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MOLECULAR MAGNETISM

Magnetic remanence in single atoms

F. Donati,’ S. Rusponi,' S. Stepanow,> C. Wiickerlin,' A. Singha,' L. Persichetti,”
R. Baltic,! K. Diller,! F. Patthey,! E. Fernandes,' J. Dreiser,"* Z. Sljivanéanin,*>
K. Kummer,® C. Nistor,? P. Gambardella,?* H. Brune'*

A permanent magnet retains a substantial fraction of its saturation magnetization in the
absence of an external magnetic field. Realizing magnetic remanence in a single atom
allows for storing and processing information in the smallest unit of matter. We show that
individual holmium (Ho) atoms adsorbed on ultrathin MgO(100) layers on Ag(100) exhibit
magnetic remanence up to a temperature of 30 kelvin and a relaxation time of 1500
seconds at 10 kelvin. This extraordinary stability is achieved by the realization of a
symmetry-protected magnetic ground state and by decoupling the Ho spin from the

underlying metal by a tunnel barrier.

he search for the ultimate size limit of mag-
netic information storage, and the aim of
exploring magnetic quantum properties for
information processing, have driven funda-
mental research toward atomic-scale structures
that contain fewer and fewer atoms. Benchmarks
for such systems are long magnetic relaxation
times, i.e., magnetic quantum states that are sta-
ble on the time scales required for storage or
quantum computation. Single-molecule magnets
(1-6) are promising candidates as they are chem-
ically robust in ambient conditions and exhibit
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magnetic bistability at cryogenic temperatures,
with a record relaxation time of 100 s at 13.9 K
for N,?" radical-bridged dilanthanide complexes
in the bulk phase (6). Further reducing the num-
ber of constituent atoms in such systems, however,
implies removing the organic ligands, thereby
bringing the magnetic core in direct contact with
a surface. Presently, the smallest magnets are anti-
ferromagnetic Fe;, double chains (7) and ferro-
magnetic Fe; clusters (8) supported on nonmagnetic
surfaces. Both exhibit lifetimes of hours below
0.5 K, while supported nanostructures of smaller
size retain their magnetic orientation only on a
time scale of seconds (9, 10).

Ultimately, the smallest size of a magnet can
be reached with a single surface-adsorbed atom.
The magnetism of single atoms has become the
subject of intense research (17-17) since the
discovery of a giant magnetic anisotropy for
Co atoms adsorbed onto a Pt(111) surface (I8).
However, despite the high magnetic anisotropy
originating from the extremely low coordina-
tion, all adatom-surface combinations inves-

tigated so far are paramagnetic down to 0.3 K,
with the longest achieved magnetic lifetime
being 230 ps at 0.6 K (16, 17). Thus, in addition
to anisotropy, the magnetic states of a quan-
tum magnet need to be protected from quan-
tum tunneling of the magnetization as well as
from scattering with electrons and phonons of the
substrate. The first condition requires a degen-
erate ground state doublet with a projected total
angular momentum J,, that is protected from mixing
with other states by the symmetry of the adsorp-
tion sites’ ligand field (19, 20). The second re-
quires decoupling the magnetic atom from the
phonon and conduction electron baths.

Here, we investigated ensembles of rare-earth
atoms, whose spin and orbital moments origi-
nate from the strongly localized 4f orbitals and
interact weakly with the surrounding environ-
ment. Additional decoupling is ensured by choosing
an insulating substrate with low phonon density
of states, such as MgO. We found that Ho atoms
deposited on MgO(100) thin films grown on a
Ag(100) surface formed single-atom magnets with
arelaxation time that depended on the MgO thick-
ness. Not only did the Ho atoms show magnetic
bistability, they also had exceptionally large co-
ercive field and showed magnetic hysteresis up
to 30 K, a temperature substantially higher than
the blocking temperature of single-molecule
magnets on comparable time scales. These excep-
tional properties originate from a combination of
factors—namely, the specific mixing of odd J.
states of Ho in the C,, symmetric ligand field of
MgO(100), which protects the magnetization from
reversal by tunneling and first-order electron scat-
tering at zero and finite fields, and the weak
coupling to the electronic and vibrational degrees
of freedom of the substrate, provided by the stiff
and insulating MgO buffer layer.

We created a quasi-monodisperse ensemble of
individual Ho atoms adsorbed on ultrathin
MgO(100) films grown on Ag(100) by depositing
minute amounts of Ho at a sample temperature
below 10 K, which ensured that the thermal mo-
bility of the adatoms was blocked. Low-temperature
scanning tunneling microscopy (STM) images
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displayed the Ho atoms as localized protrusions
with identical apparent heights and widths (Fig. 1A).
Ab initio calculations using density functional
theory (DFT) in the GGA+U approximation (21)
identify the O-top as the most favorable adsorp-
tion site (Fig. 1B and table S3). Atomic-resolution
images of samples with coadsorbed Co or Fe atoms
confirmed this assignment (fig. S2). The adatoms
were immobile up to 50 K and, therefore, at all
temperatures where we characterized their mag-
netic properties.

X-ray absorption and magnetic circular dichroism
spectra (XAS and XMCD) taken at the Ho M, 5
edges (3d—4f transitions) with the x-ray beam
and magnetic field parallel to the surface normal
revealed a pronounced dichroism (Fig. 1D). This
magnetic signal indicates the presence of a large
localized magnetic moment that aligns along the
field direction. Recording the maximum of the
XMCD peak as a function of the external field
allowed us to measure the magnetization loop of
the Ho adatoms. At 6.5 K, we observed a clear
hysteresis opening along the out-of-plane direc-
tion and a remanent magnetization of 25% of
saturation (Fig. 1E). After saturation, the Ho atoms
retained their magnetization even in the absence
of an external field. In addition, the loop showed a
coercive field of 1 T and remains open up to the
maximum available field of 8.5 T, indicating a long
relaxation time even at extremely high magnetic
fields.

This exceptional magnetic stability is related
to the symmetry of the Ho quantum states. We
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identify them by comparing experimental spectra
and magnetization curves with multiplet calcu-
lations (fig. S6). At zero field, the ground state
is a perfectly degenerate doublet. The two states,
labeled as |0) and |1), exhibited out-of-plane pro-
jections of the total moment (J, = +4.66) (Fig.1C).
This value matches well with the result of the
sum rules directly applied to the experimental
XAS and XMCD spectra (22). In the C,, symmetry
of the O adsorption site, this ground state doublet
is a superposition of the the quantum states J, =
+7; +3; ¥1; and 75, with the first two contributing
the most (table S2). Thus, it is protected from
first-order spin excitations (Am = 0, +1) at any
external magnetic field (20), which prevents mag-
netization reversal by electron scattering. In ad-
dition, the very low density of vibrational modes
in the MgO layer (fig. S9) strongly suppresses
first-order scattering with phonons (Am = =1,
+2). The absence of Ho-MgO vibrational modes
in the region of hyperfine level crossing can fur-
ther slow down relaxation at low fields, as ob-
served for ThPc, molecules grafted on suspended
nanotubes (23). Thus, the combination of magnetic
ground state, symmetry of the adsorption site,
and decoupling from the metal substrate guaran-
tees protection against all first-order scattering and
ultimately allows for long magnetic lifetimes.
The first excited state |2) is a (J; = 0) singlet
lying 4.5 meV above the ground state. This en-
ergy separation is sufficient to prevent electronic
level crossings up to more than 10 T (Fig. 1C),
hence the absence of quantum tunneling steps in
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the hysteresis loop (3). Further excited states lie
at a higher energy and played no role at the
temperatures and magnetic fields used here.

To access the magnetic lifetime, we first ini-
tialized the ensemble of Ho atoms in the |0) state
by applying an external field B = +6.8 T until
saturation was reached. We then swept the mag-
netic field to near zero (B = 0.01 T) and recorded
the time needed for the magnetization of the
ensemble to vanish—namely, to reach equal oc-
cupation of the |0) and |1) states (Fig. 2A). At a
temperature of 10 K, we found an exponential
decrease in the XMCD signal with a character-
istic lifetime of © = 1586 + 131 s (Fig. 2C). Notably,
we observed comparable magnetic lifetimes down
to 2.5 K (fig. S4A), implying that below 10 K, the
magnetic relaxation is essentially driven by non-
thermal processes.

Measurements at different photon fluxes re-
vealed that the lifetime of Ho atoms is mostly
limited by the secondary electron cascade gen-
erated by the absorbed photons. The scattering
with these hot electrons reduces the magnetic
lifetime, as recently reported for endofullerene
single-molecule magnets (24). The measured lifetimes
hence represent a lower bound to the intrinsic
magnetic lifetimes. Extrapolation to the zero-flux
limit suggests intrinsic lifetimes of the order of
1 hour at 2.5 K (fig. S4B). Increasing the temper-
ature to 20 K activates thermal relaxation processes
and results in a slightly decreased magnetic
lifetime of 675 + 77 s (Fig. 2C). The lifetime of the
Ho atoms on MgO is much longer than for Ho

Fig. 1. Ho atoms on MgO films. (A) Constant-
current STM image of Ho atoms on 2 monolayer
(ML) MgO/Ag(100) (tunnel voltage V; = 100 mV,
tunnel current Iy = 20 pA, T = 4.7 K, Ho coverage
Oho = 0.005 = 0.001 ML). (B) Adsorption geom-
etry of Ho atoms on top of O on 2-ML MgO/Ag(100)
as simulated with DFT, together with a schematic
of the XAS experiment. (C) Splitting of the lowest
quantum levels of Ho atoms from multiplet calcula-
tions. Zero-field values of (J;) are reported. (D) XAS
and XMCD at the M, 5 edges for an ensemble of
individual Ho adatoms. The arrow points to the
maximum of the XMCD signal that is recorded as a
function of magnetic field to obtain the magnetiza-
tion curves shown in (E) (field sweep rate dB/dt) =
8 mT/s, photon flux ¢ =1 x 102 nm = s, T=65K,
Opo = 0.01 ML, MgO coverage Oygo = 70 ML).
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ions in HoPc, (25) and Ho-doped bulk crystals
(26), possibly because of the larger level splitting
and the smaller number of vibration modes al-
lowed for atoms adsorbed on surfaces.

‘We further characterized the magnetic lifetime
at a large magnetic field. We prepared the en-
semble in the |1) state at B = -6.8 T and measured
the time needed to fully reverse to the |0) state at
B=+6.8Tand T =10 K (Fig. 2B). We observed an
exponential increase in the magnetization up to
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saturation with .., = 1223 + 69 s (Fig. 2D). Thus,
the Ho atoms on MgO retained their long lifetimes
even at a very high field where single-molecule
magnets typically exhibit faster relaxations because
of level crossing, quantum tunneling of the mag-
netization, or scattering with phonons (I-5).

To probe the temperature dependence of the
remanence and of the coercive field of Ho atoms,
we recorded hysteresis loops in the most favor-
able experimental conditions, i.e., using the fastest
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Fig. 2. Magnetization lifetime. (A and B) Scheme of the measurements. After saturation at |Bmax| = 6.8T,
the field was swept to the indicated values. Measurements of XMCD started at the end of the sweep. (C and
D) Time evolution of the maximum XMCD intensity (dots) normalized to the saturation value at B = +68 T
(©ho = 0.015 ML, Oygo = 60 ML, ¢ = 014 x 1072 nm™ s, dB/dt = 33 mT/s). Exponential fits (solid lines)
give the magnetic lifetime t and reversal time 1., of the Ho atoms.
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Fig. 3. Magnetic hysteresis at increasing temperatures. (A) Scheme for the hysteresis measurements
at a fast sweep rate of the magnetic field. We first kept the magnetic field at +B.« for sufficient time to
reach +Mgat (1), then measured M while sweeping the field to — Bpax (2). This fast sweep leaves the

system out of equilibrium at Bpax. Thus, we allow the system to relax at constant B =

—Bmax until

equilibrium is reached (3) before starting the new branch of the loop (3-4-1). (B) Hysteresis loop
recorded at T =10 K following the scheme described in (A). (C) Evolution of the hysteresis loop with the
temperature (dark, downsweep; light, upsweep). The relaxation part is not shown (0, = 0.01 ML, ©ygo =
43 ML, ¢ = 055 x 1072 nm™2 s, dB/dt = 33 mT/s).
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field sweep rate dB/dt and lowest photon flux
achievable (Fig. 3A). Under these conditions, the
hysteresis opening at 10 K (Fig. 3B) was even
wider than the one in Fig. 1E, showing a coercive
field of 3.7 + 0.3 T and a remanent magnetization
of 50% of saturation. In addition, the hysteresis
remained open up to 30 K, and only at 40 K was
the magnetization loop essentially closed (Fig.
30). These results further show that the magnetic
quantum states of Ho atoms were notably protected
against scattering with Ag conduction electrons
and MgO phonons.

Although the Ho ground state was protected
against magnetization reversal via first-order electron-
spin excitations, it is possible, in principle, to re-
verse the magnetization via direct scattering with
phonons or by two-electron or -phonon transitions
through the first excited state. The reversal processes
that are triggered by the scattering with conduc-
tion electrons and with the soft phonon modes of
the underlying metal are expected to critically
depend on the thickness of the MgO layer. Accord-
ingly, we observed that the hysteresis loops of Ho
atoms became narrower when the thickness of

A
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Fig. 4. Effect of the MgO layer thickness. (A)
Magnetization loops acquired on Ho atoms on
MgO films of various thicknesses as indicated
close to each loop (T = 25K, dB/dt =12 mT/s, ¢ =
2.15 x 1072 nm™ s}, @, = 0.005 to 0.010 ML).
The curves were rescaled to the corresponding
saturation value at B = +6.8 T. The reduced loop
opening compared to that in Figs. 1 and 3 is a
consequence of the higher photon flux and the
lower sweep rate used here. (B) Loop area as a
function of MgO thickness, reaching a constant
value at 3.6 ML.
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the MgO film was reduced below 3.6 monolayers
(ML) and were almost closed for a thickness of
2.4 ML (Fig. 4). We observed essentially no var-
iation in the XAS and XMCD spectra of Ho atoms
with the number of MgO layers (fig. S5), hence the
Ho ground state was unaffected by the MgO
thickness. Thus, protection against first-order
reversal is a necessary but not a sufficient con-
dition to prevent magnetization reversal. To ob-
tain long magnetic lifetimes in single atoms, an
efficient decoupling from the electron and pho-
non bath is also required to ultimately suppress
higher-order scattering processes that cannot be
eliminated by symmetry. This result also suggests
that long spin lifetimes are unlikely for single
atoms in direct contact with a metal substrate.

The need of a decoupling layer to obtain long
lifetimes is in stark contrast with the interpreta-
tion of STM experiments on Ho atoms on Pt(111),
which reported telegraph noise in the differen-
tial conductance with characteristic times of up
to 700 s at 7' = 0.7 K and zero field (79). This
signal was interpreted as magnetic bistability
and ascribed to a J, = 8 ground state, as cal-
culated by DFT, which would be protected by the
C3, symmetry of the adsorption site. However,
XMCD measurements revealed that Ho atoms
on Pt(111) have a ground state J, = 6 that is
incompatible with long spin lifetimes in a Cs,-
symmetric crystal field (27). In addition, the mag-
netization curves at 2.5 K are fully reversible.
According to these XMCD results, Ho/Pt(111) is a
perfect paramagnet, as are all the other single
atoms on surfaces previously reported. Moreover,
subsequent STM experiments on the same sys-
tem could reproduce neither telegraph noise nor
spin excitations (10). Together with further STM
observations on other 4f elements (28), this ques-
tions the interpretation of the results reported in
(19) as magnetic bistability of Ho/Pt(111).

The relative simplicity of the Ho/MgO system,
based on common physical deposition methods,
as well as the planar geometry of the system
opens the possibility of probing and manipulat-
ing the Ho spin and its environment in a con-
trolled way. Using MgO as a decoupling layer
could improve the magnetic stability not only of
individual atoms but also of surface-supported
molecular magnets, paving the road to scalable
and robust nanoscale spintronic devices.
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HYDROGEN BONDING

Nuclear quantum effects of hydrogen
bonds probed by tip-enhanced
inelastic electron tunneling

Jing Guo,'* Jing-Tao Lii,”* Yexin Feng,"®* Ji Chen,' Jinbo Peng,’ Zeren Lin,"
Xiangzhi Meng,* Zhichang Wang,' Xin-Zheng Li,*°t En-Ge Wang,’+ Ying Jiang"*t

We report the quantitative assessment of nuclear quantum effects on the strength of a
single hydrogen bond formed at a water-salt interface, using tip-enhanced inelastic
electron tunneling spectroscopy based on a scanning tunneling microscope. The
inelastic scattering cross section was resonantly enhanced by “gating” the frontier
orbitals of water via a chlorine-terminated tip, so the hydrogen-bonding strength can be
determined with high accuracy from the red shift in the oxygen-hydrogen stretching
frequency of water. Isotopic substitution experiments combined with quantum
simulations reveal that the anharmonic quantum fluctuations of hydrogen nuclei
weaken the weak hydrogen bonds and strengthen the relatively strong ones. However,
this trend can be completely reversed when a hydrogen bond is strongly coupled to the

polar atomic sites of the surface.

n terms of tunneling and zero-point motion,
nuclear quantum effects (NQEs) play impor-
tant roles in the structure, dynamics, and
macroscopic properties of hydrogen-bonded
(H-bonded) materials (7-5). Despite enormous
theoretical efforts toward pursuing proper treat-
ment of the nuclear motion at a quantum me-
chanical level (5-9), accurate and quantitative
description of NQEs on the H-bonding inter-
action has proven to be experimentally chal-
lenging. Conventional methods for probing the
NQEs are based on spectroscopic or diffraction
techniques (4, 10-14). However, those techniques
have poor spatial resolution and only measure
the average properties of many H bonds, which
are susceptible to structural inhomogeneity and

local environments. The spatial variation and in-
terbond coupling of H bonds lead to spectral
broadening that may easily smear out the subtle
details of NQEs.
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