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ABSTRACT: Regular arrays of single atoms with stable
magnetization represent the ultimate limit of ultrahigh density
storage media. Here we report a self-assembled superlattice of
individual and noninteracting Dy atoms on graphene grown on
Ir(111), with magnetic hysteresis up to 5.6 T and spin lifetime of
1000 s at 2.5 K. The observed magnetic stability is a consequence
of the intrinsic low electron and phonon densities of graphene
and the 6-fold symmetry of the adsorption site. Our array of
single atom magnets has a density of 115 Tbit/inch2, defined by
the periodicity of the graphene moire ́ pattern.
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The fabrication of ordered structures at the nanoscale is a
crucial step toward information storage at ultimate length

scales.1,2 Realizing highly ordered and monodispersed magnetic
structures stands as one of the key challenges for increasing the
bit density of magnetic storage devices. The ultimate limit of a
single atom per bit guarantees the highest storage density and
minimal dipolar coupling among the bits. Single-ion molecular
magnets,3 as well as metal−organic networks,4 allow the self-
assembly of single magnetic atoms in ultradense arrays. The
molecular cage defines the spacing between the magnetic cores
and can protect them from contamination. However, the
coupling with electrons and vibrational modes of the
surrounding ligands limits the magnetic stability of the
magnetic core presently to temperatures below 20 K in bulk5

and 8 K for surface supported molecules.6 The absence of the
organic ligand, i.e., having individual atoms adsorbed on the
surface, may result in a reduced interaction with the
environment and greater magnetic stability. Intense research
on the magnetism of single atoms7−12 has culminated in the
achievement of magnetic remanence in Ho atoms randomly
adsorbed onto MgO, with magnetic stability up to 40 K.13

Reading and writing of these atoms has recently been
demonstrated.14 Nevertheless, so far the realization of an
ensemble of single atoms combining long magnetic lifetimes
with spatial order has remained elusive and stands as the next
milestone. Here we exploit the selective adsorption of Dy
atoms in the periodic moire ́ pattern formed by graphene on
lattice mismatched Ir(111)15 to create a superlattice of single
atom magnets with a mean distance of 2.5 nm and negligible
mutual magnetic interactions.
Ensembles of individual Dy atoms on graphene on Ir(111)

are obtained by deposition with an e-beam evaporator (Figure
1a, middle). The spatial arrangement of these atoms on the

graphene moire ́ pattern can be controlled by the sample
temperature during deposition, Tdep. Deposition below 10 K
yields statistical growth with a random distribution of Dy
atoms, as demonstrated by scanning tunneling microscopy
(STM) in Figure 1a, left. At 40 K, surface diffusion of Dy is
activated and, therefore, the atoms can reach the most favorable
adsorption site in the moire ́ unit cell, namely, where the C-ring
is situated atop an Ir atom. This yields a well-ordered Dy
superlattice with one atom every (10 × 10) graphene unit cells
(Figure 1a, right). The mechanism giving rise to this
remarkable long-range order is further detailed in the
Supporting Information, where we also show a large scale
STM image and its autocorrelation function.
The magnetic properties of Dy atoms in both spatial

arrangements were investigated with X-ray absorption spec-
troscopy (XAS) and magnetic circular dichroism (XMCD).
Spectra obtained at the M4,5 edges (3d → 4f transitions) and at
T = 2.5 K with collinear X-ray beam and external magnetic field
B are shown in Figure 2 for two different incidence angles θ.
The maximum of the XMCD intensity is proportional to the
projection of the total magnetic moment along the beam axis.
Hence, by recording this maximum (Figure 2a) as a function of
the external magnetic field, one can acquire a magnetization
curve of the system. The out-of-plane magnetization curves (θ
= 0°) in Figure 1b show clear hysteresis extending up to B =
±5.6 T. Since we measure in total electron yield (TEY) mode,
the data points are highly scattered for small fields (−0.2 T ≤ B
≤ 0.2 T). Assuming that M(B) is linear in that region, we
estimate a magnetic remanence of approximately 30% of the
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saturation magnetization Msat. These hysteresis loops also show
several steps that are characteristic of quantum tunneling of the
magnetization (QTM) due to crossing of quantum levels at the
respective external magnetic fields.16 These steps will be
discussed later in more detail. The magnetization curves
acquired on the superlattice and on the randomly distributed
atoms are identical within our resolution. This demonstrates,
first, that the magnetic properties of Dy atoms are not
influenced by their position within the moire ́ pattern. Second,
since the two systems have different Dy−Dy distance
distributions, mutual interactions, either dipolar or substrate-
mediated Ruderman−Kittel−Kasuya−Yosida (RKKY), are not
significant and in particular not responsible for the observed
slow magnetic relaxation.
The magnetic lifetime of the Dy atoms is investigated by

acquiring the decay time of the maximum XMCD intensity
after saturating the sample magnetization in an external field of
B = 6.8 T and subsequently reducing it close to zero (B = 0.01
T). At the X-ray flux ϕ used to acquire the magnetization
curves, ϕ = 5ϕ0, the lifetime is 284 ± 12 s (Figure 1c).
However, reducing the X-ray flux by a factor of 5 increases the
lifetime to 971 ± 71 s. Similar flux dependence of the magnetic
lifetimes was observed for Ho/MgO13 and for molecular
magnets,6,17 and was ascribed to X-ray induced secondary
electrons destabilizing the magnetic quantum states. Therefore,
the larger of the two values above represents only the lower
bound for the intrinsic magnetic lifetime of Dy atoms.
The observation of long magnetic lifetimes indicates that the

Dy quantum states are well protected against QTM and direct

scattering with electrons and phonons of the surface. In order
to identify the symmetry and the splitting of the magnetic
states, we compared the experimental XAS, XMCD, and
magnetic linear dichroism (XMLD) spectra with multiplet
calculations performed using the multiX code18 (see Figure 2b
and Supporting Information). These calculations include the
effect of external magnetic field, finite temperature, incidence
angle of X-rays, and crystal field (CF) environment of the
magnetic atom. As identified by atomic resolution STM images
(see Supporting Information), the Dy atoms adsorb in the 6-
fold symmetrical (C6v) hollow sites of the hexagonal carbon
rings. Therefore, we simulated the effect of the graphene CF
with a C6v arrangement of point charges around the Dy atom
(see Figure S6a).
The calculations reveal 4f10 occupation and J = 8 total

angular momentum, as for Dy atoms in the gas phase. The
adsorption on graphene promotes strong uniaxial anisotropy
and a magnetic ground state with out-of-plane projected total
moment Jz = ±7 (Figure 2c). In the C6v symmetry of the CF,
magnetic quantum states differing by ΔJz = ±6 are mixed,
hence forming six classes of eigenstates depicted with six
different colors in Figure 2c. In particular, the CF strongly
mixes states with Jz = ±6 and Jz = ±3, resulting in tunnel-split
doublets of almost quenched Jz. The Jz = ±6 states reduce the
effective magnetic anisotropy barrier at B = 0 T from 21.4 meV
to only 5.6 meV, thus offering a thermally activated shortcut for
the magnetic relaxation of the Dy atoms.
The remarkable magnetic stability stems from the combina-

tion of the ground state and adsorption site symmetry. At B = 0

Figure 1. Growth and magnetism of a superlattice of Dy atoms on graphene/Ir(111). (a) Middle, STM image of graphene/Ir(111) moire ́ with
schematic deposition of Dy; left, randomly distributed Dy atoms upon deposition at 10 K; right, well-ordered superlattice of Dy atoms upon
deposition at 40 K; the Dy atoms (83% of the objects on the surface for both Tdep) have an apparent height of 0.50 ± 0.02 nm (left, sample bias Vt =
−0.5 V, tunnel current It = 20 pA; middle, Vt = −0.05 V, It = 50 pA; right, Vt = −0.2 V, It = 100 pA; T = 5 K, Dy coverage ΘDy = 0.01 ML, with one
monolayer (ML) being one Dy atom per graphene unit cell). (b) Magnetization curves of the Dy superlattice (green) and randomly distributed Dy
atoms (red) (T = 2.5 K, incidence angle θ = 0°, photon flux ϕ = 5 ϕ0, with ϕ0 = 3 × 10−3 photons nm−2 s−1, Ḃ = 33 mT s−1). Inset: field, beam, and
sample geometry. (c) Time evolution of the maximum XMCD intensity at 0.01 T acquired with ϕ0 (purple dots) and 5ϕ0 (blue dots) after
saturation of the sample magnetization at 6.8 T. Exponential fits (solid lines) give the magnetic relaxation time τ.
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T, the CF does not mix Jz = ±7 states, hence the doublet is
degenerate and no QTM occurs. In addition, in the C6v
symmetry first-order scattering (ΔJz = ±1) with conduction
electrons and phonons cannot induce direct transition between
states with Jz = 7 and Jz = −7.19,20 Even considering coupling
with nuclear spins, i.e., hyperfine interactions, the Dy atoms are
protected from QTM for the following reasons: first, more than
half of the isotopes of Dy (56.2% natural abundance) have no
nuclear spin (I = 0). Second, all the other isotopes have a
nuclear spin I = 5/2 and its coupling to the integer total
electron moment leads to a half integer spin, for which QTM is
forbidden due to Kramers’ theorem. Thus, the magnetization
can only reverse via thermal excitations to the first tunnel-split
doublet with Jz = ±6 at B = 0 T (Figure 2c), and to the top of
the energy barrier in finite fields. This explains the opening of
the magnetization curve up to large fields. Additional relaxation
can occur due to QTM induced by the hyperfine coupling for
finite fields below 20 mT.21

The sharp jumps in the magnetization curve can be
rationalized by the field-dependent energy splitting of the Dy
quantum levels. Figure 3b shows the Zeeman diagram of the
lowest lying Dy states for the range of magnetic fields used in
our experiments. Several level crossings occur, but at 2.5 K only
the lowest levels are thermally populated and only their
crossings have an effect on the magnetization curve. As
discussed above, at B = 0 T, the direct transition between the
two ground states Jz = ±7 is forbidden and occurs via thermal
excitation to the Jz = ±6 states. At B = 2.7 T, levels Jz = 7 and Jz
= −8 cross; however, QTM should not occur since the two
states do not mix in the C6v symmetry of the CF. The only way
to rationalize the sharp step observed in the magnetization
curve is to assume a small C3v term in the CF, not included in

the calculations and arising, for example, from the non-
equivalence of the A−B carbon sublattices, which affects the
electron scattering processes in graphene.22,23 The strength of
this perturbation can be evaluated from the tunnel splitting
Δ7,−8, obtained by applying the Landau−Zener model24 to the
observed magnetization jump. We find Δ7,−8 = 8.5 × 10−8 meV,
which is more than 3 orders of magnitude smaller than the
Δ−6,6 = 3.2 × 10−4 meV splitting at B = 0 T due to the C6v CF,
obtained by multiplet calculations. Finally, we ascribe the small
jump in the magnetization at B = 5.6 T to the crossing between
the Jz = +7 and Jz = −6 states. This crossing allows QTM
mediated by first-order electron or phonon scattering in the C6v
CF.20 Figure 3c illustrates these three different mechanisms.
The observed magnetic hysteresis up to B = ±5.6 T

outperforms the best Dy-based single-ion molecular mag-
nets.5,25 This is the consequence of the Dy electronic state
combined with the peculiar properties of graphene/Ir(111),
which efficiently protects the Dy spin from the destabilizing
interactions specified in the following. First, from a general
point of view, the higher the CF symmetry, the lower the
number of channels for QTM.20 In the limit of perpendicular
anisotropy and C∞v symmetry, QTM is forbidden and the
magnetization of the atom has to overcome the entire MAE
barrier to reverse its direction. In this respect, graphene, with its
C6v symmetry, represents an ideal substrate to minimize the
possibility of direct QTM. Second, only very few vibrational
modes exist for an atom adsorbed on a surface,13 thus the
energy and momentum exchange with the substrate phonon
bath is strongly limited. This reduced coupling is particularly
true for graphene, which is the material with the highest
stiffness, implying a very small phonon density of states in the
few meV energy range of interest.26 In addition, the Ir

Figure 2. Absorption spectra, magnetic ground state, and zero-field splitting of Dy/graphene/Ir(111). (a) XAS, XMCD, and XMLD spectra
measured at the M4,5 Dy edges. The black arrow points to the peak at 1289.3 eV where the magnetization curve and relaxation time are measured (B
= 6.8 T, T = 2.5 K). (b) XAS, XMCD, and XMLD spectra resulting from multiplet calculations for single Dy atoms in the C6v CF of graphene. (c)
Zero-field splitting of the Dy lowest multiplet (J = 8) resulting from multiplet calculations. The splitting at Jz = 0 is emphasized for better clarity.
Each color identifies magnetic quantum states belonging to one of the six classes defined by the C6v group symmetry; dashed lines connect doublets
with quenched Jz.
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vibrational modes are likely filtered by the graphene layer due
to its weak van der Waals coupling to the metallic substrate and
by the gap of about 6−7 meV in the graphene acoustic out-of-
plane phonon modes.26,27 Thus, at low temperature, spin-
phonon coupling is strongly suppressed. Third, for graphene/
Ir(111), the Dirac point is close to the Fermi level, EF, and
there is evidence for the opening of an energy gap around EF.

28

This suggests very small, if not zero, electron density at EF.
Moreover, the weak interaction with the Ir(111) substrate
pushes the graphene to a mean distance of 3.4 Å from the
Ir(111) surface,29 hence limiting transmission of the con-
duction electrons from the Ir substrate through the graphene
layer. These three factors altogether lead to strongly reduced
spin-flip events.
Missing one of the above-mentioned ingredients is enough to

enable fast magnetic relaxation. Increasing the substrate
electron density by putting Dy directly on the metallic
Ir(111) surface results in purely paramagnetic magnetization

curves (Figure 4a), as also reported for other rare earth atoms
on metal surfaces.30 Similar arguments hold for Dy atoms on
the strongly hybridized graphene/Ru(0001), see Figure 4b. A
paramagnetic behavior is again observed for Dy atoms adsorbed
on hexagonal boron nitride (h-BN) grown on Ir(111) (Figure
4c), in spite of the same 4f10 occupancy and the wide band gap
of h-BN (6 eV). Here, the advantage of a superior electronic
screening with respect to graphene is outweighted by the
reduced CF symmetry (C3v) of h-BN, resulting in a split
doublet as magnetic ground state, for which QTM is strongly
activated (see Supporting Information).
Given the single atomic layer thickness of graphene,

screening against electron and phonon scattering is effective
only at very low temperatures. At 12 K, we observe a perfectly
paramagnetic magnetization curve (Figure 3a), indicating that
the lifetime is of the order of seconds or less. As demonstrated
for Ho atoms on MgO/Ag(100),13 stronger protection can be
achieved by increasing the number of decoupling layers. Thus,
higher thermal stability of the Dy single atom magnet
superlattice can possibly be achieved by growing graphene on
insulating substrates.
The magnetic states of the Dy atoms in the superlattice are

expected to be read and written analogously to Ho atoms on
MgO,14 thus pioneering the principle of single atom magnetic
recording.

Methods. Sample Preparation. The Ir(111) and Ru(0001)
single crystals were prepared in situ by repeated cycles of Ar+

sputtering and annealing. Subsequently, graphene and h-BN
were grown by chemical vapor deposition using ethylene (100
Langmuir at 1400 K) and borazine (125 Langmuir at 1030 K),
respectively. Both reactions are self-limited to one monolayer
since the catalytic dissociation of the respective precursor
molecule requires bare metal areas. Dy was deposited from a
high purity rod (99.9%) using an e-beam evaporator in a
background pressure of ≤3 × 10−11 mbar.

X-ray Absorption Spectroscopy. The X-ray absorption
measurements were performed at the EPFL/PSI X-Treme
beamline at the Swiss Light Source, Paul Scherrer Institut,
Villigen, Switzerland.31 The experiments were carried out in the
TEY mode at 2.5 K, for circularly (σ+, σ−) and linearly (σh, σv)
polarized X-rays, with the magnetic field applied parallel to the
incident X-ray beam. The XAS corresponds to (σ+ + σ−), while
the XMCD and XMLD correspond to (σ+ − σ−) and (σh − σv),
respectively. The TEY mode enables the high sensitivity
required by the extremely low concentration of magnetic
elements at the surface. The XAS spectra were acquired with
the magnetic field collinear with the photon beam at normal (θ
= 0°) and grazing incidence (θ = 60°). To take into account the
different surface areas illuminated by the X-ray beam at both
sample orientations, the XAS spectra were normalized to the
intensity at the pre-edge (1281 eV). Prior to deposition of Dy,
background spectra on the given substrate have been recorded
and then subtracted from the Dy XAS spectra to eliminate any
contribution from the substrate. The absolute value of the X-ray
flux was measured with a photodiode placed after the last
optical element of the beamline and is given in units of ϕ0 = 3
× 10−3 photons nm−2 s−1.

Scanning Tunneling Microscopy. The STM measurements
were performed with a homemade low temperature STM,
operating at 5 K.32 We used W tips for all measurements. The
STM images were acquired in constant current mode. The bias
voltages given in the figure captions refer to the sample;

Figure 3. Magnetic level crossing. (a) Magnetization curves at T = 2.5
K (green) and T = 12 K (dark gray) (ϕ = 5ϕ0, Ḃ = 33 mT s−1). The
simulated curve (red) shows magnetization in thermodynamic
equilibrium. The arrows point at the steps observed in the
magnetization curve acquired at 2.5 K. (b) Zeeman diagram of the
lowest lying Dy magnetic levels between −6.8 and 6.8 T. The colors
follow the color code of Figure 2c: yellow, Jz = −7; blue, Jz = 7; purple,
Jz = −8; red, Jz = 8; green, Jz = ± 6. The triangles mark crossings of ±7
and ∓6 levels at ±5.6 T, rectangles mark crossings of ±7 and ∓8 levels
at ±2.7 T and ellipse marks crossing of ±6 levels at 0 T. (c) Schematic
representation of the relaxation mechanisms; left, thermal excitation to
the Jz = ±6 mixed doublet in the C6v CF; middle, QTM between the Jz
= ±7 and the Jz = ∓8 crossing states induced by the C3v CF
perturbation; right, QTM mediated by spin-electron or spin phonon
scattering.
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therefore, at the used negative values, electrons tunnel from
occupied states of the sample into empty states of the tip.
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Stöhr, A.; Karlewski, C.; Andre,́ S.; Marthaler, M.; Hoffmann, M.; et al.
Stabilizing the Magnetic Moment of Single Holmium Atoms by
Symmetry. Nature 2013, 503, 242−246.
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1 Self-assembly of Dy superlattice on graphene/Ir(111)

The scanning tunneling microscopy (STM) image in Figure S1a shows an ensemble of Dy

atoms on graphene/Ir(111) after deposition of 0.01 ML Dy at 40 K (as pointed out in the

main paper, the monolayer (ML) definition is one Dy atom per graphene unit cell). At this

substrate temperature, adatom diffusion is activated. The potential landscape seen by the

diffusing Dy atoms has three components: a) the atomic corrugation of the graphene lattice,

b) the long period surface potential due to the graphene moiré, and c) the Coulomb repulsion

amongst the atoms generated by the strong charge transfer from the Dy to the graphene.1,2

Similar to Cs atoms on graphene/6H-SiC(0001),3 the observed superlattice results from the
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Figure S1. Long range order of the Dy superlattice. (a) STM image of Dy superlattice on
graphene/Ir(111) (Vt = −0.2 V, It = 100 pA; Tdep = 40 K, T = 5 K). (b) Detail of the Dy
superlattice in (a) (Vt = −0.4 V, It = 20 pA; T = 5 K). (c) Atomically resolved STM image
of the graphene moiré structure: the atop-regions appear as dark areas. By comparing (b)
and (c) we identify the atop-position as the stable adsorption position for the Dy monomers
(Vt = −0.02 V, It = 50 pA; T = 5 K). (d) Autocorrelation function of the image shown in
(a). (e) Line cut along the red line shown in (d).
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cooperative effect of the latter two components, with the Coulomb repulsion preventing dimer

formation upon diffusion, and the moiré potential defining the array of stable adsorption sites.

The equilibrium positions correspond to Dy occupying the atop stacking region of the moiré

pattern, i.e., where the C6 ring of graphene is centered above an Ir substrate atom. The

apparent height of the atop, fcc and hcp stacking areas depends on the tunneling conditions.4

In Figure S1b the atop regions appear dark. Figure S1c shows the atomically resolved

graphene structure where one recognizes the atop-region (dark) with the fcc and hcp regions

appearing bright.4 We note that the Dy atom superlattice forms at 30 K ≤ Tdep ≤ 50 K. For

Tdep < 30 K the inter-moiré cell diffusion is suppressed, resulting in disordered arrangement

of adatoms. For Tdep > 50 K the diffusing adatoms can overcome the repulsive Coulomb

barrier and dimers or bigger clusters form. The long range order of the Dy atom superlattice

is highlighted by the autocorrelation function5 whose intensity shows a very shallow decay

with distance (Figure S1d,e).

A detailed analysis of both ordered and disordered Dy samples reveals the presence of two

kinds of protrusions characterized by different apparent heights (see Figure S2a). From the

line profiles shown in Figure S2c we measure 0.50± 0.02 nm (species A) and 0.41± 0.02 nm

(species B). The absolute heights depend on the bias Vt, however, species A always appears

significantly higher. To identify the nature of these two species we performed manipulations

by centering the STM tip on top of them and applying a tunnel voltage ramp. Type A is

laterally displaced for tunnel voltages exceeding Vt = ±2.5 V, while type B is split into two

objects of type A for tunnel voltages exceeding Vt = ±1.5 V. The arrow in Figure S2a points

to the object of type B before the manipulation, and arrows in Figure S2b point to the two

objects of type A emerging after the splitting. We therefore identify species A as monomers

and species B as dimers. Figure S2d shows the difference between Figures S2a and b, with

the split dimer appearing in black, and the two newly emerged monomers in white. For a

Dy coverage of 0.01 ML, a statistical analysis performed over hundreds of protrusions reveals

that 83 ± 3 % of them are monomers and 17 ± 3 % are dimers both for Tdep = 10 K and
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Figure S2. Dy monomers and dimers. (a,b) Sequence of STM images showing the splitting
of a dimer into two monomers by manipulations with the STM tip. The arrow on image (a)
points at the dimer before the splitting, and arrows on image (b) point at the two monomers
resulting from the split dimer (Vt = −0.5 V, It = 20 pA; 8.3 × 8.3 nm2, Tdep = 10 K,
T = 5 K). (c) Two STM profiles, indicated by dashed lines on image (a), show apparent
heights of monomers (A) and dimers (B). Both profiles start at the bottom left of the
image and have following sequences: dimer-monomer in red, monomer-dimer in blue. (d)
The difference between images (a) and (b), showing the splitting of dimer (black) into two
monomers (white).

Tdep = 40 K. The contribution of these two species to the XAS and XMCD spectra are

discussed in Section 3.

2 Adsorption site of Dy on graphene/Ir(111)

The adsorption site of an atom on the surface determines the symmetry and strength

of the crystal field. We performed STM measurements to experimentally determine the

adsorption site of Dy atoms on graphene/Ir(111). Figure S3 shows an atomically resolved

STM image of graphene with a Dy atom after deposition at 10 K. Black lines in the figure

mark the sixfold graphene hollow sites, i.e., the centers of the hexagonal carbon rings, in the

vicinity of the adsorbed Dy. Their intersection occurs at the summit of the Dy atom, thus
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Figure S3. Adsorption site of Dy atoms on graphene/Ir(111). Atomically resolved STM
image of graphene/Ir(111) with an adsorbed Dy atom. Black lines mark the hollow sites of
the graphene lattice (Vt = −0.05 V, It = 500 pA; Tdep = 10 K, T = 5 K).

identifying the hollow site as the adsorption site of Dy on graphene/Ir(111).

3 Additional XAS and XMCD data

In order to address the effect of dimers and bigger clusters on the magnetic properties

of an ensemble of Dy monomers on graphene/Ir(111), we performed coverage dependent

measurements. As shown in Figure S4, XAS and XMCD spectra exhibit, in addition to the
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Figure S4. Coverage dependence of absorption spectra and magnetization curves. (a) XAS
and XMCD spectra, and (b) magnetization curve for 0.004 ML (red) and 0.026 ML (blue)
of Dy (T = 2.5 K; (a) B = 6.8 T, (b) φ = 5φ0, Ḃ = 33 mT s−1).
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main peak at 1289.3 eV, a peak at 1291.8 eV whose intensity increases with the Dy coverage

increasing from 0.004 ML to 0.026 ML. This peak is absent in the simulated spectra of

monomers (see Figure 2) and originates from dimers and bigger clusters formed on the

surface. Its energy is due to a change in the orbital occupancy from 4f 10 to the bulk value

of 4f 9.6 Thus, recording the XMCD signal at 1289.3 eV or 1291.8 eV allows to separately

address the magnetic behavior of monomers and clusters, respectively.

Figure S4b shows magnetization curves acquired at the XMCDmonomer peak (1289.3 eV)

for 0.004 ML and 0.026 ML of Dy. At 0.026 ML, we observe a narrowing of the hysteresis

indicating that the magnetic interaction with neighboring atoms/clusters shortens the mag-

netic lifetime of monomers. On the contrary, below 0.01 ML the shape of the magnetization

curve and the magnetic lifetime are coverage independent.

As it can be seen from Figure S5b, the magnetization curve acquired at grazing incidence

(θ = 60◦) also exhibits magnetic remanence and hysteresis up to about 6 T. At θ = 60◦

the out-of-plane component of the magnetic field is reduced by a factor of two. Therefore,
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Figure S5. Angular dependence of Dy magnetization curve: (a) θ = 0◦ and (b) θ = 60◦

(T = 2.5 K, φ = 5φ0, Ḃ = 33 mT s−1 ).
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simply considering its geometrical projection, the values at which QTM steps occur should

be shifted to twice the field values found for θ = 0◦ (Figure S5a). Specifically, the QTM step

found at 2.7 T in normal incidence should shift to 5.4 T when measured at grazing angle.

Instead, we observe a broad step at around 4.5 T in the hysteresis loop at grazing incidence.

We ascribe this discrepancy to the presence of a strong transverse field that enhances the

electron/phonon mediated relaxation processes and broadens the magnetic field region where

QTM occurs.7

4 Multiplet calculations: Dy on graphene/Ir(111) and

h-BN/Ir(111)

To gain information on the energy spectrum and occupation of the Dy quantum states,

we have performed atomic multiplet simulations of the experimentally acquired X-ray ab-

sorption spectroscopy (XAS), magnetic circular dichroism (XMCD) and magnetic linear

dichroism (XMLD) spectra using the multiX software.8 The code uses an effective point

charge approach for the description of the crystal field generated by the interaction of the

Dy atom with the surrounding substrate atoms. This description holds in particular for the

4f states that we probe at the M4,5 edges. These states are highly localized which reduces

their interaction with the surrounding substrate atoms to a purely electrostatic one.9,10 The

position and intensity of the effective charges were chosen in order to simultaneously fit

the shape and intensity of XAS, XMCD, and XLD spectra. For Dy on graphene/Ir(111)

the charge position and sign were inspired by DFT calculations.1,2 Figure S6 summarizes

the spatial distribution and the values used for the effective charges in the case of Dy on

graphene/Ir(111) and on h-BN/Ir(111). The values of the spin-orbit coupling and Coulomb

interactions were scaled to 75 % and 90 % of the Hartree-Fock values, respectively. The

experimental line broadening due to the finite lifetime of the core-hole state was modeled

by convolution with a Gaussian of σ = 0.6 eV. Ligand input files for the multiX code de-
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tional to the charge value, and the color represents the sign of the charge (blue = positive,
red = negative). This corresponds to a CF with C6v symmetry in (a) and with C3v symmetry
in (b).

scribing the list of charges and positions are given as separate files: graphene-CF.txt for

graphene/Ir(111), and h-BN-CF.txt for h-BN/Ir(111). In these files, the first line is a multi-

plication factor required by the code; the following columns, from left to right, represent the

x, y, and z positions, and the values of the charges with the Dy atom placed at the origin

of the coordinate system.

Further constraint for the simulation of Dy on graphene/Ir(111) is given by the field-

dependent crossings of the magnetic levels, responsible for the steps observed in the magne-

tization curves, which unambiguously determine the energy splitting of the magnetic levels.

Figures 2 and 3 of the main text show an overall good agreement between experimental and

simulated spectra, and between the measured magnetization curve and the calculated level

splitting, respectively. The spectra differ only in the XAS peak at 1291.8 eV observed in

the experiment and absent in the simulation. The origin of this peak are Dy dimers present

on the surface (see Sections 1 and 3) which are not taken into account by the multiplet

calculations. For the Dy monomer we find that the high spin-orbit coupling characteristic
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of rare earths favours the lowest multiplet with a total moment J = 8. The crystal field

of graphene splits these quantum levels generating a degenerate ground state doublet with

Jz = ±7, as discussed in the main text.

For Dy on h-BN/Ir(111), the intensity of the XAS peak at 1291.8 eV is slightly higher

than for graphene/Ir(111) (Figure S7a), suggesting a larger fraction of dimers in the en-

semble, possibly due to the larger mobility of the Dy atoms on h-BN compared to the one

on graphene. The multiplet calculations were focused on reproducing XAS spectra, XMCD

angular dependence, and the larger intensity of XMLD at 50 mT compared to 6.8 T (Fig-

ure S7b). Similar to Dy on graphene/Ir(111), we find 10 electrons occupying the Dy 4f
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orbitals and a lowest multiplet with a total moment J = 8. However, the magnetic ground

state is a singlet originating from a tunnel-split doublet which is not protected from QTM.

The strong mixing of the two states is highlighted by the large tunnel splitting of about

0.18 meV. The energy spectrum of the lowest multiplet is shown in Figure S7c.

5 Dy on Ir(111) and on graphene/Ru(0001)

Figure S8a,b show the XAS, XMCD, and XMLD spectra of single Dy atoms on Ir(111)

and on graphene/Ru(0001). For Dy on Ir(111), the acquired XAS line shape is characteristic

of Dy 4f 9 occupation,6 and is clearly different from the one of Dy on graphene/Ir(111)

shown in Figure 2. In addition, the XMCD is independent of the X-ray incidence angle,

indicating negligible magnetic anisotropy. As seen in Figure 4a, the magnetization curve
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Figure S8. Magnetism of Dy on Ir(111) and graphene/Ru(0001). Experimentally ac-
quired XAS, XMCD, and XMLD for (a) Dy on Ir(111) and (b) Dy on graphene/Ru(0001)
(B = 6.8 T, Tdep = 4 K, T = 2.5 K).
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saturates for |B| > 1.5 T and does not show hysteresis, indicating magnetization lifetimes

shorter than a few seconds at 2.5 K, a time scale set by the acquisition time of each point

of the magnetization curve. The short magnetic lifetime is due to the strong interaction

with the substrate electrons, as already observed for Ho and Er atoms on metal surfaces.11

To investigate whether the degree of hybridization between graphene and the supporting

metallic substrate plays a role in the magnetization stability of the Dy atoms, we have

investigated the magnetic properties of single Dy atoms on graphene/Ru(0001) (Figure S8b).

The XAS line shape reveals the marked presence of two characteristic peaks at 1289.8 eV

and 1291.8 eV, indicating the presence of more than one atomic species with different 4f

occupation. Similar to the Dy atoms on Ir(111), this system exhibits paramagnetic behavior

and short spin lifetime, deduced from the absence of hysteresis in the magnetization curve

acquired at 1289.8 eV and shown in Figure 4b. The magnetization curve acquired at 1291.8 eV

also shows paramagneic behavior.
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