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A B S T R A C T

In the past century, there have been revolutionary inventions and developments in both information and computational devices. The advances of nanotechnology
have continued to miniaturize these devices in solid-state platforms. This trend will eventually reach the ultimate limit of single atoms and molecules. Scanning
tunneling microscopy and spectroscopy (STM/STS) have been highly useful tools to investigate electronic and magnetic properties of individual atoms, molecules,
and nanostructures on surfaces. Manipulating the electron spin degree of freedom at the atomic level may allow us to write, store, and read binary information of the
smallest unit – atoms and molecules. At this length scale, quantum mechanics governs the behavior of individual spins and their interactions. Understanding temporal
stability, accessibility, and spin lifetime at the atomic scale is essential to exploit the possibilities for using atoms and molecules as a basic unit of memory. This review
introduces various STM-based research efforts toward single atom memory realization.

1. Introduction

Integrating electronic and memory devices has been approaching a
fundamental limit as their size shrinks to the nanometer scale. The ul-
timate storage density can be realized by storing information on the
scale of single atoms. However, quantum mechanics hinders arbitrary
downscaling of the memory units. For instance, quantum mechanical
leakage of electric current hinders further scaling down of conventional
transistors [1]. Therefore, an understanding of the electronic and
magnetic properties of single atoms and molecules is necessary for in-
corporating them into passive or active components of nanoscale de-
vices. In memory devices, the utilisation of the electron spin degree of
freedom has enabled the reading, storing, and writing of information.
Current state-of-art memory devices in the electronics industry have
shown that the memory density could reach up to 1016 bit/m2, where
approximately 104 atoms represent one bit of information at an ambient
condition. Further downsizing memory devices to the single atomic
level, however, remains highly challenging.

One of the basic requirements for atomic memory is long storage
time – spin relaxation time (T1). The individual electron and nuclear
spins are intrinsically coupled to the surrounding environment and
experience various quantum mechanical interactions, such as dipolar,
exchange, superexchange, Ruderman-Kittel-Kasuya-Yosida (RKKY), and
Raman with substrate electrons, nearby spins, and phonons.
Intervening an ultrathin insulating film [2,3] into the system and op-
erating at extremely low temperatures may reduce such a coupling,
such that the spin lifetime of a single atom can be several hours [4].

The invention of scanning tunneling microscopy (STM) in 1980s [5]
has enabled us to image single atoms and molecules on surfaces and to
characterize their electronic and magnetic properties via atom-preci-
sion tunneling spectroscopy. This allows us to probe the magnetic an-
isotropy, the magnetic moment, and the spin lifetime at the single-

atomic level. Building magnetic nanostructures in a controlled manner
using an STM tip has shown that only a handful of magnetic atoms and
even single atoms could store binary information [4,6,7].

2. STM techniques for investigating individual spins on surfaces

In STM experiments, scanning tunneling spectroscopy (STS) has
been widely used to investigate electronic and magnetic properties of
individual atoms, molecules and artificially constructed nanostructures
with atomic precision. The tunneling current I is recorded as a function
of the sample voltage V at constant tip height after disabling the STM
feedback loop. By adding a small modulation voltage, a lock-in ampli-
fier simultaneously measures the differential conductance, dI/dV. At
low voltages, this dI/dV approximates the convolved tip and sample
local density of states (LDOS). In particular, inelastic electron tunneling
spectroscopy (IETS) has been employed to reveal vibrational [8] and
spin [2] excitation energies of individual molecules and atoms on sur-
faces. Fig. 1 shows a schematic of IETS. When the energy of tunneling
electrons, given by the bias voltage at the tunneling junction, exceeds
the spin or vibrational excitation energy of individual atoms and mo-
lecules, the electrons can tunnel through additional inelastic tunneling
paths as shown in Fig. 1(b). This additional channel results in a step-like
increase at threshold voltages of the differential conductance, probing
spin excitation energies at a single atomic level [Fig. 1(c, d)].

Fig. 2 displays the first spin excitation STM-IETS measurement on
individual Mn atoms atop ultrathin insulating Al2O3 on NiAl(1 1 0). The
spin excitation signal is only visible when the Mn atoms sit atop the
ultrathin insulating layer. This implies that the insulating layer reduces
the hybridization between the localized Mn spin and the conduction
electrons of metallic substrates, increasing the inelastic tunneling cross-
section for the localized spin [Fig. 2(b)] [2,9]. The measured threshold
voltages linearly increase with the external magnetic field, enabling the
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Fig. 1. Schematic of inelastic electron tunneling spectroscopy. (a) When the energy of the tunneling electrons is less than spin excitation energy (ΔE), the electrons
tunnel through the barrier elastically without disturbing the spin of the atom. (b) When V > ΔE/e, the electrons tunnel through an additional inelastic tunneling
path by exchanging a spin of the atom. (c) This additional inelastic path increases the tunneling conductance above the threshold voltage (V= ΔE/e). (d) The spin
excitation energy is linearly proportional to the external magnetic field (Zeeman effect).

(a) (c)(b)

(d) (e)

Fig. 2. (a) An STM topographic image (20 by 10 nm; V=0.1 V, I=50 pA) of individual Mn atoms adsorbed atop Al2O3 grown on a NiAl(1 1 0) surface. The five
protrusions are individual Mn atoms. (b) Scanning tunneling spectroscopy (dI/dV) taken at a single Mn atom shows an IETS step (taken at 0.6 K). This step only
appears when an external magnetic field (B=7T) is applied to the system. (c) The IETS step shifts linearly with the applied magnetic field, showing the Zeeman
energy of single atom. The B in (b,c) denotes the external magnetic field. (d) An STM topographic image (4 by 4 nm; V=-0.5 V, I=100 pA) of a single FePc molecule
on Cu(1 1 0)(2×1)-O. The right panel indicates the chemical structure of the FePc molecule. (e) dI/dV spectroscopy taken at a FePc on Cu(1 1 0) and Cu(1 1 0)
(2× 1)-O at Bz=0. The molecule atop Cu(1 1 0)(2×1)-O surface only shows an IETS step. [Fig. 2(a–c) reprinted with permission from Ref. [2], Copyright (2004)
AAAS and Fig. 2(d, e) reprinted with permission from Ref. [11], Copyright (2009) American Physical Society].
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determination of the g-factor of individual atoms [2] [Fig. 1(d), (c)] and
the exchange coupling of atoms in chains [10].

The STM-IETS has been extended to search spin properties of
magnetic molecules. Metal-phthalocyanine complexes have been paid
attention to the STM field since couplings among the magnetic-metal
center, phthalocyanine ligand, and substrate can be readily engineered
and investigated with atomic precision. The first spin IETS signal on the
molecules has been found in single iron(II) phthalocyanine (FePc)
molecules atop an oxidized Cu(1 1 0) surface (Fig. 2(d, e)), revealing
that the spin is localized at the Fe center [11]. Since this work, the spin-
IETS has been a standard tool for investigating spin properties of single
molecular magnets [12], and double-decker phthalocyanine molecules
[13].

To obtain the spin-sensitive measurements at the level of single
atoms, spin-polarized tips have been utilized to detect individual spins
from nanostructures [14] and for characterizing spin-spin interactions,
such as the exchange coupling and RKKY interaction [6,15]. The spin
polarization of the tip provides an asymmetric spin density of state for
tunneling electrons, thus sensing the change of spin states of atoms on
surfaces via tunneling magnetoresistance [14,16]. Moreover, spin-de-
pendent transport through tunneling junctions [14,17–20] conserves
the spin angular momentum of the system. For each spin excitation
event during tunneling processes, the spin momentum (ms) of the lo-
calized spin is allowed to change only by Δms=+1, 0 or−1, following
the selection rule for spin transitions of the localized spin, as displayed
in Fig. 1(b) [16].

To obtain temporal information of the spin dynamics of atoms on
surfaces, electrical pump-and-probe measurements have been em-
ployed in STM experiments [21]. Similar to optical pump-probe ex-
periments, energetic tunneling electrons with high enough voltage ex-
cite the local spin from a ground state to an excited state. After a delay
time, a probe voltage, which is low enough to minimize perturbation of
the spin dynamics, is applied to the local spin. The excited spin state
will relax back to its ground state as the delay time elapses. The spin-
polarized tip detects the projected moment of the localized spin as a
function of the delay time, thus measuring the spin relaxation time (T1)
at the scale of single atoms. This technique has shown that the spin
lifetime can be resolved down to several hundreds of nanosecond [21].

3. Artificially constructed nanostructures

When small numbers of magnetic atoms are brought into close
proximity via controlled atom manipulation, such magnetic nanos-
tructures offer a platform to explore an intermediate state of magnetism
ranging from isolated atoms to bulk materials. Studies of magnetic
nanostructures are indeed necessary to improve our understanding and
control of individual spins.

Fig. 3 displays a linear chain composed of eight Fe atoms on ul-
trathin insulating Cu2N deposited on a Cu(1 0 0) surface [6]. The spins
of individual Fe atoms prefer to align along an in-plane direction due to
strong magnetic anisotropy dictated by the surface crystal symmetry
[22]. When the Fe atoms are positioned along the easy axis of magnetic
anisotropy and placed<1 nm apart, nearest neighbor Fe spins interact
with each other antiferromagnetically. This antiferromagnetic coupling
with even numbers of spins in a linear array forms quantum super-
position states, such as singlet states. However, this atomic chain
structure (1× 8 array) instead shows two stable Néel states, where the
spin orientation alternates between the neighboring atoms, as shown in
the STM images recorded using a spin-polarized STM tip [Fig. 3(b, c)].
Here, the tall (short) atoms in the images indicate high (low) con-
ductance, representing parallel (antiparallel) alignment of the tip and
atom spins, respectively [6]. This experiment shows that each Néel state
can be stable over several hours at low temperature (0.5 K) and in-plane
magnetic field of> 0.5 T. Moreover, when energetic electrons
(> 5mV) tunnel through the Fe spin chains, the two Néel states can be
switched reversibly. A nanostructure that is composed of 2×6 arrays

of Fe spins has been constructed via atom manipulation and could re-
present one bit of digital information at 0.5 K, as shown in Fig. 3(d, e).

Similar to the above study, a linear chain of individual Fe atoms can
be constructed on Cu2N at 45 degree off from the easy axis of magnetic
anisotropy [23]. In this case, the Fe spins in the chain are coupled
ferromagnetically and form the two ferromagnetic states (all spins up or
all down) as the spin ground states (Fig. 3(f)). When a spin-polarized tip
scans over the chain structure, the tunneling conductance along the
chain shows a telegraphic signal, implying two spin ground states are
switching reversibly (Fig. 3(g)). Interestingly, the switching rate varies
depending on which atom in the chain the STM tip is positioned atop.
Such a behavior can be understood from the fact that the energetic
tunneling electrons excite spin-wave states which have a spatial de-
pendence [23]. These works have shown magnetic couplings and
switching rate could be engineered with atomic precision and empha-
sized that these artificially constructed magnetic structures are poten-
tial candidates for magnetic sensors [24] and high density magnetic
memory [6,23].

In addition, artificially constructed nanostructures comprising of Fe
pentamer, Er trimers on Cu(1 1 1), and Fe trimers on Pt(1 1 1) have
shown spin lifetimes of several minutes to hours at< 2.5 K and in an
out-of-plane magnetic field of > 0.1 T [7,25,26].

4. Single atoms

Local spins on surfaces undergo elastic and inelastic scatterings with
their environment and relax back to their ground state. Nanostructures
consisting of several individual spins could have a high spin mo-
mentum, as in a ground state doublet. In this case, multiple spin scat-
tering events are required to link between these two levels within the
doublet, protecting the spin states. Introducing an ultrathin insulating
film is one of the highly promising and alternative approaches to in-
crease the spin lifetime since the insulating film will reduce the prob-
ability of a scattering event, culminating in the ultimate realization of a
single atom magnet. Insulating films such as Cu2N/Cu(1 0 0) and
Al2O3/NiAl(1 1 0) have been used for this goal [2,6,9,10,21,22]. How-
ever, these films can only be grown as one monolayer thick. MgO
[27–29] and NaCl films [3,30] have been used as alternative insulating
films since those materials can be grown as more than one monolayer
thick with layer-by-layer growth, thus further controlling decoupling
effects from conduction electrons.

Distance-dependent exchange interaction between spin-polarized
magnetic tip and spins on surfaces provides control of atomic spin states
[31] and spin state mixing, influencing spin lifetime [32]. Controlling
of both spin-tip and spin-substrate interaction recently has been de-
monstrated for single Fe atoms on various thicknesses (two-to-four
monolayers) of MgO grown on an Ag(1 0 0) surface (Fig. 4(a)). This
experiment has shown that the spin lifetime (T1) can be lengthened up
to several milliseconds [33]. Fig. 4(b) shows that the two lowest states
of the Fe atoms has a spin momentum of ms= ±2 due to strong uni-
axial magnetic anisotropy given by the four-fold symmetry of the MgO
substrate. This implies that Δms=4 is required for the excited state
(ms=−2) to relax back to its ground state (ms=2). Since the scat-
tering from tunneling and surrounding conduction electrons could only
drive the spin transitions of Δms= ±1 and 0, the spin of the Fe atom is
protected from such scattering events. This leads to the long spin life-
time of several milliseconds at 1.2 K and in an out-of-plane magnetic
field of> 0.5 T. Fig. 4(c) shows the fluctuation of the two spin states
from a single Fe atom, which is measured as a telegraphic signal, in-
dicating that the spin lifetime is an order of a few millisecond. This
switching behavior between the two lowest ground states is mainly
driven by the energetic tunneling electrons rather than the system
temperature. Because, the applied bias voltage (10mV) is much larger
the energy separation ( =E 1.5meV01 ) of the two states while the
thermal energy ( =k T 0.1meVB ) is negligible compared to the energy
separation [33]. Increasing the thickness of the MgO film and
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positioning the STM tip further away from the Fe atoms reduces the
spin scattering from both tunneling and surrounding conduction elec-
trons, thus improving the spin lifetime, as shown in Fig. 4(d). However,
the spin lifetime of the Fe atom on thicker insulating films (≥3
monolayers of MgO) gets saturated although the tip is moved further
away from the atom [Fig. 4(d)] [33]. This indicates that additional

scattering mechanisms which may be associated with phonons, saturate
the spin lifetime via direct, Orbach, and/or Raman processes [34].
Further magnetic field and temperature dependent measurements are
necessary to understand the underlying mechanisms.

The rare earth elements, having unpaired 4f electrons, are inter-
esting to utilize for molecular magnets. The spin momentum of these

(a) (b)

(c)

(d)

(e)

(g)(f)

Fig. 3. (a) Schematic of Fe spin alignment in a 1× 8 chain. (b, c) STM topographic images (V=2mV, I=1 pA) of a 1×8 Fe atom chain shows two stable Néel
states that can represent 0 and 1. (d) An STM topographic image taken with a spin-averaged tip shows eight nanostructures, each of which has 2×6 Fe atoms. (e)
STM topographic images taken with a spin polarized tip demonstrates that one byte of information is stored in the nanostructure. (f) Atomic configurations and two
spin orientations (GS, GS*) of a ferromagnetically coupled six Fe atom chain. (g) STM topographic image of the six Fe atom chain taken with a spin-polarized STM tip
(2.5 by 4.5 nm; V=4.2mV, I=20 pA, B=0.2 T along the [1 0 0] direction). Right panel shows constant-current measurements (V=3.7mV, I=20 pA, B=0.1 T
along the [1 0 0] direction) of the tip height as a function of time for atoms 1, 2, and 3 in the chain. Switching between two spin ground states are observed.
[Fig. 3(a–e) reprinted with permission from Ref. [6], Copyright (2012) AAAS and Fig. 3(f, g) reprinted with permission from Ref. [23], Copyright (2014) Nature
publishing group].
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Fig. 4. (a) An STM topographic image (V=0.15 V, I=3 pA) shows individual Fe atoms adsorbed atop multiple layers of an insulating MgO substrate. The labeled
numbers indicate the thickness of the MgO layer. The B denotes the external magnetic field. (b) Schematic of Fe spin states. (c) Telegraph noise reflects the fluctuation
of two spin states of a single Fe atom. (d) The spin lifetime (T1) measurement as a function of tip height and the thickness of the MgO layer. The saturation of the T1
may indicate that a phonon scattering process limits the spin lifetime. [Reprinted with permission from Ref. [26], Copyright (2016) Nature publishing group].
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elements is spatially located in the deeper 4f shell leading to spin states
that are well protected against physical and chemical interaction with
the surround environment, implying longer spin lifetimes. Recent STM
experiment on Ho atoms on conducting Pt(1 1 1) surface has reported
that the spin lifetime of individual Ho atoms may exceed over several
minutes [35]. However, the experimental results are still under debate
[36,37]. Instead of using conducting substrate, studies of Ho atoms on
an ultrathin insulating MgO surface have been performed for the first
time via X-ray magnetic circular dichroism (XMCD) measurements
[38]. The difference of left- and right-circularly-polarized X-ray ab-
sorption provides information of the spin structures of the magnetic
atoms. Use of x-rays enables the detection of the core-level structure in
an element specific manner [Fig. 5a, b)]. These experiments show that
individual Ho spins maintain their magnetic stability for hours at 4 K
and up to 40 K [Fig. 5(c)] [38].

However, such photon experiments detect spatially averaged en-
sembles of spins due to diffraction limit of X-ray photon (≥1 μm).
Inspired by this work, STM experiments on the same system have been
performed and it was found that the Ho spins remain in its excited state
over five hours at 1.2 K and an out-of-plane magnetic field of 0.1 T [4].
In addition, the two lowest Ho spin states can be controlled by applying
energetic tunneling electrons to the individual Ho atoms [4]. This work
has shown that the magnetic states of Ho atoms could be individually
read and written at an atomic level with a spin lifetime of several hours,
hence demonstrating their potential use as classical bits [Fig. 5(d)] [4].
Therefore, single atom magnets can obtain robust, long-living magnetic
states, which are comparable to chemically engineered molecular
magnets, as seen in Fig. 5(e) [4,28,33,38–44].

In addition to utilizing the spin degree of freedom of individual
atoms, there have been alternative approaches to demonstrate atomic-
scale memory. For instance, controlling charge states of individual Co
atoms on a black phosphorous surface [45] and positioning Si adatoms
on a Si-Au surface [46] or Cl vacancies [47] on a CuCl2 surface have
been reported. In a self-assembled structure of CuCl2 on Cu(1 0 0) sur-
face, a digital bit can be mapped onto a position of individual Cl va-
cancies which can be controlled using atom manipulation technique,
demonstrating a kilobyte rewritable atomic memory as shown in
Fig. 6(a, b) [47]. These studies have shown that scaling a digital bit
down to single atomic level can be achieved using various approaches
and proven that this research field can be expanded toward looking for
new approaches and materials.

Despite the demonstration of reading, storing, and writing a digital
bit to individual atoms and vacancies on surfaces, there are two main
challenges remaining for the commercialization of this platform –
cryogenic temperature and speed of reading/writing. At high tem-
peratures, the localized single atom and a vacancy often diffuses on the
surface to form nanoclusters. Moreover, the thermal Fermi broadening
and phonon coupling also shorten the spin lifetime. Reading and
writing a classical bit in an individual atom and a vacancy on surfaces
requires moving an STM tip to the individual atom and a vacancy back
and forth, ultimately limiting the reading and writing speed.
Investigating different elements on various surface templates and ac-
celerating the STM tip motion using high frequency driven piezo con-
trol can be one promising solution to obtain stable single-atom magnets
for memory device applications.

(c)

(d)

(a) (b)

(e)

[27]

[28]

[21]

[24]

[4,26]

[31]

[32]

[33]

[34]

Fig. 5. (a) An STM topographic image (V=0.1 V, I=20 pA) shows individual Ho atoms adsorbed atop a two-monolayer MgO substrate. (b) Schematic of X-ray
absorption revealing the spin structure of an ensemble of spins on surfaces. (c) XMCD signal decays as a function of time. The XMCD signal indicates spin contrast of
Ho atoms, and the decay rate represents the spin lifetime (T1) of the Ho atoms. The B in (b, c) denotes the external magnetic field. (d) STM experiment on individual
Ho atoms. This demonstrates reading and writing two bits of information to two Ho atom magnets. The magnetic state of the Ho atoms was detected by the recently
developed electron spin resonance STM (ESR-STM) technique. (e) A table indicates the correlation of spin lifetimes and temperature measured on various atomic
elements and molecular magnets. [(a–c) Reprinted with permission from Ref. [28], Copyright (2016) AAAS, (d) Reprinted with permission from Ref. [4], Copyright
(2017) Nature publishing group].
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5. Conclusion

Demonstrating a single atom magnet has been a long-standing re-
search goal for achieving ultimate memory density. Exploring the spin
properties of nanostructures and individual atoms using an STM pro-
vides unique opportunities to understand and engineer their quantum
nature at the atomic level. Introducing ultrathin insulating templates
and utilizing rare earth elements reduce spin scattering from the sur-
rounding environment and achieve the spin lifetimes (T1) of individual
Ho atoms of up to several hours. Moreover, this research could extend
to investigate quantum coherence of individual spins and may pave a
way to utilize them for a basic unit of quantum information processing
and sensing.
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