “sensor” (blue) and two
© 2025 The Author(s). Published by the Royal Society of Chemistry
“remote” (red, purple) qubits. Here, the Toffoli gate involves
ipping the state of the remote qubit 1 (RQ1; red) only when the
other two qubits, sensor and remote qubit 2 (RQ2; purple), are
in their j0i states. This operation corresponds to the transition
between j000i and j010i.

Steady-state driving of four transitions (blue arrows in
Fig. 4(a)) are used to probe the controlled rotation of RQ1, and
resultant Rabi oscillation data are shown in Fig. 4(c). Coherent
rotation of RQ1 appears only from the two probing transitions
for RQ2 in the j0i state (dark purple) while no oscillation is
observed from the other two for RQ2 in the j1i state (light
purple). The Rabi frequencies associated with these transitions
are sufficiently large to enable fast gate operations, with state
transitions occurring on timescales as short as 20 ns. Such rapid
operation times are advantageous, reducing exposure to deco-
herence and enhancing gate delity.

The successful demonstration of a Toffoli gate using ESR-
STM highlights the potential for atomically precise spin
systems to implement complex multi-qubit logic operations
beyond single- and two-qubit gates as well as toward more
sophisticated quantum operations necessary for fault-tolerant
quantum computation. For instance, more complex quantum
logic circuits can be realized using atomic spins on a surface,
such as the one to create maximally entangled three-qubit
states, e.g., the GHZ state that was introduced in Fig. 2, by
utilizing the experimental scheme shown in Fig. 4.
5. Implementation of multi-qubit
control in an ESR-STM

Recent advances have demonstrated that ESR-STM is not
limited to single-spinmanipulation as introduced in the section
II. It can be extended to the coherent control of multi-qubit
systems assembled with atomic precision. However, it necessi-
tates coherent control and measure of spins positioned outside
the STM tunnel junction, the so-called “remote” qubits, which
is implemented via an exchanged interaction with single-atom-
magnets (here, Fe atoms; see Fig. 3(b)) that are judiciously
placed a few MgO-lattice-constants apart and boost the driving
of the ESR signal.27 A recent experimental and theoretical
studies show that the tip electric eld modulates the interaction
in time between the Fe and Ti atoms that serves as remote spin,
leading to a strong coherent response of the Ti spin.27,41 This
approach effectively decouples the control and detection
mechanisms of a spin, allowing for scalable multi-qubit
architectures.

Initialization of the spins is achieved thermally by cooling
the system to cryogenic temperatures (typically below 1 K) and
applying an external magnetic eld, resulting in most of the
spin population in the ground-state. Detection of remote qubits
is performed indirectly through the ESR transition of the
“sensor” qubit, whose transition frequency depends on the
quantum states of the coupled qubits. This transition frequency
of the “sensor” qubit is carefully chosen by dipolar and
exchange interactions with the “remote” qubit, which can be
engineered through precise control over atomic separations of
Nanoscale Adv., 2025, 7, 4551–4558 | 4555

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00316d


Fig. 4 (a) Energy diagram of the eight eigenstates of a three-qubit system, composed of one “sensor” (blue) and two “remote” (red, purple)
qubits. (b) A scheme of pulsed double resonance ESR experiments performed on the three qubits (Ref. 17). During the measurement, the tip was
parked only on the sensor qubit. The quantum transitions for driving the remote qubit 1 (RQ1; red) and for probing via the sensor qubit (blue) are
depicted in (a). Spin arrow pointing down indicates ground state j0i of each qubit. (c) Pulsed double resonance data measured using the probe
transitions indicated by the blue arrows in (a). Measurements using two probing transitions for RQ2 in the j0i (j1i) state are indicated by dark (light)
purple color. Note that this Toffoli gate is achieved just by about 20 ns.
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the two qubits down to the sub-angstrom scale. Multiple remote
qubits can be sensed simultaneously and their quantum states
can be inferred from the distinct ESR transitions of the sensor
qubit. An intriguing extension is to transpose this scheme to
multi-magnetic-center molecules where different centers can be
assigned to either the sensor or remote qubits, and can be
manipulated to achieve multi-qubit quantum operations.42
5.1. Molecular qubits on a surface

Building these atomic-scale implementations on a solid
surface, molecular qubits offer an opportunity to scale the ESR-
STM approach to more complex and potentially more robust
quantum systems. Molecular complexes can be chemically
engineered to host multiple spin centers with tailored coupling
strengths and coherence properties.22,23 Fig. 5 illustrates how
molecular arrays and molecular magnets can serve as platforms
Fig. 5 (a) Schematic representation of molecular arrays on a surface, wh
spin centers can be manipulated using Electron Spin Resonance Scann
operations. This approach enables precise control of quantum states at th
spin centers, which can interact and potentially serve as multi-qubit
a promising platform for next-generation quantum computing applicatio
quantum information processing.

4556 | Nanoscale Adv., 2025, 7, 4551–4558
for implementing quantum logic operations. Fig. 5(a) shows
molecular arrays on a surface that can be addressed individually
with the ESR-STM. Fig. 5(b) shows a molecular magnet incor-
porating multiple spin centers, which demonstrates the
potential for multi-qubit interactions. The recent experiments
demonstrate that by driving an electron current through one of
the active spins in a complex molecular system, other qubits
within the molecule can be manipulated via a combination of
inter-qubit coupling and time-dependent external elds.24

Moreover, spectator spins, which are not directly addressed by
the RF eld, can act as mediators or enhancers of control
signals, amplifying the reach of spin manipulation to more
remote qubits within the system.25

The above strategy has already been applied to systems of
weakly-coupled Ti spins on MgO surfaces. Extending these
concepts to chemically designed molecular qubits holds a great
ere individual molecules are engineered to address spin centers. These
ing Tunneling Microscopy (ESR-STM) to perform quantum logic gate
e atomic level. (b) Illustration of molecular magnets containingmultiple
systems (Adapted from ref. 44). These molecular architectures offer
ns due to their ability to maintain coherence and facilitate spin-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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promise for realizing universal quantum computation at the
molecular level.43 By using molecular self-assembly and preci-
sion chemistry, it becomes feasible to construct such systems
systematically. Furthermore, the development of multi-qubit
gates is of increasing interest due to their ability to reduce the
depth of quantum circuits and to implement more efficient
error mitigation schemes.42 ESR-STM provides the necessary
spatial and spectral resolution to implement these gates within
molecular systems, offering a route toward scalable, high-
density quantum processors.44
6. Conclusions

Electron spin resonance combined with scanning tunneling
microscopy provides a unique and versatile platform for
achieving quantum coherent manipulation of atomic and
molecular qubits with unparalleled spatial and energy resolu-
tion. By combining the local addressability of STM with the
spectral selectivity of ESR, ESR-STM offers precise control over
individual spins, enabling universal set of quantum gates,
composed of single-qubit rotations and CNOT. In this article,
we have summarized the coherent manipulation of multi-qubit
systems assembled on insulating surfaces with atomic preci-
sion, including the realization of Controlled-NOT and Toffoli
gates. These achievements underscore the potential of ESR-STM
for implementing complex quantum logic operations in atom-
ically engineered qubit systems. Furthermore, by extending
these techniques to chemically designed molecular qubits, ESR-
STM opens new avenues for understanding single-qubit
manipulations on the atomic and molecular scales, particu-
larly exploring the extraordinary properties of molecules such as
their inherent reproducibility, self-assembly, and tunability.

The successful demonstration of fast and coherent multi-
qubit operations at the atomic scale represents an important
step toward fault-tolerant quantum computation. The unique-
ness of ESR-STM in engineering and addressing spin systems
makes it a valuable tool not only for fundamental studies of
quantum coherence and entanglement but also for the practical
development of high-density quantum processors. Future work
will focus on increasing the complexity of qubit architectures,
improving coherence times, and integrating molecular qubit
networks to advance scalable quantum information processing.
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