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Single magnetic atoms, and assemblies of such atoms, on non-
magnetic surfaces have recently attracted attention owing to their
potential use in high-density magnetic data storage and as a plat-
form for quantum computing'®. A fundamental problem result-
ing from their quantum mechanical nature is that the localized
magnetic moments of these atoms are easily destabilized by inter-
actions with electrons, nuclear spins and lattice vibrations of the
substrate®~. Even when large magnetic fields are applied to stabil-
ize the magnetic moment, the observed lifetimes remain rather
short™® (less than a microsecond). Several routes for stabilizing
the magnetic moment against fluctuations have been suggested,
such as using thin insulating layers between the magnetic atom
and the substrate to suppress the interactions with the substrate’s
conduction electrons™*®, or coupling several magnetic moments
together to reduce their quantum mechanical fluctuations”®. Here
we show that the magnetic moments of single holmium atoms on a
highly conductive metallic substrate can reach lifetimes of the order
of minutes. The necessary decoupling from the thermal bath of
electrons, nuclear spins and lattice vibrations is achieved by a
remarkable combination of several symmetries intrinsic to the sys-
tem: time reversal symmetry, the internal symmetries of the total
angular momentum and the point symmetry of the local envir-
onment of the magnetic atom.

In a free atom the net spin and orbital angular momenta couple to
the total angular momentum J, resulting in an atomic magnetic
moment. The continuous rotation symmetry means that the 2] + 1
magnetic sub-levels J,= —J, —J+ 1, ... +] are degenerate in the
absence of a magnetic field B, as illustrated in Fig. la. If the atom is
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prepared in a specific magnetic state, this state is not stable against the
slightest interaction of J with the environment, for example, with a
thermal bath of electrons or nuclear spins, leading—without an energy
cost—to transitions to other magnetic states and, hence, to a loss of
orientation of the magnetic moment. Even the measurement of the
magnetic state represents such an interaction.

The magnetic moment of an atom in a memory cell or quantum
device can be stabilized by placing the atom on a substrate where the
electrostatic interaction with the neighbouring atoms gives rise to
magnetic anisotropy. This crystal field splits the formerly degenerate
magnetic states. A decade ago, a giant magnetic anisotropy was dis-
covered for single Co atoms on the Pt(111) surface'. Because of the
broken inversion symmetry, a magnetic moment oriented normal to
the surface plane is preferred over an in-plane orientation (the normal
orientation is 9.3 meV lower in energy). To lowest order, this uniaxial
anisotropy can be described by a simple crystal-field Hamiltonian
H=D]J?, where D is the uniaxial anisotropy constant. Figure 1b
depicts the resulting states in a shape of a down-turned parabola
(D < 0) with the two degenerate ground states |+]) and |—J).

The main mechanism for magnetization reversal are spin-flip events
mediated by the exchange interaction with substrate electrons. The
interaction operator can be written as:

(1)

where & is the spin of the scattering electron and J, and J_ are the
ladder operators within the J-multiplet (¢.+ and ¢g_ are the analogous
ladder operators for the spin )>*'°. A spin-flip scattering event changes
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Figure 1 | Magnetic sublevels of
atoms with a total angular
momentum J. a, Degenerate
sublevels of a free atom. b, Sublevels
split by uniaxial anisotropy. ¢, The
states mix in the presence of a crystal-
field Hamiltonian of C;, symmetry.
The degenerate green states split into
symmetric (s) and antisymmetric (a)
states. The inset shows the f.c.c. and
h.c.p. adsorption sites.
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J. by =A. From this, one could conjecture that a complete reversal over
the full barrier is strongly suppressed because it requires at least 2]
scattering events and the energy barrier is large compared to thermal
energies at cryogenic temperatures (for example, 0.34 meV at 4K).
This raised the hope of storing a magnetic bit in the two ground states.

However, in spite of the high magnetic anisotropy, the actual stability
of the ground state is very limited owing to the strong hybridization of
the 3d states of the transition atom with the substrate electrons. This
leads to lifetimes of the excited states of the order of T =~ 10fs (refs 4
and 6) and to an energy smearing of the excited states of the order of the
barrier height due to the Heisenberg uncertainty principle. As a result,
a reversal is possible without the need for thermal energy.

Longer lifetimes were achieved with atoms deposited on thin insulat-
ing films® where the interaction with the substrate electrons is weakened.
In this case, a close inspection of the magnetic transitions induced by
the tunnelling electrons of a scanning tunnelling microscope (STM)
showed more transitions® than expected from the simple uniaxial
Hamiltonian. In fact, the magnetic anisotropy of an adsorbed atom
is hardly strictly uniaxial. Depending on the point symmetry of the
adsorption site, additional terms enter the crystal-field Hamiltonian 7.
In general, the crystal-field Hamiltonian can be written as:
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where B and B/" are the anisotropy constants and O and O are the
crystal-field or Stevens operators. The latter are polynomials of order n
in the operators J, J+ and J_ with order m in the ladder operators'' and
induce a zero-field splitting in the multiplet. Owing to time-reversal
symmetry, states with opposite magnetic moment have the same
energy for B = 0. Thus, all terms with odd # are forbidden. All terms
with m =0 only contain powers of J, and thus do not mix the J,
eigenstates; for example, O is essentially the already-introduced oper-
ator of the uniaxial anisotropy. All terms with # > 2] vanish, because
the operators act within the 2]+ 1 states of the multiplet. Likewise,
terms with n > 2] vanish, where [ is the orbital angular momentum of
the individual electrons in the incomplete shell of the atom. Finally, all
operators vanish that are incompatible with the point symmetry of the
adsorption site; for example, all B” vanish for a mirror plane normal to
the surface.

In the following, we concentrate on atoms adsorbed in three-fold
hollow sites of the (111) surface of face-centred cubic (f.c.c.) crystals.
Both the f.c.c. and the hexagonal close-packed (h.c.p.) adsorption sites
have a three-fold symmetry with a vertical mirror plane (and its rota-
tions) perpendicular to the surface (see inset of Fig. 1c), that is, a Cs,
symmetry. Encouraged by a previous study'?, we used rare earth atoms
instead of transition metals, because the magnetic anisotropies of the
former are typically larger than those of 3d atoms, and their 4f orbitals
hybridize less with the substrate, resulting in potentially longer life-
times. Thus, for rare earth atoms (with [ = 3) in zero magnetic field the
Hamiltonian can be written as'*:

H=B)0) + B0} + B2O{ + B0, + B, O + BSO§. (3)
The operators O!' are given explicitly in the Supplementary Information.
Although the first three terms do not mix the J, eigenstates, the last
three mix J, states differing in J, by 3 or 6.

The energy spectrum of the Hamiltonian (equation (3)) for a holmium
(Ho) impurity (J = 8, with ten 4f electrons'*) and dominating, negative
BY is illustrated in Fig. lc. Overall, the parabolic energy dependence is
preserved when the states are plotted according to their expectation
value of J,. Every eigenstate is a mixture of several |],) states differing by
AJ, = £3 and thus three classes of eigenstates form, marked in Fig. 1c
by three different colours. Of the states marked in green, the |£3) and
|==6) states are pairwise degenerate when considering only the first
three operators in equation (3). They are, however, strongly mixed
by the last three operators, resulting in new non-magnetic, energy-split
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states of different symmetry (s’ for symmetric and ‘@’ for antisym-
metric). The red and the blue states form degenerate doublets.

In general, depending on J, three cases can arise. First, the two
ground states may be of the same colour and get strongly mixed and
split. This scenario is often called the tunnelling case. The eigenstates
are not pure in J,, so the preparation of a pure state leads to tunnelling
to a state of reversed magnetization by the Stevens operators alone, and
consequently to short relaxation times’. Second, the two ground states
¥_;and ¥, ; do not mix, but are linked by spin-flip transitions due to
V (see equation (1)). This is the so-called Kondo case where scattering
with a single electron can lead to transitions between the two ground
states with zero energy cost. Again, lifetimes are short. At low tem-
peratures the conduction electrons can even form a Kondo singlet with
the atom. Third, the transition between the two ground states by
scattering with a single electron is forbidden (that is, the matrix ele-
ment of V vanishes). Thus, the magnetic moment of the atom is
decoupled from the electrons of the substrate to first order, and
reversal is possible only by sequential scattering via intermediate states
of higher energy. Depending on the excitation energy, these processes
can be suppressed at low temperatures, effectively restoring the barrier
and leading to long lifetimes.

The last scenario is realized for Ho on Pt(111), that is,
(¥ _s|V|¥ +5) =0. This is a consequence of the combination of the
symmetries and the value of J and follows from group-theoretical
arguments. To show this, we investigate how the matrix element
(V_g|Ji| ¥ +s), where i € {x,y,z}, behaves under time reversal. For
B=0, H commutes with the time-reversal operator 7, and
T J;= —J;T. Further, 7% =1 because the number of electrons in Ho
is even, T |W¥ +5) =|¥ 1s) (see Supplementary Information) and 7 is
anti-unitary, that is, (y|¢) = (7 ¢|T x) =(7 x|7 ¢)", where the aster-
isk indicates the complex conjugate. Thus we can write:

4
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(4)

Thus, the matrix elements of J vanish as a consequence of symmetries
and direct transitions between the ground states cannot be induced by
scattering electrons. We expect long lifetimes at low temperatures.

In the experiments, Ho atoms were deposited on a clean Pt(111)
substrate at 4.4 K, leading to individual Ho atoms on the surface (ada-
toms) as seen by low-temperature STM (compare Fig. 2a). First,a non-
magnetic tungsten tip was used to image the surface and investigate
excitations of the atom. The second derivative of the tunnelling current
I'was measured as function of the bias voltage V, while positioning the
tip over the Ho atoms, as shown in Fig. 2b. The d*I/dV?spectra taken at
4.4 K reveal the typical dip—peak structure at a bias voltage V, as seen
in many other single-atom systems*®'>. Peak and dip are well sepa-
rated, speaking for an inelastic excitation as opposed to the Kondo
effect. As shown later by spin-polarized STM measurements, this
excitation is magnetic and corresponds to a spin-flip transition from
the ground state to the first excited state. The analysis of the spectra
of many atoms reveals that the excitation energy of atoms in f.c.c.
sites (about 8 meV) is higher than in h.c.p. sites (about 6 meV) and
that the adsorption energy of f.c.c. sites is higher (see Supplementary
Information).

The anisotropy constants can also be obtained from first principles,
by applying a first-order perturbation theory'” (see the Supplementary
Information for more details). These calculations confirm that Ho
on Pt(111) is indeed in a ] = 8 state and shows an out-of plane easy
axis. For f.c.c. Ho atoms, the first excited magnetic state is 7.7 meV
above the ground state, in good agreement with the experimental
observation.
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Figure 2 | Magnetic behaviour of
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Ho atoms (J = 8) adsorbed on
Pt(111). a, Three-dimensional
topographic STM image of single Ho
atoms adsorbed on Pt(111) at 4.4 K.
b, Inelastic tunnelling spectrum
(d*I/dV?) recorded on top of a single
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In the following we address atoms on the high-anisotropy f.c.c. site
only. The large magnetic excitation energy would lead to a stable
magnetic moment at low temperatures, because we expect from theory
that scattering with the electron bath cannot directly switch the mag-
netization of the atom between the two ground states. Only if a scatter-
ing electron (from the tunnelling current, for example) has sufficient
energy can it bring the atom from the ground state to the first excited
state, which in turn can relax to either of the two ground states via a
second inelastic scattering event with substrate electrons.

To investigate this scenario, we carried out spin-polarized STM
measurements with anti-ferromagnetic tips that have a spin polariza-
tion perpendicular to the surface'®. We stabilized the tip over a Ho
atom at I = 1 nA and V = 5mV, which is below the excitation thresh-
old. Thus, the tunnelling electrons cannot switch the atom but probe
the spin polarization on top of the atom. The dI/dV signal depends on
the relative orientation of the tip magnetic moment and the Ho
moment. Then we applied 0.2-ms voltage pulses, while the feedback
was turned off. If the atom switches between the two ground states
during the pulse, the dI/dV signal is different before and after the pulse.
We varied the height of the pulse up to 65mV.

Figure 2c shows examples of recorded time traces of the dI/d V signal
at 1.1 K in cases where we observed a switching and, for comparison,
on bare Pt(111). The spin signal recorded above the atom has two
distinct values representing the two magnetic ground states with the
magnetization perpendicular to the surface, whereas the signal on Pt(111)
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is not influenced by the pulse, thus excluding tip changes. After switching
the magnetic moment of the Ho atom, it stays in the reversed state for
times in the range from seconds to minutes until it spontaneously
switches back, as indicated by the arrows in Fig. 2d. This illustrates
long lifetimes, as will be discussed below.

By applying many pulses to an individual atom, we determined the
probability that a voltage pulse leads to a reversal of the magnetic state
(see Fig. 2e). In agreement with the inelastic spectrum, we observe a
threshold for reversal at about 8 mV. Above this, the switching prob-
ability per pulse increases continuously owing to the increase of the
tunnelling current with pulse voltage, because the feedback loop is
opened during the pulse. The switching probability depends on the
branching ratio of the relaxation from the excited states to either of the
ground states, so the switching probability contains information about
the anisotropy constants. The solid line in Fig. 2e was calculated using a
master equation of the dynamics of the states’ population with aniso-
tropy constants determined from first principles and fitting the coup-
ling strength of the Ho spin to the substrate and tunnelling electrons
(for details see the Supplementary Information). The switching prob-
abilities for higher-voltage pulses depend strongly on the tip spin
polarization, which can be determined from the fit to be about 20%.
The curve fits the experimental data excellently, confirming the quantum
mechanical nature of the Ho spin.

To investigate the stability of the ground states, we repeated the
switching experiment 40 times and plotted the observed population

©2013 Macmillan Publishers Limited. All rights reserved
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Figure 3 | Lifetimes of adsorbed Ho atoms as function of external
parameters. a, Spontaneous transitions between the two ground states for
different magnetic fields along the surface normal observed with spin-polarized
dI/dV signal recorded at 0.7 K, 5mV and 50 nA. b, Spontaneous transitions
between the two ground states for two different temperatures without applied
magnetic field recorded at 5mV and 50 nA. ¢, Spin-polarized dI/dV map of Ho
atoms and Co islands on Pt(111) (V. =300mV, I = 1.5nA). Two distinct
signals are observed on Co islands magnetized parallel (P) and antiparallel (AP)
to the tip. Positions of Pt atomic steps are indicated by dashed lines. d, Lifetimes
extracted from spontaneous transitions at 0.7 K without applied magnetic field
and 1 nA as function of sample bias on the marked Ho atom in c. Error bars
represent the standard deviation of a fit to an exponential decay (28, 23,102 and
94 transitions for 3.0-mV, 4.0-mV, 4.5-mV and 5.0-mV sample biases,
respectively).

decay (see Fig. 2f). The data follow a simple exponential decay with a
lifetime 7 of 381 * 49, indicating an efficient decoupling of the Ho
spin from the conduction electrons.

To understand the value of 7, we turn back to the original explana-
tion: direct transitions between the ground states by tunnelling and
single spin-flip events are forbidden due to the time-reversal sym-
metry. Thus, transitions between the ground states can only be achieved
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by excitation to the first (or higher) excited state by substrate or tip
electrons in the high energy tail of the thermal distribution or by
breaking time-reversal symmetry using a magnetic field. To verify this,
we investigated the dependence of 7 on bias voltage, temperature and
magnetic field.

Figure 3a illustrates the effect of a magnetic field applied perpendi-
cularly to the surface at a temperature of 0.7 K. Similarly to the pre-
vious experiments, the spin-polarized dI/dV signal on top of a Ho
atom was recorded as a function of time. To increase the signal-to-
noise ratio, a larger tunnelling current of 50 nA was used while keeping
V=5mV. In this experiment, we did not apply pulses but observed
spontaneous transitions between the two ground states. An increase of
the switching frequency can be clearly observed with increasing mag-
netic field because spin-flip scattering between the two ground states is
no longer forbidden (for details see the Supplementary Information).
Similarly, © decreases with increasing temperature, as illustrated in
Fig. 3b (V=5mV, I =50nA).

To study the bias dependence, a different sample was used. Figure 3¢
shows a spin-polarized image (dI/dV map) of adsorbed Ho atoms. To
verify the spin-polarization of the tip, Co islands were deposited that
decorate the step edges of the Pt(111) substrate. The Co islands are
magnetized out-of-plane'” and the contrast between the two islands
indicates that the tip is sensitive to the out-of-plane magnetization.
Figure 3d shows 7 as a function of V (I = 1 nA, T = 0.7 K), obtained by
analysis of spontaneous transitions. Even though the bias voltages are
below the first excitation energy, T drops exponentially with rising
voltage. This is due to the exponentially increasing number of thermal
tunnelling electrons at higher bias voltages that have enough energy to
excite the atom to the first excited state. Owing to the close proximity
to the Co island, the Ho atom experiences a non-vanishing magnetic
stray field of the island. This leads to a shorter 7 at 5mV than in the first
measurement in spite of the lower temperature. However, at a 3mV
bias voltage, the lifetime is much longer, 1 =729 + 12 s.

An interesting side effect of the forbidden spin-flip scattering by
conduction electrons is that magnetic interactions between Ho atoms
mediated by the Rudermann-Kittel-Kasuya-Yosida (RKKY) inter-
action’® do not cause the exchange of angular momentum to lowest
order, such that the observed 7 is nearly independent of the local
arrangement of the Ho atoms, as discussed in the Supplementary
Information.

In conclusion, general symmetry requirements open up a new path-
way to stabilize the magnetic moment of adsorbed atoms and decouple
it from conduction electrons and nuclear spins. This method could
potentially be used in data storage and quantum computing. By apply-
ing a magnetic field, the interactions could be switched back on, thus
allowing controlled quantum manipulation of the spins.

METHODS SUMMARY

The Pt(111) sample was cleaned by argon-ion sputtering followed by annealing to
850 K. The sample surfaces were checked for impurities by STM at 4.4 K before
deposition of Ho. Ho atoms were deposited onto the clean surfaces at 4.4 K directly
in the STM. Unpolarized STM tips were prepared from tungsten wires and were
cleaned in situ by flashing to above 2,500 K. Spin-polarized tips were prepared by
depositing about 20 monolayers of Mn or Cr in situ onto the tip apex followed
by gentle annealing. Inelastic d*I/dV? spectra were recorded using a modulation
frequency of about 16 kHz at a root-mean-square voltage of 2.4 mV and detecting
the second harmonics with a lock-in technique. Spin-polarized STM measure-
ments were performed recording the dI/dV signal with coated tips using a modu-
lation of 720 Hz and 1 mV root-mean-square voltage. Voltage pulses were given
with the feedback loop open to avoid destabilizing the tip position. Tip changes
due to voltage pulses were excluded by checking between every measurement on
Ho atoms also the time trace of pulses given on bare Pt(111). For tests of the out-
of-plane sensitivity of the spin-polarized tips, one monolayer high Co islands were
grown on Pt(111) at 360 K before inserting the sample into the STM. All experiments
were performed using a home-built cryogenic Joule-Thomson cooled STM".
First-principles calculations were carried out within the density functional theory.
The crystalline structure was determined with the Vienna Ab-initio Simulation
Package (VASP) method, well known for providing precise total energy and
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forces*>*'. The obtained structural information was further used for calculations of
the electronic and magnetic properties of single Ho atoms on the Pt(111) surface
using a self-consistent relativistic full-charge Green’s function method, which is
specially designed for semi-infinite systems and embedded real-space clusters®>*.
A self-interaction correction method and a local density approximation (LDA)
approximation including Hubbard U corrections were applied to provide an
adequate description of strongly localized Ho f electrons®*.
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